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The uracil cation radical was calculated to exist predominantly as the 1,3-dioxo tautomer1•+, similar to the
most stable tautomer of neutral uracil (1). The enol forms of1•+ were found to be 10-173 kJ mol-1 less
stable than1•+ and should not be significantly populated at 298 K thermal equilibrium. Cation radical1•+ is
a moderately strong gas-phase acid of topical acidities∆Hacid ) 829, 921, 916, and 879 kJ mol-1 for the H-1,
H-3, H-5, and H-6 protons, respectively. Ion1•+ is capable of exothermic protonation of adenine, guanine,
and cytosine, and of the arginine, lysine, histidine, and tryptophan amino acid residues in proteins. The hydrogen
atom affinities of1•+ were-∆Hrxn ) 432, 371, and 360 kJ mol-1 for H-atom additions to O-4, O-2, and C-5,
respectively.1•+ was calculated to exothermically abstract the thiol hydrogen atom from CH3SH, the hydroxyl
hydrogen from phenol, and anR-hydrogen atom from glycineN-methylamide. Uracil radicals formed by
deprotonation of1•+ were calculated to have large hydrogen atom affinities that should allow for exothermic
abstraction of H-atoms from thiol groups, phenolic hydroxyls, and amino acid backboneR-methylene and
methine groups. Protonation by a uracil cation radical followed by hydrogen atom abstraction can propagate
radiation damage from the initial ionization site. In contrast to the highly reactive uracil cation radicals and
radicals, the weakly bound uracil anion radical (1•-) was predicted to be much less reactive in the gas phase.
Ion-molecule reactions of1•- by proton and hydrogen atom abstractions from thiols, phenol, andR-positions
of amino acids were calculated to be endothermic and thus very slow in the gas phase.1•- can selectively
deprotonate carboxylic groups as calculated for the reaction with glycine.

Introduction

Radiation damage in DNA and RNA occurs by direct or
indirect action of high-energy photons or electrons on the
nucleobase and, to a lesser extent, carbohydrate residues.1 In
the direct mechanism, the nucleobase is ionized by the radiation
to form a cation radical.1,2 The latter is a highly reactive species
in the condensed phase that undergoes a variety of reactions
that can chemically modify the nucleobase itself and the
surrounding chemical moieties. In the indirect mechanism, the
nucleobase captures a thermal electron produced by primary
ionization to form an anion radical.3 Further reactions of the
anion radical then can result in chemical modifications of the
nucleobase or other chemical moieties in the vicinity of the anion
radical. Although redox and addition reactions of nucleobase
radicals and ions have been studied extensively in aqueous
solution as reviewed,2 there are no reliable data on the reaction
energetics. The gas phase represents a suitable reference medium
in which the reaction energetics can be established in the absence
of solvent effects and other interferences. There have been recent
reports on ion-molecule reactions of gas-phase nucleobase
cation radicals with several neutral counterparts4a and neutral
nucleobases with gas-phase radical cations that showed electron
and proton transfer as well as radical addition reactions.4b

However, thermochemical data are currently unavailable for
most ion-molecule reactions of interest to gas-phase ion
chemistry and radiation damage. In this paper we examine by

high-level ab initio calculations the energetics of gas-phase
reactions of the cation radical and anion radical of the RNA
nucleobase uracil. The reactions studied here comprise proton,
hydrogen atom, hydride, and methanethiyl radical transfers.
These reactions model interactions of nucleobase ion radicals
with neutral nucleobases and also with the peptide backbone
and amino acid side chains in proteins containing cysteine,
cystine, and tyrosine residues that are considered the prime
targets for radical-induced DNA- or RNA-protein reactions.1

Calculations

Standard ab initio and density functional theory calculations
were performed using the Gaussian 98 suite of programs.5

