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The structure of (+)-cis-(5S,6R)-5,6-dihydroxy-5,6-dihydrothymidine was obtained using X-ray
crystallography [space group P21 with a ) 10.130(3) Å, b ) 6.434(9) Å, c ) 11.02(5)Å, and â )
112.646(2)°]. The comparison of the two cis diastereoisomers of thymidine glycol (I, II) showed
several structural and conformational differences. The solid state structures appear to be in
agreement with the results of 1H NMR studies which were carried out in aqueous solution.
Conformational and electronic properties of the ground state of the molecules I and II were
obtained using ab initio LSD-DFT theory. Only slight differences between the crystal structure
and the optimized geometry are observed for each of the two oxidized nucleosides. On the
other hand, molecules I and II exhibit significant differences in their electronic properties. In
particular, the dipole moment of (5S,6R)-thymidine glycol (I) is twice smaller than that of the
(5R,6S) diastereoisomer (II). It is noteworthy that these differences in the electronic properties
between the two compounds may be related to changes in the rotameric population around
the C4′-C5′ bond. The repartition of the electrostatic potential is different in the two
compounds. These observations lead to a better understanding of the structural changes when
the above lesions are included within a DNA molecule.

Introduction

Much attention has been devoted in the two past
decades to the determination of the mechanisms of
radical oxidation of nucleic acids associated with exposure
to ionizing radiation (1-5). One of the major radiation-
induced nucleobase lesions identified so far within naked
(6-10) and cellular DNA (11, 12) is 5,6-dihydroxy-5,6-
dihydrothymine. It is noteworthy that the so-called
“thymine glycol” has been shown to be generated in cells
under other oxidizing conditions including near-UV ir-
radiation (12) treatment with hydrogen peroxide (13) and
various carcinogens (14, 15). Efforts have also been made
to gain insights into the biological role of 5,6-hydroxy-
5,6-dihydrothymine (16). In this respect, the latter
oxidized base does not appear to be a premutagenic lesion
(17) when assessed in single-stranded DNA by using the
transfection assay. It was also found that the coding
properties of the diol were retained (18-21) despite the
fact that the 5,6-ethylenic bond of the pyrimidine ring is
saturated and the pyrimidine ring is no longer planar.
Thymine glycol was found to be efficiently bypassed by
the Escherichia coli Klenow fragment (19, 22). Similar
observation was made in the same sequence context
when single- and double-stranded genomes containing a
thymine glycol residue were replicated in E. coli strains
(23). However, since 5,6-dihydroxy-5,6-dihydrothymine
was found to form an efficient hydrogen bond with
adenine (24), it was concluded that this important class
of oxidative DNA damage cannot be considered as an

effective premutagenic lesion. It should be added that
the presence of thymine glycol in pSV2 plasmids did not
affect the transformation frequency in humans cells (25).
Evidence was provided that the “thymine glycol” is a
substrate for the N-glycosylase activity of E. coli endo-
nuclease III (26-29). In addition, 5,6-dihydroxy-5,6-
dihydrothymine was also found to be removed from
oxidized DNA through an excision repair process medi-
ated by the E. coli UV ABC nuclease complex (30, 31).
Efforts were also made to determine the chemical and
conformational features of 5,6-dihydroxy-5,6-dihydrothym-
ine and related nucleoside derivatives. The absolute
configuration of the four cis and trans diastereoisomers
of 5,6-dihydroxy-5,6-dihydrothymidine which may be
produced by the reaction of hydroxyl radicals (5) and
through the photosensitized formation of a pyrimidine
radical cation (32) was assigned (33, 34). The main
change in the conformational properties of these four
thymidine glycols, which was inferred from a detailed 1H
NMR study in aqueous solutions, deals with the shift in
the dynamic equilibrium between the two puckered sugar
conformers 2E (C2′-endo) T 3E (C3′-endo) toward the 2E
form. This is more pronounced for the (6S) diastereoi-
somers (35). The presence of the thymine glycol in a
duplex DNA was shown to induce significant distortion
in the vicinity of the damage (36).
Relevant structural and conformational information

