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The elusive hydrogen atom adduct to the C-5 position in uracil was generated specifically in the gas phase,
and its unimolecular dissociations were elucidated by neutralization-reionization mass spectrometry. Collisional
electron transfer to the 5,6-dihydrouracil-6-yl cation generated the 5,6-dihydropyrimidine-2,4(1H,3H)-dion-
6-yl radical (1), which was the most stable hydrogen atom adduct to C-5 in uracil. A substantial fraction of
1 was stable on the 5.1µs time scale. The main unimolecular dissociations of1 were specific losses of
hydrogen atoms from C-5 and ring cleavages, as determined by deuterium labeling. Radical1 did not isomerize
unimolecularly to 5,6-dihydropyrimidine-2,4(1H,3H)-dion-5-yl (2). Ab initio calculations up to effective
QCISD(T)/6-311+G(3df,2p) and combined density functional theory and perturbational calculations up to
B3-MP2/6-311+G(3df,2p) provided bond dissociation and transition state energies for several radical and
ion dissociations that were used for assessing rate constants by RRKM theory. The observed dissociations
occur to a large part from excited electronic states of uracil radicals that are formed by vertical electron
capture. The adiabatic ionization energies of uracil and1 were calculated as 9.24 and 6.70 eV, respectively.

Introduction

Nucleobase residues in DNA and RNA are susceptible to
attack by energetic particles produced by radiation or chemical
processes.1 In particular, radiolysis of water produces electrons
and small radicals (H, OH, etc.) that are known to add to the
nucleobases and cause chemical modifications that are referred
to as radiation damage.1,2 Although the kinetics of radical
additions to the four DNA nucleobases have been studied in
detail, much less is known about the reactivity of the RNA
nucleobase uracil. Flossman, Westhof, and co-workers studied
the formation of uracil radicals following irradiation with 100
kV X-rays3 or upon photosensitized irradiation with UV light.4

Electron paramagnetic resonance spectra indicated the formation
of several transient species that were assigned to hydrogen atom
adducts to uracil. Von Sonntag and co-workers studied pulse
radiolysis of uracil derivatives in aqueous solution and concluded
that hydrogen atom adducts to O-4 and C-6 were formed by
protonation of the intermediate uracil anion radical.5 For the
ring numbering in uracil, see the formulas below. Two mech-
anisms for the formation of hydrogen atom adducts to nucleo-
bases have been suggested, as shown for uracil in Scheme 1.1

The first mechanism (mechanism I) assumes direct addition to
the nucleobase of a hydrogen atom produced by radiolysis of
water. The presumed sites of H atom additions are at the C-5s
C-6 double bond to produce radicals1 or 2.6 Mechanism I is
analogous to that presumed for the addition of OH radicals to
nucleobases;7 however, additions of H atoms are much less
thoroughly documented.1,2 The second mechanism (mechanism
II) presumes addition of a thermal electron to form a uracil
anion-radical. The latter is protonated by the solvent or an acid
present in the solution to give the H atom adduct3.8

Although the radiation chemistry of uracil and other pyrimi-
dine nucleobases has been studied extensively, most of the

results obtained so far provided only indirect evidence of the
existence of transient radicals through redox reactions2 and UV-
vis absorption spectra.9 Under radiolytic or photolytic conditions,
a variety of products are typically formed that are monitored
spectroscopically in the mixture.5,9,10 Structures and intrinsic
properties of nucleobase radicals are therefore not amenable to
analysis. Limited information about the structures and energetics
of several nucleobase radicals has been provided by ab initio
calculations that were carried out at low6 to medium levels of
theory.11
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We now describe the targeted, specific preparation of two
pivotal uracil radicals relevant to radiolytic mechanisms I and
II.12 In the present paper, we report on the specific formation
in the gas phase of 5,6-dihydropyrimidine-2,4(1H,3H)-dion-6-
yl (1), which is the elusive intermediate of H atom addition to
C-5 in uracil. We prepared radical1 by femtosecond collisional
electron transfer to its cationic precursor1+, and studied the
mechanisms of radical unimolecular dissociations by neutraliza-
tion-reionization mass spectrometry13,14 with the help of deu-
terium-labeled derivatives1a-1c. In addition, we report detailed
ab initio calculations, performed at high levels of theory, up to
effective QCISD(T)/6-311+G(3df,2p), of radical1, several of
its isomers, dissociation products, and relevant transition states.
Excited electronic states are found to play an important role in
the unimolecular chemistry of1 and are therefore addressed by
time-dependent density functional theory calculations.15 In an
accompanying paper, we address the chemistry of 4-hydroxy-
3,4-dihydropyrimidine-2(1H)-on-4-yl radical (3), which is the
elusive intermediate of protonation at O-4 in uracil anion-
radical.16

Experimental Part

Materials. Uracil, 2-pentenoic acid, urea, and ethyl-3-
oxopentanoate (all Aldrich) were used as received. Deuterium-
labeled reagents, sodium borodeuteride (99% D, Aldrich), ND3

(Matheson, 99% D), D2O, CD3OD, and acetone-d6 (all Cam-
bridge Isotope Laboratories) were also used as received. 6-Ethyl-
5,6-dihydropyrimidine-2,4(1H,3H)-dione (4) was synthesized
according to literature,17 and recrystallized from water, yield
27%, mp 194°C. 1H NMR (300 MHz, CDCl3): 1.0 (t, 3H,
-CH2CH3), 1.64 (m, 2H,-CH2CH3), 2.42 (dd, 1H, H-5), 2.70
(dd, 1H, H-5), 3.55 (m, 1H, H-6), 5.60 (broad s, 1H, N-H),
7.62 (broad s, 1H, N-H). 70 eV mass spectrum (m/z, rel
intensity): 142 (9), 114 (5), 113 (100), 112 (35), 71 (3), 70
(80), 58 (3), 56 (7), 43 (23), 42 (7), 41 (7).

6-Ethyl-5,6-dihydropyrimidine-2,4(1D,3D)-dione (4a).Com-
pound4 (144 mg, 1 mmol) was dissolved in THF (13 mL) and
stirred overnight at 20°C. Then, 11 mL of CH3OD was added
and the solution was stirred for 10 min, followed by solvent
evaporation under vacuum at room temperature. 70 eV mass
spectrum of4a was (m/z, rel intensity) 145 (2), 144 (11), 143
(7), 142 (2), 116 (5), 115 (80), 114 (76), 113 (26), 112 (4), 72
(5), 71 (100), 70 (29), 59 (6), 58 (8), 57 (13), 56 (7), 55 (7).

6-Ethyl-5,6-dihydro-5,5-d2-pyrimidine-2,4(1H,3H)-dione
(4b). Compound4 (160 mg, 1.1 mmol) was dissolved in 43
mL D2O containing 450 mg K2CO3. The solution was stirred
72 h at 20°C, acidified with 37% DCl in D2O, and solvent was
evaporated to dryness in vacuo. The product was taken in
methanol, the solution was filtered, and the solvent was
evaporated in vacuo. 70 eV mass spectrum (m/z, rel intensity):
148 (4), 147 (3), 146 (3), 145 (4), 144 (9), 143 (1), 116 (14),
115 (100), 114 (11), 113 (31), 73 (8), 72 (86), 71 (8).

6-Ethyl-6-d-5,6-dihydropyrimidine-2,4(1H,3H)-dione (4c)
was prepared from ethyl 3-oxopentanoate in five steps, as
follows.