Geometries were optimized using Becke’s hybrid functional
(B3LYP)6 and the 6-31+G(d,p) basis set. Spin-unrestricted
calculations (UB3LYP) were used for open-shell systems. Spin
contamination in the UB3LYP calculations was small as judged
from the〈S2〉 operator expectation values that were 0.75-0.77.
The optimized structures were characterized by harmonic
frequency analysis as local minima (all frequencies real) or first-
order saddle points (one imaginary frequency). Complete
optimized structures in the Cartesian coordinate format and total
energies are available from the corresponding author (F. T.) upon
request. The B3LYP/6-31+G(d,p) frequencies were scaled by
0.963 (ref 7; for other scaling factors see ref 8) and used to
calculate zero-point vibrational energies (ZPVE) and enthalpy
corrections. The rigid-rotor harmonic oscillator approximation
was used in all thermochemical calculations. Single-point
energies were calculated at several levels of theory. In two sets
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of calculations, MP2(frozen core)9 and B3LYP energies were
calculated with basis sets of increasing size, e.g., 6-311+G(2d,p)
and 6-311+G(3df,2p). Spin contamination in the UMP2 cal-
culations was moderate for uracil radicals and transition states,
as evidenced by the spin expectation values〈S2〉 that ranged
between 0.76 and 0.91. Spin annihilation using Schlegel’s
projection method10 (PMP2)5 reduced the〈S2〉 values to 0.75-
0.76. The PMP2 energies were averaged with the B3LYP
energies according to the empirical procedure that was intro-
duced previously11 and tested for several systems since.12,13This
resulted in error cancellation and provided relative energies
denoted as B3-PMP2. Calculations on closed-shell systems are
marked by B3-MP2. In addition, a composite procedure was
adopted that consisted of a single-point quadratic configuration
interaction calculation,14 QCISD(T)/6-31G(d,p), and basis set
expansion up to 6-311+G(3df,2p) through PMP2 or ROMP2
single-point calculations according to eq 1:

This level of theory is intermediate between those of the
Gaussian 2 (MP2) method15 which uses the 6-311G(d,p) basis

set in the large QCISD(T) calculation and the G2(MP2,SVP)
method16 which uses the 6-31G(d) basis set instead. The
calculated total energies are available from the corresponding
author upon request.

Results and Discussion

Properties of Uracil Cation Radicals. Several tautomeric
structures were found for uracil cation radicals (1•+-10•+) to
exist as local energy minima, a situation which is closely similar
to that for the tautomers of neutral uracil.17 It is therefore
instructive to discuss the structures and relative energies of
cation radical tautomers with reference to the neutral tautomers.
The B3LYP/6-31+G(d,p) optimized geometry of the most stable
ion tautomer1•+ was generally similar to that of the most stable
neutral tautomer1 (Figure 1). However, there were notable
differences in the N-1-C-2 and C-5-C-6 bonds that were
longer in1•+ than in1, whereas the N-1-C-6 bond was shorter
in the ion (Figure 1). The bonds in1•+-10•+ that differed most
from those in the corresponding neutral tautomers are high-
lighted as bold italics in Figures 1-4. The changes in bond
lengths upon ionization,1 f 1•+, can be attributed to the
different bond orders in the ion, as visualized by the canonical
structures and documented by the atomic spin densities from
B3LYP/6-311+G(2d,p) calculations (values in parentheses,

Figure 1. B3LYP/6-31+G(d,p) optimized geometries of1 and 1•+.
Bond lengths in angstroms, bond and dihedral angles in degrees. The
bold italic numerals highlight the bond lengths that change most upon
ionization. Atomic spin densities from B3LYP/6-311+G(2d,p) calcula-
tions are shown in parentheses in the canonic structures.

Figure 2. B3LYP/6-31+G(d,p) optimized geometry of2•+. Bond
lengths in angstroms, bond and dihedral angles in degrees. The bold
italic numerals highlight the bond lengths that change most upon
ionization. Atomic spin densities from B3LYP/6-311+G(2d,p) calcula-
tions are shown in parentheses in the canonic structures.

QCISD(T)/6-311+G(3df,2p)≈ QCISD(T)/6-31G(d,p)+
MP2/6-311+G(3df,2p)- MP2/6-31G(d,p) (1)

Figure 3. B3LYP/6-31+G(d,p) optimized geometries of3•+-7•+. Bond
lengths in angstroms, bond and dihedral angles in degrees.

Figure 4. B3LYP/6-31+G(d,p) optimized geometries of8•+-10•+.
Bond lengths in angstroms, bond and dihedral angles in degrees.

