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A series of isomeric 4-aminopyrimidinium radicals were used to model hydrogen atom adducts of nucleobases
containing the 4-aminopyrimidine structure motif. Relative stabilities and activation energies for dissociations
by hydrogen atom loss have been calculated by density functional theory and ab initio methods up to effective
QCISD(T)/6-311#G(2d,p) for 4-amino-N-1-H (1), 2-H— (2), N-3-H— (3), 4-H— (4), 5-H— (5), and 6-H-

(6) pyrimidinium radicals and the 4-pyrimidylammonium radic@). (All these radicals were found to be
bound species existing in potential energy wells. The order of stabilities has been establigh@doss
stable)> 3> 2> 1> 6 > 4> 7 (least stable). Dissociations of the-dl and C-H bonds in1-7 required
activation barriers above the dissociation thresholds. RRKM calculations of unimolecular rate constants for
N—H bond dissociations ifh and3 predicted substantial stabilization of these radicals by kinetic shift in the
gas phase. Additions of hydrogen atoms to the N-1, C-2, N-3, C-4, C-5, and C-6 ring positions in
4-aminopyrimidine were found to be exothermic by 68, 70, 76, 23, 91, and 62 kJ atd K, respectively.
Hydrogen atom addition to the NHyroup was 58 kJ mol endothermic. The activation barriers for the
hydrogen atom additions to 4-aminopyrimidine were found to inversely correlate with the reaction enthalpies.
The calculated rate constants predicted predominant (95%) hydrogen atom addition to C-5. The other positions
were substantially less reactive, e.g., N-3 (2%), C-2 (1%), C-6 (0.8%), and N-1 (0.4%).

Introduction SCHEME 1

Radical attacks on pyrimidine and purine nucleobases are N —,
considered to be one of the major chemical mechanisms of DNA
damagé. When formed by radiolysis of water, the attacking oH" N + OH)" +H,0 e €
species, OHand H, are presumed to add rapidly to nucleobase (N+OH) N )

-H
residues (N, Scheme 1)in another mechanism of DNA 504 gissociation energies in the nucleobase radicals ranged

damagé, electron capture by the nucleobase (N) is presumed peyeen 79 and 134 kJ mdldepending on the nucleobase and
to form an anion-radical (N) which is quenched by protonation ¢ computational level uséHowever, to our knowledge there

in solution (Scheme 1). The resulting radical, (NH)", is have been no studies of the relative stabilities of H-atom adducts
formally analogous to the hydrogen atom adduct, but it may reqyting from attacks at other ring positions in pyrimidine and

represent a different isomeér. purine derivatives and the activation energies for the H-atom
Early electron spin resonance (ESR) studies identified H-atom gdditions.
adducts to C-5 and oxygen atom upon irradiation of cyto$he. We have recently studied a model system, 4-aminopyrimidine,
Similar results were obtained recently from heavy ion bombard- for which N—H radicals were generated in the gas phase by
ment of nucleobases at low temperatuRecently, Symons and  femtosecond electron transfer to stable aminopyrimidinium
co-workers studied cytosine and cytidine anion-radicals gener- cationst2 The 4-aminopyrimidinium radicals under study showed
ated in liquid lithium chloride glass€sOn the basis of ESR  surprising stabilities in the gas phase, which were tentatively
spectra of deuterium-labeled derivatives, they concluded thatassigned to potential energy barriers to dissociations -6HN
protonation of anion-radicals occurred on the exocyclic amino ponds. It was therefore of interest to compare the relative
group, yielding an unusual zwitteridnThese recent experi-  stabilities and dissociation energies af complete setof
mental results stressed the need for reliable relative energies o4-aminopyrimidinium radicals1(7). These radicals can be
nucleobase radicals and activation energies for hydrogen atomyiewed as simplified modelof cytosine and adenine radicals
additions. that incorporate the 4-aminopyrimidine structure motif. We now
The thermochemistry of Otand H adducts to nucleobases report a computational study that utilizes perturbational Meller
has been studied by Colson, Sevilla, and their co-workers for Plesset, quadratic configuration interaction, and density func-
selected ring positions in adenine (C-4, C-5, and C-8), guanine tional theory calculations with medium-size basis sets to provide
(C-4, C-5, and C-8), cytosine (C-3, C-5, and C-6), and thymine relative stabilities for the isomeric radicals, bond dissociation
(C-5 and C-6f71! These authors used semiempirical and energies, and activation energies for hydrogen atom additions.
Hartree-Fock-level ab initio methods with small basis sets to Rice-RamspergerKasset-Marcus (RRKM) theory is used to
evaluate isodesmic reactions for radical transfer between thecalculate microcanonical rate constants for unimolecular radical
nucleobase and a small organic radi®alhe calculated EH dissociations. Transition state theory is used to calculate rate