Ethyl 3-hydroxypentanoate-3-d (5). Ethyl 3-oxopentanoate
(5.0 g, 34.7 mmol) was dissolved in 25 mL of methanol and
added at 0°C to a solution of sodium borodeuteride (0.73 g,
16.6 mmol) in methanol (25 mL). The mixture was stirred at 0
°C for 45 min, acidified with acetic acid (2 g), and the solvent
was evaporated in vacuo. The residue was extracted with ether
(4 × 25 mL), dried, and the solvent was evaporated in vacuo
to yield 4.9 g (96%) of an oily product. GC-MS showed
essentially one peak corresponding to5 (m/z 118, 102, 90, 88,

84, 76, 72, 60, 57), and a small amount (<5%) of a methyl
ester (m/z 104, 74, 72, 62, 60, 59, 57).

Ethyl 3-(p-toluenesulfonyloxy)pentanoate-3-d (6) was pre-
pared by tosylation of ester5 (p-toluenesulfonyl chloride,
pyridine, 0°C, 48 h) followed by standard workup (ice water,
extraction with chloroform, drying with MgSO4 followed by
solvent evaporation). Crude tosylate6 was used further without
purification.

Ethyl 2-pentenoate-3-d (7). Crude tosylate6 (34 mmol) was
dissolved in tetrahydrofuran (40 mL), cooled to-78 °C, and
potassium t-butoxide (3.8 g, 34 mmol) was added under
nitrogen. The reaction mixture was stirred at-78 °C for 2 h
and then allowed to warm to room temperature. Pentane (50
mL) was added, and the slurry was poured on ice/water (300
mL), the organic layer was separated, and the aqueous layer
was extracted with 3× 25 mL of pentane. The pentane solution
was washed with brine, dried with magnesium sulfate and
decolorized with active charcoal. Pentane was distilled off
through a 20 cm Vigreux column, and the residue was distilled
at ca. 100 Torr to yield 4.4 g of ester7. Mass spectrum:m/z
129 (M+•).

2-Pentenoic acid-3-d (8). Ethyl 2-pentenoate-3-d (7, 4.4 g,
34 mmol) was dissolved in a mixture of methanol (25 mL) and
water (5 mL), sodium hydroxide (2.4 g, 60 mmol) was added
and the solution was refluxed for 3 h. The solvents were
evaporated and the residue was taken in water, acidified to pH
1 with hydrochloric acid, and extracted with five 25 mL portions
of dichloromethane. Workup followed by distillation gave 2.45
g (71%) of8, bp 100°C/20 Torr.

6-Ethyl-6-d-5,6-dihydropyrimidine-2,4(1H,3H)-dione (4c).
2-Pentenoic acid-3-d (8, 2.4 g, 24 mmol) and urea (3.65 g, 61
mmol) were heated in a stainless steel pressure vessel (40 mL
volume) at 195°C for 2 h.17 The vessel was cooled to room
temperature, depressurized to release ammonia, and the gummy
residue was dissolved in 50 mL of warm water. The warm
solution was decolorized with active charcoal, filtered, and the
filtrate volume was reduced to 15 mL on a rotavap. Compound
4ccrystallized upon standing at 4°C. The crystals were collected
and recrystallized once from water. Yield 650 mg (19%), mp
192°C. 70 eV mass spectrum (m/z, rel intensity): 144 (1), 143
(11), 142 (2), 115 (7), 114 (100), 113 (51), 112 (5), 72 (3), 71
(75), 70 (12), 60 (4), 59 (2), 57 (4), 56 (3), 44 (12), 43 (14), 42
(5), 41 (3).1H NMR (300 MHz, CDCl3): 1.0 (t, 3H,-CH2CH3),
1.62 (m, 2H,-CH2CH3), 2.42 (d, 1H, H-5), 2.70 (d, 1H, H-5),
5.35 (broad s, 1H, N-H), 7.40 (broad s, 1H, N-H).

Methods

Measurements were carried out on a tandem quadrupole
acceleration-deceleration mass spectrometer described previ-
ously.18 Electron ionization was used to generate cations1+-
1c+ in a standard electron ionization source. Typical ionization
conditions were as follows: electron energy 70 eV, emission
current 500 µA, temperature 200-250 °C. Ion-molecule
reactions and charge exchange ionization were carried out in a
tight chemical ionization (CI) source. Typical ionization condi-
tions were as follows: electron energy 100 eV, emission current
1-2 mA, temperature 280-300°C, ion source potential 80 V.
NH3, ND3, acetone, CD3COCD3, and 2-methylpropane, water,
and D2O were used as CI reagent gases at pressures 1.0-1.5×
10-4 Torr as read on an ionization gauge located at the diffusion
pump intake. Stable precursor ions were passed through a
quadrupole mass filter operated in the radio frequency-only
mode, accelerated to the total kinetic energy of 8250 eV and
neutralized in the collision cell floated at-8170 V. The
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precursor ion lifetimes were 30-40 µs. Dimethyl disulfide
(DMDS) was admitted to the differentially pumped collision
cell (cell I) at a pressure such as to achieve 70% transmittance
of the precursor ion beam. The ions and neutrals were allowed
to drift to a four segment conduit,19 where the ions were reflected
by the first segment floated at+250 V. The neutral flight times
in standard NRMS measurements were 5.1µs. The fast neutral
species were reionized in a second cell (cell II) by collision
with oxygen at a pressure adjusted such as to achieve 70%
transmittance of the precursor ion beam. The ions formed in
cell II were decelerated, energy filtered, and analyzed by a
quadrupole mass filter operated at unit mass resolution. The
instrument was tuned daily to maximize the ion current of
reionized CS2+•. Typically, 40 repetitive scans were accumulated
per spectrum. Collisional activation of transient radicals (denoted
as NCR) was carried out in the differentially pumped conduit
between cell I and cell II using He at pressures to achieve 50%
precursor beam transmittance. The conduit segments were
maintained at+250 V to prevent detection of any reionized
species formed in this region.

Collisionally activated dissociation (CAD) spectra were
measured on a JEOL HX-110 double-focusing mass spectrom-
eter of forward geometry (the electrostatic sector E precedes
the magnet B). Ion collisions with air were monitored in the
first field-free region at pressures to achieve 70% transmittance
of the ion beam at 10 keV. The spectra were obtained by
scanning E and B simultaneously while maintaining a constant
B/E ratio (B/E linked scan).

Calculations

Standard ab initio and density functional theory calculations
were performed using the Gaussian 98 suite of programs.20

Geometries were optimized using Becke’s hybrid functional
(B3LYP)21 and the 6-31+G(d,p) basis set. For some species,
geometries were optimized with Hartree-Fock calculations, HF/
6-31G(d,p) and HF/6-31+G(d,p), as specified below. Spin-
unrestricted calculations (UB3LYP and UHF) were used for
open-shell systems. Spin contamination in the UB3LYP calcula-
tions 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
correspondence author upon request. The B3LYP/6-31+G(d,p)
frequencies were scaled by 0.963 (ref 22, for other scaling
factors see ref 23), the UHF/6-31G(d,p) frequencies were scaled
by 0.893, and used to calculate zero-point vibrational energies
(ZPVE), enthalpy corrections, and partition functions. The rigid-
rotor harmonic oscillator approximation was used in all ther-
mochemical calculations. Single-point energies were calculated
at several levels of theory. In three sets of calculations, MP2-
(frozen core)24 and B3LYP energies were calculated with basis
sets of increasing size, e.g., 6-311+G(2d,p), 6-311+G(2df,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 method25 (PMP2)20 reduced the〈S2〉 values to 0.75-
0.76. In addition, restricted open-shell (ROMP2) calculations26

were carried out for the entire set of structures to deal with
spin contamination.27 The PMP2 and ROMP2 energies were
averaged with the B3LYP energies according to the empirical
procedure that was introduced previously14a,14b,28and tested for

several systems since.29,30This resulted in error cancellation and
provided relative energies denoted as B3-PMP2 or B3-
ROMP230 as discussed below. 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,31 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) method32 which uses the 6-311G(d,p) basis
set in the large QCISD(T) calculation and the G2(MP2, SVP)
method33 which uses the 6-31G(d) basis set instead. We also
utilized the previous finding that restricted open-shell calcula-
tions (ROMP2) provided good stabilization energies for small
organic radicals.27 Basis set expansions to effective QCISD/6-
311+G(2d,p), QCISD(T)/6-311+G(2d,p), and QCISD(T)/6-
311+G(2df,p) were also tested for selected systems.

