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Complete tautomeric equilibria were investigated for uracil at the DFT(B3LYP)/6-311+G(d,p)
level to establish the stability order of all possible 18 tautomers-rotamers in the gas phase
and to characterize their internal effects, polarity and aromatic character. Although the
di-NH form strongly predominates (100%) in the mixture, the NH–OH, di-OH and CH–NH
forms can be also considered. The favored tautomer is moderately stabilized by intra-
molecular interactions (attractions of the NH and C=O groups); it is also moderately polar
and moderately delocalized. Stability of the functional groups (both amide functions) seems
to be more important than intramolecular interactions, polarity and aromaticity. This is
probably the main factor that dictates the tautomeric preferences in the uracil molecule.
Keywords: Uracil; Tautomers-rotamers; π-Electron delocalization; DFT.

It is well known that prototropic tautomerism occurring in nucleobases,
pyrimidines (uracil, thymine and cytosine) and purines (adenine and
guanine), is one of the phenomena responsible for spontaneous point mu-
tations of DNA and RNA 1. During tautomeric interconversion, it is suffi-
cient that a proton is transferred from one to another conjugated site in
nucleobases and their capability of H-bonding dramatically changes. Al-
though tautomeric equilibria for nucleobases have been extensively investi-
gated by both experimental and theoretical methods, the CH tautomers
have been frequently omitted. In the case of uracil, usually six tautomers
(di-NH, NH–OH, and di-OH forms) have been considered in which two pro-
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tons move between four heteroatoms (two exo oxygens and two endo nitro-
gens). When rotational isomerism of the exo-OH group has been taken into
account, the structures and stabilities of thirteen tautomers-rotamers have
been characterized2. However, the proton can be also intramolecularly
transferred from O and/or N to C5 atom. All tautomeric interconversions
lead to nine tautomers for uracil. When rotational isomerism of the exo-OH
group is considered, eighteen tautomers-rotamers are possible (Scheme 1).
Some CH tautomers have been recently considered for valence-type and
dipole-bonded anionic states of uracil3. However, π-electron delocalization
has been discussed solely for a few selected NH and OH tautomers4,5.
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Scheme 1 continued



Understanding the chemistry and biochemistry of uracil, particularly var-
ious processes such as substitution and oxidation reactions, point muta-
tions developing in RNA and DNA replications, etc., require understanding
its structure, intramolecular conversions and intramolecular interactions.
Since proton-transfer reactions are very fast and separation of individual
tautomers is very difficult, experiments performed for tautomeric systems,
particularly those in the gas phase and solution, do not give complete
structural picture. Very often one can measure macroscopic parameters for
tautomeric mixtures but not for individual tautomers. Moreover, when a
single form dominates, it is difficult to detect the rare tautomers. Most
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SCHEME 1
Possible tautomers-rotamers for uracil



spectroscopic methods are incapable to detect less than 0.1% of a minor
tautomer. Fortunately, structural investigations can be carried out using
various computational techniques. These techniques permit to study sepa-
rately all possible tautomeric forms, all possible tautomeric conversions,
and all possible internal effects. Such information is essential for estimation
of microscopic parameters which are fundamental for particular processes.

The aim of the present work is to study all possible tautomeric equilibria
for neutral uracil in the gas phase, i.e., the intramolecular proton-transfer
from N to O (NH/OH), from O to O (OH/OH), from N to N (NH/NH), from
O to C (OH/CH), and from N to C atom (NH/CH). These studies give the
possibilities to characterize all the eighteen possible tautomers-rotamers
of uracil, to establish their stability order, to analyse internal effects, to
estimate their polarity and π-electron delocalization. Of numerous DFT
methods6, we chose the Becke three-parameter hybrid exchange functional
with the non-local correlation functional of Lee, Yang and Parr7 (B3LYP),
which is sufficient to study the proton-transfer reactions for tautomerizing
and ortho-substituted systems2–4,8,9. Since various intramolecular interac-
tions may take place in uracil tautomers-rotamers (e.g. repulsions of the
lone pairs of electrons of the neighboring heteroatoms (O and N), repul-
sions of the neighboring OH, NH and CH groups, intramolecular interac-
tions between the neighboring functional groups such as OH···N(–N=),
NH···O(C=O), and NH···O(OH) interactions), the 6-311+G(d,p) basis set10

with the diffuse and polarization functions was applied. To determine dis-
tribution of π-electrons for all tautomers-rotamers of uracil, the geometry-
based HOMA (harmonic oscillator model of aromaticity) procedure11–13 and
the CX (X = C, N, O) bond lengths of simple reference compounds were ap-
plied to geometries of all 18 possible isomers of uracil optimized at the
B3LYP/6-311+G(d,p) level.

