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The nucleophilic addition reactions of water and ammonia molecules toward the C5-C6 double bond of
thymine radical cations were investigated using density functional theory. We predicted that the nucleophilic
addition favored the C5-site of thymine radical cations, in contrast to the previous experimental observations
in bulk solution where the addition product to the C6-site was dominant. Considering the molecular orbital
factors, we estimated the relative reactivity of the C5- and C6-sites of thymine radical cations for the
nucleophilic addition of ammonia. We found that the C5 was more reactive than the C6 for the small-size
clusters of Thy1(NH3)n

+, n ) 0-2, in the gas phase and even in aqueous solution, though the difference in
the reactivity between the two sites became smaller as the number of ammonia molecules increased. This
variation of the reactivity was attributed to the electron density redistribution within the thymine radical
cations induced by the ammonia molecules as a nucleophile. We suggest that the dominance of the C6-
addition product in bulk solution is mainly due to the higher stability of the C6-addition product by solvation,
rather than to the higher reactivity of the C6-site for the nucleophilic addition.

Introduction

Ionizing radiation on DNA causes mutagenic and carcino-
genic effects in a mammalian cell.1-3 In particular, the radical
cations of DNA bases generated by the ionizing radiation initiate
the alteration of the bases, which is one of the main types of
cytotoxic DNA lesions.1 Many studies have been devoted,
therefore, to the radical cations of DNA bases and their reactions
in solution, in the solid state, and even in the gas phase.4-9

Among four DNA bases, the radical cation of thymine has been
of great interest because of its high reactivity with other species
in a cell. It should be noted that in quinine-sensitized photo-
oxidation of purines and pyrimidines, only the pyrimidine radical
cations formed photoproducts.10

Since Sevilla and co-workers11,12 first showed that thymine
radical cations (Thy+) can be produced by UV irradiation of
thymine at 77 K in both alkaline and acidic glasses, their
reactions have been extensively studied in the past decades10,12-14

using electron spin resonance (ESR), electron paramagnetic
resonance/electron nuclear double resonance (EPR/ENDO),15

transient absorption,16 and time-resolved Fourier transform
electron paramagnetic resonance (FT-EPR).17

In those studies, the dominant reaction of Thy+ in aqueous
solution was found to be the deprotonation of N1. However, it
was also observed that the nucleophilic addition reaction of
water occurred on the C5-C6 double bond of Thy+.

Sevilla and Engelhardt18 reported the conversion of pyrimi-
dine radical cations to the corresponding C6-OH adduct radicals
by ESR in aqueous glasses. Shaw et al.19 identified 6-hydroxy-
5,6-dihydrothymidine isomers as a product of the hydration upon
γ-irradiation of thymidine in frozen aqueous solution. The

radical cations of N1-substituted thymine derivatives were
proposed to decay by the water addition at C6 as well as the
deprotonation from N3 or C5 methyl group in a pulse radiolysis
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study with optical and conductance detection.14 They also
speculated that the water addition reaction would become more
important in DNA where the N1 of thymine is substituted by
the sugar moiety and the N3 is linked to the N6 of deoxyad-

enosine by a hydrogen bond so that the deprotonation channels
of thymine radical cations are completely or partially blocked.14

Wagner et al.10 suggested from the distribution of products that
the dominant reaction of thymine and thymidine radical cations
generated by photosensitization was the water addition to give
C6-OH adduct radicals. The generation of the C6-OH adduct
radicals with a trace of the C5-OH from the water addition of
the radical cations of 1-methylthymine was reported using
FT-EPR.20

In those studies, the water addition to the C6-site was
observed to be more favorable than that to the C5-site of Thy+

in bulk solution. Interestingly, however, from the theoretical
calculations described in this paper, we found that the C5-site
was preferred for the nucleophilic addition to the C6-site in the
thymine radical cation solvated with a few water or ammonia
molecules, in contrast to the experimental observations. These
contradictory results were explained here by estimating the
relative reactivity of the C5 and C6 of Thy+ toward the
nucleophilic addition reaction and also the relative energies of
the intermediate and transition states along the reactions of the
C5- and C6-addition in the gas phase and in aqueous solution.