Gas-Phase Uracil Radical Ion-Molecule Reactions J. Phys. Chem. A, Vol. 105, No. 38, 20018741



Figure 1). Structure2•+ was the second most stable uracil ion
tautomer and was only 8-10 kJ mol-1 less stable than1•+.
Structure2•+ differed from that of neutral tautomer2 in the
lengths of several bonds, as highlighted in Figure 2. These
changes upon ionization can be visualized by a combination of
canonical structures that indicate shortening of the C-2-N-3,
C-2-O-2, and N-1-C-6 bonds and lengthening of the C-5-
C-6 and N-1-C-2 bonds (Figure 2). The structures of the less
stable tautomers3•+-7•+ showed similar changes in bond
lengths upon ionization, as summarized in Figure 3. Finally,
tautomers8•+-10•+ (Figure 4) in which the ringπ-electron
system was interrupted by the C-5 methylene group were
substantially less stable than1•+. The relative energies of uracil
cation radical tautomers, as calculated by several levels of

theory, are summarized in Table 1. Cation radical (1•+) is known
to be an intrinsically stable species in the gas phase, as evidenced
by the electron ionization mass spectrum of uracil that shows
an abundant molecular ion for1•+.18 According to the present
calculations, the lowest energy unimolecular dissociation of1•+

to form (E)-syn-HNdCH-CHdCdO•+ + HNdCdO required
184 kJ mol-1 at 0 K. A geometrical isomer, (E)-anti-HNdCH-
CHdCdO•+, was 17 kJ mol-1 less stable than the (E)-syn
isomer, and hence its formation should have a correspondingly
higher dissociation threshold (Scheme 1). Note that HNdCH-
CHdCdO•+ (m/z 69) is the dominant product of unimolecular
dissociation of1•+.18 The substantial threshold energy for the
most favorable unimolecular dissociation indicated that thermal
1•+ should be intrinsically stable over a broad temperature range.

TABLE 1: Relative Energies of Uracil Cation Radical Tautomers

relative energya

ion

B3LYP/
6-31+
G(d,p)

B3LYP/
6-311+
G(2d,p)

B3-PMP2b/
6-311+
G(2d,p)

PMP2/
6-311+
G(2d,p)

QCISD(T)/
6-311+
G(2d,p)

B3LYP/
6-311+

G(3df,2p)

B3-PMP2/
6-311+

G(3df,2p)b

PMP2/
6-311+

G(3df,2p)

QCISD(T)/
6-311+

G(3df,2p)c

1•+ 0 0 0 0 0 0 0 0 0
2•+ 6 7 10 13 8 7 10 13 8 (7.7)d

3•+ 24 23 26 29 29 24 27 29 30 (29.3)d

4•+ 42 41 44 47
5•+ 42 40 46 52
6•+ 49 47 51 54
7•+ 48 48 55 62
8•+ 151 147 148 150
9•+ 144 142 159 175
10•+ 156 155 173 191

a In units of kJ mol-1 at 0 K. b From averaged B3LYP and PMP2 energies.c Effective energies from eq 1.d 298 K relative enthalpies.

TABLE 2: Energetics of Uracil Cation and Radical Reactions

relative energya

reaction

B3LYP/
6-31+
G(d,p)

B3LYP/
6-311+
G(2d,p)

B3-PMP2/
6-311+
G(2d,p)

PMP2/
6-311+
G(2d,p)

B3LYP/
6-311+

G(3df,2p)

B3-PMP2/
6-311+

G(3df,2p)

PMP2/
6-311+

G(3df,2p)

QCISD(T)/
6-311+
G(2d,p)

QCISD(T)/
6-311+

G(3df,2p)

1 f 1•+ 889 (9.21)b 889 (9.21) 891 (9.23) 893 (9.33) 889 (9.22) 896 (9.32) 910 (9.43) 882 (9.14) 892 (9.24)
1•+ f (E)-syn-

HNdCH-CHdCdO•+

+ HNCO

193 172 168 165 169 172 175 174 184

1•+ f (E)-anti-
HNdCH-CHdCdO•+

+ HNCO

203 182 182 182 179 186 192 191 201

1•+ f 11• + H+ 833 834 827 821 837 829 822 833 834
1•+ f 12• + H+ 918 918 921 925 920 922 924
1•+ f 13• + H+ 916 916 908 900 916 906 896
1•+ f 14• + H+ 887 888 881 875 887 879 870
16+ f1•+ + H• 431 427 424 421 430 431 432 421 432
17+ f1•+ + H• 369 366 366 367 370 374 378 368 379
18+ f1•+ + H• 351 348 349 351 347 351 354 356 360
1•+ + CH3SH f

