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The equilibrium structures of uracil, thymine (5-methyluracil), 1-methyluracil
and 1,3-dimethyluracil have been determined from ab initio MO calculations at
the HF, MP2 and DFT/6-31G(d) levels. Thymine has also been studied in the
solid state by X-ray diffraction. A systematic investigation of the effects of
intermolecular association on the structure of uracil and its methyl derivatives
has then been carried out by theoretical calculations. Based on information from
the solid state, a dimer for 1-methyluracil, a trimer for thymine and a hexamer
for uracil are used as theoretical models (at HF and DFT levels) to simulate the
neighboring intermolecular interactions found in the crystal. The geometrical
perturbations observed in the uracilic moiety, on going from an isolated molecule
to the crystal phase, are mainly due to self-association and confirm the funda-
mental role of conjugative stabilization of the intermolecular hydrogen bonding

in such DNA bases.

Owing to the fundamental role of nucleic acids in the
functioning and replication of living systems, uracil and
its derivatives have been investigated extensively by a
variety of experimental and theoretical methods. In par-
ticular, methylated derivatives of uracil have been the
subject of a vast amount of work, indicating that methyl-
ation of DNA is probably involved in various genetic
alterations and in the initiation of carcinogenic processes.
Furthermore much effort has been devoted to studying
the hydrogen bonding intermolecular interactions in
these systems since ‘hydrogen bonding is the key feature
in the biological information transfer mechanisms by the
nucleic acids.”*

The structure of the free uracil molecule (Scheme 1)
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Scheme 1.

* To whom correspondence should be addressed.
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has been studied by gas-phase electron diffraction? and
by several ab initio molecular orbital calculations.>8
Regarding methyl derivatives in the gas phase, experi-
mental structural determinations are available from
microwave (MW) spectroscopy only for thymine (5-
methyluracil),’ whereas some theoretical studies at
different levels of theory have been reported concerning
thymine,*1%-13 [-methyl uracil,'* 6-methyluracil'®> and
1,3-dimethyl uracil.!® Most of the theoretical studies have
been devoted to the interpretation of vibrational spectra
of molecules isolated in inert gas low-temperature matri-
ces*> or the determination of wuracil tautomeric
stabilities.”!°
The molecular geometries have been determined at the
Hartree—Fock (HF) level while the use of electron cor-
relation methods has been limited to uracil and thymine
molecules.”''** Recently, the density functional theory
(DFT) approach has been successfully applied in the
prediction of the structure and tautomerism of uracil
and thymine.5"'3

The crystal structures of uracil'” and some methyl
derivatives'®2® have been determined by X-ray and
neutron diffraction techniques at different levels of accu-
racy. In particular, the crystal structure of thymine
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anhydrate!® dates back to 1969 and does not provide
very accurate results (R=0.149, only non-hydrogen
atoms located), owing to the poor quality of the photo-
graphic data collected. Therefore we thought it would be
interesting to carry out a new and more accurate crystal
structure determination of the thymine anhydrate.

When bond distances and angles of thymine are com-
pared with those of uracil,!” 1-methyluracil!® and 1,3-
dimethyluracil®? it clearly emerges that the uracil skeleton
has a structure which is significantly different in the
molecules considered. For instance uracil, thymine and
I-methyluracil show different C=0 bond lengths whereas
in 1,3-dimethyluracil, which is unable to form hydrogen
bonds, these bond lengths are very similar. Appreciable
discrepancies are also found in ring bond distances
moving from uracil to its methyl derivatives. Such struc-
tural differences might give us indications of the effect
that different intermolecular interactions play on the
whole molecular geometry.

However it is extremely difficult to find the origin of
such structural differences just on the grounds of such a
comparison. In addition to the N-H---O=C hydrogen
bonding, the weak C-H - -+ O=C interactions might cause
further distortions in the uracil ring.?*~2° Finally, we should
bear in mind that the presence of methyl groups is expected
to affect the geometry of the uracil ring.?” Our goal here is
to investigate the role of each aforementioned factor in
determining the geometry of the whole molecule.

Structural effects caused by methylation of the uracil
ring can be analyzed for the isolated molecule by theoret-
ical methods as can the effects of intermolecular associ-
ation.8! First of all a systematic investigation of the
effects of the N-H - - - O=C and C-H - - - O=C interactions
on the geometry of uracil molecule is reported. Nine
cyclic dimers were considered. The analysis of geomet-
rical changes due to dimerization serves as a preliminary
approach to a study of the hydrogen bonding in the
uracil crystal and its methyl derivatives.