Franck-Condon energies in vertical neutralization and reion-
ization were taken as absolute differences between the total B3-
MP2/6-311+G(2d,p) energies of fully optimized ion or neutral
structures and those in which an electron has been added to an
optimized cation structure or subtracted from an optimized
neutral structure. No zero-point corrections were applied to the
calculated Franck-Condon energies.

Gradient optimizations of excited-state geometries were
performed with spin-unrestricted configuration interaction singles
(UCIS)34 using the 6-31+G(d,p) basis set. Improved energies
for excited states were obtained from UCIS and time-dependent
density functional theory15 single-point calculations using the
B3LYP hybrid functional and the larger 6-311+G(2d,p) basis
set.

RRKM calculations used Hase’s program35 that was recom-
piled for MS-DOS and run under Windows NT.36 Vibrational
state densities were obtained by direct count of quantum states
in 2 kJ mol-1 steps for internal energies up to 80-120 kJ mol-1

above the threshold. The rotational states were treated adiabati-
cally37 and the microscopic rate constants,k(E,J,K), were
Boltzmann-averaged over the thermal distribution of rotational
J and K states pertaining to the ion source temperature. Thermal
rate constants were calculated using the standard transition state
theory formulas.38 The activation energies were taken from
single-point calculations and the partition functions were
calculated from the B3LYP/6-31+G(d,p) moments of inertia
and scaled harmonic frequencies using the rigid rotor-harmonic
oscillator approximation.

Results and Discussion

Specific generation of radicals by neutralization-reionization
mass spectrometry in the gas-phase relies on fast collisional
electron transfer to a cationic precursor. The precursor cation
is synthesized by the methods of gas-phase chemistry, acceler-
ated to a high velocity (118 625 m s-1 for 1+) and discharged
by a glancing collision with dimethyl disulfide as a thermal
electron donor (Scheme 2).19 Because the electron transfer must
occur over the distance of a few molecular diameters (5-10
Å),39 the time scale for the formation of1 is limited to <8 fs.
This implies that the radical is initially formed with the geometry
of the precursor ion. Hence, ion1+ must be prepared by a
reliable method and its structure must be examined carefully
by available experimental and computational methods.14

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)
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Ion Structures and Energetics.Cation 1+ was generated
efficiently by 70 eV dissociative ionization of 6-ethyl-5,6-
dihydrouracil (4, Scheme 2). Deuterium-labeled ions1a+-1c+

were prepared accordingly using the labeled precursors4a-
4c. Ion 1+ showed a singlet peak in a high-resolution mass
spectrum that had the correct elemental composition, C4H5N2O2

(measured 113.0348, calc. 113.0351), as established by accurate
mass measurements. Ion1+ was further characterized by
collisionally activated dissociation (CAD) mass spectra.

Unimolecular dissociations of1+ proceeded mainly by
elimination of HNCO to form a C3H4NO+ ion at m/z 70
(measured 70.0295, calculated 70.0293) that dominated the
metastable-ion and CAD spectra (Table 1). Deuterium labeling
in 1a+-1c+ indicated a clean elimination of HNCO containing
the N-1 and/or N-3 nitrogens that was not accompanied by
hydrogen atom exchange between the NsH and CsH hydrogen
atoms (Table 1). Energy calculations confirmed that elimination
of HNdCdO containing C-2 and N-3 was the lowest-energy
dissociation of1+ that required 165 kJ mol-1 to form HNd
CH-CH2-CO+ (9+) at the 0 K thermochemical threshold
(Table 2). Formation of the isomeric CH2dCH-NH-CO+

(10+) ion by elimination of HNdCdO containing C-4 and N-3
was slightly more endothermic and required 186 kJ mol-1 at
the 0 K thermochemical threshold. These ring-cleavage dis-
sociations may have activation energies above the dissociation
thresholds (see below for radical dissociations), but these were
not studied here. Loss of H atom from1+ to form the uracil
cation-radical (11+•) was calculated to be substantially endo-
thermic (360 kJ mol-1, Table 2). The high threshold energy for
the loss of H explained why it did not occur competitively in
metastable-ion or collisionally activated dissociations.

Because electron ionization usually does not form ions with
a narrow distribution of internal energies, a more specific
ionization means was sought to generate1+. The appearance
energy for the formation of1+ from 4 was calculated by B3-
PMP2/6-311+G(2d,p). Assuming that4 was thermalized at the
ion source temperature (523 K), the calculated appearance
energies (AE) ranged between 9.3 and 10.1 eV for the products
(1+ + C2H5

•) formed with internal energies corresponding to 0
and 523 K, respectively. Charge-transfer ionization with COS+•

(IE ) 11.18 eV)40 was therefore deemed to be sufficiently
exothermic to promote fast dissociation of4+• to form 1+ that
would have a range of internal energies that was bracketed by
the ionization exothermicity,IE(COS)- AE(1+) ) 1.08-1.88
eV and the lowest dissociation threshold of the ion (vide supra).
In addition, the excess internal energy in the1+ thus formed
(<1.9 eV) should be dissipated by collisions with COS in the
high-pressure CI source. Fully thermalized1+ was calculated
to have 43 kJ mol-1 mean internal energy at 523 K.

The relative energies of1+ and several other ion isomers were
calculated at a high level of theory recently.41,42 In the context
of the present work, we note that1+ is only the fifth most stable
isomer in the family of protonated uracil cations and is 82 kJ
mol-1 less stable than N-1 protonated 2,4-dihydroxypyrimidine,
which is the most stable ion isomer.41,42 Regarding the other
relevant ion isomers, it is noteworthy that cation2+ was unstable

SCHEME 2

TABLE 1: Collisionally Activated Dissociation Spectra of
Ions 1+ and 1a+-1c+

relative intensitya relative intensitya

m/z 1+ 1a+ 1b+ 1c+ m/z 1+ 1a+ 1b+ 1c+

114 0.9 0.6 45 0.9 5.7 0.3
113 0.7 44 1.4 4.4 5.3 3.0
112 1.1 0.2 43 5.7 5.0 4.8 4.8
97 0.2 41 3.3 3.3 2.2 2.9
87 0.6 40 3.0 1.9 1.0 1.5
86 0.2 39 1.0 0.7 0.5 0.6
85 0.7 0.5 38 0.7 0.7 0.8 0.6
84 0.5 0.2 30 0.5 0.2
72 0.9 61.5b 0.5 29 0.5 5.6 1.7 4.4
71 0.7 59.2b 1.6 64.4b 28 3.8 1.5 4.9 1.4
70 65.6b 4.0 2.7 4.0 27 1.0 1.0 1.3 0.8
69 3.8 1.8 0.8 0.4 26 0.7 0.8 0.5 0.4
68 1.6 0.9 17 0.8
67 0.4 0.2 16 0.6 0.5
57 0.3 15 0.7 0.5 0.4
56 0.4 14 0.3
55 0.4
54 0.4 0.3
53 0.5 0.3
52 0.5

a Relative to the sum of CAD ion intensities.b Dominant product
of metastable ion dissociations.