COMPUTATIONAL DETAILS

Geometries of all the eigtheen possible tautomers-rotamers of neutral uracil
(Scheme 1) were fully optimized without symmetry constraints using the
DFT(B3LYP) method7 and the 6-311+G(d,p) basis set10. For all minima (with
real frequencies), thermodynamic parameters such as electronic energy (E),
enthalpy (H = E + pV), entropy (S), and Gibbs (free) energies (G = H – TS for
T = 298.15 K) were calculated using the same level of theory. For tautomeric
conversions, the relative Gibbs energy (∆G = G(Ui) – G(Uj)) and the tauto-
meric equilibrium constants (pKT = ∆G/2.303RT) were calculated and, then,
the percentage contents of all tautomers-rotamers were estimated for the
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tautomeric mixture of gaseous uracil. The ∆G values include the changes in
electronic energy, in zero-point energy (ZPE) and in thermal corrections to
energy and entropy (vibrational, rotational, and translational).

For calculation of the HOMA index, the same equation was used as that
proposed for the reformulated HOMA index13:

HOMA = 1 2

1

− −



=

∑α CX opt CX CX{ ( ) ( )} /R R ni
i

n

where n is the number of bonds taken into account, αCX is a normalization
constant: αCX = 2{[Rs(CX) – Ropt(CX)]2 + [Rd(CX) – Ropt(CX)]2}–1, Rs(CX) and
Rd(CX) are the reference CX (X = C, N, O) single and double bonds,
Ropt(CX) is the optimum CX bond length (assumed to be realized when full
delocalization of π-electrons takes place), and Ri(CX) are the running bond
lengths in the system. The following Rs(CX), Rd(CX) and Ropt(CX) values
(in Å), calculated at the B3LYP/6-311+G(d,p) level for simple model com-
pounds, were taken here: 1.536 (cyclohexane), 1.335 (cyclohexene) and
1.394 (benzene) for CC bonds, 1.465 (piperidine), 1.269 (2,3,4,5-tetrahydro-
pyridine) and 1.334 (1,3,5-triazine) for CN bonds, and 1.433 (cyclohexanol),
1.213 (cyclohexanone) and 1.249 (carbonate) for CO bonds. These R values
lead to the following normalization constant αCX: 84.58, 93.52 and 56.90
for the CC, CN and CO bond, respectively. All calculations were performed
using the Gaussian 03 program14.

RESULTS AND DISCUSSION

Stability

For calculations performed at the DFT(B3LYP)/6-311+G(d,p) level, eighteen
isomers of uracil (Scheme 1) were considered, i.e., one N1H–N3H tautomer
(U1), two rotamers of the N1H–O7H tautomer (U2a and U2b), two rotamers
of the N3H–O7H tautomer (U3a and U3b), two rotamers of the N1H–O8H
tautomer (U4a and U4b), two rotamers of the N3H–O8H tautomer (U5a and
U5b), four rotamers of the O7H–O8H tautomer (U6a–U6d), one C5H–N3H
tautomer (U7), two rotamers of the C5H–O7H tautomer (U8a and U8b), and
two rotamers of the C5H–O8H tautomer (U9a and U9b). For all the isomers,
the minima with real frequencies were found. The U1 tautomer (called also
the lactam form) containing two amide groups in the ring has the lowest
energy. As shown in numerous experimental and theoretical papers, this
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form is the most stable in the gas phase as well as in solution and in the
solid state2–5,15.

