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The molecular structure of 1,3-dimethyluracil (C¢HgN,O,; 1,3-DMU) is studied theoretically
and experimentally using Gaussian 98 calculations and different spectroscopic techniques. The
vibrational spectrum for 1,3-DMU in the solid phase is recorded in the IR range 4000—
400 cm™'. Initially, in order to get the most stable structure, twelve structures were proposed
for the titled compound as a result of the internal rotation of CH; around C—N bonds and
keto-enol tautomerism. The single point energy and frequency calculations are obtained by
MP2 (Full) and DFT/B3LYP methods with the 6-31G(d) basis set using the Gaussian 98 com-
putation package. After the complete relaxation of twelve isolated isomers, the (diketo)
tautomer was the only favored structure owing to its low energy relative to the other isomers
and the prediction of real frequencies. This interpretation is supported by the recorded infrared
spectrum that shows the presence of only the dikefo tautomer. Aided by the normal coordinate
analysis and potential energy distributions, a confident vibrational assignment of the funda-
mental frequencies is calculated. The results are discussed herein and compared with similar
molecules whenever possible.

DOI: 10.15372/JSC20160109
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INTRODUCTION

Uracil is one of the consequential derivatives of pyrimidine, which are known for their biological
and pharmaceutical importance [ 1 ]. They belong to the family of pyrimidine bases that are of great
interest since they control the protein formation and cell functions in living organisms [ 2, 3 ] and also
due to the important role of N-hetero cyclic molecules (i.e., cytosine, uracil, thymine, etc.) in the struc-
tural problems of nucleic acid. The insight into substituted pyrimidines has gained considerable atten-
tion [4—6]. Only two purines (adenine, guanine) and three pyrimidines (cytosine, thymine, and
uracil) occur widely in nucleic acids [ 7 ]. In RNA, uracil base pairs with adenine replace thymine du-
ring DNA transcription. In recent times, pyrimidine derivatives have been used in chemotherapy of
AIDS and it has also found wide applications as a cancer agent [ 8 |. The number of studies on the vi-
brational spectroscopy of pyrimidine reported after the publication of the keystone papers by Ito et al.
[9] and Lord, Marston, and Miller [ 10 ] has considerably increased [ 11 |. Moreover, kefo pyrimidine
derivatives theoretically possessing keto-enol tautomerism have been extensively investigated [ 12,
13 ].The keto form predominates at the equilibrium for most ketones [ 14 ], while uracil and its deriva-
tives are found only in the diketo form, as follows from the X-ray crystallographic data [ 15, 16 ]. The
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experimental data testify that the diketo form of uracils dominates in the gas phase [ 17—19 ]. Howe-
ver, the enol formation in the solid phase has previously been described only in a single paper [ 13 ].
To the best of our knowledge, the vibrational assignments and the structure of 1,3-DMU seems to be
not considered yet. Therefore we have initiated the current investigation to check whether the com-
pound has the keto-enol or diketo structure.

COMPUTATIONAL DETAILS

Ab initio and density functional theory calculations. For 1,3-dimethyluracil, energy minima
with respect to nuclear coordinates were obtained by the simultaneous relaxation of all geometric pa-
rameters using the Pulay method [ 20 ]. The optimized geometry at the level of restricted Hartree—
Fock (RHF) calculations with the 6-31G(d) basis set was used as a starting point utilizing Meller Ples-
set many-body perturbation theory (MP2) with full electron correlation [ 21 ] up to the 6-31++G(d,p)
computation level for all possible conformations and tautomers. Furthermore, hybrid density func-
tional theory calculations (DFT) [22, 23] at the Becke3LYP theoretical level [ 24—26 | have also
been carried out as a compromise between accuracy and feasibility. Some key structural parameters,
rotational constants, dipole moments, as obtained from 6-311+G(d,p) and 6-31++G(d, p) basis sets of
both MP2 and B3LYP methods for the most stable dikefo form of conformer 3 are presented in Ta-
ble 1. Total energies and energy differences between conformer 3 and other conformers in cm'
and kcal/mol were given in Fig. 1. All computational calculations were carried out using LCAO-MO
SCF GAUSSIAN 98 ab initio calculations [ 27 ], while the molecular point group symmetry for the
titled compound was constrained to the C; symmetry for both diketo and keto-enol rotamers.

Conformational isomerism. Diketo 1,3-DMU (Fig. 2, 4) has four conformations according to
the positions of hydrogen atoms of two methyl groups with the C=0 moiety, but its kefo-enol tautomer
(Fig. 2, B) has eight conformations; four of them as the keto form, with the OH moiety eclipsing the
Cs=Cs bond and the OH moiety eclipsing the N;=Cs; bond for other tautomers. The keto-enol
tautomeric forms (5—12) were found to be transition states due to the prediction of an imaginary
wavenumber, except structure 7 that has a positive frequency but is also excluded due to a high energy
difference (60.3 kcal/mol) with diketo structure 3 (Fig. 1). Using the DFT and MP2 methods with the
6-31G(d) basis set, it was found to have the minimum energy of about 0.31—75.6 kcal/mol and
0.49—77.6 kcal/mol in all cases. The computed structures were visualized and verified using the
Gauss View program [ 28 ]. The optimized SPs of kefo 1,3-DMU are compared with its X-ray crystal-
lographic data [ 16 ] and also some related compounds [ 29, 30 ], as shown in Table 1.