16+ + CH3S
•

-86 -81 -85 -90 -82 -88 -94 -80 -85

1•+ + CH3SH f
18+ + CH3S

•
-6 -2 -11 -20 0.7 -8 -17 -15 -13

1•+ + C6H5OH f
16+ + C6H5O

•
-86 -84 -77 -70 -84 -76 -69 -64 -63

1•+ + H2NCH2CONHCH3 f
16+ + H2NCH•CONHCH3

-113 -113 -109 -104 -119 -116 -114 -92 -103

11•+ CH3SH f 11 + CH3S
• -64 -58 -64 -70 -60 -67 -75 -62 -67

12• + CH3SH f 1 + CH3S
• -149 -142 -158 -174 -143 -160 -177

13• + CH3SH f 1 + CH3S
• -146 -140 -145 -149 -139 -144 -149

14• + CH3SH f 1 + CH3S
• -118 -112 -118 -124 -110 -117 -123 -116 -115

11• + C6H5OH f
1 + C6H5O

•
-64 -61 -55 -50 -61 -55 -49 -45 -45

11• + H2NCH2CONHCH3 f
1 + H2NCH•CONHCH3

-90 -91 -88 -84 -97 -95 -94 -74 -84

14• + CH3SSCH3 f
15 + CH3S

•
-112 -101 -119 -137 -99 -114 -129

a In units of kJ mol-1 at 0 K unless stated otherwise.b Adiabatic ionization energies in electronvolts.
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Perhaps most importantly, the stability of1•+ relative to the
other tautomers implied that ion-molecule reactions of thermal
species should not involve tautomerizations that would be
catalyzed by the neutral molecule, as observed previously for
other systems.19 The calculated gas-phase equilibrium involving
1•+ and the second most stable tautomer2•+ showed predominant
population of1•+, e.g., 97-99% and 89-93% at 298 and 523
K, respectively, depending on the computational method. It is
worth noting that the energy difference for1•+ f 2•+ (8-10 kJ
mol-1, Table 1) was substantially smaller than that for the
corresponding neutral molecules1 f 2 (46 kJ mol-1).17b This
was consistent with the well-known stabilization of enol moieties
in cation radicals compared with the corresponding oxo forms.20

However, in uracil ions the stabilization of the enol forms was
not large enough to result in a reversal of ion relative stabilities,
so the oxo form1•+ remained the most stable tautomer.

Ion-Molecule Reactions of 1•+. The energetics of uracil
cation radicals, as discussed above, indicated that ions formed
by ionization of uracil have structure1•+ and are stable in an
isolated state. Because of the cationic and radical nature of1•+,
its ion-molecule reactions may involve electron, proton,
hydride, hydrogen atom, or larger radical transfer. The relatively
high ionization energy of1 makes the cation radical1•+ a
reactive species for charge-transfer ionization of neutral mol-
ecules. The calculated adiabatic ionization energy of1, IEa )
9.24 and 9.32 eV from QCISD(T) and B3-PMP2 calculations,
respectively (Table 2), was in very satisfactory agreement with
the experimental determinations from photoelectron spectra.
Note that accurate measurements of IEa(1) were made difficult
by the gradual onset of the first band in the photoelectron
spectrum, so that the reported values, 9.221 and 9.34 eV,22

practically coincide with the IEa calculated at different levels
of theory in this work. Regardless of the most accurate value
for the IEa for uracil, the 9.2-9.3 eV figure indicates that a
number of molecules considered for proton or other transfer
reactions with1•+ can undergo competitive charge-transfer
ionization. Investigation of the kinetics of such competitive
reactions is beyond the scope of the present work.

Proton-Transfer Reactions.The kinetics of proton transfer
in thermal gas-phase ion-molecule reactions is governed by
the reaction energetics,23 such that only exothermic and nearly
thermoneutral reactions are typically observed at low pressure.24