regarding both the pyrimidine moiety and the furanose
ring of the (-)-cis-(5R,6S)-“thymidine glycol” was inferred
from a X-ray crystallographic investigation (37). In
addition, it should be added that the X-ray structure of
the cis isomer of 5,6-dihydrothymine was also resolved
(38). Theoretical study of the structures of the four cis
and trans enantiomers of 5,6-dihydroxy-5,6-dihydrothym-
ine was carried out using Hartree-Fock ab initio quan-
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tum chemical models (39). However, no theoretical
investigations were made on the related nucleoside
derivatives.
The aim of the present work is to provide structural

and conformational information on the (+)-cis-(5S,6R)-
“thymidine glycol” obtained by X-ray crystallographic
diffraction and to compare the structure of the two cis
diastereoisomers in the solid state. In addition, a theo-
retical study on both (+)-cis-(5S,6R) and (-)-cis-(5R,6S)
diastereoisomers (I, II) was carried out using available
crystallographic data. Emphasis was placed on the
determination of conformational features of both the
pyrimidine ring and the sugar moiety. This also allowed
access to the electronic properties. The whole geometries
of nucleosides were optimized with the local spin density
(LSD) quantum chemical method. Electronic properties
(partial charges, dipole moments, electrostatic potentials)
were determined at the same level of calculation. We
also determined dipole moments by using the ab initio
Hartree-Fock theory.

Experimental Procedures

Chemicals. Thymidine, which was obtained from Sigma (St.
Louis, MO), was used without further purification.
The (+)-cis-(5S,6R) and (-)-cis-(5R,6S) diastereoisomers of

5,6-dihydroxy-5,6-dihydrothymidine were prepared by the spe-
cific conversion of the (+)-trans-(5R,6R)- and (-)-trans-(5S,6S)-
5-bromo-6-hydroxy-5,6-dihydrothymidine under slightly alkaline
solutions. The (+)-trans-(5R,6R) and (-)-trans-(5S,6S) diaste-
reoisomers of 5-bromo-6-hydroxy-5,6-dihydrothymidine were
synthesized according to an adaptation of Baudish and Davidson
procedure (40). Typically, 200 µL of bromine was added to 20
mL of water containing 2 g of thymidine (41, 42). The solution
was kept in an ice bath for 15 min. Then, the excess of bromine
was removed by bubbling nitrogen gas for 1 h. Subsequently,
the aqueous solution was neutralized by adding 2.5 mL of 5 M
sodium acetate. The solution was injected directly on a HPLC
Prep LC/500 (Waters Associates, Milford, MA) apparatus, and
the two thymidine bromohydrins were separated on a prepara-
tive (50 × 5 cm i.d.) octadecylsilyl silica gel column. The eluent
was a mixture of water-methanol (80:20) at a flow rate of 100
mL/min. Evaporation to dryness of the fastest eluting HPLC
fraction (k′ ) 1.60) gave 605 mg of the (5S,6S)-bromohydrin.
The second HPLC eluting fractions (k′ ) 2.64) were combined
and evaporated to dryness, yielding 1.450 g of the (5R,6R)-
bromohydrin. Each of the two bromohydrins was transferred
in a round flask. Then, 350 mL of water containing 350 mg of
NH4HCO3 (for 1 g of bromhydrin) was added, and the resulting
solution was heated for 3 h at 100 °C. The solutions were then
evaporated and deposited on the above preparative column. The
separation was achieved using water as the isocratic eluent at
a flow rate of 100 mL/min. The (+)-(5R,6R)-bromohydrin leads
to the formation of the trans-(-)- and cis-(+)-thymidine glycol.
Evaporation to dryness in vacuum of the HPLC fraction (k′ )
3.61) yields 620 mg of (+)-cis-(5S,6R)-5,6-dihydroxy-5,6-dihy-
drothymidine. The conversion of (-)-(5S,6S)-bromohydrin gives
rise to the trans-(+)- and cis-(-)-thymidine glycol. Evaporation
to dryness under reduced pressure of the HPLC fraction (k′ )
3.45) gives 605 mg of (-)-cis-(5R,6S)-5,6-dihydroxy-5,6-dihy-
drothymidine. The four products were characterized by exten-
sive spectroscopic measurements including FAB-mass spec-
trometry, U.V, circular dichroism, homonuclear 1H NMR 1-D
and 2-D COSY, 2-D NOESY, and heteronuclear 1H-13C analy-
sis.
X-ray Structure Determination. (+)-cis-(5S,6R)-5,6-Di-