Normal coordinate analysis. A normal coordinate analysis was performed for the titled com-
pound with the C; symmetry where the vibrational modes are spanned into 314, 174" species which
are Raman and IR active. Sixty two independent internal coordinates have been used to form forty
eight symmetry coordinates (Supplement, Table 1), using the traditional method of Wilson [ 31 ]. The
description for S,4, S»7, Sas, S42, S4s, and Sy (Supplement, Table 1) were taken from [ 32 ]. The internal
coordinate definitions and the numbering of atoms adopted in the current study are shown in Fig. 2.
For the normal coordinate analysis, the following procedure has been used to transform the ab initio
results into the form required for the iterative normal coordinate program. The Cartesian coordinates
obtained for the optimized structures were fed into a G-matrix program where the B-matrix was used
to convert the ab initio force fields in Cartesian coordinates to a force field in the desired internal co-
ordinates. All the diagonal elements of the obtained force field constants have been assigned scaling
factors and fed into a force constant program similar to the one written by Schachtschneider [ 33 ].

The unscaled B3LYP and MP2=FULL methods with the 6-31G(d) basis set and diagonal force
constants with internal coordinate definitions are listed in Table 2. The predicted FCs and vibrational
frequencies from QM calculations are larger than their experimental counterparts owing to systematic
errors such as electron correlation neglect, implemented method(s), and chosen basis sets [ 34 ]. There-
fore, scaling factors (SFs) (Table 2) were used to obtain scaled frequencies [ 35, 36 ] in close agree-
ment with the observed infrared spectra. We also performed frequency calculations for 1,3DMU and
1,3DMU-d; (two deuterated methyl groups CD;) to isolate the CH; rocking, twisting, and wagging
modes. Similarly, we implemented frequency calculations for 1,3DMU-d, (two deuterated CH groups
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Table

B3LYP and MP2 structural parameters® for 1,3-dimethyluracil (conformer 3) utilizing 6-31G(d),
6-311+G(d) and 6-31++G(d,p) basis sets

1

Parameters X-ray B3LYP for structure 3 MP2=tull for structure 3
Ref. [16] | Ref.[30] | Ref. [29] | 6-311+G(d) | 6-31++G(d,p) | 6-311+G(d) | 6-31++G(d,p)
r(C,—N)) 1.380 1.341 1.353 1.386 1.387 1.383 1.383
r(C,—N3) 1.375 1.349 1.386 1.387 1.383 1.383
r(C4—Nj3) 1.378 1.341 1.336 1.386 1.387 1.383 1.383
r(C4=Cs) 1.331 1.366 1.364 1.351 1.354 1.353
r(Cs—Cs) 1.437 1.397 1.400 1.452 1.453 1.451 1.448
(Cs—Ny) 1.399 1.330 1.360 1.417 1.417 1.412 1.411
r(C,=05) 1.225 1.220 1.228 1.226 1.236
r(Cs=0g) 1.227 1.220 1.228 1.226 1.236
r(N;—Cy) 1.463 1.463 1.464 1.459 1.459
r(C4Hy7) 1.00 1.084 1.085 1.086 1.081
r(CsHyg) 0.92 0.949 1.081 1.081 1.082 1.078
r(CoHyy) 1.09 0.9797 1.085 1.088 1.086 1.083
r(CoH)5) 0.93 0.9802 1.090 1.092 1.090 1.086
r(CoH,3) 0.92 0.9801 1.090 1.092 1.090 1.086
r(O7...Hyp) 2.674 2.677 2.653 2.656
(O7...Hyg) 2.710 2.709 2.700 2.700
Z(CeN,Cy) 124.7 122.52 120.5 124.7 124.6 125.3 125.1
Z(N;C;,N3) 116.7 122.4 118.6 118.7 118.6 118.6
Z(CoN;Cy) 120.8 117.6 118.6 118.7 118.6 118.6
Z(N3C4Cs) 122.4 122.52 121.8 123.4 123.3 123.4 123.3
Z(Cy4CsCy) 120.4 116.09 119.1 121.0 120.8 120.9 120.9
Z(CsCeNy) 114.9 116.06 118.5 113.6 113.8 113.3 113.5
Z(N,C,07) 121.8 121.4 121.3 121.5 121.4
Z(N3C,07) 121.5 120.0 119.9 119.9 120.0
Z(N,C40g) 119.6 121.4 121.3 121.5 121.4
Z(CsC40p) 125.5 125.0 124.9 125.2 125.1
Z(N;C4Hy7) 113.3 114.9 115.0 115.2 115.1
Z(CsC4Hy7) 124.3 121.6 121.7 121.4 121.6
Z(C4CsHyg) 123.4 120.44 121.2 121.3 120.9 120.9
Z(CsCsHyg) 116.2 120.51 117.8 117.8 118.2 118.2
Z(CoN;Cy) 116.2 116.6 116.7 116.0 116.2
Z(CyN,Cy) 119.1 118.7 118.7 118.7 118.7
Z(H;;CoNy) 104.1 107.4 107.2 107.4 107.0
Z(H,CoNy) 112.2 110.1 110.0 109.9 109.6
Z(H13CoNy) 112.3 110.1 110.0 109.9 109.6
Z(H1CoHyy) 97.0 109.53 110.4 110.7 110.6 110.9
Z(Hy;CoHy3) 103.8 109.53 110.4 110.7 110.6 110.9
Z(H1,CoHy3) 126.1 109.42 108.4 108.4 108.5 108.8
t© Hj3GoN, G, -56.9 -59.7 -59.6 -59.6 -59.7
T H;5CoN5C, 59.5 59.9 59.8 59.8 59.9
A, MHz 2239 2232 2247 2244
B, MHz 1310 1306 1311 1308
C, MHz 835 832 836 835
Liot, Debye 4.415 4.479 4.949 5.057
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AE =388 cm~1(0.97 kcal mol—") AE = 145 cm™'(0.41 kcal mol—) Minimum
417 em~1(1.2 keal mol—1) 144 cm™1(0.41 kcal mol-1)