(N+H" —— N —% N
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constants for bimolecular addition of hydrogen atom to 4-ami-
nopyrimidine. The energy data obtained for 4-aminopyrimidine
will be used as a reference in a high-level computational study
of cytosine radicals?

Calculations

Standard ab initio calculations were carried out using the
Gaussian 94 suite of prograftfsGeometries were first opti-
mized with Hartree-Fock calculations (RHF/6-31G(d,p) for
molecules, UHF/6-31G(d,p) for radicals) and then re-optimized
with density functional theory calculations using Becke’s hybrid
functional (B3LYP}%17 and the 6-3%+G(d,p) basis set. Com-

plete optimized structures, harmonic frequencies, and moments

of inertia for 1-8 and transition states THETS(7) are
available as Supporting Information. B3LYP calculations have
been reported to provide accurate optimized geometries for a
number of system® and the 6-3%G(d,p) basis proved to be
adequate for giving good quality radical geomettfaddarmonic
frequencies were calculated with HF/6-31G(d,p) or B3LYP/6-
31+G(d,p) and used to characterize local minima (all frequen-
cies real) and first-order saddle points (1 imaginary frequency).
Dissociation pathways were investigated with stepwise calcula-
tions in which the dissociating bond length was frozen while
the remaining 32 degrees of freedom were fully optimized. The
B3LYP frequencies were scaled by 0.98122 and the HF
frequencies were scaled by 0.89and used to calculate zero-
point energy corrections, enthalpies, and partition functions.
Single-point energies were obtained by B3LYP and Metler
Plesset perturbational calculations truncated at second order witl
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rather unexceptional and thus deserve only a brief comment.
Compared with8, radicals1—6 showed longer bonds at the
ring atoms carrying the additional hydrogen atom, e.g., N-1,
C-2, N-3, C-4, C-5, and C-6 in—6, respectively (Figure 1).
The pyrimidine rings were only slightly puckered 1r-6. For
example, the N-+H bond in1 was deflected from the ring
plane by 8.3, whereas the N-3H bond in3 was pyramidized
more substantially (30°5 Figure 1). The latter effect may be
due to steric interaction between the N3 and N-7#H-7a
bonds, which causes out-of-plane deflection of both bonds.
Radical7 showed a long C-4N-7 bond (Figure 1). In addition,
the axial N-7#-H-7c bond in the ammonium group was notably
longer than the two equatorial N=H bonds (Figure 1).

The relative enthalpies of radicals-7 at 0 and 298 K are
given in Table 1. At all levels of theory, radicalwas the most
stable isomer followed b$. Radicalsl, 2, and6 had comparable
relative enthalpies, wheredsand 7 were increasingly desta-
bilized against5. In comparing therelative stabilities the
B3LYP and MP2 methods gave results that were in good
agreement£10 kJ mot?1) with those from the higher level
QCISD(T) calculations.

Radical Dissociations and Hydrogen Atom AdditionsThe
calculated total energies df~7 and the energy o8 allowed
us to obtain the energies for hydrogen atom additior& aod
for the reverse dissociations of the correspondingHNand
C—H bonds in the radicals. The data showed that theHN
and C-H bond dissociations wendothermidor all positions

in 8 except the amino group (Table 2). Isomdrs6 were

rfherefore thermodynamically stable with respect to dissociations

frozen core excitations (MP2) using the larger 6-311G(2d,p) © 8 and a hydrogen atom, while isom@rwas metastable.

and 6-311#G(2d,p) basis sets. The spin-unrestricted MP2
calculations (UMP2) were affected by contamination from
higher spin states that gave total spin valu&& 1= 1.1-1.2.
Annihilation of higher spin states by spin projecfibfPreduced
the [(®0values to 0.820.85 and resulted in projected MP2
energies (PMP2) that were lower by 228 mhartree. At the
highest level of theory, quadratic configuration interaction
calculations (QCISD(T¥} were performed and extrapolated to
effective QCISD(T)/6-311+G(2d,p) energies by a composite
procedure (eq 1) based on the additivity approximation.