A dimer for 1-methyluracil, a trimer for thymine and
a hexamer for uracil are next proposed as suitable models
to simulate the neighboring intermolecular interactions
in the crystal. The size of such oligomers does not allow
the inclusion of electron correlation corrections using
conventional ab initio methods; however, the DFT meth-
odology can be an alternative and efficient approach to
model such large systems.

Experimental

Crystals of thymine (Aldrich) were grown by slow evap-
oration from an ethanolic solution. A suitable crystal
was mounted on Huber CS diffractometer®? with graphite
monochromatized Mo-Ka radiation (A=0.71069 A).
Details of the crystal data, data collection, structure
solution and refinement are given in Table 1.

All the hydrogen atoms were clearly located through
a Fourier synthesis and introduced into the final least-
squares refinement with the isotropic temperature factors
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Table 1. Summary of crystal data, data collection, structure
solution and refinement for thymine.

(a) Crystal data

Empirical formula CsHgN,O,
Molar mass 126.115
Melting point {K) 603
Color, habit Colorless, prismatic
Crystal size {(mm) 0.3x0.2x0.2
Crystal system Monoclinic
a/A 12.889(7)
b/A 6.852(3)
c/A 6.784(3)
B/" 104.92(5)
V/A3 578.9(5)
Space group P2,/c
V4 4
F0,0,0) 264.0
D, 1.447gem 3
p/mm 1 0.114
(b) Data collection?®
T/K 298
Unit-cell reflections 15 (15-20)
(6-range/°)
Maximum value of 8/° 35

for reflections

hkl range of reflections —120;, =111, —1010

Variation in 3 standard <3%
reflections

Reflections measured 3063

Unique reflections 618

Reflections with |F,|>2c|F,| 604

R of merged reflections 0.027

{c) Structure solution and refinement?®

Refinement on [ Fol

Solution method Direct methods
No. of variables refined 100

Weighting scheme, 0.38133, 0.09782,

1/la+b|F,|+c|F, 3 0.00024
R, R, S° 0.0458, 0.0637, 1.01
Density range in final —0.27, 0.15(5)
A-mapje A™2
Final shift/error ratio 0.000

4Data were collected using ® scan. The intensities were
corrected for Lorentz-polarization effects, but not for absorp-
tion. °All calculations were done on a Pentium PC with
SIR CAO0S,**® PARST* and CRYSTALS® packages.
Atomic form factors were taken from Ref.51. °S§=
{(ZIwlF2— F2?1/(n—p))"~.

arbitrarily fixed at 1.2 times the corresponding value of
their bonded atoms. Table 2 lists the final fractional
coordinates for non-hydrogen atoms. The full CIF
(Crystallographic Information File) is available from
the authors.

Computational methods

All ab initio molecular orbital calculations were run on
an Alpha AXP-3000/500 cluster of CASPUR c/o CICS
at the University of Rome using the GAUSSIAN 94
package.®



Table 2. Final fractional coordinates and U,, for the non-
hydrogen atoms for thymine.

X y z Uy /A

0O(1)  0.4878(2) —0.0076(3) 0.2430(4) 0.0564(9)

0(2) 0.7810(2) —0.3511(3) 0.5833(4) 0.0624(10)
N(1)  0.6387(3) 0.1603(3)  0.4037(4)  0.0493(11)
N{3) 0.6361(3) —0.1750(3) 0.4166(4) 0.0461(10)
C(2) 0.5824(3) —0.0071(4)  0.3481(5})  0.0450(11)
C{4) 0.7425(3) —0.1895(4) 0.5342(6) 0.0476(13)
C(5) 0.7971(3) —0.0042(4) 0.5895(5) 0.0491(12)
C(6) 0.7436(3) 0.1610(4) 0.5225(6) 0.0493(13)
c 0.9110(4) —0.0073(6) 0.7179(8) 0.0714(18)

1. Isolated molecules. The geometries of the uracil, 5-
methyl-, [-methyl- and 1,3-dimethyl-uracil isolated mole-
cules were optimized by an analytical gradient-based
technique at the Hartree—Fock (HF) level and at the
second order of Mpgller—Plesset perturbation theory
(MP2)** employing the frozen core approximation (fc).
The split valence basis sets 4-31G(d) and 6-31G(d)
were used.>® The structures were constrained to have
planar C, symmetry. For thymine, two models were
considered, one with a C-H bond eclipsing the C5=C6
bond (« conformation), the other with a C-H eclipsing
the C4-C5 bond (b conformation). HF/4-31G(d) geo-
metries of monomers and oligomers were compared with
the results at the DFT level with regard to the accuracy
of the structural changes predicted upon intermolec-
ular association. Geometry optimizations were carried
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out employing the exchange-correlated functional
of Becke®®? and Lee e al®® implemented in the
GAUSSIAN 94 program (BLYP).