AE =108 cm™1(0.31 kcal mol™) AE = 21233 cm1(60.7 kcal mol~1) AE = 26490 cm~1(75.7 keal mol—1)
172 em1(0.49 keal mol—1) 21358 em™1(61.1 keal mol—1) 27179 em™1(77.7 keal mol~1)

AL —ANA0ON ~—lrzo A1 1 11
AL = ZU/yV Cm (0¥Y.4 KCdl mol

21092 cm™1(60.0 keal mol~1)

\
)

AE =20922 cm™(59.8 kcal mol™")  AE =21035 em™1(60.1 kcal mol~!) AE = 26450 cm™'(75.6 kcal mol =)
21279 em™1(60.8 keal mol™Y) 21418 em™1(61.2 keal mol™Y) 27149 em™(77.6 keal mol™Y)

Fig. 1. Total energies and energy differences between conformer 3 and other conformers

CD,). The predicted harmonic vibrational frequencies, infrared intensities, Raman activities, and PEDs
for each fundamental giving the description of each normal mode are presented in Table 3.

Calculated IR and Raman spectra. It has already been accepted that a clear prediction of Ra-
man (R) and infrared (IR) spectra is essential in the vibrational analysis of organic molecules, which
makes vibrational spectroscopy a more practical tool [ 37—41 ]. The simulated vibrational spectra can
be obtained using either IR intensities or Raman activities along with their dipole moments or po-
larizability derivatives respectively. The frequencies of the diketo tautomer were obtained from the
calculation by B3LYP and MP2=Full methods with the 6-31G(d) basis set. In the calculation of the
Raman spectrum, the Raman scattering cross-section is derived from the scattering activities and the
predicted frequencies proportional to the Raman intensity for each normal mode [42—44,36]. To
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Fig. 2. Internal coordinate definitions

. Wavenumber, cm™!
and the numbering of atoms ’

Fig 3. IR spectrum of 1,3-Dimemyluracil; experimental from

400 to 4000 cm™ in Nujol (4); experimental from 400 to

4000 cm™' in KBr (B), scaled B3LYP/6-31G(d) (C); scaled
MP2(full)6-31G(d) (D)

calculate the IR spectrum, derivatives of the dipole moment were taken from the DFT calculation data
and transformed to the normal coordinates. To aid in vibrational assignments, we calculated IR spectra
(Fig. 3, 4000—400 cm ") of diketo (1,3-DMU) using the fundamental frequencies from B3LYP and
MP2=Full calculations with the 6-31G(d) basis set. These calculated IR spectra were compared with
the experimental IR spectra in KBr disks and in Nujol (Fig. 3, 4, 3, B) taken from [ 45 ].

RESULTS AND DISCUSSION

Structural parameters and force constants. It is estimated that the heavy atom and carbon-
hydrogen distances should be accurate within £0.023—0.001 A and +0.182—0.002 A respectively. The
angles are expected to be accurate within £0.5—2.6°, for all angles except methyl group angles found
to be has less accurate with calculate values within £0.5—7.3°. Moreover, the dihedral angles were in
excellent agreement within £0.3—0.4°, as compared to the X-ray crystallographic data for 1,3-DMU
[ 16 ]. The calculated SPs (Table 1) for 1,3DMU reveal that six C—N distances present in the investi-
gated compound are in good agreement with X-ray values for 1,3-DMU, pyrimidine, and 2-amino-4,6-
dimethylpyrimidinium 3,5-dinitrobenzoate dihydrate [ 16, 29, 30 ]. Also, the C,=Cs and Cs—C; dis-
tances match with those of the X-ray crystallographic data for 1,3-DMU, pyrimidine, and 2-amino-
4,6-dimethylpyrimidinium 3,5-dinitrobenzoate dihydrate [16,29,30] within 0.035—0.019 A and
0.057—0.011 A respectively. It should be mentioned that the predicted values for C,=O; and C¢=Og
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Table 2

