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The asymmetric unit of the amino—oxo tautomer of 5-formyl-
uracil (systematic name: 24-dioxo-1,2,3,4-tetrahydropyrimi-
dine-5-carbaldehyde), CsH4N,O;, comprises one planar
amino—oxo tautomer, as every atom in the structure lies on
a crystallographic mirror plane. At variance with all the
previously reported small-molecule crystal structures
containing the S-formyluracil residue, the formyl substituent
in the title compound exhibits an unusual syn conformation.
The molecules are linked into planar sheets parallel to the bc
plane by a combination of six N—H---O and C—H---O
hydrogen bonds. Four of the hydrogen bonds are utilized to
stabilize the formyl group in the syn conformation.

Comment

The discovery of double helix, as Watson and Crick realised
(Watson & Crick, 1953), immediately provided fundamental
new insights into the nature of genetic events. Our more
recent knowledge of both the detail and the variety of DNA
structures themselves, and the manner in which they are
recognized by regulatory proteins, mutational compounds and
drugs, is starting to pave the way to more profound levels of
understanding of the processes of gene regulation, mutation/
carcinogenesis and drug action at the molecular level.
However, despite improvements in the average resolution of
crystal structures, there remains a need to clarify structural
details for the better understanding of structure—function and
structure—stability relationships. The underlying relationships
between DNA sequences, structure and flexibility, even
though only partially understood, are of great interest for
understanding the interaction of both small molecules and
proteins with DNA, as well as for understanding the function
of the resulting complexes. In particular, 5-formyluracil is
known to miscode with relatively high frequency, generating
primarily transition mutations (Bjelland et al., 1995, 2001).
Consequently, oligonucleotides containing the 5-formyluracil
residue, a major oxidation product of thymine, have been
investigated extensively by a variety of experimental methods

in the last decade. The strong miscoding potential of
S-formyluracil has been attributed to the strong electron-
withdrawing S-formyl substituent, which substantially
increases the acidity of the N-bound H atoms (Sowers et al.,
1987; Privat & Sowers, 1996; Jang et al., 2001). In addition to
altering the electronic properties of the pyrimidine bases, the
oxidation of the thymine methyl group to the 5-formyl
substituent would be expected to interfere with sequence-
specific DNA-protein interactions (Rogstad et al., 2004), and
to form potentially lethal covalent crosslinks between the
S5-formyl group and the amino groups of DNA-binding
proteins, resulting in locking the binding (Armstrong, Stern-
bach & Eckstein, 1976; Mee & Adelstein, 1981; Ono et al,
1994; Sugiyama et al., 2001; Rogstad et al., 2002).
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Like other related DNA/RNA pyrimidine bases (Saenger,
1984), 5-formyluracil [Sformur, (I)] exhibits a tautomeric keto—
enol equilibrium. The tautomeric equilibrium of nucleobases
is important, owing to the strong relations between the
potential coding properties and the tautomeric form. A few
years ago, the crystal structure of a Dickerson—Drew-type
dodecamer with the sequence d(CGCGAATXCGCG), con-
taining 2'-deoxy-5-formyluridine at X, was determined
(Tsunoda et al., 2002). In this study, the formyl group of one of
the two keto tautomers of the 5-formyluracil residues adopts a
syn conformation, and the second is disordered between the
syn and anti conformations with almost equal occupancies.
Both tautomers form two hydrogen bonds to opposite adenine
residues, yielding canonical WC base pairs in the same way as
thymine. At variance with the previous results, it has been
proposed that the enol form of 5formur might interact with
thymine forming a WC mispair (Anensen et al., 2001). Theo-
retical studies at different levels of theory have been reported
concerning 5-formyluracil in the gas phase and in polar and
nonpolar solvent fields (Cysewski et al., 1998; Jang et al., 2001).
It has been shown that the diketo form, with the formyl group
oriented so as to preserve the maximum distance between
adjacent O2 and O7 atoms (anti conformation of the formyl
moiety), is preferred by 4.5 kcal mol™" (1 kcalmol™ =
4.184 kJ mol ') in the gas phase but has a 4.6 kcal mol ' lower
solvation energy in water, leading to similar energies for both
conformers in solution (the difference being less than
0.1 kcal mol™"). Therefore, a particular interest in the crystal
structure of S-formyluracil is to see which tautomeric form is
present and which conformation is adopted by the formyl
moiety.

In this context, as part of our continuing study of crystal
adducts of DNA/RNA pyrimidine bases coupled with amino
derivatives of aromatic N-heterocycles via multiple hydrogen
bonds to mimic the base pairing of nucleic acids (Portalone et
al., 1999, 2002; Brunetti et al, 2000, 2002; Portalone &
Colapietro, 2004a,b, 2006, 2007a,b,c,d; Portalone, 2007) and in
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view of the great importance of the modified nucleobase
S5-formyluracil, we have been attracted by the crystal structure
of Sformur, surprisingly not yet reported.