2. Dimers of wracil. All nine uracil dimers in Fig. 1
consist of two molecules hydrogen bonded pairwise. The
six structures [Fig. 1(A)] describe cyclic dimers inter-
acting with two C=0O---H-N bonds whereas the
remaining ones [Fig. 1(B)] describe two uracil molecules
both arranged to form C=0---H-N and C=0---H-C
intermolecular bonds. All geometries were fully optim-
ized under C, or C,, symmetry constraints at the HF/4-
31G(d) level.

The interaction energy AE was calculated for each
dimer using the supermolecular model, AE=
Egimer — 2E monomer 10 the basis set of the complex.

Atomic orbital population analysis was carried out
using the natural bond orbital (NBO) method developed
by Weinhold®® with the NBO subroutine of GAUSSIAN
94. Natural atomic charges and p, atomic orbital occu-
pancy of monomer and dimer were analyzed by MP2/6-
31G(d) calculations employing all the active orbitals,
MP2(full), at the HF/4-31G(d) optimized geometries.

3. Crystal models. Geometry optimizations were carried
out at the HF/4-31G(d) and BLYP/6-31G(d) levels. A
centrosymmetric dimer, showing C,, symmetry (Fig. 2),
was studied to simulate 1-methyluracil in the crystal.
Each monomer was assumed to have a methyl conforma-
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Fig. 1. Cyclic dimers of uracil. The HF/4-31G(d) interaction energy (kJ mol~") is reported for each structure. The (a—f) pairs
(A) show two C=0---H-N hydrogen bonds whereas the (g-i) pairs (B} have both C=0"--H-N and C=0"--H-C interactions.
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Fig. 2. Centrosymmetric dimer of 1-methyluracil. Oxygen
and nitrogen atoms are marked by filled circles. The hydrogen
bonds are indicated by the dashed lines.

tion with a C-H bond eclipsing the N1-Cé6 bond, in
agreement with the experimental evidence.®

A trimer model reproduced in Fig. 3 was introduced
with the aim of simulating the C=0 - - - H-N intermolec-
ular interactions occurring in the thymine crystal struc-
ture. The three molecules were assumed to have the
methyl conformation found in the crystal (which corre-

Fig. 3. Theoretical model of thymine in the crystal based on
the molecular packing as found in the solid state. Oxygen
and nitrogen atoms are marked by filled circles. The hydrogen
bonds are indicated by the dashed lines.
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sponds to the most stable one at all levels of calculations)
whereas the whole trimer was constrained to have planar
C, symmetry.

Both C=0-:-H-N and C=0---H-C intermolecular
interactions occurring in the uracil crystal have been
investigated by the hexamer reproduced in Fig. 4. With
the aim of reducing the computational efforts, the hexa-
mer was assumed to be planar and centrosymmetric.

Results and discussion

1. Isolated molecules from theoretical calculations.
Table 3 gives the geometries of uracil, thymine, 1-methyl-
uracil and 1,3-dimethyluracil determined by calculations
at the MP2/6-31G(d) level. A quick scan of the theoret-
ical results clearly indicates that the structure of the
uracil moiety is very similar in the molecules here consid-
ered. By a detailed analysis we observe that the ring as
well as the C=0 bond distances of the uracil molecule
change to within a few thousands of an &ngstrom by
methyl substitution. The effect of different orientations
of the methyl group on the ring structure of thymine is
negligible. Instead, appreciable differences are found in
the values of the bond angles, in particular in the region
close to the methyl group. Taking as a reference the
geometry of the uracil molecule, we find that the bond
angle subtending the substituent is 1.7° narrower for
thymine, 2.3° for l-methyluracil and 2.2° (C6-N1-C2)
and 2.7° (C2-N3-C4) for 1,3-dimethyluracil. Such
changes are consistent with the geometrical deformations
caused by the methyl substitution on the benzene ring.*
Apart from these differences, the theoretical results
clearly indicate that the structural features of the uracil

Fig. 4. Theoretical model of uracil in the crystal based on
the molecular packing as found in the solid state."”
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Table 3. Selected MP2/6-31G(d) geometrical parameters of uracil, 5-methyluracil {thymine), 1-methyluracil and 1,3-dimethylur-

acil molecules (for atomic numbering see Scheme 1).