B3LYP/6-31G(d) and MP2=full/6-31G(d) unscaled force constants (mdyne/&)
for 1,3-dimethyluracil (conformer 3) molecule

1 2 3 4 5 6
N;—Cs Stretch a 0.874 4.110 4.436
N—C, Stretch a, 0.874 4.794 5.087
C,—N; Stretch as 0.874 4711 5.008
N;—Cy4 Stretch a, 0.874 4.793 5.138
Ni—Cy Stretch as 0.874 5.200 5.534
N;—Cy Stretch as 0.874 5.230 5.552
C=C; Stretch L 0.874 6.697 6.861
Cs—Cs Stretch R 0.874 4.104 4.385
Cy=0, Stretch 2 0.874 12.476 12.423
Cs=0g Stretch 7 0.874 12.392 12.298
C4Hy; Stretch T, 0.874 5.680 5.786
CsHg Stretch 7, 0.874 5.826 5.950
CoHpy Stretch 0 0.874 5.622 5.814
CoH i, Stretch Q> 0.874 5.390 5.626
CoH /3 Stretch q3 0.874 5.390 5.626
CioHyy4 Stretch q4 0.874 5.469 5.682
CioH;s Stretch qs 0.874 5.394 5.621
CioHy6 Stretch qs 0.874 5.394 5.621
Ce¢N,C, Bending T 0.945 0.777 0.793
N, C,N; Bending Ty 0.945 0.781 0.796
C,oN;Cy Bending 3 0.945 0.696 0.712
N;C4Cs Bending T 0.945 0.694 0.711
C4C5Cs Bending s 0.945 0.689 0.706
CsCeN,y Bending T 0.945 0.702 0.722
Hi1CoNy Bending B 0.945 0.689 0.714
H;CoN, Bending B2 0.945 0.684 0.705
H,CoN, Bending Bs 0.945 0.684 0.705
H,CoH ;3 Bending o 0.945 0.503 0.522
H;CoHyy Bending oy 0.945 0.499 0.518
H;CoH |, Bending o5 0.945 0.499 0.518
H4CoN3 Bending B4 0.945 0.694 0.716
H;6C1oN; Bending Bs 0.945 0.685 0.705
H,;5CoN; Bending Bs 0.945 0.685 0.705
H;5CioH Bending Ol 0.945 0.515 0.534
H;6CioHis Bending o5 0.945 0.497 0.517
H,4C0H;5 Bending O 0.945 0.497 0.517
CoN,C, Bending € 0.945 0.760 0.792
CoN;Cq Bending & 0.945 0.805 0.839
C1oN;C, Bending € 0.945 0.668 0.684
C1oN3Cy Bending €4 0.945 0.663 0.671
0,CN; Bending oM 0.945 0.869 0.865
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Continued Table 2

1 2 3 4 5 6
0,C,N3 Bending D, 0.945 0.887 0.885
O3C6N Bending D, 0.945 0.882 0.890
03CCs Bending D, 0.945 0.725 0.730
H;;C4N; Bending A 0.945 0.497 0.512
H,,C4C5 Bending A, 0.945 0.443 0.456
H;3Cs5Cy Bending As 0.945 0.420 0.431
H,3CsCs Bending Ay 0.945 0.417 0.427
H,CoNH 3 Wag 7 0.978 0.337 0.341
H;5C1oN3H 6 Wag Y2 0.978 0.280 0.272
N,C,07N; Wag 3 0.978 0.850 0.849
N;Cc05Cs Wag Y4 0.978 0.641 0.624
N;C4H;,Cs Wag vs 0.978 0.480 0.458
C4CsH 5Cs Wag Y6 0.978 0.429 0.414
H;;CoN,C, Torsion m 0.978 0.003 0.003
H;4C0N3C, Torsion 2 0.978 0.001 0.001
CeN;C,N; Puckering i 0.978 0.097 0.101
NiCN3Cy Puckering T 0.978 0.089 0.092
C,oN;C4Cs Puckering T 0.978 0.142 0.144
N;C,4C5Cq Puckering Ty 0.978 0.171 0.172
C4CsCeN, Puckering Ts 0.978 0.110 0.106
CsCeN,C, Puckering T6 0.978 0.092 0.090

* See Fig. 2 for atom numbering and internal coordinates definitions.

® Implemented scaling factors to reproduce scaled frequencies in Table 3.
¢ Diagonal force constant at B3LYP/6-31G(d) level.

4 Diagonal force constant at MP2=full/6-31G(d) level.

distances are in close proximity to those provided by the X-ray crystallographic data (Table 1) within
0.005—0.007 A [ 16, 29, 30 ]. This refers to the absence of the keto-enol form as reported previously
[12,13,15,17—19]. Moreover, the calculated O---H bond lengths range from 2.236 A to 2.710 ,&,
which is smaller than the sum of Van der Waal radii of oxygen and hydrogen atoms (2.72 &) by
0.464—0.01 A [46, 47 ]. Therefore, moderate intramolecular hydrogen bonding interactions are pre-
dicted between Og---H;;, Og---H;s, O7---H», and O;---H,¢ in addition to the expected intermolecular
hydrogen interactions in 1,3-DMU (Table 1).