Computational Methods

The structures of local minima and transition states were fully
optimized using density functional theory (DFT) employing a
hybrid functional of B3LYP with a standard 6-31G(d) basis set.
With the use of these optimized structures as starting geometries,
the full optimizations at the B3LYP/6-311++G(d,p) level were
subsequently carried out. The frequency calculation, zero-point
energy (ZPE) correction, and thermal energy correction for
Gibbs free energy were performed at the same level of theory

Figure 1. Optimized structures of solvated thymine radical cations with two ammonia molecules at the local minima or transition states along the
reaction coordinate of the nucleophilic addition to the C5-site of Thy+. The structures were fully optimized at the B3LYP/6-311++G(d,p) level.

Figure 2. Optimized structures of solvated thymine radical cations
with two ammonia molecules at the local minima or transition states
along the reaction coordinate of the nucleophilic addition to the C6-
site of Thy+.
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with the scaling factor of 0.978.21 No imaginary vibrational
frequencies were found for all of the local minimum structures,
and only one imaginary frequency was shown for the transition
states.

The spin and electron density distributions as well as the
coefficients of a singly occupied molecular orbital (SOMO) and
a lowest unoccupied molecular orbital (LUMO) for thymine
radical cations solvated with ammonia molecules were calculated
at the B3LYP/6-311++G(d,p) level using the optimized
geometries. The spin density distribution of the neutral triplet
of thymine was estimated at the same level of theory with the
optimized geometry of thymine radical cation. These spin
density analyses have been carried out to estimate the reactivity
in various radical systems.22-25 We employed Mulliken popula-
tion analyses which are believed to be reliable for our system
since the coefficients of SOMO for C5 and C6 of thymine
radical cations solvated with ammonia molecules show a
consistent trend with the Mulliken spin densities. Actually,
Mulliken spin density analyses have been successfully used to
predict the reactivity of the radical-involved reactions.23,24

Solvation free energies (∆Gsolv) of the optimized gas-phase
structures were estimated by single-point calculations at the
B3LYP/6-311++G(d,p) level with the UAKS cavities using the
conductor-like polarizable continuum model (CPCM).26 The spin
and electron density distributions and the orbital coefficients
of SOMO and LUMO in aqueous solution were also estimated
at the same level of theory using CPCM-UAKS.

The spin-unrestricted calculations (UB3LYP) were used for
all of the radicals and the radical cations. In these calculations,
the expectation values of〈S2〉 for the doublet systems ranged

from 0.755 to 0.760. All calculations were carried out using
the GAUSSIAN 03 package.27

Results and Discussion

Thymine radical cations solvated with a few number of water
or ammonia molecules were used as models to explore the
nucleophilic addition reaction to the C5-C6 double bond of
Thy+ in the gas phase as well as in aqueous solution.

Addition of Water. The OH- addition product of the thymine
radical cation may result literally from the addition of OH-.
However, due to the extremely low concentration of OH- in
aqueous solution, water is more likely to be the nucleophile for
the reaction.28 Scheme 1 depicts the water addition to Thy+

leading to the C5-OH (1) or the C6-OH (2) radical, which
could convert to the hydroperoxides or oxidation products in
subsequent reactions with oxygen molecules.10,11

Figure 3. Optimized structures of solvated thymine radical cations with one ammonia molecule at the local minima or transition states along the
reaction coordinate of the nucleophilic addition to the C5-site of Thy+.

TABLE 1: Thermodynamic Properties of Thymine Radical
Cations Solvated with One and Two Ammonia Molecules in
the Gas Phase and in Aqueous Solutiona

∆E0
b ∆S298

c ∆G298
d ∆Gsolv

e ∆Gsol
f

TA2-R+ 0 0.13 0 -63.10 0
TA2-5I+ -2.49 0.11 -0.31 -68.22 -5.43
TA2-5P+ -4.30 0.11 -1.06 -70.52 -8.48
TA2-6I+ -0.54 0.12 0.61 -77.99 -14.28
TA2-6P+ -2.24 0.11 0.73 -75.98 -12.15
TA2-5I*+ 1.29 0.12 2.83 -64.63 1.30
TA2-5P*+ -2.24 0.11 1.04 -70.23 -6.09
TA2-6I*+ 2.51 0.12 3.39 -64.77 1.72
TA2-6P*+ -0.49 0.11 1.98 -76.61 -11.53