B-Methyluracil®

Uracil (a) (b) 1-Methyuracil 1,3-Dimethyluracil
Bond distance (A)
N1-C2 1.390 1.386 1.385 1.393 1.393
N3-C2 1.385 1.386 1.386 1.384 1.389
N3-C4 1.408 1.403 1.403 1.406 1.415
C4-Cb 1.457 1.462 1.465 1.453 1.451
C5=C6 1.352 1.354 1.356 1.354 1.352
N1-Cé 1.377 1.380 1.379 1.377 1.373
C2=01 1.224 1.225 1.225 1.227 1.231
C4=02 1.227 1.230 1.230 1.228 1.231
N1-H1 1.013 1.013 1.011
N3-H3 1.017 1.017 1.017 1.017
C5-H5 1.082 1.082 1.082
C6-H6 1.085 1.086 1.088 1.086 1.086
C5-C7 1.497 1.503
N1-Me 1.461 1.461
N3-Me 1.465
Bond angles (°)
C2-N1-C6 123.9 124.1 123.9 121.6 121.7
N1-C2-N3 112.4 112.2 111.9 113.7 115.6
C2-N3-C4 128.8 128.6 129.1 129.0 126.1
N3-C4-C5 113.2 114.4 114.2 112.6 113.8
C4-C5-C6 119.9 118.4 118.0 120.0 120.6
N1-C6-C5 121.8 122.4 122.9 123.1 122.2
N1-C2=02 123.2 123.6 123.7 122.5 1215
N3-C4=04 120.5 120.7 120.0 120.7 121.4
Me-N1-C2 116.2 116.1
Me-N3-C2 115.3
C7-Cb-C4 117.6 118.8

?Rotamers of thymine: (a) has a C-H bond of the methyl group eclipsing the C5=C6 bond, (b} a C-H bond eclipsing the

C4-C5 bond.

moiety are not significantly different in the four
molecules.

2. Crystal and molecular structure of thymine from X-ray
diffraction measurement. A view of the molecular struc-
ture of thymine in the crystal is shown in Fig. 5, together
with the labelling of the atoms; Table 4 contains the
molecular geometry.

Of the several possible tautomeric forms, the diketo
tautomer was found in the solid state. These results agree
with those found by analysis of the MW spectra in the

Fig. 5. Drawing of thymine showing the anisotropy of the
thermal motion. The thermal ellipsoids are scaled to the 50%
probability level.

gas phase® and those predicted by ab initio MO
calculations.'®

All the non-hydrogen atoms of the molecule are almost
coplanar; the average deviation of the six ring atoms
from the least-squares plane is 0.004(4) A with a max-
imum deviation of 0.008(4) A for the C4 atom. Of the
three non-hydrogen atoms attached to the ring the O2
atom has the maximum deviation from this plane
[0.014(3) A]. The conformation assumed by the methyl
substituent is such that a hydrogen atom is eclipsed with
the ring C-C double bond.

The crystal structure of thymine is based on endless
ribbons of planar molecules, connected via N-H---O
hydrogen bonds (Fig. 6). Within a ribbon, each molecule
is hydrogen-bonded to two adjacent molecules; these
hydrogen bonds involve the two N-H groups of the ring
and the single oxygen atom Ol. The N - - O separations
[2.827-2.833(3) A] are equal to within experimental
error. No shorter interatomic contacts have been found
for the second carbonyl oxygen 02, other than
3.387(4) A, which occurs with the carbon atom C6 of
the adjoining molecule related by the unit translation
along b.

61



PORTALONE ET AL.

Table 4. Selected experimental geometrical parameters {with esds in parentheses) of uracil, 5-methyluracil (thymine}, 1-
methyluracil and 1,3-dimethyfuracil molecules {for atomic numbering see Scheme 1).

Uracil 5-Methyluracil® 1-Methyluracil® 1,3-Dimethyluracil ¢
Bond distance (A)
N1-C2 1.371(3) 1.358(4) 1.379(1) 1.374(3)
N3-C2 1.377(2) 1.361(4) 1.377{1) 1.380(3)
"N3-C4 1.371(2) 1.401(5) 1.384(1) 1.398(3)
C4-Ch 1.430(2) 1.453(4) 1.440(7) 1.436(3)
C5=C6 1.340(2) 1.343(4) 1.357(1) 1.332(3)
N1-C6 1.359(2) 1.384(5) 1.369(1) 1.378(3)
C2=-01 1.215(2) 1.244(4) 1.228(1) 1.225(3)
C4=02 1.245(2) 1.225(4) 1.241(1) 1.227(3)
N1-Me 1.459(1) 1.459(3)
N3-Me 1.464(3)
C5-C7 1.502(6)
Bond angles (")
C2-N1-C6 122.7{1) 122.5(3) 121.31(5) 120.8
N1-C2-N3 114.0(1) 115.5(2) 115.57(6) 116.7
C2-N3-C4 126.7(2) 126.3(3) 126.54(6) 1247
N3-C4-C5 115.5(1) 115.1(3) 114.74(6) 1149
C4-Ch-C6 118.9(2) 118.4(3) 119.35(7) 120.4
N1-C6-Cb 123.2(2) 122.3(3}) 122.48(7) 122.4
N1-C2=01 123.7(2) 122.4(3) 122.17(6) 1215
N3-C4-02 119.2(2) 119.2(3) 119.82(7) 119.6

aRef. 17. ?This work. °Ref. 18. Ref. 22.