hydroxy-5,6-dihydrothymidine (I) was crystallized by evapora-
tion from a concentrated water solution. The monoclinic P21
(Z ) 2) space group with the following cell dimensions: a )
10.130(3) Å, b ) 6.434(9) Å, c ) 11.02(5)Å, and â ) 112.646(2)°
were determined on a single crystal (approximately 0.2 × 0.2
× 0.25 mm) using an automatic ENRAF-NONIUS CAD4 dif-
fractometer with Mo KR (Ge monochromatized) radiation, by

least-squares refinement of the setting angles for 25 reflections
(2θ >20°). The data collection was performed on the same
crystal, and intensities of 1309 independent reflections were
collected in an ω scan mode (scan rate ) 1 deg‚min-1). They
were corrected for Lorentz and polarization factors but not for
absorption. The stability of the crystal was monitored by
measuring the intensities of three controlled reflections after
every 100 measurements and 3600 s of exposure time. No
significant trend in the intensities was observed during the data
acquisition. Crystal data, together with details of the diffraction
experiment and subsequent calculations, are listed in Table 1.
The structure was solved by direct methods using the

MULTAN program (43). An E-map based on 190 phased
reflections with E >1.6 revealed the positions of all non-
hydrogen atoms. The structure was refined by a least-squares
method based on 759 reflections with |Fo| > 2.6σ(Fo), using the
XFLSN program (44). The positions of all hydrogen atoms were
determined from a Fourier difference map and were fixed for
refinement. Non-hydrogen atoms were assigned with anisotro-
pic temperature factors whereas the hydrogens were assumed
to have isotropic thermal motions (B ) 5 Å2). The final
refinement of 180 variables reached values R ) 0.045 and Rw

) 0.039 respectively (with R defined by ∑(|Fo| - |Fc|)/∑|Fo| and
Rw by (∑ω(|Fo| - |Fc|)2/∑ω|Fo|2)1/2).
Structural and conformational data, which were obtained

from the X-ray structure, are reported in Table S1 (non-
hydrogen atom coordinates), Table S2 (hydrogen atom coordi-
nates), Table S3 (bond lengths), Table S4 (bond angles), Table
S5 (torsional angles), Table 2 (Cremer-Pople parameters for
the pyrimidine ring (45)), Table 3 (hydrogen bonds), and Table
4 (pucker parameters for the sugar ring). Tables S1-S5 are
available in the supporting information. The general structure
of the (+)-cis-(5S,6R) diastereoisomer of 5,6-dihydroxy-5,6-
dihydrothymidine (I) is shown in Figure 1, and a view of the
packing is given in Figure 2.
Theoretical Calculations. The theoretical study of the

conformational and electronic properties of both (+)-cis-(5S,6R)

Table 1. Crystallographic Data and Refinement
Parameters of I

formula C10H16N2O7
space group P21
a (Å) 10.130(3)
b (Å) 6.434(9)
c (Å) 11.020(5)
â (deg) 112.646(2)
cell volume (Å3) 661.93
Z (molecules/cell) 2
density F (g‚cm-3) 1.35
radiation Mo KR (Ge monochromatized)
diffractometer ENRAF-NONIUS CAD4
scan range 2° < 2θ < 60°
scan mode ω scan (scan rate ) 1deg‚min-1)
data collected (h, +k, +l
no. of data collected 1309
no. of parameters for mean
square