TA1-R+ 0 0.11 0 -68.19 0
TA1-5I+ 5.95 0.10 7.87 -76.31 -0.25
TA1-5I*+ 6.29 0.10 8.03 -74.32 1.90

a Energy in kcal/mol.b Relative energy at 0 K in the gasphase with
ZPE correction.c Entropy (kcal/mol‚K) in the gas phase at 298.15 K.
d Relative free energy in the gas phase.e Solvation free energy
calculated at the B3LYP/6-311++G(d,p) level using CPCM-UAKS.
f Relative free energy in aqueous solution.

Figure 4. Energy diagram of the relative free energies at 0 K (blue)
and 298.15 K (black) for solvated thymine radical cations with two
ammonia molecules (a) in the gas phase and (b) in aqueous solution
along the reaction coordinate of the nucleophilic addition to the C5-
(dotted line) and C6-sites (solid line) of Thy+.
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The enthalpies of the reactions at 298.15 K in Scheme 1 were
calculated using CPCM-UAKS at the HF/6-31+G(d)//HF/6-
31+G(d) level. They were-13.2 and-24.9 kcal/mol for the
formation of the C5-OH and the C6-OH radical in aqueous
solution, respectively, with the enthalpy of hydration for a proton
(-274.9 kcal/mol).29 These results support the experimental
observations that the dominant product of the water addition
was the C6-OH radical in bulk solution.20

However, in our calculation, when we added a water molecule
to the C6-site of Thy+ in the gas phase, no covalent bond was
formed between the water and the C6. In the relaxed potential
energy scan, we found that the energy kept increasing without
any stationary point as the water molecule got closer to the C6.
This was also true with two water molecules added as a cluster,
where the second water molecule played a role as the acceptor
of a proton generated in the nucleophilic addition reaction.

On the contrary, however, when a water molecule was added
to the C5-site, it easily formed a covalent bond with the C5. In
this reaction, the proton was immediately released from a water
molecule and attached to the O8 without forming an intermediate
adduct of [Thy/H2O]+.

These results are quite opposite to the previous experimental
observations in bulk solution where the water addition preferred
the C6-site. Based on these results, we expect that the main

product of water addition reaction with thymine radical cation
would be C5-OH in gas phase, and the solvation effect in bulk
solution would reverse this preference, leading to the formation
of C6 adduct.

Addition of Ammonia. To see whether the preference for
the C5-addition is unique for the water case, we investigated
the structures and energies of thymine radical cations undergoing
the nucleophilic addition by ammonia molecules (Scheme 2).
Ammonia was chosen because it is a stronger nucleophile than
water30 and hence expected to be able to form a covalent bond
even on the C6-site with the smaller number of ammonia
molecules. This was necessary in order to follow both the C5-
and C6-addition reactions with a limited CPU time and hence
to investigate the selectivity between C5- and C6-sites of
thymine radical cation for the nucleophilic addition reaction.
Indeed, different from the case with water, the addition of two
ammonia molecules as a cluster formed a covalent bond with
the C6.

Figures 1 and 2 show the optimized structures of the solvated
clusters of Thy+ with two ammonia molecules at the local
minima or the transition states along the nucleophilic addition
reactions to the C5- and C6-sites of Thy+, respectively. As in
the case of water addition, one ammonia molecule could not
form a covalent bond with the C6. The local minimum and
transition state structures of the solvated Thy+ with one
ammonia molecule along the addition reaction to the C5-atom
is shown in Figure 3. The relative energies, entropies, and free
energies of the optimized structures are also listed in Table 1.
The energy diagram, which represents the relative free energies
along the reaction coordinate, is shown in Figure 4a. The
solvation free energies calculated for all of the local minima
and transition states in Figures 1 and 2 are also included in
Table 1. The relative free energies in aqueous solution were
calculated with the solvation free energies and plotted along
the reaction coordinate in Figure 4b.