Internal rotation barriers. A potential surface scan (PSS) for the internal rotation of methyl in
the most stable conformers of 1,3-DMU (structure 3) has been predicted from ab initio MP2=full cal-
culations utilizing the standard 6-311++G(d,p) basis set. For this purpose, the dihedral angle of the
—CHj; group (t H;1CoN;Cg) was allowed to vary from 0° to 180° by 10° increments while the struc-
tural parameters were held fixed to the MP2(full)/6-311++G(d,p) optimized values for structure 3.
As can be concluded from the produced PSS curve (Fig. 4), the calculated energy of structure 3 (£ =
=-492.09894 Hartree) is found to increase as the dihedral angle (t H;;CyoN,Cy) is rotated by 10° in-
crements until a maximum (£ =-492.09737 Hartree) is reached at 60° with an energy barrier of
345 cm' (0.98 kcal/mol). After that, the energy decreases, reaching a local minimum at 140° with an
energy barrier of 101 cm ™' (0.29 kcal/mol) relative to most stable structure 3. The continued rotation of
the dihedral angle results in a decrease in the energy until reaching a local maximum at 180° (structure
2). The estimated barriers for 1,3-DMU methyl seem to be consistent with the calculated values of
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Table 3

Observed and calculated frequencies (cm™") for 1,3-dimethyl uracil (1,3DMU) structure 3 diketo form

Spel | a B3LYP/6-31G(d) Obs. (this study)®

sl R o e Kb | (ol

1|2 3 4 5 6 7 8 9 10

A" | vy |vs CH/CD 3051 2419 | 0.54 | 114.8 67S,33S, 3096w | 3095w
v, |[vs CH/CD 3008| 2378 | 7.4 | 83.7 675,328, (3004w)[(2955vs)
V3 |Vas CH3/CD; 3000| 2381 | 0.61 | 31.0 48S;48S, (3004w)|(2955vs)
V4 |Vas CH3/CD; 2966| 2356 | 8.5 | 50.7 50S449S; 2961w |(2955vs)
vs |us CH3/CD3 2885| 2214 | 22.3 |122.5 51S544S¢ (2854s)
Ve |Us CH3/CD; 2880| 2209 | 32.6 [135.1 53S¢46Ss (2854s)
v7|vsC=0 1689 1704| 37.4 79S; 1709vs | 1708vs
vg [LsC=0 1654 780.1| 13.6 73Ss 1670vs | 1670vs
Vg [usC=C Ring 1600 53.1 [ 13.0 56S912S,410Sg 1616s
Vio|8ip CH3/CDs 1498| 1141 | 32.6 | 22.6 5151024811108y (1479s) | (1464s)
v11|8i, CH3/CDs 1488 1129 | 12.1 | 14.0 57511208, (1479s) | (1464s)
Via|Sumbreia CH3/CD5| 1444| 1101 | 6.8 2.6 518152685 1448w
V13|8Umbretia CH3/CD;5| 1429| 1086 | 145.8 | 0.77[16S,315S12128,910S1410S1710S,,10S,;| 1434s | 1436s
V14/8;, CH/CD 1397) 925 | 448 | 114 11S,448S1310S510S 9 1399m | 1398m
Vi5/Us C—N ring 1361 104.6| 16.0 195,526S1,10S1410S,910S,3 1376s | 1376s
Vi6|Us C—N ring 1313 759 | 036 208S1628S1410S,910S1510S59 1342s | 1342s
vi7{vs C—N ring 1244 14 | 213 35S1725S,1108,010S5, 1231m | 1231m
vislus C—N 1198 17.7 32 49S1519S2413S,5 1174m | 1174m
Vi9|8;, CH/CD 1157 842 | 13 | 10.8 50S1910S910S,,10S,10Sy; 1145w | 1146w
Vyo|p CH3/CD; 1116| 870 | 50.4 33 278201982,17S1410S59 (1139m)|(1138m)
va1|p CH3/CD; 1032] 834 | 45 2.8 30S,133S,728S,; 1004w | 1004w
v |vs C—C ring 982 21.7 1.6 135,53552023S1610S53 955w | 955w
v3|usC—N 907 2.0 3.0 26S,314S:511S,;10S17108,410S56 | (932w) | (932w)
vy4|Ring bending 780 1.8 6.2 50S,410S7,10S,510S,, 799w | 798w
Vas5|us C—N ring 649 6.0 | 17.6 46S,520S,510S,,10S24 685w | 686m
V26|80 C=O 608 1.1 | 049 2082632S2913S,,11S5,10S;5 602w | 605w
vy;|Ring bending 496 8.8 5.0 51S711S1510S2410S,6 522m | 523m
vys|Ring bending 464 14.8 8.0 56S,5108,510S510S,5 481s 481s
V29|83, C=0 396 252 | 049 39S291282611S;511S25108S,7
vy|Ni—Cobending | 353 122 | 0.12 47S30208,618S,110S24
v31|N3-—C)p bending| 299 1.7 |1 0.29 55S5123S50