QCISD(T)/6-311-G(2d,p)~ QCISD(T)/6-31G(d,p)+
MP2/6-311-G(2d,p)— MP2/6-31G(d,p) (1)

This treatment is analogous to the G2(MP2) schéraad its
modificationg®~3! but uses smaller basis sets for the single-
point calculations. The QCISD(T)/6-3315(2d,p) energies were
much less sensitive to spin contamination; the use of UMP2 or
PMP2 energies in eq 1 resulted in differences in total energies
that were<1 mhartree for radicalé—7 and <3 mhartree for
transition states.

RRKM calculations of unimolecular rate constants were
performed using Hase’s prograih3 Direct counting of quan-
tum states was used to obtain microcanonical rate constants
k(E,J,K) which were Boltzmann averaged over the rotational
states to provid&(E) values. Bimolecular rate constants (mbl
cm?® s1) were calculated using the standard transition state
theory formulad*

Results and Discussion

Radical Structures and Relative Stabilities. Geometry
optimizations with B3LYP/6-3+G(d,p) gave local energy
minima for radicalsl—7 and 4-aminopyrimidine8) that were
confirmed by harmonic frequency analyses. StructlireBwere

Compared with the QCISD(T) dissociation energiasif,q),
the MP2 enthalpies were underestimated by-20 kJ mot2.
This effect was most likely due to the imperfect correction of
spin contamination in the MP2 calculations of the heterocyclic
radicals!?35 By contrast, the BSLYP reaction enthalpies were
uniformly overestimated by 1020 kJ mol. This systematic
error was probably due to a better delocalization of valence
electrons inl—7, as opposed t8 + H*, which resulted in radical
overstabilizatior?® Since the deviations in the MP2 and B3LYP
dissociation energies consistently had a similar magnitude but
opposite signs, very good agreemetitlQ kJ mot?) with the
QCISD(T) data was obtained by simple averaging of the PMP2
and B3LYP reaction enthalpies (Table 2). A similar empirical
procedure has been recently reported to provide accurate proton
affinities for a series of €gOS isomers? This correction
provides a convenient shortcut to good quality relative energies
for heterocyclic radicals and allows one to circumvent the
QCISD(T) calculations that are expensive for the systems under
study and even more so for the larger nucleobase raditals.
The reaction paths for dissociations of the pertinertHN
and C-H bonds in1—7 were investigated by B3LYP/6-31G-
(d,p) calculations that yielded transition state geometries and
zero-point energies. Activation energies for unimolecular dis-
sociations ofLl—7 and the reverse hydrogen atom additions to
8 were obtained by single-point calculations, as summarized in
Table 2. The calculated energies are related by eq 2, where BDE

)

is the dissociation energy of the—>H bond, Ers gis is the
activation energy for the bond dissociation, &g aqqiS the
activation energy for hydrogen addition to the same position in
8.

BDE(X—H) = Ers gis~ Ers ad

Dissociation of the N-+H bond in1 was calculated to require
40 kJ mot?! above the thermochemical threshold defined by
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Figure 1. B3LYP/6-31+G(d,p) optimized geometries of radicdls-7 and 4-aminopyrimidine§).
TABLE 1: Relative Energies of Aminopyrimidinium Radicals 1—7
relative energy
B3LYP/ PMP2/ PMP2/ QCISD(T)
species  6-31+G(d,p) B3LYP/6-311G(2d,p) 6-311G(2d,p) B3LYP/6-31£G(2d,p) 6-311+G(2d,p) 6-311+G(2d,py
1 18.7 22.8 244 25.3 15.1 18.6 22.0 23.4(25.2y
2 24.4 24.5 25.1 25.7 23.6 24.3 25.0 20.8(20.1¢
3 16.9 16.9 184 19.8 13.2 14.8 16.3 15.0(14.5y
4 79.4 79.8 78.1 76.4 78.9 77.8 76.7 68.0(66.9Y
5 0 0 0 0 0 0 0 0 (%
6 29.6 29.4 325 355 28.6 31.7 34.8 29.3(28.8)
7 155.5 164.2 156.8 149.3 154.0 146.3 138.6 149.4(147.5)

aIn kJ molt at 0 K.®» From eq 1° Averaged MP2 and B3LYP energies298 K values.