In the crystal structure of (I), the asymmetric unit comprises
one amino—oxo tautomer, with every atom constrained to lie
on a crystallographic mirror plane (Fig. 1). The principal point
of interest in the molecular structure of Sformur is the unusual
syn conformation adopted by the 5-formyl substituent. A
search of the Cambridge Structural Database (Version 5.28;
Allen, 2002) for crystal structures containing the 5-formyl-
uracil and 5-formyl-1-thiouracil residues yields only four
structures (Armstrong, Dattagupta et al., 1976; Garcia-Megias
et al., 1989; Hernandez et al., 1997; Kittaka et al., 2004). For all
these compounds, the S5-formyl group exists in an anti
conformation, in agreement with the previously discussed
theoretical results for the free molecule. The ‘unexpected’ syn
conformation of the formyl group in Sformur causes almost
identical but opposite variations of the exocyclic bond angles
C4—C5—C7 and C6—C5—C7 [4.6-4.8 (3)°] with respect to
the corresponding bond angles in thymine (Portalone et al.,
1999), but leaves the bond angle at the ipso C atom, C4—C5—
C6, unchanged (Table 1). No dependence of the ipso angle on
the conformation adopted by the formyl group has been
found. The lack of an appreciable angular distortion at the
ipso angle, a parameter that is particularly sensitive to the o-
inductive effect of the substituent, is rather surprising. This
angle is 120.5 (4)° from a study of the 1:1 syn—anti conformers
of terephthalaldehyde in the gas phase (Bock et al., 1987), and
this value is intermediate between those obtained by electron
diffraction for p-xylene [117.1 (3)°; Domenicano et al., 1979]
and p-difluorobenzene [123.5 (1)°; Domenicano et al., 1982], in
accordance with the values of Taft’s inductive parameter, o7,
which are —0.08, 0.25 and 0.52 for the CH;, CHO and F
substituents, respectively (Taft ef al., 1963).

A further comparison of the molecular geometry of
Sformur with that reported for uracil and thymine (Stewart &
Jensen, 1967; Portalone et al., 1999) should clarify the influence
exerted by the strong electron-withdrawing 5-formyl substi-
tuent on the overall molecular electronic structure. However,
from this comparison no clear indications point to the
importance of charge-separated quininoid forms as significant
contributors. Consequently, the reported small geometric
distortions (see A values in Table 1) have been attributed to

Figure 1
The crystallographic asymmetric unit in (I), showing the atom-labelling
scheme. Displacement ellipsoids are drawn at the 50% probability level
and H atoms are shown as small spheres of arbitrary radii.

different hydrogen-bonding configurations. On the other
hand, it has recently been debated whether generally accepted
resonance forms can be applied to explain the structure of
pyrimidinic nucleobases (Gonzales Moa & Mosquera, 2003,
2005). These authors, from a topological analysis of charge
densities carried out with the atoms in molecule (AIM) theory
(Bader, 1990), came to the conclusion that the resonance
model does not correctly describe the charge distribution in
the neutral (and protonated) forms of uracil derivatives.

The hydrogen-bonding arrangement in (I), shown in Fig. 2,
is slightly unusual, in that all hydrogen-bond donors and
acceptors are involved in the hydrogen-bonded sheet structure
(Table 2). It is far more commonly observed in the packing of
5-substituted uracils, where the C5-substituents are limited to
those belonging to the second row of the periodic table and
unable to form internal hydrogen-bonding interactions, that
one carbonyl group is partially unsaturated (Jeffrey &
Saenger, 1991). In Sformur, a total of six two- and three-centre
N—H---O and C—H- - -O hydrogen bonds, four involving the
formyl substituent, delineate patterns in which hydrogen-
bonded noncentrosymmetric synthons are the prominent
features. An asymmetric bifurcated N—H---O interaction,
R3(6) (Etter et al., 1990; Bernstein et al., 1995; Motherwell et
al., 1999), connects molecules related by a translational
operation and induces the formation of infinite polar chains
along the [010] direction. These infinite chains are then cross-
linked by one N—H---O, one C—H- --O and one bifurcated
C—H- - -O intermolecular hydrogen bond, forming a sheet-
like structure via four adjoining hydrogen-bonded rings
[R3(9), R3(7), R3(6) and R}(6)]. The stacking of these planar
layers, spaced in the g-axis direction by ~4.6 A, produces
relatively little overlap of the molecules. In one of the three
N—H- - -O interactions, where atom N1 acts as hydrogen-bond

Figure 2

A crystal packing diagram for (I), viewed down a. All atoms are shown as
small spheres of arbitrary radii. For the sake of clarity, N—H---O
hydrogen bonds are indicated by dashed lines and C—H- - -O hydrogen
bonds by dotted lines.
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donor via atom HI1, and one of the three C—H---O inter-
actions, where atom C7 acts as hydrogen-bond donor via atom
H7, there is some uncertainty as to whether they are hydrogen
bonds or not. However, as is very frequently found for bifur-
cated hydrogen bonds, the sum of the inter-bond angles at the
H atom is close to 360° and the H- - -O distance can be greater
than the van der Waals separation (Jeffrey & Saenger, 1991;
Desiraju & Steiner, 1999; Steiner, 2002).