The reaction coordinates were chosen along the lowest energy
pathways connecting the reactant (TA2-R+) to the products
(TA2-5P+ and TA2-6P+) via the intermediate states (TA2-5I+

and TA2-6I+). The pathway from TA2-R+ to TA2-5I+ was
obtained by adiabatically optimizing the structures along the
distance between the nucleophile and C5 of Thy+, which was
varied from the value of the reactant to that of the intermediate
with the interval of 0.1 Å. The transition state was located at
the highest energy point along this pathway. In order to find
the pathway to TA2-6I+, a 2-D potential energy surface was
constructed by the adiabatic optimizations with both distances
from the nucleophile to the C5 and to the C6 as the frozen
coordinates, which were varied from the values of the reactant
to those of the intermediate. The lowest energy pathways from
the intermediates to the products were also obtained by

Figure 5. Pictorial representations of SOMO (left) and LUMO (right)
for (a) Thy+, (b) TA1-R+, and (c) TA2-R+. Each orbital is displayed
with translucent orbital outlines.

TABLE 2: Spin Density and Charge Density Distributions
of Ammoniated Thymine Radical Cations and the Neutral
Triplet State of Thymine in the Gas Phase

T+ 3T T+(NH3)1 T+(NH3)2

spin charge spin spin charge spin charge

N1 0.283 -0.261 0.214 0.195-0.321 0.155 -0.287
C2 -0.041 0.334 0.006-0.025 0.289 -0.015 0.221
N3 -0.013 -0.356 0.042 -0.015 -0.376 -0.013 -0.335
C4 -0.080 0.160 0.013-0.011 0.039 0.018-0.028
C5 0.534 0.495 0.764 0.330 0.061 0.178-0.023
C6 0.041 -0.131 0.690 0.157 0.103 0.255-0.013
O7 0.108 -0.173 0.073 0.084-0.204 0.073 -0.219
O8 0.120 -0.175 0.208 0.071-0.207 0.046 -0.209
C11 -0.018 -0.671 -0.008 -0.017 -0.341 -0.029 -0.226
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adiabatically optimizing the structures along the N-H bond
length of ammonia which was covalently bonded to Thy+.

All of the local minimum and transition state structures along
the reaction coordinate of the NH3 addition to the C6-site have
a higher energy than the corresponding structures along the
reaction to the C5-site. The relative energies (∆E0) of the
transition states for the formation of the intermediates, TA2-
5I+ and TA2-6I+, in the gas phase were 1.29 and 2.51 kcal/
mol, respectively, with respect to the energy of TA2-R+. The
relative energies of the C5-NH2 and the C6-NH2 radical
product (TA2-5P+ and TA2-6P+) were-4.30 and-2.24 kcal/
mol, respectively. These results indicate that the addition to the
C5-site is more favorable than to the C6-site in the gas phase
when two ammonia molecules were added as a cluster. This is
also consistent with the results for the addition of one ammonia
or water clusters where the addition occurs only to the C5-site.

In aqueous solution, however, most of the local minimum
and transition state structures along the addition to the C6-site
have a lower energy than the corresponding structures along
the reaction to the C5-site. These coincide well with previous
experimental observations for the addition of water that the
dominant product was from the addition to the C6-site rather
than to the C5. The only exception is the transition state for the
formation of the intermediate, TA2-6I+ (Figure 4b). The
transition state of TA2-6I*+ is slightly higher in energy than
that of TA2-5I*+.

In order to find out the factors governing the preferential
attack on the C5-site of Thy+ by a nucleophile in the gas phase,
we calculated molecular orbital factors and estimated the relative
reactivity of the C5 and the C6 by applying the valence bond
configuration mixing (VBCM) model. Shaik31 first proposed
this model as an approach to reactivity of organic reactions and
applied it to predict the regioselectivity of nucleophilic attack
on radical cations. They suggested that the regiochemical
pathway prefers the nucleophilic attack at the position with the
highest orbital coefficient in the LUMO of the radical cation
and also with the highest spin density of the corresponding
neutral parent in the triplet state.32 Herbertz et al.23 also
suggested the importance of the SOMO orbital coefficients in
predicting the reactivity of the radical cation of a bridged
norcaradiene toward a nucleophile.