Ion 1•+ has four chemically different protons, H-1, H-3, H-5,
and H-6, that can be transferred onto a base in the course of an
ion-molecule reaction to form uracil radicals11•, 12•, 13•, and
14•, respectively (Scheme 2). The propensity for proton transfer
can be gauged by the topical acidities25 of H-1, H-3, H-5, and
H-6, as summarized in Table 2. The ordering of the topical
acidities in1•+ followed the relative stabilities of uracil radicals
11•-14•, which were the corresponding deprotonation products.
Out of these, radical11• was substantially more stable than12•,
13•, and14•, such that H-1 was the most acidic proton in1•+ of
∆Hacid ) 829 kJ mol-1 (Table 2). This, when compared with
the known proton affinities (PA) of organic molecules,18 implied
that1•+ can exothermically transfer H-1 onto amine, amide, and

sulfide groups in amino acids and peptides, as well as onto basic
heterocycles in histidine and tryptophan. The importance for
proton transfer of the less acidic protons H-3, H-5, and H-6
may arise in reactions of uridine and deoxyuridine in which
H-1 is substituted by a ribosyl or 2-deoxyribosyl moiety. Note
that H-6 is sufficiently acidic to protonate aliphatic amine groups
and N-substituted amide groups in peptides, an imidazole ring
in histidine, and an indole ring in tryptophan, but not the less
basic hydroxyl, thiol, sulfide, disulfide, carboxyl, carboxamide,
and phenyl residues in the side chains of serine, cysteine,
methionine, cystine, aspartic and glutamic acids, asparagine and
glutamine, and phenylalanine and tyrosine, respectively. Like-
wise, nucleobase residues adenine (PA) 943 kJ mol-1), guanine
(PA ) 960 kJ mol-1), and cytosine (PA) 950 kJ mol-1)18 are
sufficiently basic to be exothermically protonated by any of the
acidic protons in1•+. In summary, ion1•+ represents an acid
that can protonate a variety of sites in nucleic acids and
proteins.

Radical Reactions of Deprotonated 1•+. Radicals11•-14•

formed from 1•+ upon deprotonation are potentially reactive
species that can further react with a suitable substrate and thus
propagate the radiation damage from the nucleic acid to another
biomolecule. The reactions considered here are hydrogen atom
abstractions and transfer of larger functional groups onto the
uracil radicals. Abstraction of the thiol hydrogen atom from
cysteine is predicted to be substantially exothermic as judged
from the enthalpy of the model reaction with methanethiol,
which showed∆Hr,0 ) -64 kJ mol-1 for 11• (Scheme 3, eq a),
and even greater exothermicity for the less stable radicals12•-
14• (Table 2). The hydrogen transfer in eq a may require a small
activation energy (5-10 kJ mol-1) similar to those in analogous
hydrogen atom abstraction reactions.26 The magnitude of the
activation barrier was not addressed in the present calculations.
Abstraction of the hydroxyl hydrogen atom from a tyrosine

SCHEME 1 SCHEME 2

Gas-Phase Uracil Radical Ion-Molecule Reactions J. Phys. Chem. A, Vol. 105, No. 38, 20018743



residue is predicted to be also substantially exothermic, when
based on the enthalpies of reactions with phenol (Scheme 3, eq
b; Table 2). The thermochemistry of reactions of uracil radicals
with peptide backboneR-hydrogen atoms was modeled for
glycineN-methylamide, which showed∆Hr,0 ) -95 kJ mol-1

for 11• (Scheme 2, eq c) and correspondingly higher exo-
thermicities for the less stable radicals12•-14•.. Consistent with
the gas-phase reactivity of radicals to CH3S transfer from
dimethyl disulfide,27 the reaction of14• was calculated to be
substantially exothermic to yield 6-methylthiouracil (15, Scheme
3, eq d, Table 2).

Radical Transfer to 1•+. In addition to electron and proton
transfer, cation radical1•+ can abstract a hydrogen atom or
another radical from a suitable donor. The topical hydrogen atom
affinities of O-2, O-4, and C-5 and pertinent enthalpies for model
reactions are summarized in Table 2. Note that hydrogen atom
addition to C-6 in1•+ would result in an intrinsically unstable
cation19+.17b Transfer of a thiol hydrogen atom onto O-4 in
1•+ is a highly exothermic reaction forming cation16+, as
illustrated in Scheme 4 (eq e). Cation16+ is the most stable
isomer among the tautomers of protonated uracil.17b Moreover,
H-atom transfers to O-2 (forming17+) and C-5 (forming18+)
were calculated to be also exothermic and therefore energetically
possible in the gas phase. Hence, hydrogen abstractions by1•+

can be expected to exhibit low regiospecificity in forming ions
16+, 17+, and18+. Not too surprisingly,1•+ was also calculated
to abstract the hydroxyl hydrogen from phenol to form16+ and
a phenoxy radical (Scheme 4, eq f) and anR-hydrogen from
glycine N-methylamide to form16+ and anR-glycyl radical
(Scheme 4, eq g). It is interesting to note in this context that,
according to the calculated bond dissociation energies in
glycine,28 transfer to1•+ of an amine hydrogen atom is expected
to be nearly thermoneutral, while transfer of the hydrogen atom
from the carboxylic group should be endothermic.