A" |v3p|Vas CH3/CD; 2945( 2338 | 11.3 | 78.7 525548853 (2928w)((2924vs)
V33[Las CH3/CDs 2943| 2336 | 13.2 | 58.8 52S3;488S;; (2928w)|(2924vs)
V34|8,s CH3/CD5 1481| 1100 | 8.6 | 16.2 4753446855 (1464w)
V35[0,s CH3/CD; 1457) 1081 | 7.2 | 199 46S;5458S54 (1464w)
vi6|p CH3/CDs 1137) 913 | 0.32 3.0 60S3631S37 (1139m)((1138m)
vi7|p CH3/CDs 1128 904 | 0.19 2.3 60S5731S;6 (1139m)|(1138m)
V3s|Ywag CH/CD 954 777 | 0.86 1.0 89S35108S39 (932w) | (932w)
V39| Ywag CH/CD 802 582 | 34.7 1.9 57S3037S41 817vs | 817
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Continued Table 3
1 2 3 4 5 6 7 8 9 10
Vo [Ywag C=O 748 294 (0.23 83S4014S4; 762s |762vs
Vil [Ywag C=O 707 3.1 |4.0 36S4118S4916S3916S4, 728w | 722w
v |8 Ring puckering| 428 0.65 (1.7 35S4,42S4511S4,10S4, 474m
Va3 [Boop Ni—Co 252 0.49 (0.74 3954340844108,
Va4 |000p Ns—Cio 198 3.0 ]0.82 5484445843
vy4s |t CH3/CDs 125 76 8.0 ]0.02 41S4541S4715S4,
vs6 |t CH;3/CD; 114 52( 0.16 |0.23 81S4610S4;
vy47 |8 Ring puckering 98 3.7 10.89 34S,7,44S5,525S4,
vas |0 Ring puckering 66 0.64 10.12 96S .45
Species|v;"|  Assignment® MP2(full)/6-31G(d)
Fixed scaled|(X—D)‘|IR Int®.|Raman Act". PED’
1 2 3 4 5 6 7 8
A" |vi|vs CH/CD 3084 2447 1 0.97 103.0 65S,34S,
v, |vs CH/CD 3038 2402 | 8.8 99.2 56S,29S,10S,
V3 |v,s CH3/CD; 3058 2428 | 0.36 27.0 49S;49S,
V4 |Uas CH3/CD3 3031 2408 | 1.7 22.8 435,428,108,
vs |ug CH3/CDs 2934 2251 | 16.7 94.4 49S548S¢
Vg |us CH3/CD3 2927 2245 | 25.8 116.2 50845085
v7 v, C=0 1701 167.6 73.6 73S,
vg |us C=0 1680 726.6 23.5 61S310S910S6
Vo |Us C=C Ring 1614 19.2 9.2 48S919Sg11S1410S:5
Vi0|8;y CH3/CD; 1529 1163 | 41.6 21.5 5081025S1110Sy
v11/|9i, CH3/CD; 1519 1148 | 14.1 11.2 58S1121S410S5;
V12|OUmbreia CH3/CDs | 1458 1125 | 7.1 32 48S1,28S3
V13|8Umbrenia CH3/CD3 | 1423 1109 | 44.1 6.0 58S1310S1,10S1410S4
V14/8;, CH/CD 1339 938 | 70.6 2.2 3551418S1510S1910S;510S5
vis5|vs C—N ring 1396 86.7 26.8 20S:526S1,11S1411S1910S910S5;
vis|us C—N ring 1468 195.4 2.8 10S:614S1,13S010S;510S;710S,,10S,510S,,
v17/us C—N ring 1276 10.2 38.9 415,720S,,10S;,10S+4
vis|us C—N 1224 19.3 1.3 50S1g17S,412Sy5
Vi9|8i, CH/CD 1177 855 | 0.07 13.9 50S1910S,110S5,10S,;
Vao|p CH3/CD; 1142 883 | 46.8 33 30S,019S1416Sx,108S,;
va1|p CH3/CDs 1065 847 | 3.2 4.7 37S,127S1727Sx
Va|0s C—C ring 1000 24.1 1.4 13S,,345,022S610S 3
Va3|us C—N 924 24 2.8 26S,315S1511S,110S1710S,410S,4
vy |Ring bending 786 2.1 6.4 52S,4,10S710S310S,,
V,5|/0s C—N ring 660 5.6 18.1 508,520S,510S,
V26[0ip C=0 611 1.6 1.5 218,632S29125,,1255110S;5
vy;|Ring bending 500 7.9 53 53S,711S;510S1410S54
vys|Ring bending 468 12.2 8.5 578,510S;510S,510S,5
Va[dip C=0 398 22.7 0.69 42S,910S1510S,510S,710S,510S5,
v30|Ni—Cy bending 358 14.8 0.11 46S55024S2614S5112S5
v31|N5—C) bending 304 1.6 0.21 58S3120S5010S+4
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Continued Table 3