180 using 759 reflections

R and Rw (%) 4.5 and 3.9

Figure 1. General structure of (+)-cis-(5S,6R)-5,6-dihydroxy-
5,6-dihydrothymidine (I).
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and (-)-cis-(5R,6S) diastereoisomers of 5,6-dihydroxy-5,6-dihy-
drothymidine (I, II) was carried out using crystallographic data
(37). The approach involved a quantum chemistry ab initio
method: the all-electron local spin version of density functional
theory (LSD-DFT) (46, 47).
Gaussian type orbital approach implemented in the Dgauss

program (48, 49) of UNICHEM 2.3 package (50) was used to
solve LSD-DFT equations. An orbital basis set was required
to describe molecular orbitals as well as an auxilliary one for
the electronic distribution. The auxilliary basis set was also
utilized to describe the exchange-correlation potential and
energy. The double zeta valence plus polarization (DZVP) (621/
41/1) orbitals basis set and the A1 auxilliary (7/3/3; 7/3/3) basis
set (51, 52) were used for this purpose. Nonlocal Becke Perdew
(53-55) corrections to exchange and correlation energy were
included after the SCF process, in a perturbation mode. This
approach is communly used for such studies. As preliminary
attempts, several calculations were carried out using different
methods (DFT, Hartree-Fock, semiempirical) and several basis
sets for the DFT method (DZVP, DZVP2, TZVP). It appears
that the DFT method with DZVP plus A1 basis sets is the more
appropriate for the present study.
Ground state geometries were obtained using the gradient

optimization technique (56) and were used for the determination
of electronic properties. The electronic features determined are
the following:

•Mulliken charge population analysis (57);
•Dipole moment, according to the equation:

where µm is defined with regard to the center of mass A as:

•Electrostatic potential as defined by:

The determination of dipole moment and electrostatic poten-
tial was based on the electronic density obtained frommolecular

orbitals. All properties were calculated on a CRAY 94 super-
computer with 4 CPU process (CEA-CEN, Grenoble).

Results and Discussion

(a) Crystal Structure of (+)-cis-(5S,6R)-5,6-Dihy-
droxy-5,6-dihydrothymidine. (1) Pyrimidine Ring.
Bond lengths and bond angles are given in Tables S3 and
S4, respectively. The pyrimidine ring exhibits a half-
chair conformation geometry as already described for 5,6-
saturated 2,4-dioxopyrimidine derivatives (37, 38, 58).
The best four-atom mean plane is defined by N1, C2, N3,
and C4 atoms. The average displacement of the related
atoms from the mean plane is 0.02 Å. On the other hand,
the C5 and C6 atoms are displaced 0.40 Å to the right
and 0.39 Å to the left, respectively (see Figure 3). When
the base is viewed in its anti conformation with respect
to the N-glycosyl bond, the left represents displacement
toward O4′ and the right toward C2′. On the other hand,
for the (5R,6S) diastereoisomer (II), the C5 and C6 atoms
are displaced to the left and the right, respectively (37),
as expected from the enantiomeric relationship existing
between the two pyrimidine bases of I and II. The
5-methyl and the 6-hydroxyl groups of both I and II adopt
a pseudoaxial orientation, whereas the 5-hydroxyl group
is pseudoequatorial. Similar structural features were
also inferred from the X-ray crystallographic structure
(38) and the ab initio calculations (39) of cis-thymine
glycol. It should be added that the substituents on the
C5-C6 carbons of I are orientated in the range of
classically-staggered saturation system ((60°,180°) (see
Table S5).
Cremer-Pople data for I and II are reported in Table