The DFT enthalpies (∆H), Gibbs energies (∆G) and entropy terms (T∆S)
of uracil isomers relative to those of U1 are summarized in Table I. As it
could be expected, an application of larger basis sets has no important ef-
fect on the relative stabilities. No isomer has the G value close to that of
U1. The ∆G values of ten isomers are larger than 10 kcal mol–1 and lower
than 20 kcal mol–1. Three isomers possess the ∆G values between 20 and
30 kcal mol–1, and three isomers have the ∆G values between 30 and
40 kcal mol–1. For one isomer, the ∆G value is larger than 40 kcal mol–1. The
order of decreasing DFT stability for the eighteen uracil isomers is as fol-
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TABLE I
Relative thermodynamic parameters (∆H, T∆S and ∆G)a, percentage contents (% Ui) and
dipole moments (µ in debye) estimated at the B3LYP/6-311+G(d,p) level for all 18 possible
tautomers-rotamers of uracil

Isomer ∆Ha T∆Sa ∆Ga %Ui µb, D

U1 0.0 0.0 0.0 100 4.58

U2a 19.5 0.1 19.4 <6 × 10–13 6.60

U2b 29.9 0.7 29.1 <4 × 10–20 9.16

U3a 19.3 0.3 19.0 <1 × 10–12 2.31

U3b 11.4 –0.2 11.6 <3 × 10–7 3.33

U4a 12.1 –0.1 12.3 <1 × 10–7 4.99

U4b 19.1 0.1 19.0 <1 × 10–12 7.83

U5a 24.1 0.4 23.7 <4 × 10–16 5.98

U5b 21.3 0.1 21.2 <3 × 10–14 7.36

U6a 13.6 –0.4 13.9 <6 × 10–9 1.32

U6b 14.7 –0.3 15.0 <1 × 10–9 2.47

U6c 19.0 –0.3 19.2 <8 × 10–13 3.81

U6d 18.9 –0.3 19.2 <9 × 10–13 4.19

U7 17.5 1.0 16.6 <7 × 10–11 3.75

U8a 34.6 0.5 34.2 <9 × 10–24 3.16

U8b 42.1 0.5 41.7 <3 × 10–29 5.98

U9a 34.2 0.5 33.7 <2 × 10–23 6.01

U9b 35.8 0.4 35.3 <1 × 10–24 8.29

a ∆P = P(Ui) – P(U1), where P is H, TS or G. All in kcal mol–1 at 298.15 K.



lows: U1, U3b, U4a, U6a, U6b, U7, U4b, U3a, U6d, U6c, U2a, U5b, U5a,
U2b, U8a, U9a, U8b, and U9b. Jalbout et al.2a reported almost the same or-
der of decreasing stability for the thirteen NH and OH tautomers at the
DFT(B3LYP)/6-31+G(d,p) level: U1, U3b, U4a, U6a, U6b, U6d, U6c, U4b,
U3a, U2a, U5b, U5a, and U2b. They have not considered the five CH
tautomers. Using the MP2 and CCSD(T) methods and the same basis set,
they found slightly different stability order for rare tautomers. However, in-
dependently of the level of calculations, the U1 form has lower Gibbs en-
ergy than the other ones by more than 10 kcal mol–1.

All computations indicate that the tautomeric mixture of uracil consists
mainly of the U1 tautomer (100%). The amounts of other forms are lower
than 1 ppm. Interestingly, the percentage content of the U7 tautomer
(C5H–N3H form) containing the C5-sp3 atom in the ring is close to those of
the di-OH isomers (U6a, U6b, U6c, and U6d). This means that the U7 tau-
tomer cannot be neglected in the tautomeric mixture of uracil because it
may be responsible for direction of some substitution, oxidation or degra-
dation reactions, similarly as di-OH isomers. Other CH tautomers (U8a,
U9a, U8b, and U9b) are less important. Their percentage contents are lower
than 10–20%.

The relative entropy terms (T∆S) are not larger than ±1 kcal mol–1. This
indicates that tautomeric interconversions for uracil are almost isoentropic
in the gas phase16. Generally, there are not large structural changes in
tautomerization. Some exceptions are those being a consequence of the ro-
tational isomerism of the exo-OH group for the OH forms and those result-
ing from loss of the ring planarity for the CH forms.

Polarity

Polarity of each uracil isomer may be described by its dipole moment (µ)
predicted at the same level of theory as its thermodynamic parameters.
A first perusal of the calculated µ values indicates that the favored tauto-
mer U1 is moderately polar (Table I). Its µ value is close to that found ex-
perimentally17.