TABLE 2: Ion Dissociation Energies

energya

species/reaction basis set B3LYP MP2b B3-MP2b QCISDc QCISD(T)c

1+ f 9+ + HNdCdO 6-31+G(d,p) 169
6-311+G(2d,p) 159 164 161 169 166
6-311+G(2df,p) 158 164 161 169 166
6-311+G(3df,2p) 156 163 159 169 165

1+ f 10+ + HNdCdO 6-31+G(d,p) 191
6-311+G(2d,p) 169 177 173 187 183
6-311+G(2df,p) 163 178 170 188 184
6-311+G(3df,2p) 161 179 170 189 186

1+ f 11+• + H• 6-31+G(d,p) 351
6-311+G(2d,p) 348 351 (359)d 349 (353)d 358 (358)d 356 (356)d

6-311+G(2df,p) 346 350 (357) 348 (352) 357 (356) 355 (355)
6-311+G(3df,2p) 347 355 (362) 351 (354) 361 (361) 360 (361)

a In units of kJ mol-1 at 0 K. b From spin-projected MP2 energies wherever it applies.c From effective energies with basis sets expanded according
to eq 1.d From restricted open-shell MP2 calculations.
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and isomerized spontaneously to1+.41 It can be readily shown
that an isomerization of1+ by intramolecular proton migration
to form a more stable cation isomer must involve at least one
four-membered transition state and therefore is likely to face a
substantial energy barrier.41 Ion 1+ is therefore kinetically well
stabilized against isomerization to more stable structures.

Formation and Dissociations of Radical 1.Collisional
neutralization of1+ yielded a fraction of nondissociating radicals
that following reionization gave rise to abundant survivor ions
that appeared atm/z 113 in the NR mass spectrum (Figure 1a).
The dissociations observed upon NR comprised loss of H (m/z
112) and ring-cleavages producing HNCO (m/z43) together with
the complementary C3H4NO fragment atm/z 70, C3H3NO at
m/z 69, fragments of the C2HxN and CHxN groups atm/z 38-
42 andm/z 26-28, respectively, and CO atm/z 28.

The NR spectrum of1+ generated by charge exchange
ionization with COS+• of 4 was closely similar to the spectrum
of the ion made by 70 eV electron ionization and is not shown
separately. This indicated that effects on NR dissociations of
1+ of the precursor ion energy were negligible or that stable1+

produced by electron ionization had internal energies close to
thermal. Collisional activation with helium of the intermediate
fast neutral species resulted in deeper dissociations that enhanced
the formation of small fragments in the NCR spectrum (Figure
1b).

The dissociation mechanisms were elucidated by deuterium
labeling. NR of the 1,3-D2-labeled ion1a+ showed a clean
(>95%) loss of a light hydrogen from C-5 and/or C-6 (Figure
2a). These positions were distinguished in the 6-D-labeled ion
1c+ which upon NR showed clean (>99%) loss of a light
hydrogen (Figure 2b). NR of the 5,5-D2-labeled ion1b+ showed

predominant loss of D (Figure 2c), in line with the foregoing
results. A small fraction of loss of H (ca. 15%) from1b+ can
be attributed to an admixture of 1,5-D2 or 3,5-D2 isotopomers
that were not distinguished by mass from1b+. The correspond-
ing radicals were expected to eliminate H-5 rather than D-5,
because of isotope effects (see below). The specific loss of H
from the C-5 methylene group in1 indicated exclusive formation
of the most stable uracil tautomer11 by NR dissociations.

The ring cleavage yielding C3H4NO showed predominant
retention of H-1 and/or H-3 in the eliminated HNCO molecule,
as evidenced by the appropriate mass shifts ofm/z 70 tom/z 71
in the complementary C3(H,D)4NO fragments (Figures 2a-2c).
The HNCO molecule lost can include the C-2 carbonyl group
in combination with the N-1-H or N-3-H groups, or the C-4
carbonyl and the N-3-H group. These were not distinguished
by the present labeling experiments. Energy arguments favor
cleavage of the C-4sC-5 and C-2sN-3 bonds to eliminate
HNCO containing N-3 and C-4, as discussed below. Deuterium
labeling further revealed that them/z 28 fragment consisted of
CO and HNCH, where the latter contained the C-6 methine
group.

Dissociation Products of 1.To characterize some of the
important fragments produced by dissociation of1 we obtained
reference NR spectra of the uracil cation radical (11+•, m/z112),
C3H4NO+ (m/z70) prepared by dissociative ionization of4, and
C3H3NO+• (m/z 69) that was prepared from two different
precursors, e.g., by dissociative ionization of uracil and male-
imide by loss of HNCO and CO, respectively. The NR spectra
are shown in Figure 3a-d. NR of uracil showed an abundant
survivor ion in keeping with the stability of the neutral molecule
(Figure 3a). The major dissociation was loss of HNCO to form
C3H3NO at m/z 69. This is also an abundant dissociation of
cation-radical11+• upon electron ionization and its occurrence

Figure 1. (a) Neutralization (CH3SSCH3, 70% transmittance)-reion-
ization (O2, 70% transmittance) mass spectrum of1+. (b) Neutralization
(CH3SSCH3, 70% transmittance)-collisional activation (He, 50% trans-
mittance)- reionization (O2, 70% transmittance) mass spectrum of1+.

Figure 2. Neutralization (CH3SSCH3, 70% transmittance)-reionization
(O2, 70% transmittance) mass spectra of (a)1a+, (b) 1c+, (c) 1b+. The
insets show expanded regions of survivor ion peaks from separate
multiscan measurements.
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in the NR spectrum of11+• can be due to a combination of
neutral and post-reionization dissociations. Interestingly, NR of
1+ and11+• showed very similar [m/z69]/[m/z112] abundance
ratios, 0.32 and 0.31, respectively, which indicated that the
formation of them/z69 fragment from1 was due to consecutive
dissociations1 f 11 f C3H3NO+•. In addition, one can use
the relative abundances ofm/z 112, m/z 69, and other ions in
the NR spectrum of11+• to subtract the contributions of
dissociations of reionized11+• in the NR spectrum of1.43 These
amounted to 45% of the total NR ion intensities and cor-
responded to the fraction of1 that dissociated by loss of H-5 to
form 11. The remaining 55% of the NR fragment ion intensities
were due to ring cleavage dissociations of1 or post-reionization
dissociations of1+. The contributions of the latter two processes
were roughly estimated as follows. Assuming that the relative
intensity of them/z 70 ion in the NR spectrum (12.5%) was
due entirely to dissociations of reionized1+ (see below), we
obtain from the corresponding CAD relative intensity of the
m/z 70 ion (60%) that 12.5/0.6≈ 21% of all ring fragments
originated from reionized1+.43 The contribution of the radical
ring-cleavage dissociations was therefore 55-21 ) 34%. After
this separation of ion and radical dissociations, the branching
ratio for ring cleavages and loss of H-5 in neutral1 is estimated
as 34/45≈ 0.75.

The NR spectra of the C3H3NO+• ions prepared by dissocia-
tive ionization of uracil and maleimide were very similar and
indicated identical ion structures or mixtures thereof (Figure
3c-d). The substantial survivor ion atm/z 69 indicated that the
C3H3NO intermediate was a stable species. This indicates that
if formed as a neutral molecule by dissociations of radical1,

C3H3NO would be detected efficiently in the NR mass spectrum.
We did not investigate the structure of the C3H3NO+• fragment
further, although the NR dissociations were compatible with
both the HNdCH-CHdCdO+• and 3-propenelactam+• struc-
tures.

In contrast to C3H3NO, the NR spectrum of C3H4NO+ (m/z
70) showed only a weak survivor ion and a dominant formation
of CO (m/z 28) and CH2CHdNH (m/z 42) (Figure 3b). This
attested to the low stability of the C3H4NO radical in keeping
with the calculated bond dissociation energy for CH2dCH-
NH-CdO• f CH2-CHdNH• + CO that required only 7 kJ
mol-1 at the 0 K threshold. The radical energetics is discussed
in more detail later in the paper. The low stability of neutral
C3H4NO corroborates the conclusion that the prominentm/z70
peak in the NR spectrum of1 must be due to a stable ion formed
by a post-reionization dissociation of1+. Conversely, however,
transient formationof CH2dCH-NH-CdO• from 1 followed
by itsconsecutiVe dissociationsis compatible with the formation
upon NR of abundant low-mass fragments HNCO, CH2-CHd
NH•, and CO.