2. I appears in the “Southern” CP hemisphere S(CP) (90°
< θ < 180°), whereas II is in the “Northern” CP
hemisphere N(CP) (0° < θ < 90°). I shows the most
pronounced extent of puckering (QI ) 0.52 Å, QII ) 0.48
Å) with a φI value ) 89°, which is different from that of
II (φII ) 272°). This is in agreement with the predictions
of Hruska et al. (37).
(2) N-Glycosyl Bond. The N1-C1′ bond length

(Table S3) and the bond angles involving N1-C1′ (Table
S4) are similar to those of II. By considering ø(O4′-C1′-
N1-C2) and ø′(O4′-C1′-N1-C6) torsional angles (Table
S5), I adopts an anti conformation about the N-glycosyl
bond. However, we may note slight differences in the
values of ø (-96.9° and -111.6° for I and II, respectively)
and ø′ (62.1° and 67.6° for I and II, respectively). These
are related to the differences in the pucker of the
pyrimidine bases (the base of I is in the S(CP) hemi-
sphere, whereas the base of II is in the N(CP) hemi-
sphere). The latter data clearly indicate that the H6
atom of I, which adopts a pseudoequatorial orientation,
is located on the right side of the pyrimidine ring.
(3) Sugar Moiety. The respective bond lengths and

bond angles regarding the sugar moiety of I and II are
similar. The furanose ring of I adopts a C2′-endo
conformation with a phase angle of pseudorotation P )
169.9° (S type pucker 2T3 (59)) and a maximum amplitude
of pucker τm ) 37.4° (Table 4). The S (C2′-endo) type of
pucker of I is more pronounced than that of I (P ) 151.2°,
τm ) 36.5°).
The staggered orientation of the exocyclic hydroxym-

ethyl group about the C4′-C5′ bond of thymidine glycol
I is trans with γ ) -71.8° (60). Comparison between the
crystallographic data of I and II shows important differ-
ences in the C4′-C5′ bond geometry since II exhibits a
gauche+ conformation. Interestingly, the solid state

Figure 2. View of the packing of (+)-cis-(5S,6R)-5,6-dihydroxy-
5,6-dihydrothymidine (I).

µm ) ∑AZAµm(A) - fρ(r)µm(r) dr

µm ) µmx,my,mz ) (x - Ax)mx(y - Ay)
my(z - Az)

mz

Vesp(r) ) ∑AZA/|RA - r| - fρ(r)/|r - r′|dr′
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conformational features of I are in agreement with the
preferential trans conformation of the 5-(hydroxymethyl)
group in aqueous solution as inferred from a 1H NMR
study (35).
(4) Hydrogen Bonds. Hydrogen bond data are listed

in Table 3. Molecular packing is stabilized by three weak
(distance D-A >2.8 Å) and one strong (distance D-A
<2.8 Å) hydrogen bonds in the following network: N3-
H...O5-H...O4′-H...O6-H...O5. Three other strong hy-
drogen bonds are involved with a water solvent mol-
ecule: These include O3′-H...O10, O10-H1...O4′, and
O10-H2...O3′. Finally, an intermolecular close contact
is noted between H6 and O2 (2.24 Å). The O5, O4′, and
O6 donor atoms also serve as acceptors, but this is not
the case for the O3′ and N3 atoms. Because of molecular
configuration differences, hydrogen bonds are not identi-
cal for the two compounds I and II. The O2 atom, which
participates in a weak bond in the (5R,6S) diastereoiso-
mer II (37), is involved in a close contact in the (5S,6R)
diastereoisomer I. We also established that the H6 atom
of I is included in an intermolecular close contact with
O2, whereas the related atom of II participates in an
intramolecular close contact with O5′. It should be added
that, in both cases, O4 does not participate in molecular
packing.