As previously mentioned, modifications of DNA bases,
which can significantly alter the ionization constant of H atoms
involved in hydrogen-bond formation, are correlated with
increased base mispair formation. The interpretation of the
experimental evidence for the changes in pK, with substitu-
tion at the S-position in uracil has been proposed by spec-
troscopic methods in solution (Privat & Sowers, 1996), and
theoretical investigations in polar solvents, based on first
principles in quantum mechanics (density functional theory at
the B3LYP level; Becke, 1993), have been used to take into
account the presence in the heterocyclic ring of two sites (N1
and N3) for ionization (Jang et al., 2001). From these studies,
an elegant linear relationship was observed between the
electronic inductive property of the S-substituent and the
experimental average pK, value, and it was possible to resolve
which cases prefer ionization at N1 or N3. In particular, it was
proposed that, in addition to stabilizing the anionic form by
inductive effects, the formyl and nitro substituents at C5 can
alternatively stabilize the resonance ionization of the N1 H
atom. This interpretation seems not to apply to S-substituted
uracils in the solid state: intermolecular hydrogen bonds
should be reinforced by the existence of resonance forms
which delocalize negative charge extensively (Jeffrey, 1997),
and their importance should be related in turn to the acidity of
the N atoms. However, no clear correlation has been found
between the pK, values of atoms N1 and N3 and the
hydrogen-bond geometries (Table 3). Recently, topological
factors have been invoked to explain the formation of the
complex [Zn(uracilate-kN")(uracilate-kN*)(NHs),], where the
unprecedented combination of both N1 and N3 uracil tauto-
mers with the same metal atom demonstrates the overriding
importance of noncovalent interactions in tautomer selection
during crystallization (Escorihuela et al., 2004).

It has been clearly demonstrated that the anti conformer of
terephthalaldehyde in the gas phase is more stable than the
syn conformer by a mere 0.21 kcal mol™', the syn—anti ratio
being 1:1 within experimental error (Bock ef al, 1987). A
similar situation has been predicted for 5-formyluracil in
solution, and again the syn—anti ratio was 1:1 (Jang et al., 2001).
From these results it seems possible to foresee the existence of
polymorphic crystals of 5-formyluracil in the anti conforma-
tion, and to design cocrystals or solvate structures where the
existence of syn/anti conformational isomers of 5-formyluracil
is pre-organized by different supramolecular aggregations
(Hofmann et al., 2004). This issue would be interesting to
pursue in the future, with the help of computational analysis of
hypothetical crystal structures of S-formyluracil at lower
lattice energies, analogous to those performed for uracil (Price
& Wibley, 1997) and 5-fluorouracil (Hulme et al., 2005).

Experimental

Very small crystals of the title compound (purchased from Sigma
Aldrich at 98% purity) were obtained without further purification
from a solution in water by slow evaporation of the solvent.

Crystal data

CsH N,O4 Z=4
M, = 140.10 Mo Ka radiation
Orthorhombic, Cmc2, u=015mm™!
a=6.2840 (5) A T=298(2) K

b = 67050 (6) A
c=12.8302 (9) A
V = 54059 (8) A®

0.20 x 0.10 x 0.10 mm

Data collection

Huber CS single-crystal
diffractometer

710 measured reflections

413 independent reflections

398 reflections with 7 > 20([)

Rine = 0.046

3 standard reflections
every 97 reflections
intensity decay: 2%

Refinement

R[F? > 20(F%)] = 0.043
wR(F?) = 0.112

S =1.08

413 reflections

61 parameters

1 restraint

H-atom parameters constrained
APmax =029 ¢ A7

APmin = =026 A3

Table 1
Selected geometric parameters (A, °) for thymine, uracil and 5-formyl-
uracil.

A is the difference (A) between corresponding bond distances in thymine and
uracil, and A, is the difference (A) between corresponding bond distances in
5-formyluracil and uracil.