In summarizing the observed unimolecular dissociations of
1, loss of a hydrogen atom from C-5 was a specific dissociation
of the radical. Ring cleavages also occurred in1 and gave rise
to small-mass fragments HNCO, CH2-CHdNH, and CO.

Dissociation Energetics of 1.To interpret the observed
dissociations of uracil radicals, we performed ab initio and
density functional calculations of the pertinent relative, activa-
tion, and dissociation energies. The energies were obtained at
several levels of theory as summarized in Table 3. The energies
obtained at the highest levels of theory, which in this work were
effective QCISD(T)/6-311+G(3df,2p) and B3-PMP2/6-311+G-
(3df,2p), are visualized in a potential energy diagram (Figure
4). At all levels of theory1 was the most stable uracil radical,
followed by 5,6-dihydropyrimidine-2,4(1H,3H)-dion-5-yl (2),
3, 4,5-dihydro-2-hydroxy-pyrimidine-4(3H)-on-2-yl (12, Figure
5), and 2-hydroxy-5,6-dihydropyrimidine-4(3H)-on-5-yl.12 A
number of other tautomeric radical structures were also calcu-
lated to be local energy minima, which are not discussed here.
Out of these, radicals1, 2, and3 were hydrogen atom adducts
to the most stable uracil tautomer11, which were of most
interest for uracil radical chemistry.

The optimized structure of1 was unexceptional, as shown
in Figure 5. The ring in1 was only slightly puckered with C-5
being out of plane and the axial hydrogen atom (H-5a) pointing
nearly perpendicular to the ring. The radical site in1 was
localized mainly at C-6, as indicated by the calculated atomic
spin density (0.92). The unpaired electron can activate cleavage
of bonds to the adjacent atoms, e.g., N-1sC-2, N-1sH-1, C-5s
H-5, and C-4sC-5. Dissociation products resulting from cleav-
age of these bonds were therefore of interest. Loss of H-5a was
the lowest-energy dissociation of1 that required 114 kJ mol-1

at the 0 K thermochemical threshold (Figure 4, Table 3). The
dissociation involved a transition state (TS1) that was 133 kJ
mol-1 above1 and 19 kJ mol-1 above the products. Hence,
addition of a H atom to C-5 in uracil had an activation energy
barrier. Dissociation of the N-1sH-1 bond in1 was 177 kJ
mol-1 endothermic to form the less stable uracil tautomer13.41,42

In addition, the dissociation must proceed through a transition
state (TS2) that was 203 kJ mol-1 above1 and 26 kJ mol-1

above the threshold energy for the formation of13and H atom.
The large energy difference betweenTS2 and TS1 strongly
favors elimination of H-5a in perfect agreement with experiment.
A transition state (TS3) was also located for the 1,2-migration
of a hydrogen atom from C-5 to C-6 that resulted in a mildly

Figure 3. Neutralization (CH3SSCH3, 70% transmittance)-reionization
(O2, 70% transmittance) mass spectra of dissociation products: (a)
[uracil]+•, (b) m/z 70 ion from dissociative ionization of4, (c) m/z 69
ion from dissociative ionization of uracil, and (d)m/z 69 ion from
dissociative ionization of maleimide.
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endothermic isomerization of1 to 2. However, theTS3 energy
(168 kJ mol-1 above1) was substantially higher than that for
TS1 (Table 3).

The large difference in the activation energies for the loss of
H-5a and isomerization to2 indicated that the former dissocia-

tion should be kinetically preferred. This was supported by
RRKM calculations of unimolecular rate constants that were
performed using both the effective QCISD(T)/6-311+G(3df,2p)
and B3-PMP2/6-311+G(3df,2p) potential energy surfaces. In
each case, the loss of H-5 was 2-3 orders of magnitude faster
than the isomerization for reactant internal energies up to 200
kJ mol-1 above the threshold (Figure 6). Loss of a deuterium
atom from C-5 in1b was also substantially faster than migration
to C-6, as indicated by the pertinent RRKM rate constants (not
shown). These findings were perfectly consistent with the results
of deuterium labeling that showed a clean loss of a deuterium
atom from C-5. Had isomerization to2 occurred, H and D would
have become equivalent at the C-6 methylene in the intermediate
radical 2 and therefore would have been lost competitively.
Interestingly, the transition state for the hydrogen atom loss from
C-6 in 2 (TS4) was belowTS3, so that loss of H-6 could also
be expected to occur without isomerization to1 (Figure 4).

Mechanisms for Ring Opening in 1.Ring cleavage dis-
sociations of1 were all endothermic (Figure 4). Dissociation
of the C-4sC-5 bond proceeded with concomitant rotation of
the incipient vinyl group about the N-1sC-6 bond to produce
an open-ring intermediate,anti-syn-syn-anti-2,4-diazahex-5-en-
1,3-dion-1-yl (14a, Scheme 3) that was 116 kJ mol-1 less stable
than1 (Table 3). This reaction path was confirmed by intrinsic
reaction coordinate calculations44 from the transition state for

TABLE 3: Dissociation and Activation Energies for Uracil Radicals 1 and 2

energya,b

reactionc

method (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

B3LYP/6-31+G(d,p) 133 140 203 214 163 111 148 124 156 148 184 209 208 125 137
B3LYP/6-311+G(2d,p) 127 137 196 210 162 107 144 121 154 130 165 200 197 118 133

126d 130 119
B3LYP/6-311+G(2df,p) 125 135 198 211 161 128 168 116 131
B3LYP/6-311+G(3df,2p) 125 135 198 212 161 105 143 124 156 126 166 198 200 116 131
PMP2/6-311+G(2d,p) 100 124 165 199 165 117 151 120 154 148 170 222 209 89 119

102d 124 93
ROMP2/6-311+G(2d,p) 96 120 161 194 160 116 154 119 152 147 168 219 212 84 117

98c 127 87
PMP2/6-311+G(2df,p) 96 119 166 201 161 155 184 84 114
ROMP2/6-311+G(2df,p) 92 115 162 195 155 153 182 79 112
PMP2/6-311+G(3df,2p) 101 122 172 204 161 120 156 130 162 155 183 229 227 88 117
ROMP2/6-311+G(3df,2p) 97 118 168 199 155 119 158 129 161 154 181 226 231 83 115
QCISD/6-311+G(2d,p)
PMP2 122 144 178 208 179 117 157 115 151 153 170 236 176 112 141

123d 145
ROMP2 122 145 179 210 178 119 156 116 152 154 167 235 177 112 141

123d 144
QCISD/6-311+G(2df,p)
PMP2 117 140 180 210 174 159 183 107 136
ROMP2 118 140 180 211 173 160 184 107 137
QCISD/6-311+G(3df,2p)
PMP2 122 142 185 213 174 120 161 124 159 160 182 243 195 111 139
ROMP2 123 143 186 215 173 121 160 125 161 161 183 242 196 112 139
QCISD(T)/6-311+G(2d,p)
PMP2 113 134 170 199 173 114 150 112 144 147 165 220 179 102 130
ROMP2 114 135 170 200 171 115 149 113 146 148 165 219 179 102 131
QCISD(T)/6-311+G(2df,p)
PMP2 109 130 172 200 168 154 179 97 126
ROMP2 109 131 172 202 166 155 179 97 126
QCISD(T)/6-311+G(3df,2p)
PMP2 114 133 177 203 168 116 154 121 153 154 178 227 197 101 128
ROMP2 114 133 178 205 166 118 153 122 154 155 178 226 198 102 129
B3-PMP2/6-311+G(2d,p) 114 130 180 205 164 112 148 120 154 139 168 211 203 103 126