Fig. 6. Projection of the crystal structure down ¢ in thymine anhydrate. Oxygen and nitrogen atoms are marked by fiiled
circles. The hydrogen bonds are indicated by the dashed lines.
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3. Geometries of isolated and crystal molecules: a compar-
ison. Substantial discrepancies are found when we com-
pare the crystal molecules (see Table4). Firstly, a
significant difference is noted for the carbonyl groups
which are almost equivalent in the isolated molecules,
but are substantially different in the crystal. For instance,
the C4=02 bond is longer than the C2=01 bond for
uracil [0.030(2) A] and I-methyluracil [0.013(1) A],
whereas it is shorter for thymine [0.019(4) A]. The
existence of C=0 groups of different lengths is easily
explained by observing the respective crystal structures.

In the crystal structure of 1-methyluracil, obtained by
a very accurate study'® by neutron diffraction at 15K,
the molecules form sheets lying in the crystallographic
mirror planes of the space group /bam. Within each sheet
the molecules form centrosymmetric dimers by
N3-H3---02=C4 [2.806(1) A] intermolecular hydrogen
bonds. Both the carbonyl groups are involved in close
interactions with C-H groups.

Similar dimers occur in the crystal structure of uracil,'”
but the N3-H3 - 02=C4 [2.865(2) A] centrosymmetric
dimers are connected by additional Dbifurcated
N1-HI --- 02=C4 [2.864(2) A] hydrogen bonds as repro-
duced in Fig. 4. The remaining carbonyl group is involved
in two weaker C-H---0=C interactions
(C2=01---H5-CS5 and C2=01---H6-C6).

The equivalence of the carbonyl groups of 1,3-
dimethyluracil is explained by the fact that no
C=0---H-N hydrogen bond is possible for such a
molecule, although dimers exist in its crystal structure®?
through C=0---H-C interactions. However, the struc-
ture of the dimer, studied by AMI1 semiempirical
methods,'® is predicted to be very close to that of the
monomer. The effect of intermolecular interaction in 1,3-
dimethyluracil is very weak indeed, as becomes evident
when the geometry of the free molecule is compared with
that in the crystal. From the values of the differences

HYDROGEN BONDING IN URACIL

between bond distances, A;=r(N3-C4)—r(N1-C2),
A,=r(N3-C4)—r(N3-C2), it can be seen that some
ring bond distances show a similar pattern in isolated
(A,=0.022 A, A,=0.026 A) as well as in crystal (A, =
0.024 A, A,=0.018 A) molecules.

In  contrast with C=0---H-C interactions,
C=0"---H-N hydrogen bonding occurring in the uracil,
thymine and 1-methyluracil crystals also produces signi-
ficant deformations in the ring bond distances.

In the thymine isolated molecule, for instance, the
N1-C2 and N3-C2 bonds are both shorter (A;=A,=
0.017 A) than the N3-C4 bond. This is also found in the
crystal, although the differences are larger: namely A, =
0.043 A and A,=0.040 A. As for thymine, the bond
distances of uracil and 1-methyluracil are found to show
a different pattern in the gas phase than in the crystal
phase. The N1-C2, N3-C2 and N3-C4 bond distances
have very similar values for uracil (A;=0.000 A, A=
—0.006 A) and Il-methyluracil (A,=0.005A, A,=
0.007 A) in the crystal whereas appreciable differences
are noted for uracil (A;=0.018 A, A,=0.023 A) and 1-
methyluracil (A;=0.013 A, A,=0.022A) in the gas
phase.

4. The effect of hydrogen bonding from theoretical calcula-
tions. Since isolated molecules, having a very similar
structure may show noticeable geometrical discrepancies
when they are involved in intermolecular interactions, it
is worth thoroughly investigating the effect of such
interactions on the structure of each molecule by a
theoretical approach.