The rare CH–NH tautomer U7 has only slightly lower µ value (by 0.08 D)
than the favored di-NH tautomer U1. One (U6a) of the rare di-OH isomers
has the smallest polarity (µ ≈ 1 D). One (U2b) of the rare NH–OH isomers
has the greatest polarity (µ ≈ 9 D). These DFT predictions show that the in-
creasing polarity order (U6a, U3a, U6b, U8a, U3b, U7, U6c, U6d, U1, U4a,
U5a, U8b, U9a, U2a, U5b, U9b, and U2b) is not parallel to the decreasing
stability order (U1, U3b, U4a, U6a, U6b, U7, U4b, U3a, U6d, U6c, U2a,
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U5b, U5a, U2b, U8a, U9a, U8b, and U9b). Hence, polarity cannot be con-
sidered as the main factor that influences the tautomeric preference for ura-
cil as it has been suggested for hydroxypyridines18.

Rotation of the exo-OH Group

Due to rotational isomerism of the exo-OH group in the NH–OH (U2–U4)
and CH–OH (U8–U9) uracil tautomers, two conformations are possible
(Scheme 1), one with the hydroxy H-atom synperiplanar (a) and the other
one with the hydroxy H-atom antiperiplanar (b) to the N3 atom. This
conformational difference leads to difference in stabilities of the a and b
isomers (Table II). Similarly as for hydroxypyridines18,19, an intramolecular
H-bond between the exo-OH and endo-N(–N=) group strongly stabilizes U2a
(O7H···N3), U3b (O7H···N1), U4a (O8H···N3), and U9a (O8H···N3). The U2a,
U3b and U4a isomers are additionally stabilized by interactions of the
endo-NH and exo-O(OH or C=O) groups, i.e., by the N1H···O7H, N3H···O7H
and N1H···O7=C2 interactions, respectively. On the other hand, repulsion(s)
between the lone electron pairs of the neighboring heteroatoms and/or the
neighboring XH groups (X = O, N, C), destabilize U2b (N1H–O7H and
O7–N3), U3a (N3H–O7H and O7–N1), U4b (C5H–O8H and N3–O8), and U9b
(C5H–O8H, N1–O8 and N3–O8). Hence, differences between the Gibbs ener-
gies (∆G) of the a and b isomers are exceptionally high (7–10 kcal mol–1).

The ∆G value for the conversion U5a→U5b is considerably smaller
(2.5 kcal mol–1), because the isomers differ only by the repulsion of the
neighboring XH groups (N3H–O8H and C5H–O8H) and by the XH···O(OH)
interactions (C5H···O8H and N3H···O8H). The ∆G value is also small for the
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TABLE II
Relative Gibbs (free) energies (∆G)a estimated at the DFT(B3LYP)/6-311+G(d,p) level for the
OH rotamers of uracil

Pair of rotamers ∆Ga Pair of rotamers ∆Ga

U2a→U2b –9.7 U6a→U6d –5.2

U3a→U3b 7.5 U6b→U6c –4.2

U4a→U4b –6.7 U6c→U6d 0.0

U5a→U5b 2.5 U8a→U8b –1.6

U6a→U6b –1.1 U9a→U9b –7.6

a In kcal mol–1 at 298.15 K.



conversion U8a→U8b (–1.6 kcal mol–1) because the isomers differ only by
the repulsion of the lone-electron pairs of the neighboring heteroatoms
(N1–O7 and N3–O7). Both isomers are stabilized by the OH···N(–N=) interac-
tions (O7H···N3 and O7H···N1).

For the di-OH tautomer U6 containing two exo-OH groups, rotational
isomerism of these groups leads to four conformations (a–d). All of them
are stabilized by the intramolecular OH···N(–N=) interactions. Since two
H-bonds are possible for U6a (O7H···N1 and O8H···N3) and U6b (O7H···N3

and O8H···N3), they have lower energies than U6c and U6d, for which only
one H-bond can be formed (O7H···N3 and O7H···N1, respectively). There-
fore, the ∆G values for the conversion U6a→U6d and U6b→U6c are larger
(4–5 kcal mol–1) than those for U6a→U6b and U6c→U6d (0–1 kcal mol–1).
All these observations show how important are intramolecular interactions
between functional groups for rare tautomers-rotamers of uracil2a,2b. Any
interactions with external species, which destroy the intramolecular inter-
actions, may change the energetic stability order of uracil isomers and, con-
sequently, change the proton-transfer reactions.