114d 127 106
B3-PMP2/6-311+G(2df,p) 110 127 182 206 161 141 176 100 123
B3-PMP2/6-311+G(3df,2p) 113 129 185 208 161 112 149 127 159 140 175 213 213 102 124

a In units of kJ mol-1 at 0 K. b From single-point energies on B3LYP/6-31+G(d,p) optimized geometries including zero-point vibrational energy
corrections.c Reaction 1:1 f 11 + H•. Reaction 2:1 f TS1. Reaction 3:1 f 13 + H•. Reaction 4:1 f TS2. Reaction 5:1 f TS3. Reaction
6: 1 f 14a. Reaction 7:1 f TS5. Reaction 8:1 f 16b. Reaction 9:1 f TS6. Reaction 10:1 f 10 + HNCO. Reaction 11:1 f 9 + HNCO.
Reaction 12: 1 f TS7. Reaction 13:1 f 17 + CO. Reaction 14:2 f 11 + H•. Reaction 15:2 f TS4. d From single-point energies on
HF/6-31G(d,p) optimized geometries (HF/6-31+G(d,p) for transition states) and zero-point energy corrections.

Figure 4. Potential energy diagram for dissociations of1 and2. Roman
numerals: B3-PMP2/6-311+G(3df,2p) energies. Bold numerals: Ef-
fective QCISD(T)/6-311+G(3df,2p) energies from basis set expansions
through PMP2 calculations.

Hydrogen Atom Adduct to C-5 in Uracil J. Phys. Chem. A, Vol. 105, No. 36, 20018345



the ring opening (TS5). Radical14acan isomerize by internal
rotations to produce several other conformers (Scheme 3). Note
that because there are four bonds for internal rotations in14a,
e.g., N-3sC-4, C-2sN-3, N-1sC-2, and N-1sC-6, there are
16 theoretically possible combinations of conformers, of which
theanti-syn-syn-synconformer is identical with1, and the all-
synconformer is impossible for steric reasons. We calculated
the relative energies of thesyn-syn-syn-anti(14b), anti-anti-
syn-anti(14c), anti-anti-syn-syn(14d), all-anti (14e), andsyn-
syn-anti-anti (14f) conformers, which all had at least one
favorable alignment of the CsO and NsH bond dipoles. The
0 K enthalpies of the conformers relative to14awere-1, 2, 4,
-6, and -31 kJ mol-1 for 14b, 14c, 14d, 14e, and 14f,
respectively.

Because the open-ring radicals14a-14f represent isomers of
1 and not detectable dissociation products, the energetics of their
further dissociations were also investigated. A dissociation of
the C-2sN-3 bond in14a-d and 14f can produceanti-anti-
CH2dCH-NH-CO• (10a) and HNCO that was calculated to
require 154 kJ mol-1 from 1. syn-anti-CH2dCH-NH-CO•

(10b) was 9 kJ mol-1 less stable than theanti-anti conformer
10a, so that the formation of10b had a correspondingly higher
threshold energy. Dissociation of1 via 14bby loss of the C-4s
O carbonyl to form theanti-anti conformer of the N-vinyl-N′-

ureidyl radical, CH2dCH-NH-CO-NH• (15, Scheme 3),
required 197 kJ mol-1 at the 0 K thermochemical threshold and
was therefore substantially more endothermic than the loss of
HNCO.

Another mechanism for ring cleavage in1 comprised dis-
sociation in1 of the N-1sC-2 bond with concomitant rotation
about the C-4sC-5 and C-5sC-6 bonds to produce an open-
ring intermediate,anti-anti-syn-anti-1,5-diazahex-1-en-4,6-dion-
6-yl (16a) (Scheme 4), that was 121 kJ mol-1 less stable than
1. The (Z)-syn-syn-anti-anti-(16b) and all-anti (16c) conformers
were also stable structures whose respective 0 K enthalpies were
1 and 20 kJ mol-1 relative to16a. A further dissociation of
16a to HNdCH-CH2-CO• (9) and HNCO required 58 kJ
mol-1 so that the product threshold energy was 178 kJ mol-1

above1. Dissociation of1 via 16aby loss of the C-2-O carbonyl
to yield thesyn-anticonformer of the 3-imidopropionamidyl
radical (17, Scheme 4) was substantially endothermic and
required 230 kJ mol-1 at the 0 K thermochemical threshold
(Figure 4).

In addition to their inherent endothermicities, the ring
cleavages in1 involved additional activation barriers that were
calculated as 154 (TS5) and 153 kJ mol-1 (TS6) for the
cleavages of the C-4sC-5 and N-1sC-2 bonds, respectively
(Figure 4). Hence, the activation energies for the ring cleavages

Figure 5. B3LYP/6-31+G(d,p) optimized structures of uracil radicals in ground electronic state. Bond lengths in ångstroms, bond and dihedral
angles in degrees. The structure of the2A state of1 was optimized with UCIS/6-31+G(d,p). The bond lengths in the2A state that differed most from
those in the2X state are shown as bold italics.
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in 1 were greater than that for loss of H-5a, but comparable to
that for isomerization to3.

Comparison of Radical Dissociation and Activation Ener-
gies Calculated at Different Levels of Theory.The data in
Table 3 allowed us to compare the performance of the various
schemes used to calculate the total of 15 dissociation and
activation energies for uracil radicals. As benchmark values,
we chose the effective QCISD(T)/6-311+G(3df,2p) energies
with which the other energies, calculated at presumably lower
levels of theory, were compared. The value of such comparisons
is in identifying schemes that equal or approach the performance
of the benchmark scheme, but are computationally less demand-
ing and therefore practical for use with even larger open-shell
systems.

The data in Table 3 (reactions 1, 3, 11, 13, and 14) showed
that B3LYP calculations mostlyoVerestimatedbond dissociation
energies in uracil radicals for basis sets ranging from 6-31+G-
(d,p) through 6-311+G(3df,2p). In contrast, PMP2 calculations
with these basis sets mostlyunderestimatedbond dissociation
energies. Simple averaging of the B3LYP and PMP2 energies
(denoted B3-PMP2) thus often resulted in error cancellation
and provided excellent agreement with the benchmark dissocia-
tion energies. In addition, the fit between the B3-PMP2 and
benchmark energies showed only a weak dependence on the
basis set used, so that even the relatively inexpensive45 B3-
PMP2/6-311+G(2d,p) dissociation energies were within 4 kJ
mol-1 root-mean-square deviation of the benchmark data.
Experimental data are scarce to provide a rigorous check for
the calculated parameters. We note, however, that the calculated
adiabatic ionization energy of uracil, 9.23 and 9.25 eV from
B3-PMP2/6-311+G(2d,p) and effective QCISD(T)/6-311+G-
(3df,2p), respectively, (Table 4) reproduced very well the
experimentalIEa (9.2 eV) that was extrapolated from the
photoelectron spectrum.46 Likewise, the B3-PMP2/6-311+G-
(2d,p) electron affinity of uracil (0.055 eV) compares well with
the experimental values, 0.054 eV47 and 0.093 eV.48

The transition state energies calculated with B3LYP/6-31+G-
(d,p) showed very good agreement with the benchmark energies
(reactions 2, 4, 5, 7, 9, 12, and 15, Table 3). However, because
B3LYP calculations overestimated bond dissociation energies,
they severely underestimated the barriers for hydrogen atom
additions, as noted previously for other systems.49

The B3-PMP2 transition state energies were mostly in very
good agreement with the benchmark data. The largest deviation
was forTS7 (reaction 12, Table 3) which was underestimated
by B3-PMP2 by 13-16 kJ mol-1. However, the overall
agreement with the benchmark energies, including reaction 12,
was within 9 kJ mol-1 rmsd. We also note that effective QCISD
calculations consistently overestimated bond dissociation and
transition state energies by 9 kJ mol-1 rmsd. These deviations
canceled out in the calculations of activation energies for
hydrogen atom additions for which QCISD performed at the
benchmark level. It may also be noted that relative energies
from spin-projected MP2 calculations did not differ significantly
from the ROMP2-based values in B3-MP2 or effective QCISD-
(T) calculations.