(b) Theoretical Conformational Properties. A
geometry optimization of the two cis (5S,6R) and (5R,6S)
diastereoisomers of 5,6-dihydroxy-5,6-dihydrothymidine
(I, II) was carried out using the local spin density theory
with the X-ray coordinates as starting data. It should
be noted that the optimized geometries of the molecular
structures were obtained in empty space at 0 K. The
geometry optimization was carried out on the whole
structure, without any constraints. It has to be added
that the calculations were based on the gradient optimi-
zation technique, using Cartesian coordinate representa-
tion.
(1) Pyrimidine Ring. The respective bond lengths

and bond angles of the crystals and optimized structures
are similar (Tables S3 and S4). Comparison between
dihedral angles (Table S5) shows that the conformational
features are identical for all geometries. These include
a pseudo-half-chair conformation for the pyrimidine ring,
a pseudoaxial orientation for the 5-methyl and 6-hydroxyl
groups, and a pseudoequatorial conformation for the
5-hydroxyl group. Considering the Cremer-Pople data
(Table 2), geometries of I are in the “Southern” CP
hemisphere with a more pronounced puckered conforma-
tion for the crystal structure (QI ) 0.52 Å and QI-LSD )
0.46 Å). It should be noted that I represents the (5S,6R)
crystal structure and I-LSD, the (5S,6R) calculated
geometry. We used the same notation for the (5R,6S)
diastereoisomer II, where II-LSD represents the calcu-
lated geometry. In contrast, geometries of II are in the
“Northern” CP hemisphere with a more pronounced
puckering for the optimized structure (QII ) 0.48 Å and
QII-LSD ) 0.50 Å). The best contiguous four-atom plane
is defined by N1, C2, N3, and C4 as for the X-ray
structures. Displacement of C5 to the right is higher for

Figure 3. Schematic view of the base of the two diastereoisomers I and II. The horizontal axis gives the deviation in Å to the left
(positive) and to the right (negative) of the best four-atom mean plane, N1-C2-N3-C4.

Table 2. Cremer-Pople Puckering Parameters for
Pyrimidine Bases

moleculea Q (Å) θ (deg) φ (deg)

1 0.52 124 89
2 0.46 129 96
3 0.48 62 272
4 0.50 59 268

a (1) (5S,6R) crystal structure; (2) (5S,6R) optimized geometry;
(3) (5R,6S) crystal structure; (4) (5R,6S) optimized geometry.

Table 3. Hydrogen Bonds and Close Contact for (5S,6R) Structure

D-H...A acceptor A D-H (Å) H...A (Å) D...A (Å) D-H...A (deg)

O3′-H...O10 x, y, z 1.05 1.67 2.68 159.8
O10-H...O4′ -x, -1/2 + y, 2 - z 1.00 1.93 2.84 149.9
O10-H...O3′ -x, 1/2 + y, 2 - z 0.94 2.40 2.77 102.9
N3-H...O5 x, -1 + y, z 1.01 2.16 3.08 150.8
O5-H...O4′ 1 + x, y, z 0.91 2.39 3.14 140.3
O4′-H...O6 -x, 1/2 + y, 1 - z 0.88 1.96 2.71 140.9
O6-H...O5 1 - x, -1/2 + y, 1 - z 0.95 2.44 3.31 151.4
C6-H...O2 x, 1 + y, z 1.11 2.24 3.19 140.3
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the crystal structure of I (crystal: 0.40 Å, optimized: 0.28
Å). On the other hand, displacement of C6 to the left is
more pronounced for the calculated geometry (crystal:
0.39 Å, optimized: 0.43 Å). It should be added that the
displacement of C5 to the left for II is more pronounced
in the theoretical geometry (crystal: 0.28 Å, optimized:
0.36 Å). In addition, displacement of C6 to the right is
more important in the crystal structure (crystal: 0.42 Å,
optimized: 0.38 Å).
(2) N-Glycosyl Bond. The respective N1-C1′ bond