Tautomeric Equilibria

For all eighteen tautomers-rotamers of uracil, 153 equilibria are possible,
141 intramolecular proton-transfers in tautomeric conversions and 12 equi-
libria being a consequence of rotational isomerism of the exo-OH group(s).
Selected tautomeric equilibria are given in Scheme 2. The proton may be
intramolecularly transferred from N to O, from N to N, from O to O, from
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N to C, and from O to C by the 1,3-, 1,5- or 1,7-proton shift. The DFT Gibbs
energies (∆G) and tautomeric equilibrium constants (pKT) for selected tauto-
meric conversions are listed in Table III.
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TABLE III
Gibbs energies (∆G)a and tautomeric equilibrium constants (pKT)b estimated at the
DFT(B3LYP)/6-311+G(d,p) level for selected tautomeric conversions

Proton transfer Proton shift Tautomer pair ∆Ga pKT
b

N1H→O7H 1,3 U1→U3b 11.6 8.5

N3H→O7H 1,3 U1→U2a 19.4 14.2

N3H→O8H 1,3 U1→U4a 12.3 9.0

N1H→O8H 1,5 U1→U5b 21.2 15.5

N1H→O7H 1,3 U4a→U6a 1.7 1.2

N3H→O7H 1,3 U5a→U6b –8.7 –6.4

N3H→O8H 1,3 U3b→U6a 2.4 1.7

N1H→O8H 1,5 U2a→U6b –4.4 –3.2

N1H→N3H 1,3 U2a→U3a –0.4 –0.3

N1H→N3H 1,3 U4b→U5b 2.2 1.6

N1H→N3H 1,3 U2b→U3b –7.6 –12.9

N1H→N3H 1,3 U4a→U5a 11.4 8.4

O7H→O8H 1,5 U2a→U4a –7.1 –5.2

O7H→O8H 1,7 U3b→U5b 9.6 7.1

O7H→O8H 1,7 U2b→U4b –10.1 –7.4

O7H→O8H 1,7 U3a→U5a 4.7 3.4

N1H→C5H 1,3 U1→U7 16.6 12.1

N1H→C5H 1,3 U2a→U8a 14.3 10.5

N1H→C5H 1,3 U4a→U9a 21.9 16.1

N3H→C5H 1,3 U5a→U9a 10.5 7.7

N3H→C5H 1,5 U3b→U8b 23.8 17.4

O7H→C5H 1,5 U3b→U7 5.0 3.7

O7H→C5H 1,5 U6a→U9a 20.2 14.8

O8H→C5H 1,3 U5b→U7 –16.6 –12.1

O8H→C5H 1,7 U6a→U8b 21.4 15.7

a In kcal mol–1 at 298.15 K. b At 298.15 K.



The pKT values for the favored proton-transfers from the N to O atom,
N1H→O7H for U1→U3b and N3H→O8H for U1→U4a, are almost twice
smaller than those for the other ones, N1H→O8H for U1→U5b and
N3H→O7H for U1→U2a. This suggests that one of the amide groups of U1
(HN1–C2=O7 or HN3–C4=O8) can be easier converted to the hydroxy-imino
group (N1=C2–O7H or N3=C4–O8H) giving U3b or U4a, respectively, than
the two amide groups of U1 (HN1–C2=O7 and HN3–C4=O8) to the amide
(O7=C2–N3H) and hydroxy-enimino (N1=C6–C5=C4–O8H) groups in U5b, or
to the hydroxy-imino (HO7–C2=N3) and enamino-oxo (HN1–C6=C5–C4=O8)
groups in U2a. The pKT values for the successive proton-transfers from the
N to O atom in the NH–OH isomers having lower energies, N1H→O7H for
U4a→U6a and N3H→O8H for U3b→U6a, are very small (pKT close to 1–2)
indicating that any changes of atom environment may influence these
equilibria. The successive proton-transfers from the N to O atom for the
other NH–OH isomers, N1H→O8H for U2a→U6b and N3H→O7H for
U5a→U6b, are very favorable because the di-OH isomer U6b has smaller
energy than the NH–OH isomers U2a and U5a.