(4a) Uracil dimers. The nine cyclic uracil dimers are
shown in Fig. 1. Their geometries were determined at the
HF/4-31G(d) level and Table 5 shows the values for the
changes of ring bond distances in the uracil ring caused

H H lil
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Fig. 7. Canonical forms of uracil (I-Vl) and the polar canonical form of uracil dimer responsible for stabilization of

intermolecular hydrogen bonding.
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by cyclic self-association. The amount of such geomet-
rical variations suggests two important interpretations.
Firstly, C=0 - - H-N hydrogen bonding causes a con-
certed distortion of the C=0 and C-N bond distances: a
lengthening of the C=0 bond occurs with simultaneous
shortening of the C-N bond distances. Such geometrical

HYDROGEN BONDING IN URACIL

variations induced by hydrogen bonding interactions are
similar to those found for the amide group of numerous
compounds.** For example, low-temperature neutron
diffraction measurements of a single crystal of urea,*?
N,N’-diformohydrazide®® and acetamide** indicate that
the C=0 bond is significantly longer and the C-N bond

Table 6. Selected bond distances (A) (with esds in parentheses) of isolated and hydrogen-bonded 1-methyluracil, thymine

and uracil.
HF/4-31G(d) BLYP-6-31G(d) Experimental
Monomer Dimer Monomer Dimer Neutron diffraction?®
1-Methyluracil
N1-C2 1.375 1.379 1.419 1.426 1.379(1)
N3-C2 1.368 1.369 1.397 1.396 1.377(1)
N3-C4 1.388 1.375 1.432 1.412 1.384(1)
C4-C5 1.457 1.453 1.462 1.457 1.440(1)
C5=C6 1.328 1.329 1.365 1.366 1.357(1)
N1-C6 1.372 1.367 1.386 1.381 1.369(1)
C2=01 1.193 1.192 1.232 1.231 1.228(1)
C4=02 1.197 1.201 1.233 1.248 1.241(1)
N1-Me 1.456 1.456 1.475 1.475 1.459(1)
N3-H3 0.998 1.008 1.022 1.043 1.043(2)
C5-Hb 1.069 1.069 1.089 1.089 1.081(2)
C6-H6 1.072 1.072 1.092 1.093 1.088(2)
Aq® 0.013 —0.004 0.013 —0.014 0.005
AL 0.020 0.006 0.035 0.016 0.007
Monomer Trimer Maonomer Trimer X-ray®
Thymine
N1-C2 1.367 1.350 1.407 1.384 1.358(4)
N3-C2 1.369 1.352 1.400 1.377 1.361(4)
N3-C4 1.387 1.390 1.426 1.432 1.401(5)
C4-C5 1.471 1.470 1.476 1.476 1.453(4)
C5-C6 1.328 1.326 1.365 1.365 1.343(4)
N1-C6 1.375 1.377 1.389 1.389 1.384(5)
C2=01 1.192 1.217 1.230 1.262 1.244(4)
C4=02 1.193 1.191 1.235 1.233 1.225(4)
N1-H1 0.995 1.004 1.019 1.037 0.82(4)
N3-H3 0.998 1.009 1.022 1.043 0.88(4)
C5-C7 1.508 1.500 1511 1.510 1.502(6)
C6-H6 1.073 1.072 1.093 1.092 0.98(4)
AP 0.020 0.040 0.019 0.048 0.043
A® 0.018 0.038 0.026 0.055 0.040
Monomer Hexamer Monomer Hexamer X-ray?
Uracil
N1-C2 1.372 1.359 1.413 1.397 1.371(3)
N3-C2 1.368 1.368 1.398 1.398 1.377(2)
N3-C4 1.390 1.373 1.433 1.406 1.371(2)
C4-C5 1.461 1.447 1.467 1.449 1.430(2)
C5=C6 1.326 1.332 1.363 1.369 1.340(2)
N1-C6 1.370 1.363 1.385 1.377 1.359(2)
C2=01 1.191 1.201 1.229 1.241 1.215(2)
C4=02 1.191 1.213 1.232 1.262 1.245(2)
N1-H1 0.995 1.006 1.018 1.043 0.84(2)
N3-H3 0.995 1.007 1.022 1.041 0.88(2)
C5-H5 1.069 1.070 1.089 1.092 0.93(2)
C6-H6 1.072 1.072 1.092 1.092 0.96(2)
A, 0.018 0.014 0.020 0.009 0.000
Ay 0.022 0.005 0.035 0.008 —0.006