lengths and N1-C1′-X bond angles are similar (Tables
S3 and S4) for the crystal structures and optimized
geometries. The values of ø(O4′-C1′-N1-C2) torsion
angles are indicative of an anti conformation about the
N-glycosyl bond for the two cis-thymidine glycols (I, II),
both in the solid state and from theoretical calculations.
However, according to the displacement of C6 toward O′4
in the (5S,6R) diastereoisomer, ø′(O4′-C1′-N1-C6) is
higher in the crystal structure than in the optimized
geometry (ø′crystal: 62.1°, ø′optimized: 49.8°). For the (5R,6S)
diastereoisomer II, ø′ exhibits a higher value in the
crystal structure (ø′crystal: 67.6°, ø′optimized: 66.9°), and the
displacement of C6 toward C2′ is more important in the
crystal.
(3) Sugar Moiety. All bond lengths and bond angles

of the crystal and optimized structures of I and II are
similar. The pucker parameters for the furanose ring of
the four experimental and theoretical geometries are
reported in Table 4. In all cases, the furanose ring adopts
a C2′-endo conformation (151.2° e P e 171.8°). The data
for the crystal structure of II and the optimized geom-
etries of I are indicative of a 2T1 S type pucker. The two
others structures display a 2T3 S type pucker. It should
be noted that the S (C2′-endo) type of pucker for the
(5R,6S) optimized structure exhibits the highest value
of pseudorotation angle (P ) 171.8°), whereas the (5R,6S)
crystal structure shows the smallest value (P ) 151.2°).
Comparison of the two (5S,6R) geometries shows that the
crystal structure (P ) 169.9°) has a stronger S (C2′-endo)
type of pucker than the optimized geometry (P ) 159.4°).
As already mentioned, the crystal structure of I has a
stronger S (C2′-endo) puckered geometry than the crystal
of II. Interestingly, a similar trend was noted for the
corresponding optimized geometries. In addition, the
differences in the puckering features of the two optimized
structures are similar to that observed for the crystal
structures.
Conformation about C4′-C5′ is trans for both experi-

mental and theoretical geometries of I, whereas a gauche+

orientation is noted for the two geometries of II. The
differences between the crystal and optimized structures
are close to 10°.
(c) Electronic Properties. From the results of

geometry optimization, a study of the electronic proper-
ties was carried out in order to gain insight into molec-
ular reactivity features. UNICHEM2.3 package allows
the determination of some electronic properties based on
the use of the LSD-DFT method. These include dipole
moments, point charges, and electrostatic potential. As
a first general observation, it is important to note that

the inversion of the C6 and C5 configurations induces
significant changes in the electronic properties.
(1) Point Charges and Dipole Moments. Point

charges are given in Table S6 (available in the supporting
information) and dipole moments are reported in Table
5 and Figure 4. Dipole moments µ are different in both
value and direction. Surprisingly, the value of µI (dipole
moment of I) is twice smaller than the value of µII (dipole
moment of II). Other calculations of the dipole moment
were carried out using the ab initioHartree-Fock theory
program GAUSSIAN 92 (61) with several basis sets (see
Table 5). In each case, the values of µI are approxima-
tively twice smaller than those of µII. Therefore, it may
be concluded that the observed difference in the values
does not depend on either the method used or a basis set
effect. In addition, the directions of the dipole moments
are also different. Qualitatively, µI and µII directions are
along the straight lines defined by (C1′,C2′) and (N3,-
C5′), respectively.
Partial charges are similar for the related atoms, with

the exception of C6, H6, and O5′ atoms. Partial charge
on O5′ is higher for I, -0.497 C, than for II, -0.544 C.
Point charge on H6 is higher for I, 0.328 C, than for II,
0.227 C.
At the present time, we can rationalize these differ-

ences in term of change in the electronic density. The
calculation of these properties is directly connected to the
electronic distribution. Differences in conformationnal
features and, especially, the existence of an intramolecu-
lar close contact between O5′ and H6 in (5R,6S) diaste-
reoisomer II induce important modifications in the
electronic density. Effectively, the latter close contact
is likely to lead to an electronic delocalization from H6
to O5′. This large delocalization provides an explanation
for the observed differences in dipole moment and point
charges between the two diastereoisomers. The close
contact also leads to a decrease in the partial charge on
C6 (for II: -0.258 C, for I: -0.126 C).
(2) Electrostatic Potential. The electrostatic poten-