In summary, inexpensive B3-PMP2/6-311+G(2d,p) calcula-
tions provide very good estimates of bond dissociation and
transition state energies in uracil radicals when compared with
benchmark effective QCISD(T)/6-311+G(3df,2p) data. Other

Figure 6. RRKM unimolecular rate constants for dissociations and
isomerizations of1. Full circles: Dissociation of the C-5sH bond.
Empty circles: Ring-opening by cleavage of C-4sC-5 bond (k1).
Upside-down triangles: Ring closure14a f 1 (k-1). Squares: Dis-
sociation 14a f 10a + HNCO (k2). Diamonds: Ring-opening by
cleavage of N-1sC-2 bond (k3). Triangles: Rotation in14a f 14b.
Hexagons: Isomerization1 f 3. The dashed line at logk ) 5.13
corresponds to the rate constant for 50% dissociation on the experi-
mental time scale.

SCHEME 3

SCHEME 4
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schemes, e.g., B3LYP and effective QCISD, showed systematic
bias in dissociation or transition state energy calculations.

Kinetics of Competing Dissociations of 1.The effective
QCISD(T) and B3-PMP2 transition state energies were used
in RRKM calculations of the unimolecular rate constants for
loss of H-5a and ring cleavage dissociations in1. Figure 6 shows
the RRKM rate constants based on the effective QCISD(T)
energies; those based on the B3-PMP2 energies showed very
similar trends and are not discussed separately. The dissociation
to anti-anti-CH2dCH-NH-CO• (10a) and HNCO proceeds in
a minimum of three steps, e.g.,1 T 14af 14b f 10a, where
the ring-opening is reversible. The rate of formation of10a is
in general time-dependent,50 but can be approximated by the
time-independent Bodenstein (steady-state) formula51 through
an effective rate constant,keff ) k1k2/(k-1 + k2), wherek1 is
the rate constant for ring opening by C-4sC-5 bond dissociation
in 1, k-1 is the rate constant for the reverse ring closure, andk2

is the rate constant for the dissociation of the open-ring
intermediate14a. The branching ratio for the ring cleavage
dissociation and loss of H-5a is given bykeff/kH, wherekH is
the rate constant for the hydrogen atom loss. Exact evaluation
of thek2/(k-1 + k2) term to find thekinetically most faVorable
dissociation route would be a daunting task because of the
multitude of conformers in the open-ring intermediates14a-f,
rotational barriers for their interconversion (Figure 4), and the
multitude of transition states for the loss of HNCO from the
conformers. We have investigated the potential energy profiles
for dissociations of the C-2sN-3 bonds in14a-14f, which all
showed potential energy barriers above the dissociation threshold
corresponding to the formation of10a. As a case in point, a
transition state (TS7) was obtained for the loss of HNCO from
14b that was 112 kJ mol-1 above14b and 227 kJ mol-1 above
1 (Figure 4). This was significantly higher than the barrier for
intramolecular rotation about the CO-NH bond interconverting
14aand14b, which was 41 kJ mol-1 above14a. According to
RRKM calculations (Figure 6), the14aT 14b interconversion

was faster than the loss of HNCO in open-ring intermediates
14aand14bhaving up to 230 kJ mol-1 internal energy. Hence,
except for a fraction of highly energetic radicals, the dissociation
was the rate-determining step. RRKM calculations of the rate
constants for the dissociation of14b (k2) and ring closure in
14a (k-1) showedk2/(k-1 + k2) values ranging between 0 and
0.94 for internal energies fromTS7 up to 260 kJ mol-1 above
14a (379 kJ mol-1 above1). Note the crossover of the logk
curves fork2 andk-1 at E ) 323 kJ mol-1 (Figure 6). Hence,
the upper bound for the branching ratio for the ring cleavage
dissociations vs loss of H is given simply byk1/kH. The
calculated RRKM rate constants indicate that, at all levels of
theory, 0< k1/kH < 0.25 for1 having internal energies between
that of the dissociation threshold and 380 kJ mol-1. Hence,keff/
kH < 0.25 and the loss of H-5ashould predominate at all
internal energies.52

Discussion of Radical Dissociations: The Role of Excited
Electronic States. The calculated potential energy surfaces
suggested that elimination of a hydrogen atom should dominate
the unimolecular dissociations of radical1. In the discussion
we now compare the predicted dissociations with those observed
for radicals generated by collisional electron transfer.

The NR dissociations of1 showed specific loss of a hydrogen
from C-5 that was not accompanied or preceded by isomeriza-
tion to 2. This was in keeping with the RRKM calculated rate
constants for these competitive reactions that predicted the loss
of H-5a to be substantially faster (Figure 6). Note that the
absence of unimolecular isomerization1 T 2 in the gas phase
contrasts the acid-base-catalyzed isomerization of uracil radi-
cals in solution.5 Referring back to the present gas-phase data,
the calculated rate constants also indicated that ring cleavage
dissociations should not compete efficiently with the loss of
H-5a, which was in sharp contrast with NR dissociations of1
in which ring-cleavage dissociations producing HNdCdO and
CH2CHdNH accounted for about 34% products.

Another question related to the NR dissociations concerned
the internal energy in the radicals formed by collisional electron
transfer that drives the observed dissociations. We have shown
previously for related heterocyclic radicals14a,14bthat the vibra-
tional energy in the species that were formed in theground
electronic statewas convoluted from the internal energy of the
precursor cation and the Franck-Condon energy acquired upon
vertical electron transfer. With1, the sum of the ion mean
thermal energy, e.g., 43 kJ mol-1 for 1+ generated by charge-
exchange ionization followed thermalization at 523 K, and the
Franck-Condon energy (Table 4) results in an estimated 43+
49 ) 92 kJ mol-1 mean vibrational energy in the radical.14a

This is substantially less than the transition state energy for the
lowest-energy dissociation (TS1, 133 kJ mol-1, Table 3). In
addition, the loss of H-5a showed ca. 37 kJ mol-1 kinetic shift
to attain rate constants allowing 50% dissociation on the 5.1µs
time scale. The internal energy needed for a kinetically relevant
loss of H-5a can possibly be accessed in a fraction of radicals
belonging to the high-energy tail of the internal energy
distribution curve. However, a dissociation by ring-cleavage,
including theTS5energy and an associated 43 kJ mol-1 kinetic
shift,53 would require that dissociating1 contain>190 kJ mol-1

internal energy, which can be accessed only by an extremely
small fraction of the highest-energy radicals. Clearly, these
cannot account for the ca. 34% of ring dissociations observed.
The competition between the loss of hydrogen atom and ring
cleavage dissociations is thus incompatible with the estimated
internal energy distribution in radicals formed in the ground
electronic state.