For the NH–OH isomers, the proton may be also transferred between
atoms of the same element, i.e., from N to N or from O to O. The tauto-
meric equilibrium constants for these proton-transfers are exceptionally
sensitive to possible intramolecular interactions of the functional groups:
favorable OH···N(–N=) and NH···O(C=O or OH) interactions, unfavorable
repulsions of lone pairs of electrons of the neighboring heteroatoms, and
unfavorable repulsions of the neighboring XH groups. Therefore, the pKT
values change the sign. They vary from –12.9 (U2b→U3b) to +8.4
(U4a→U5a) for the N1H→N3H conversions, and from –7.4 (U2b→U4b) to
+7.1 (U3b→U5b) for the O7H→O8H conversions.

Although the proton transfers from the N to C atom (N1H→C5H or
N3H→C5H) destroy planarity of the uracil ring and seem to be exception-
ally rare, the tautomeric equilibrium constants for selected conversions are
not very different from those for the favored proton-transfers from the N
to O atom (pKT 10–20). Quite a different situation takes place for the pro-
ton transfers from the O to C atom (O7H→C5H or O8H→C5H). Since some
NH–OH tautomers have greater energy than U7, the pKT values are positive
or negative. They vary from –12.1 (U5b→U7) to +15.7 (U3b→U7). These
observations indicate that external species (neutral molecules, ions, and
even electrons), the interactions of which are energetically favorable with
particular tautomers-rotamers, may change the tautomeric preferences and
the tautomeric equilibrium constants for uracil3,20.
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π-Electron Delocalization

To measure delocalization of π-electrons for aromatic systems, the geometry-
based HOMA index (harmonic oscillator model of aromaticity) has been
proposed more than thirty years ago11,12 and reformulated in 1993 13. How-
ever, recent applications of the reformulated HOMA index to acyclic tauto-
meric systems, which are less delocalized than aromatic ones, have led to
the negative HOMA values for the keto and enol tautomers5,21. The nega-
tive HOMA values have been also found for the keto forms of phenols22.
These observations can be explained by the fact that the reference single
and double CC and CO bonds, used for calculations of the Ropt and α values
in the reformulated HOMA index, have been taken for butadiene and
formic acid13, i.e. for the molecules for which π-electron delocalization is
greater than that for keto-enol tautomers.

For this reason, we use the reference single and double CX bonds for the
simplest cyclic molecules in the present work: C–C for cyclohexane, C=C
for cyclohexene, C–N for pyperidine, C=N for 2,3,4,5-tetrahydropyridine,
C–O for cyclohexanol, and C=O for cyclohexanone. For the optimum CX
bonds (Ropt), we use the simplest completely delocalized molecules, ben-
zene for CC, 1,3,5-triazine for CN, and carbonate for CO. The reference
single and double CX bonds, and the optimum CX bonds (Ropt) were calcu-
lated at the same level of theory {DFT(B3LYP)/6-311+G(d,p)} as the CX
bonds for uracil isomers. The HOMA indices estimated in this way for
all 18 possible tautomers-rotamers of uracil are given in Table IV. For each
isomer, estimations were carried out for the whole tautomeric system and
separately for the ring.

Generally, aromaticity is only slightly dependent on internal effects. Dif-
ferences in the HOMA indices between the conformations a and b are not
larger than 0.06 HOMA units. π-Electron delocalization seems to be mainly
dependent on resonance effects, such as π–π, n–π resonance conjugation
and, additionally, σ–π hyperconjugation, present only in the CH tautomers.
The rare di-OH isomers (U6a, U6b, U6c, and U6d) are the most delocalized.
Their HOMA indices lie between 0.86 and 0.87 for the whole tautomeric
system for which the exo-OH groups are n–π-conjugated with the π–π-con-
jugated ring. For the pyrimidine ring, the HOMA indices are larger than
0.99 showing that the π–π conjugation in the ring is stronger than the
cross-n–π and π–π conjugation between the substituents (OH) and ring.