Properties and Reaction Energetics of Uracil Anion
Radical. Uracil has a very low electron affinity (EA) that was
determined experimentally from two measurements as 0.02 and

0.04 eV.29,30A vertical value on the order of 0.2 eV has recently
been estimated from electron scattering studies.31 The nature
of electron bonding in1•- was discussed extensively, and both
a dipole-bound structure29,32 and a true local energy minimum
have been suggested.33-37 The most recent density functional
theory calculations by Wetmore et al.38 and Wesolowski et al.39

indicated a positive electron affinity for uracil on the order of
0.1-0.2 eV. The present calculations using the B3-PMP2
scheme balance the positive values from B3LYP39 energies with
the negative contributions from PMP2 energies to give EA(1)
) 0.04 eV (Table 3). It is noteworthy that increasing the basis
set in the perturbational treatment and extrapolating to effective
QCISD(T)/6-311+G(3df,2p) energies increases EA(1) to -0.07
eV (Table 3), yet does not result in a positive value. It should
be further noted that the B3-PMP2 electron affinity of uracil
decreased from 0.04 eV at 0 K to 0.02 eV at 298 K. This implied
that 1•- should be extremely susceptible to thermally induced
electron detachment even at room temperature. The low stability
of uracil anion radicals is further documented by an enol
tautomer (2•-) which was 63 kJ mol-1 less stable than1•- (Table
3). Note that although structure2•- represented a potential
energy minimum in B3LYP geometry optimizations, it was
metastable toward thermal electron detachment, which was 19
kJ mol-1 exothermic at 298 K.

The optimized structures of anion radicals1•- and2•- deserve
a brief comment.1•- displayed a slightly puckered ring due to
pyramidization at C-6 and N-1 (Figure 5). Consequently, H-1
and H-6 lay 31° and 18° out of the planes defined by the C-5-
C-6-N-1 and C-6-N-1-C-2 atoms, respectively. The ring in
2•- was slightly bent by pyramidization at N-3 and C-5, whereby
the C-4-O-4 carbonyl bond was pointing above the ring and
H-3 and H-5 were below the ring (Figure 6).The relative
stabilities of uracil tautomers showed a correlation with
electronic structure. Stabilization of the dioxo tautomer, ex-
pressed as∆H0(1f2) ) 44 kJ mol-1, increased upon adding
an electron, e.g.,∆H0(1

•-f2•-) ) 63 kJ mol-1, but decreased
upon electron removal, e.g.,∆H0(1

•+f2•+) ) 8 kJ mol-1. The
increased energy difference between anion radicals1•- and2•-

SCHEME 3 SCHEME 4
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is probably due to electron repulsion effects. The unpaired
electron in1•- is delocalized across the O-C-4-C-5-C-6 enone
system, as indicated by the corresponding atomic spin densities
that show a maximum value for C-6 (Figure 5). Interestingly,
the ureido moiety does not accommodate any substantial spin
density in 1•-. In contrast, the unpaired electron in2•- is
delocalized over C-2, C-4, and C-6 and thus interacts with the
isoureido moiety causing spin polarization at N-1 (Figure 6).
Since N-1 carries a substantial negative atomic charge in2
(-0.45), the electron density flow into the isoureido moiety in
2•- is likely to result in an increased electron repulsion that
destabilizes the anion radical.

The 0 K enthalpies of reactions of1•- with several hydrogen
atom and proton donors are summarized in Table 3. The data
suggest that1•- is essentially unreactive toward thiol and phenol
groups. Both hydrogen atom and proton transfer from meth-
anethiol and phenol were substantially endothermic and hence
disfavored in the gas phase, as shown for the formation of18•