tial at a point r is defined as an electrostatic interaction
energy of a probe charge of value +1 au with all nuclei
and electrons of the concerned molecular system. Ac-
cording to this definition, regions of negative electrostatic
potential are favorable to electrophilic attack including
hydrogen bonding.
Negative electrostatic potentials at -24 kcal/mol are

observed for both compounds I and II as shown in Figure
5. Negative regions are localized around all the oxygen
atoms with the exception of the O5′ atom for II, which is
involved in close contact with H6. We can observe a
decrease of the electrostatic potentials in the vicinity of
the O4 and O5 atoms for I and near O3′ and O4′ for II.
Each of the thymidine glycols I and II exhibits a region
of high reactivity delocalized around a few different
atoms. For the glycol I, the negative well is localized
around O2, O6, and O4′, whereas the reactivity region
is localized around O2, O4, O6, and O5 atoms for the
glycol II.
As for the two other properties, the modifications of

electrostatic potential can be rationalized in terms of

Table 4. Pucker Parameters for Sugar Fragmentsa

1 2 3 4

P (deg) 169.9 159.4 151.2 171.8
τm (deg) 37.4 37.8 36.5 35.4
a (1) (5S,6R) crystal structure; (2) (5S,6R) optimized geometry;

(3) (5R,6S) crystal structure; (4) (5R,6S) optimized geometry.

Table 5. Dipole Moments (in D) of the Two
Diastereoisomers I and II Calculated with Differents

Methods and Basis Sets

(5S,6R) (5R,6S)

DFT 3.56 7.12
Hartree-Fock 3-21G 4.15 7.79
Hartree-Fock 3-21G** 4.13 7.67
Hartree-Fock 6-21G 4.09 7.71
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electronic density delocalization. The observed decrease
in the negative electrostatic potential region near O4 of
I is likely to be associated with a reduction in reactivity
around the latter atom including hydrogen bonding. This
is reflected by molecular packing (see before) in which
O4 is not implicated in any hydrogen bond. It should be
noted that the atom is directly implicated in a hydrogen
bond with adenine in the DNA double strand.

Conclusion

Both reported experimental and theoretical results
show that the two cis diastereoisomers of thymidine
glycol exhibit differences in the conformational and
electronic properties. The structures of the two com-
pounds are in agreement with the results of the 1H NMR
analysis in aqueous solution. The general conformation
of the pyrimidine ring is similar to that was found for
the cis-thymine glycol (38, 39). We may note that the
presence of the sugar has little effect on the base
conformation.
Important differences were observed in the electro-

static potential, the partial charges, and the dipole
moment of the two compounds. The principal cause of
these changes may be explained in term of an intramo-
lecular close contact between H6 and O5′ atoms in the
thymidine glycol II which does not exist in the other
diastereoisomer I. This is due to differences in the
rotameric population of the C4′-C5′ bond which is trans
in the diastereoisomer I and gauche+ in the diastereoi-
somer II. This close contact may lead to modifications

in the electronic density repartition which consequently
may give rise to differences in the electronic properties.
The presence of I and II within DNAmay cause severe

structural distortions of the double strand (36, 39). Yet,
we can envisage a difference of behavior between the two
cis-thymidine glycols. The differences in the electrostatic
interactions within DNA are expected to be related to
modifications in dipole moments and electrostatic poten-
tials. It should be remembered that the dipole moment
of the (5R,6S) diastereoisomer is twice that of the (5S,6R)
diastereoisomer. Considering the repartition of the
negative electrostatic potentials (Figure 5), again it is
likely that the extend of the distortion of the DNA helix
will depend on the stereoconfiguration of the thymidine
glycol.
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Figure 4. Representation of the dipole moment of the two diastereoisomers I and II.

Figure 5. Volumetric representation of the electrostatic potential at -24 kcal/mol of the two diastereoisomers I and II.
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