Thymine® Uracil” SFormur® Ay A,
01—-C2 1.244 (4) 1216 2)  1.207 (4) 0.028 (4)  —0.009 (4)
02—C4 1225(4)  1242(2) 1220(3) —0017(4)  —0.022 (3)
N1-C2 1.358 (4) 1.373 (2) 1.386 (4) —0.015 (4) 0.013 (4)
N1-C6 1384 (5)  1363(2) 1343 (4) 0.021 (5)  —0.020 (4)
N3—C2 1361 (4)  1378(2) 1358(4)  —0.017(4)  —0.020 (4)
N3—C4 1401 (5)  1374(2) 1384 (4) 0.027 (5) 0.010 (4)
C4—C5 1.453 (4) 1432 (2) 1458 (4) 0.021 (4) 0.026 (4)
C5—C6 1343 (4)  1346(2) 1360(3)  —0.003 (4) 0.014 (3)
Cc5—C7 1.502 (6) 1.456 (5)
C7—-07 1.215 (4)
C4—C5—C6  1184(3)  1189(2) 1186(3)
C4—C5—-C7 1183 (3) 122.9 (3)
C6—C5—C7 1233 (3) 118.5 (3)

References: (a) Portalone et al. (1999); (b) Stewart & Jensen (1967); (c) this work.

Table 2

Hydrogen-bond and short-contact geometry (A, °) for (I).

D—H---A D—H H---A D---A D—H---A
N1-HI.--02! 0.89 1.98 2.794 (3) 152
N1—HI---07" 0.89 2.75 3.442 (4) 135
N3—H3-- ‘07{). 0.89 1.99 2.868 (4) 171
C6—H6- - 01" 0.98 2.18 3.108 (5) 157
C7—H7---01" 0.98 2.36 3.231 (5) 148
C7—H7---02" 0.98 2.80 3.613 (5) 140

Symmetry codes: (i) x, y — 1, z; (i) —x, —y + 1, z — % (iii) —x, =y, z + L (iv) —x, =y + 1,
z+4
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Table 3

Comparison of hydrogen-bonding geometry (A, °) versus pK, for thymine?, uracil’, 5-fluorouracil,
5-formyluracil’ and 5-nitrouracil®’.

The pK, values reported for 5-formyluracil refer to the syn conformer.

C5 Substituent pK., pK.(N1) N1---0
(experimental)®  (calculated)”

CH;* 9.75 11.23 2.827 (3)
H’ 9.42 10.47 2.861 (2)
F (Molecule A)°  7.93 9.05 2.858 (2)
F (Molecule B)°  7.93 9.05 2.823 (2)
F (Molecule C)°  7.93 9.05 2.787 (2)
F (Molecule D) 7.93 9.05 2.815 (2)
CHO* 6.84 6.95 2.794 (3)
NO,, P2,/n’ 530 5.66 2873 (2)
NO,, P2,2,2, 5.30 5.66 2.790 (1)
NO,, Pbcd’ 5.30 5.66 2.860 (1)

NI—HI---O pK,(N3) N3.--0  N3—H3:---0
(calculated)”
178 (3) 10.04 2.833(3) 175(3)
171 (1) 9.34 2.862 (3) 175(1)
175 (2) 7.26 2.838(2) 172(2)
170 (2) 726 2831 (2) 173 (2)
175 (2) 726 2818 (2) 174 (2)
176 (2) 726 2837(2) 171 (2)
152 (2) 728 2.869 (4) 171 (2)
167 (2) 6.91 2.800 (2) 170 (2)
166 (2) 6.91 2793 (1) 156 (2)
170 (2) 6.91 2820 (1) 175 (2)

References: (a) Portalone et al. (1999); (b) Stewart & Jensen (1967); (¢) Hulme et al. (2005), P1 with four molecules in the asymmetric
unit; (d) this work; (e) Kennedy et al. (1998); (f) Srinivasa Gopalan et al. (2000); (g) Privat & Sowers (1996); (k) Jang et al. (2001).

Diffraction from the very small crystals was weak; nevertheless,
these data gave good structural results, albeit with a lower data/
parameter ratio than usual. All H atoms were revealed by a differ-
ence synthesis calculated after the first cycles of isotropic refinement.
All H atoms were positioned with idealized geometry and refined
using a riding model, with distances C—H = 0.93 A and N—H =
0.86 A, and with Uiso(H) = 1.2U.o(CN). In the absence of significant
anomalous scattering in this light-atom study, Friedel pairs were
merged.

Data collection: XCS (Colapietro et al., 1992); cell refinement:
XCS; data reduction: XCS; program(s) used to solve structure: SIR97
(Altomare et al, 1999); program(s) used to refine structure:
SHELXL97 (Sheldrick, 1997); molecular graphics: ORTEP-3
(Farrugia, 1997); software used to prepare material for publication:
SHELXL97.

The authors thank MIUR (Rome) for financial support in
2006 of the project ‘X-ray Diffractometry and Spectrometry’.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: HJ3051). Services for accessing these data are
described at the back of the journal.
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