The spin and charge density distributions of Thy+, TA1-R+,
and TA2-R+ and the triplet spin densities of neutral thymine
are listed in Table 2. TA1-R+ and TA2-R+ were chosen because
they were most likely to be the geometries of the reactants for
the ammonia addition among other fully optimized structures
of the solvated cluster ions. In TA1-R+ and TA2-R+, the
ammonia molecules are closer to the C5 than the C6. The
distances from the C5 and the C6 to the N-atom of the closest
ammonia are 2.59 and 3.08 Å for TA1-R+, and those for TA2-
R+ are 2.39 and 2.95 Å, respectively.

For the triplet spin density of the neutral thymine (3T), the
spin density of the C5 (0.764) is slightly higher than that of the
C6 (0.690). The spin density distributions also show that the
C5 has the higher density than the C6 when the ammonia
molecule either is completely separated from the Thy+ or
approaches it for the reaction (it corresponds to TA1-R+ case).

In TA2-R+, the spin density of the C6 becomes larger than that
of the C5. Obviously, the orbital coefficients of the SOMO for
Thy+, TA1-R+, and TA2-R+ show a similar trend although the
coefficient of C5 is still larger than that of C6 even in TA2-R+

with the marginal difference. The SOMO and LUMO of the
three radical cations are shown in Figure 5, and the coefficients
for the 2pz and 3pz orbitals of the C5 and C6 are listed in Table 3.

The orbital coefficients of the SOMO and LUMO are large
at N1, C5, and C6 for all of the three radical cations. For the
SOMO, the largest orbital coefficient is at C5. However, the
difference in the coefficient between the C5 and C6 gets smaller
as it goes from Thy+ to TA2-R+. On the other hand, the largest
orbital coefficient of the LUMO is at C6. However, as the case
of the SOMO, the difference between the C6 and C5 becomes
smaller as the number of ammonia molecules in the radical
cations increase.

With the higher triplet spin density of the C5 than that of the
C6, the VBCM model predicts that the nucleophilic addition is
more favorable toward the C5 than the C6 for Thy+. The larger
orbital coefficient of the SOMO, which must be involved in
the reaction, also makes the C5 more reactive. These explain
our theoretical results that the single ammonia molecule can
form a covalent bond with the C5 of Thy+, but not with the
C6.

The difference in the orbital coefficient between the C5 and
C6, however, becomes smaller as the number of ammonia
molecules in the cluster ions increases. This also agrees well
with our calculation results on TA2-R+. Different from the case
of TA1-R+, both the C5- and the C6-atom of TA2-R+ form a
covalent bond with the ammonia molecule, though the formation
of the C5-NH3 adduct is still more favorable.

The variations on the SOMO coefficients with the number
of ammonia molecules in the cluster ions can be due to the
change in local environments near the C5 and the C6 by the
ammonia molecules. With partially negative charge density on
the N-atom of ammonia, it approaches toward the C5 of the
highest positive charge density and forms a stable complex with
Thy+ at the distances of 2.59 and 2.39 Å for TA1-R+ and TA2-
R+, respectively. This may in turn give rise to large electron-
electron repulsion between the N-atom of ammonia and the C5,
which results in the transfer of some of the spin density from
the C5 to the C6. When two ammonia molecules approach as
a dimer to the C5, the repulsion would become larger with the
shorter distance between the N-atom and the C5 compared to
the case with a single ammonia molecule. This may cause the
transfer of even larger amount of the spin density from the C5
to the C6.