TABLE 4: Ionization and Franck -Condon Energies

ionization
energya

Franck-Condon
energy

method 1 11 1

VNb VI c

B3LYP/6-31+G(d,p) 6.96 9.21
B3LYP/6-311+G(2d,p) 6.92 9.21 46 62
B3LYP/6-311+G(2df,p) 6.93 9.22 45
B3LYP/6-311+G(3df,2p) 6.92 9.22 45 63
PMP2/6-311+G(2d,p) 6.66 9.25 54 65
ROMP2/6-311+G(2d,p) 6.61 9.33 53
PMP2/6-311+G(2df,p) 6.70 9.34 52
ROMP2/6-311+G(2df,p) 6.66 9.41 52
PMP2/6-311+G(3df,2p) 6.72 9.35 52 65
ROMP2/6-311+G(3df,2p) 6.68 9.43 52
QCISD/6-311+G(2d,p)d 6.70 9.14
QCISD/6-311+G(2df,p)d 6.74 9.23
QCISD/6-311+G(3df,2p)d 6.77 9.24
QCISD(T)/6-311+G(2d,p)d 6.63 9.14
QCISD(T)/6-311+G(2df,p)d 6.68 9.23
QCISD(T)/6-311+G(3df,2p)d 6.70 9.25
B3-PMP2/6-311+G(2d,p) 6.79 9.23 50 64
B3-PMP2/6-311+G(2df,p) 6.81 9.28 49
B3-PMP2/6-311+G(3df,2p) 6.82 9.28 49 64

a Adiabatic ionization energies at 0 K in electronvolts.b Energy
difference in units of kJ mol-1 between the vertically neutralized radical
and the optimized neutral structure.c Energy difference in units of kJ
mol-1 between the single-point energy of the cation with the optimized
radical structure and the energy of the optimized cation structure.
d Effective energies from basis set expansions (eq 1).
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It has been pointed out recently that excited electronic states
play an important role in the dissociations of radicals formed
by femtosecond collisional electron transfer.14a,14b,54This is due
to the fact that the incoming electron can enter an unoccupied
orbital in the cation or cause excitation of a valence electron to
form the radical in an excited electronic state. Bright excited
states that have short (<ns) radiative lifetimes compared to the
µs time scale for dissociations will emit a photon and decay to
the ground electronic state without affecting the dissociation
kinetics. In contrast, photochemically dark states that haveµs
or longer radiative lifetimes can dissociate on the corresponding
potential energy surfaces or undergo internal conversion through
avoided crossings or conical intersections to a vibrationally
excited lower electronic state. Such dark excited states can be
expected to affect the dissociation kinetics by opening new
dissociation channels or by funneling the electronic energy to
vibrational energy of the ground electronic state.

Excited States of 1.We have addressed the energetics of
excited electronic states in1 by time-dependent density func-
tional theory (TD-B3LYP) and configuration interaction singles
(CIS) calculations. The former approach has been shown to
provide reliable excitation energies for several molecular
systems, whereas the energies from CIS calculations are
typically overestimated and do not converge to the ionization
limit.15 CIS calculations, combined with gradient optimizations,
were used to obtain geometries for local energy minima of the
first excited state (2A) that in turn served for single-point energy
calculations with TD-B3LYP. The calculated energies, oscillator
strengths, radiative lifetimes, and dominant configurations of
the five lowest excited states of1 are summarized in Table 5,
and the2X, 2A, and2B states depicted in Figure 7.

The 2A through2E excited states formed by vertical neutral-
ization of 1+ all had energies that were above those for the
transition states for the hydrogen losses or ring cleavages in
ground state1. Hence, any of the radiationally long-lived excited
states can drive the fragmentations of ground-state1 following
internal conversion. The calculated radiative lifetimes of the
vertically formed2A through2E states,τ ) 1/Aij, whereAij is
the Einstein coefficient for spontaneous radiative transition to
the ground state, were in theµs range, although it must be noted
that the values calculated by CIS and TD-B3LYP differed (Table
5). Following vertical electron capture to form the excited state

in a nonrelaxed geometry, the vibrational wave packet unfolds
rapidly on the potential energy surface to distribute the internal
energy among the vibrational degrees of freedom.55 Because
the Franck-Condon energies in vertical electron capture were
low, e.g., 25 kJ mol-1 from the CIS energies of the vertically
formed and fully optimized2A state, most of the vibrational
modes must remain inV ) 0 states.56 Therefore, the radiative
lifetime of radicals formed by electron capture in the2A state
also depends on the transition moments from the geometry of
the corresponding potential energy minimum. Table 5 shows
that the radiative lifetime of the relaxed2A state was comparable
to that formed by vertical electron capture, and a similar situation
was expected for the higher excited states, as well.57

TABLE 5: Excited State Energies of Radical 1

∆Ea f b τ(µs) configurationc
radical

optimized
geometry state CISd TD-B3LYPe CIS TD-B3LYP CIS TD-B3LYP CIS TD-B3LYP

(X) 1f A 5.26 3.21 0.002 0.010 0.4 0.2 30R f 31R 30R f 31R
B 5.64 3.76 0.0004 0.0015 1.8 1.1 mixedR,âh 30R f 32R
C 5.72 4.37 0.001 0.001 0.7 1.2 mixedR,â 29â f 30â
D 6.03 4.51 0.011 0.007 0.06 0.2 mixedR,â 30R f 33R
E 6.36 4.73 0.001 0.0003 0.6 3.4 mixedR,â 30R f 34R

(A) 1i A 3.66 2.31 0.0014 0.012 1.2 0.4 30R f 31R 30R f 31R
B 4.95 2.47 0.0001 0.001 9.4 3.8 mixedRh 30R f 32R
C 5.04 3.40 0.031 0.000 0.03 >20 mixedR 30R f 33R
D 5.08 3.63 0.001 0.0001 0.9 17.5 30R f 33R 30R f 34R
E 5.42 4.01 0.010 0.005 0.08 0.3 mixedR 30R f 35R

1+j A 3.84 2.02 0.0013 0.011 1.2 0.5 30R f 31R 30R f 31R
B 5.00 2.60 0.031 0.0009 0.03 3.8 mixedR 30R f 32R
C 5.03 3.42 0.000 0.0001 >20 20 mixedR 30R f 33R
D 5.13 3.60 0.0007 0.000 1.25 >20 30R f 33R 30R f 34R
E 5.38 3.94 0.0001 0.040 8.0 0.04 mixedR 30R f 35R

a Excitation energies in units of electronvolt.b Oscillator strengths.c Dominant configurations with expansion coefficients>0.85. d From spin
unrestricted UCIS/6-311+G(2d,p) single-point calculations.e From time-dependent UB3LYP/6-311+G(2d,p) single-point calculations.f UB3LYP/
6-31+G(d,p) optimized geometry of the ground electronic state.g From time-dependent UB3LYP/6-31+G(d,p) calculations.h Configurations consisting
of severalR and/orâ electron excitations.i UCIS/6-31+G(d,p) optimized geometry of the excitedA state.j B3LYP/6-31+G(d,p) optimized geometry
of the cation.

Figure 7. TD-B3LYP/6-311+G(2d,p) excitation and B3-PMP2/6-
311+G(2d,p) ionization energies of1.
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Can ring-cleavage dissociations occur on the excited-state
potential energy surface? Although detailed investigation of
excited-state potential energy surfaces of1 would be a daunting
task, an insight can be gained from the comparison of the
optimized geometries of the2X and 2A states of1 (Figure 5).
Compared with the2X state, the2A state had a planar ring (Cs

symmetry) and showed a substantial elongation of the N-1s
C-2 bond and concomitant shortening of the N-1sC-6, C-2s
N-3, and C-2sO-2 bonds. These changes upon electron
excitation are consistent with the weakening of the N-1sC-2
bond to facilitate ring cleavage.

Conclusions

The hydrogen atom adduct to the C-5 in uracil was generated
specifically in the gas phase and found to be stable on the 5.1
µs time scale. The dissociations of uracil radicals generated by
femtosecond electron capture are driven by the formation of
excited electronic states. Specific loss of an axial hydrogen from
the C-5 methylene in radical1 was observed in accord with the
calculated transition state energies and RRKM dissociation rate
constants. In addition, abundant ring-cleavage dissociations
occurred in the radicals that resulted in expulsion of HNCO
and CO.
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