1 2 3 4 5 6 7 8

A" |vs3|u,s CH3/CD; 3015 2394 | 9.9 56.4 4985,5183;
V33|Vas CH3/CD; 3014 2394 | 54 59.9 498535183,
V34/0,s CH3/CD; 1512 1124 | 9.2 14.5 48S;4468S;5
V35/|0,s CH3/CD; 1488 1105 | 7.5 18.9 47835468534
vis|p CH3/CDs 1156 927 | 0.32 3.6 62S3631S3;
va7|p CH3/CD; 1147 914 | 0.33 2.6 6283731856
V3s|Ywag CH/CD 912 734 | 4.1 1.0 89835
V39|Ywag CH/CD 783 580 | 30.2 1.7 678392584
Vao[Ywag C=O 713 33.2 2.0 99S.40
Va1|Ywag C=O 690 5.1 2.1 68542084,
V4|0 Ring puckering 410 1.2 1.3 41S4428,5
va3|800p N1—Co 244 0.11 0.82 3784347844168,
Vaa|S00op N3—Cio 189 5.0 0.85 53S4450S43
vas|t CH3/CD; 128 68 | 6.5 0.04 3584530845248,
vas|T CH3/CD; 114 591 0.28 0.19 97846
V47|16 Ring puckering 92 1.4 0.88 4254745845
V3|0 Ring puckering 66 1.8 0.06 2084524S4,2284615S47

* Notations for fundamentals: m, stretch; d, bending; ¢, wagging; R, ring and s, torsion. These fundamentals
could be pure in minor cases; however they are coupled with other normal modes as given in PEDs.

® Scaling factors 0.874 for all stretches and 0.945 for bends and 0.978 for wags and torsions.

¢ The calculated unscaled frequencies for d;-1,3DMU (X—D=C—D) and ds-1,3DMU (X—D=C—D3) iso-
topmers.

¢ Calculated infrared intensities in km/mol (IUPAC, Glossary of terms used in Photochemistry, 3rd Edition,
July 2004).

¢ Calculated Raman activities in A*/amu.

f Contributions less than 10 % are omitted.

€ Bands between brackets are used for two or three normal modes of vibration.

395 cm ' for 4-bromo-o-xylene [48] and 392 cm ' for 1,1,I-trifluoroacetone [49]. Furthermore,
three-dimensional PSS for 1,3-DMU was predicted by the simultaneous rotation of both methyl groups
(11 = tH;1CoN,Cs and 7, = tH;4C19N3C,). On the potential surface shown in (Fig. 5), the global mini-
mum with t; = 0.0 and 1, = 180° corresponds to the most stable conformer (structure 3).

Vibrational assignments. The frequencies calculated by the DFT methods are in better agree-
ment with the experimental frequencies than the MP2(full) ones (Table 3). This suggests that the DFT
methods incorporate some anharmonic contributions, which improve the correlation with the experi-
ment. So the proposed vibrational assignment presented herein is based on the B3LYP/6-31G(d) fre-
quencies compared to the observed IR wavenumbers.

C—H vibrations. The hetero aromatic structure showing the presence of C—H asymmetric
stretching vibrations in the range 3100—2950 cm ™' is suggested for symmetric stretching modes of
vibrations [ 50—53 ]. In this range, the bands are not appreciably affected by the nature of the sub-
stituents. Hence, in the present investigation, the obs/calc IR bands at 3096/3051 cm™ and
3004/3008 cm ' have been assigned to C—H stretching vibrations. In general, in-plane and out-of-
plane heteroaromatic C—H bending vibrations occur in the ranges 1300—1000 cm ' and 600—
1000 cm ' respectively [ 12, 54 . Hence in the present investigation, the C—H in-plane bending vibra-
tions (vi4 and vi9) computed at 1397 cm ! and 1157 cm™ by the B3LYP/6-31G* method show good
agreement with IR observed bands at 1399 cm ™' and 1145 cm™' respectively. While the observed bands
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Fig. 4. Methyl barriers to internal rotation of 1,3-Dimethyluracil as obtained from MP2(full)/6-31++G(d, p)
potential surface scan. The rotation started from the hydrogen atom marked with asterisk; Hy;

in the IR spectrum at 932 cm ' and 817 cm™' match those calculated at 954 cm™ (vs5) and 802(vso) cm™'
by the B3LYP/6-31G* method. These bands are assigned to the C—H out-of-plane bending vibration.
These observations were in good agreement with the experimental as well as literature data [ 55 ].