Note that the higher reactivity of the C5 than that of the C6
of Thy+ toward the nucleophilic addition could not be predicted

TABLE 3: SOMO and LUMO Coefficients of Ammoniated Thymine Radical Cations in the Gas Phase

T+ T+(NH3)1 T+(NH3)2

SOMO LUMO SOMO LUMO SOMO LUMO

2pz 3pz 2pz 3pz 2pz 3pz 2pz 3pz 2pz 3pz 2pz 3pz

C5 0.176 0.281 -0.134 -0.209 0.157 0.239 -0.136 -0.203 0.140 0.212 -0.134 -0.201
C6 0.098 0.158 0.211 0.331 0.111 0.176 0.192 0.298 0.113 0.177 0.165 0.255

TABLE 4: Spin and Charge Density Distributions of
Ammoniated Thymine Radical Cations and the Neutral
Triplet State of Thymine in Aqueous Solution Calculated at
the B3LYP/6-311++G(d,p) Level Using CPCM-UAKS

T+ 3T T+(NH3)1 T+(NH3)2

spin charge spin spin charge spin charge

C5 0.574 0.671 0.733 0.321 0.242 0.172 0.111
C6 0.003 -0.193 0.660 0.137 0.012 0.230-0.055
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with the orbital coefficients of the LUMO. The same situation
was reported by Glatthar et al.33 They could not predict the
preferential formation of the nucleophilic addition product of
the intermediate DNA radical cations with the LUMO coef-
ficients, though they could with the triplet spin density of the
corresponding neutral molecules. These may be due to the
relative importance of the triplet spin density compared to the
LUMO coefficient in determining the regioselectivity of nu-
cleophilic addition reactions toward radical cations. In other
words, the factor associated with the high spin density in the
VBCM model (denoted asf0) played more dominant role in
determining the height of the reaction barrier than that with the
large LUMO coefficient (denoted asB) in these systems.31

To investigate the solvent effects on the relative reactivity
of the C5 and C6 of Thy+, the same analyses were performed
for Thy+, TA1-R+, TA2-R+, and the neutral triplet of thymine
in aqueous solution using CPCM-UAKS. The spin and charge
density distributions in aqueous solution are listed in Table 4.
The SOMO and LUMO coefficients for the 2pz and 3pz orbitals
of the C5 and C6-atoms are listed in Table 5. Consistent with
the gas-phase results, the triplet spin density of the C5 of neutral
thymine (3T) in aqueous solution is still higher than that of the
C6, although the difference is small. The SOMO orbital
coefficients of the C5 are also higher than those of the C6 for
Thy+, TA1-R+, and TA2-R+ in aqueous solution. These indicate
that the nucleophile is more likely to attack the C5 rather than
the C6 of Thy+ even in aqueous solution. The higher reactivity
of the C5 than that of the C6 for the nucleophilic addition is
also represented in the energy diagram of the reaction (Figure
4b). The transition state of forming TA2-5I+ has the lower
energy than that of forming TA2-6I+, though TA2-6I+ becomes
much more stable in aqueous solution than TA2-5I+ by
solvation. Therefore, we suggest that the nucleophilic addition
to the C6-site is thermodynamically favored in aqueous solution,
whereas that to the C5-site is kinetically favored.

Conclusions

DFT studies to investigate the reactivity between C5 and C6
in the nucleophilic addition reaction of water and ammonia to
Thy+ were presented. The preferential attack of the nucleophile
was predicted to occur on the C5-site rather than on the C6-
site of Thy+ in the gas phase. The C6 does not form a covalent
bond with either one or two water molecules. With ammonia
molecule as a stronger nucleophile than water, we could observe
the decrease of selectivity in the nucleophilic attack on the C5-
site over the C6-site with the number of nucleophile molecules,
which was attributed to the intramolecular electron density
redistribution within Thy+ induced by the ammonia molecules.

Little effect of solvation by water was predicted on the
molecular orbital factors that may govern the reactivity of the
C5- and C6-sites of Thy+. This agrees well with the calculation
results that the transition state of forming the C5-NH3 adduct
has a slightly lower energy than that of forming the C6-NH3

in aqueous solution, in spite of the significantly higher energy
of the C5-NH3 than the C6-NH3. Therefore, extending this
idea to the case of water addition we suggest that the observed

dominance of the C6-OH radical product in bulk solution is
not because the C6-site becomes more favorable for the
nucleophilic addition than the C5 in solution, but because the
C6-OH radical product as well as the C6-OH2 intermediate
become much more stable in solution compared with the C5-
OH and C5-OH2, respectively.

This study supports that DFT methods can be used to
construct the reliable potential energy surface for the reactions
of the radicals derived from DNA bases, showing that they could
be further utilized for other interesting biological systems.
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