“Ref, 18. PA, = IN3-C4) — IN1-C2); A, = {N3-C4)— AN3-C2). °This work. “Ref. 17.
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Table 7. Selected bond angles (%) (with esds in parentheses) of isolated and hydrogen-bonded 1-methyluracil, thymine

and uracil.
HF/4-31G{d) BLYP-6-31G{(d) Experimental
Monomer Dimer Monomer Dimer Neutron diffraction?
1-Methyluracil
C2-N1-C6 120.9 121.0 121.5 121.5 121.31(5)
N1-C2-N3 114.8 115.1 113.6 114.1 115.57(6)
C2-N3-C4 128.2 127.2 128.9 127.4 126.54(6)
N3-C4-Ch 1131 114.2 112.4 114.3 114.74(6)
C4-C5-C6 119.4 119.1 120.5 119.9 119.35(7)
N1-C6-Cb 123.7 123.4 123.3 122.8 122.48(7)
N1-C2=01 122.4 121.7 122.2 121.4 122.17(6)
N3-C4=02 120.8 121.4 120.5 121.3 119.82(7)
Monomer Trimer Monomer Trimer X-ray?
Thymine
C2-N1-C6 1235 122.6 124.2 1225 122.5(3)
N1-C2-N3 113.2 115.6 111.9 1155 115.5(2)
C2-N3-C4 127.8 126.3 128.5 126.3 126.3(3)
N3-C4-C5 114.8 114.9 114.3 1145 115.1(3)
C4-C5-C6 117.7 117.8 118.4 118.6 118.4(3)
N1-C6-C5 123.0 122.8 122.6 122.6 122.3(3)
N1-C2-01 123.3 121.8 123.2 121.3 122.4(3)
N3-C4-02 120.6 120.8 120.3 120.5 119.2(3)
Monomer Hexamer Monomer Hexamer X-ray®
Uracil
C2-N1-C6 123.3 122.7 1239 122.9 122.7(1)
N1-C2-N3 113.5 114.5 112.3 113.9 114.0(1)
C2-N3-C4 127.9 126.6 128.6 126.4 126.7(2)
N3-C4-C5 113.7 115.4 113.1 115.7 115.5(1)
C4-C5-C6 119.3 118.1 120.3 118.6 118.9(2)
N1-C6-C5 122.2 122.7 121.8 122.4 123.2(2)
N1-C2=01 122.8 123.0 122.7 122.7 123.7(2)
N3-C4=02 120.6 119.8 120.3 119.3 119.2(2)
2Ref. 18. ®This work. °Ref. 17.
shorter than the corresponding values calculated by ab hydrogen bonding stronger. The strengthening of

initio methods.>%%° NBO population analysis of the mon-
omer and dimer indicates that self-association induces
significant polarization of the atoms involved in hydrogen
bonding. The p, orbital occupancy reveals that the
variations in the charge distribution are mainly due to
the shifts in the m-electron density of the C=0 and C-N
bonds. Therefore the structural changes can be inter-
preted, in terms of valence bond theory, as an increase
in the contribution of polar canonical forms
~C(-0")=N-H* relative to the canonical form
—C(=0)-N-H. Hence, for cyclic uracil dimers the forms
II, TIIT and IV of Fig. 7 play a fundamental role in
describing hydrogen bonded molecules and the major
contribution comes from the polar form which shows
electric charges on those groups forming hydrogen bond-
ing. For instance, the dimer indicated as C in Fig. 1 is
successfully described by forms I, TV and, with less
importance, by form IIl. As displayed in Fig. 7, increas-
ing the importance of polar canonical forms such as [V
from monomer to dimer makes the C2=01---HI1-N1
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intermolecular hydrogen bonding due to resonance is
well known?® and the use of the term ‘resonance-assisted
hydrogen bond’ has been proposed.?® Significant changes
in the C=0 and N-C bond distances also occur when
uracil forms cyclic dimers by C=0:--H-N and
C=0 -+ H-C hydrogen bonds. The structural distortions
calculated for (g), (h), (i) dimers [Fig. 1(B)] are again
consistent with the increased importance of the canon-
ical forms.

The second important observation can be deduced
from an inspection of the results of Table 5. Each column
reports the values of the changes in bond distances for
an uracil molecule when it interacts with a second
molecule through various C=0 and H-N couples. Such
values indicate that more pronounced geometrical
changes occur when the molecule interacts through the
HI1-N1-C2=01 framework. In terms of valence bond
theory this suggests that structure IV allows the forma-
tion of stronger hydrogen bonding. Convincing proof is
provided by the fact that more stable complexes (see



Fig. 1) are found when N1-H1 and C2=01 are involved
in intermolecular association and the most stable dimer
is the centrosymmetric (c) structure.

(4b) Crystal models. Taking into account that hydrogen
bonding causes noticeable geometrical distortions on the
uracil skeleton, we next turned our attention to the study
of the discrepancies observed between the geometries of
isolated and crystal molecules of 1-methyluracil, uracil
and thymine.