CH; fundamental vibrations. The CH; anti-symmetric stretching is expected around 2980 cm™'
and the symmetric stretching is expected at 2870 cm™' [ 56 ]. The predicted band at 3000 cm™ (v3) was
matched with the observed weak IR band at 3004 cm™'. In line with this, the peaks observed in the IR
spectrum at 2961 cm ' and 2928 cm ' were assigned to CH; asymmetric stretching vibrations whereas
symmetric stretching modes were not observed (Fig. 3, B), but appear at 2854 cm ™' in the Nujol IR

Fig. 5. Three dimention methyl barrier to internet rotation of 1,3-Dimethyl-
uracil as obtained from MP2(full)/6-31++G(d,p) potential surface scan. The
rotation started from the hydrogen atom marked with asterisk
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spectrum (Fig. 3, 4, Table 3). These assignments correlate with the calculated bands at 3000 cm ',
2966 cm ' and 2945 cm ', 2943 cm ' for the asymmetric stretch and 2885 em ', 2880 cm™! for the
symmetric stretch obtained by the B3LYP/6-31G* method, respectively. These assignments agree well
with the literature values [ 57—59 |. From the other point of view the CH; symmetric and asymmetric
in-plane bending modes appear in a fairly constant range 1400—1460 cm ' [ 60 ]. The observed strong
and weak IR bands at 1479 cm™' and 1464 cm™' are assigned to the CH; bending modes vy, Vi1, V34,
and vss being in good agreement with the calculated modes at 1498 cm ™, 1488 cm ™', 1481 cm™', and
1457 cm™ and with earlier studies [ 60, 61 ]. Moreover, the umbrella modes (v, and v;3) match the
observed weak and strong IR bands at 1448 cm ' and 1434 cm ', respectively being in agreement with
the predicted IR intensities of 6.8 km/mol and 145.8 km/mol, respectively. Four methyl rocking modes
of two methyl groups (pCHs; v, Vo1 and v, v37 are predicted at 1116 cm ', 1032 cm ' and 1137 ecm ™,
1128 cm ', respectively) were observed at 1139 cm™' for vsq, Va7, Voo and 1004 cm™' for v,; in the IR
spectrum respectively being in agreement with the literature values of 1140 cm ™', 1088 cm™', 1014 cm ',
and 994 cm ' [ 62—64 ]. The CH; torsion modes (v4s and vyg) were predicted at 125 cm ' and 114 cm™
respectively, but were not expected to be observed because of the Rayleigh scattering background be-
low 400 cm™' (Fig. 3).

C=0 fundamental vibrations. In the titled compound we have two C=0O groups; the C=0
stretching frequency appears strongly in the FT-IR spectrum in the range 1850—1600 cm . Normally
carbonyl group vibrations occur in the range 1780—1680 cm ' [65]. Thus, very strong bands at
1709 cm ™' and 1670 cm ' in the IR spectrum are assigned to C=0 stretching vibrations. These bands
are in concurrence with the predicted IR intensities of 170.4 km/mol and 780.1 km/mol, respectively.
One of the C=0 in-plane bending modes (V1) is assigned to a weak IR band at 602 cm ' which is con-
sistent with the previous study [ 66 ]. The other C=0O in-plane bending mode (v,9) is computed at
396 cm ' by the B3LYP method. They are absent in the IR spectrum because they were beyond the
detection capability of the experimental facilities (below 400 cm ). Moreover, the C=0 out-of-plane
bending vibrations (v4, V41) are calculated at 748 cm ! and 707 cm™'. These bands are assigned to the
observed strong bands at 762 cm™' and 728 cm ™' (Table 3).

Ring fundamental vibrations. The C=C and C—C stretching vibrations were predicted at
1600 cm ™' and 982 cm™' by the B3LYP method. These computed data are slightly different from the
experimental strong and weak IR bands at 1616 cm ™' and 955 cm ™' and are in good agreement with the
predicted IR intensities of 53.1 km/mol and 21.7 km/mol, respectively. The ring deformation modes
Vaa, Va7, and vag calculated at 780 cm™, 496 cm ', and 464 cm ™' were assigned to the observed bands at
799 cm', 522 cm ', and 481 cm ' respectively. These assignments are in good agreement with the li-
terature data [ 35, 67 ]. On the other hand, the ring puckering modes vy, V47, and v43 were beyond the
detection capability of the experimental facilities.

The identification of C—N vibrations is a difficult task since the mixing of vibrations is possible
in this rang [ 59 ]. It is worth noting that the observed band at 1376 cm ™' assigned to the C—N stretch
(vis) was computed at 1361 cm'. Moreover, the observed strong, weak, and medium IR bands at
1342 cm ', 1231 cm ', and 1174 cm ' match the predicted IR intensities of 75.9 km/mol, 1.4 km/mol,
and 17.7 km/mol. These bands were assigned to CN stretches vis Vvi7, and vi5. The other two CN
stretches (va3 and v,s) were assigned to weak IR bands at 932 cm ™' and 685 cm™, respectively, in
agreement with the previous investigations [ 12, 35, 61 .

CONCLUSIONS

The theoretical calculations and the IR spectrum favors dikefo 1,3-dimethyluracil (structure 3) in
the solid phase, which is consistent with the normal coordinate analysis and vibrational frequency cal-
culations. Confident vibrational assignments for all observed bands to their corresponding fundamen-
tals have been proposed.
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