The favored di-NH tautomer (U1) is moderately delocalized. Its HOMA
index is equal to 0.76 for the whole tautomeric system, for which the two
endo-N atoms with the lone electron pairs are n–π-conjugated with the C=O

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 57–72

68 Raczyńska, Zientara, Stępniewski, Kolczyńska:



and C=C groups. For the ring, the HOMA index is slightly lower and equal
to 0.70. This difference between the HOMA values suggests that the n–π
conjugation of the endo-N atoms with the C=C group is weaker than that
with the C=O groups. A similar trend is observed for the intermolecularly
H-bonded experimental structures (obtained by X-ray crystallographic and
electron diffraction) reported for uracil in the literature15a,15b. The HOMA
index for the ring (0.82) is slightly lower than that for the whole tautomeric
system (0.85).

The rare NH–OH isomers (U2a, U2b, U3a, U3b, U4a, U4b, U5a, and
U5b) are also moderately delocalized. Their HOMA indices lie between 0.65
and 0.79 for the whole tautomeric system, for which the endo-NH and
exo-OH groups are cross-n–π conjugated with the C=O, C=N and/or C=C
group. For the ring, the HOMA indices are not very different from those es-
timated for the whole system. They vary from 0.65 to 0.82. The CH isomers
(U7, U8a, U8b, U9a, and U9b) are the least delocalized. Their HOMA indi-
ces are lower than 0.50 indicating that the σ–π hyperconjugation of the
ring CH2 group with the C=O or C=N group is very weak, and decreases the
π–π and n–π conjugation in the whole tautomeric system as well as in the
ring.

A direct comparison of the decreasing HOMA order predicted for the
whole tautomeric system of eighteen uracil isomers (U6a, U6b, U6c, U6d,
U4a, U5b, U3b, U1, U5a, U4b, U3a, U2a, U2b, U8a, U7, U8b, U9a, and
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TABLE IV
HOMA indicesa estimated for geometries of all 18 possible tautomers-rotamers of uracil opti-
mized at the DFT(B3LYP)/6-311+G(d,p) level

Isomer HOMAa Isomer HOMAa

U1 0.755 (0.697) U6a 0.872 (0.995)

U2a 0.691 (0.685) U6b 0.870 (0.996)

U2b 0.653 (0.650) U6c 0.865 (0.997)

U3a 0.741 (0.751) U6d 0.863 (0.994)

U3b 0.758 (0.766) U7 0.486 (0.349)

U4a 0.792 (0.817) U8a 0.487 (0.394)

U4b 0.742 (0.766) U8b 0.450 (0.346)

U5a 0.753 (0.768) U9a 0.388 (0.283)

U5b 0.765 (0.784) U9b 0.332 (0.222)

a For the whole tautomeric system (for the ring in parentheses).



U9b) with their decreasing stability order (U1, U3b, U4a, U6a, U6b, U7,
U4b, U3a, U6d, U6c, U2a, U5b, U5a, U2b, U8a, U9a, U8b, and U9b)
shows that aromaticity is not the main factor that dictates the tautomeric
preference as it has been reported for phenols22. The favorable effects, such
as intramolecular interactions between the functional groups (OH···N(–N=)
and NH···O(OH or C=O)), which play an important role in the case of the
rare tautomers, are also the secondary factors. The same applies for the un-
favorable effects, such as repulsions of the lone electron pairs of the neigh-
boring heteroatoms and repulsion of the neighboring XH groups. The
tautomeric preference seems to be mainly dependent on stability of the
functional groups. Solely this factor may explain why the diamide form U1
is favored in the tautomeric mixture of uracil, and why the U7 form shows
greater energetic stability than the other CH tautomers (U8a, U9a, U8b,
and U9b).

CONCLUSIONS

DFT calculations performed for all possible eighteen tautomers-rotamers of
uracil confirms that the tautomeric mixture contains mainly (100%) the
di-NH form (U1). However, the NH–OH (U3b and U4a), di-OH (U6a and
U6b) and CH–NH (U7) forms cannot be neglected to well understand some
substitution, oxidation or degradation reactions. Since the decreasing di-
pole moment and HOMA orders are not parallel to the decreasing stability
order of the eighteen isomers, polarity and aromaticity cannot be consid-
ered as the main factors that influence the tautomeric preferences for uracil
as it has been suggested for model compounds (hydroxypyridines). Stability
of functional groups seems to favor U1.
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