1-Methyluracil. The geometries of monomer and dimer
proposed here to simulate the N3-H3 : - - 02=C4 hydro-
gen bonding occurring in the crystal are compared in
Tables 6 and 7. Apart from the obvious lengthening of
the N-H bond distances, hydrogen bonding causes the
concerted shortening of the N3-C4 and lengthening of
the C4=01 bond. Dimerization has a marginal effect on
the other bonds, the length of which changes to within
0.005 A. As already described for uracil dimers, polar
canonical forms increase their contribution in the descrip-
tion of the hydrogen bonded molecules. The importance
of form IIT may therefore justify the changes due to self-
association.

From Table 6 it appears that the structure of the dimer
is in better agreement with the crystal structure than the
structure of the free molecule. When the hydrogen
bonded model is considered, the values of the differences
A =r(N3-C4)—r(N1-C2) and A,=r(N3-C4)—
r(N3-C2) decrease from monomer to dimer and are
nearer to the values derived from the crystal structure.
Similarly, hydrogen bonding gives rise to a significant
difference in the two C=0 bond distances, as found for
the crystal structure. As regards the bond angles
(Table 7), all values calculated at the HF as well as
BLYP levels for the dimer are in better agreement with
experiment than those of the monomer.

Uracil. The hexamer proposed here takes into account
both C=0-:--H-N and C=0O---H-C intermolecular
interactions occurring in the crystal. Tables 6 and 7 show
the geometry of the monomer, that of the central molec-
ule (A in Fig. 4) of the hexamer along with the experi-
mental X-ray structure.!” As for l-methyluracil, the
agreement between theoretical and experimental geomet-
ries is indeed improved when hydrogen bonding is
included. Firstly, the C=0 bonds are found to have
diffent lengths and, consistent with the experiment, the
C4=02 bond is longer than the C2=01 bond. Secondly,
the central molecule in the hexamer has a ring geometry
which is closer to the crystal structure than that of the
monomer. Such a structural feature emerges from ana-
lysis of the values of A; and A, and the values of the
ring bond angles.

Finally, a detailed analysis of the changes of each
bond length from monomer to hexamer, reveals how
hydrogen bonding modifies the ring geometry. The
remarkable shortening of the N1-C2, N3—-C4 and C4-C5
bond distances suggest the importance of the polar

HYDROGEN BONDING IN URACIL

canonical forms V and VI in the description of the crystal
molecules of uracil.

Thymine. Tables 6 and 7 report the geometry of the free
molecule and that of the central molecule of the trimer.
As found for uracil and its 1-methyl derivative, our
theoretical simulation of a ‘crystal structure’, although
based on an oversimplified model, significantly improves
the agreement between calculated and experimental geo-
metries. When intermolecular interactions are included,
the values of the A; and A, increase from 0.020/0.018 A
to 0.040/0.038 A and are nearer to the values derived
from the experimental crystal structure (0.043/0.040 A).
In addition, our crystal model reveals that the differences
between the two C=0 bond distances that are found for
the crystal structure are indeed a consequence of
intermolecular associations occurring in the crystal
phase. A strong change is also observed for the
N1-C2-N3 angle (+2.4°) whose value (115.6°) is very
close to the experimental one, 115.5(2)°. Better agree-
ment between calculated and experimental bond angles
is further found for all ring bond angles. The structural
changes calculated for intermolecular association can
once again be interpreted, in terms of valence bond
theory, by the increase of the polar canonical forms II
and IV. On the other hand, II and IV are better proton
donors and acceptors than [; increasing their contribution
reinforces the N-H - - - O interaction.

Conclusions

The following conclusions may be drawn from the experi-
mental and theoretical results previously illustrated.
(i) The accurate X-ray structure determination of thym-
ine demonstrates that the molecule is present in the
crystal as a diketo tautomer. (ii) In the absence of
accurate molecular geometries of gas-phase uracil methyl
derivatives, structural features of the uracil ring have
been obtained from MP2/6-31G(d) optimized geomet-
ries. The ab initio results indicate that the structure of
the uracil ring is very similar in the molecules considered.
(iii) Crystal molecules show remarkably different geomet-
ries and our theoretical simulations of crystal structures
demonstrate that hydrogen bonding is the main factor
responsible for the discrepancies observed. (iv) It is worth
noting that DFT with BLYP functional gives results that
are qualitatively consistent with the HF level as regards
the geometrical distortions induced by hydrogen bond-
ing. (v) Our theoretical models confirm the fundamental
role of conjugative stabilization of intermolecular hydro-
gen bonding in such DNA bases.
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