(Table 3) and19- (eq h, Scheme 5). Interestingly, the reaction
of 1•- by transfer of a methanethiyl radical from dimethyl

disulfide to form 6-(methylthio)uracil-5-yl (20•) (eq i) was also
endothermic (Table 3), as was the transfer of a methanethiyl
anion (eq j, Scheme 5). This implied that1•- should not show
radical-like reactivity in abstracting CH3S from dimethyl
disulfide.27 The low basicity of1•- in reactions with CH3SH
and phenol pointed out that one should expect very low acidities
for uracil radicals formed by hydrogen atom addition to1. A
mildly exothermic reaction was calculated for gas-phase transfer
onto C-5 in1•- of the carboxylic proton from glycine;∆Hrxn )
-11 and-12 kJ mol-1 at 0 and 298 K, respectively (Table 3).
However, O-2, O-4, and C-6 in1•- were even less basic than
C-5, so that proton transfers onto those positions from the
glycine carboxylic group were endothermic. This suggested that
1•- could undergo regiospecific gas-phase protonation with
glycine or other carboxylic acids to form radical17. The
calculated topical gas-phase acidities of uracil radicals are
summarized in Table 4

TABLE 3: Energetics of Uracil Anion radical Reactions

relative energya

reaction

B3LYP/
6-31+
G(d,p)

B3LYP/
6-311+
G(2d,p)

B3-PMP2/
6-311+
G(2d,p)

PMP2/
6-311+
G(2d,p)

B3LYP/
6-311+

G(3df,2p)

B3-PMP2/
6-311+

G(3df,2p)

PMP2/
6-311+

G(3df,2p)

QCISD(T)/
6-311+
G(2d,p)

QCISD(T)/
6-311+

G(3df,2p)

1•- f 1 19 (0.2)b 17 (0.18) 2 (0.02) -13 (-0.14) 16 (0.17) 4 (0.04) -8 (-0.08) -12 (-0.13) -7 (-0.07)
2•- f 2 -2 -2 -17 -32
1•- + CH3SH f

18• + CH3S-
54 60 61 61 64 62 61 61 60

1•- + CH3SH f
19- + CH3S

•
43 49 41 33 53 45 38 34 38

1•- + C6H5OH f
18• + C6H5O-

19 21 19 17 23 23 22 15 20

1•- + C6H5OH f
19- + C6H5O

•
42 46 50 53 51 57 63 50 60

1•- + CH3SSCH3 f
20• + CH3S-

67 79 69 58 84 75 65

1•- + CH3SSCH3 f
20- + CH3S

•
28 41 34 28 46 43 41

1•- + H2NCH2COOHf
16• + H2NCH2COO-

27 28 28 29 27 27 27 29 27

1•- + H2NCH2COOHf
18• + H2NCH2COO-

-14 -10 -12 -14 -7 -8 -9 -16 -11

1•- + H2NCH2COOHf
19• + H2NCH2COO-

-6 -2 -2 -3 2 3 3 -5 1

a In units of kJ mol-1 at 0 K unless stated otherwise.b Adiabatic electron affinities in electronvolts.

Figure 5. B3LYP/6-31+G(d,p) optimized geometry of1•-. Bond
lengths in angstroms, bond and dihedral angles in degrees. Atomic spin
densities from B3LYP/6-311+G(2d,p) calculations are shown in
parentheses in the canonic structures. Figure 6. B3LYP/6-31+G(d,p) optimized geometry of2•-. Bond

lengths in angstroms, bond and dihedral angles in degrees. Atomic spin
densities from B3LYP/6-311+G(2d,p) calculations are shown in
parentheses in the canonic structures.
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Conclusions

It can be concluded from the present calculations that uracil
cation radicals, radicals, and anion radicals differ substantially
in the energetics of gas-phase reactions with thiol, phenol, and
amino acidR-hydrogens, and the disulfide bond. The uracil
cation radical is a very reactive species that is predicted to
abstract hydrogen atoms from these groups and also can function
as a gas-phase acid to protonate other nucleobases and basic
amino acid residues. These reactions may compete with
intermolecular electron transfer. Uracil radicals formed by
deprotonation of uracil cation radicals have large hydrogen atom
affinities and can exothermically abstract hydrogen atoms from
thiol groups, phenol, and amino acidR-positions. Proton transfer
from the nucleobase followed by hydrogen atom transfer onto
the newly formed nucleobase radical is a new possible mech-
anism for radiation damage following ionization. In contrast,
reactions of uracil anion radicals with thiols, phenols, and
disulfide bonds are endothermic and hence disfavored in the
gas phase. Carboxylic groups can be deprotonated exothermi-
cally and possibly selectively by uracil anion radicals.
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