BDE(N-1-H) = 68 kJ mofl. The N-1-H bond was only the nodal properties of the-orbital components, e.g., along
partially interrupted in the transition state(N\—H) = 1.602 the C-2-N-3 and N-3-C-4 bonds and the dissociating N-1...H
A), which indicated substantial interaction between the 1s bond (Figure 2). The orbital analysis suggested that the reverse
semioccupied atomic orbital on the hydrogen atom and the reaction, addition of Hto 8, must involve a three-electron, two-
frontier orbitals in8. Such an interaction is visualized by frontier orbital interaction between the semioccupied 1s orbital on the
orbital plots forl, TS(1), and8 (Figure 2). The singly occupied  hydrogen atom and the doubly occupied HOMO 8n In
molecular orbital (SOMO) irl is a w-type orbital. Since the contrast, the LUMO in8 was a diffuse orbital, which had
H-1 atom lies close to the ring plane Inthe N-1-H bonding negligible coefficients at N-1 and therefore could not overlap
o-orbital and SOMO are nearly orthogonal and do not mix substantially with the 1s atomic orbital of the approaching
constructively. In the transition state, the SOMO develops into hydrogen atom. The barrier for the hydrogen atom addition to
a combination of the hydrogen s-type atomic orbital and a N-1 in 8 is probably due to the reorganization energy required
mr-orbital resembling the HOMO i8. This requires changes in  to redistribute ther electrons from the HOMO i to another
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TABLE 2: Reaction Enthalpies and Activation Energies for Dissociations of 72
relative energy

B3LYP/ PMP2/ PMP2/ QCISD(T)/
reaction r(Xx—H)® 6-31+G(d,p) B3LYP/6-311G(2d,p) 6-311G(2d,p) B3LYP/6-311G(2d,p) 6-3114+-G(2d,p) 6-311HH-G(2d,py

1—8+H 103.0 90.3 708 51.4 95.7 734 50.5 67.6(69.6F
1—TS@) 1.602 109.1 99.3 96.9 94.5 109.2 103.8 98.5 107.5
8+ H —TSQ) 6.1 9.1 26.1 43.1 13.5 30.8 48.0 39.9
2—8+H* 97.3 88.5 69.7 51.0 87.2 67.3 47.5 70.1(74.6%
2—TS@) 1.845 107.7 104.6 94.7 84.9 106.0 95.6 85.2 107.0
8+ H —TSEQ) 10.4 16.1 25.0 33.9 18.9 28.3 37.7 36.9
3—8+H 104.9 96.1 76.6 57.0 97.6 76.9 56.1 76.0(80.2%
3—TSE) 1.638 109.0 103.5 99.9 96.2 109.3 104.6 100.0 111.2
8+ H —TSE) 4.1 7.3 23.3 39.3 11.7 27.8 43.8 35.2
4—8+H° 42.4 33.2 16.7 0.3 31.9 13.9 —4.2 23.0(27.8f
4—TS@) 1.666 76.5 73.7 69.1 64.6 74.3 69.2 64.0 86.3
8+ H —TS@®) 34.1 40.5 52.4 64.3 42.4 55.3 68.2 63.4
5—8+H 121.7 113.0 94.9 76.7 110.8 91.6 72.5 91.0(94.7¢
5—TS®) 1.979 123.1 118.6 109.8 101.1 120.5 1111 101.6 117.5
8+ H —TSE) 1.3 55 14.9 24.4 9.7 19.4 29.1 26.5
6—8+H* 74.1 65.7 44.5 23.3 64.2 41.9 19.7 61.7(66.0F
6— TS(6) 1.840 85.4 82.3 70.5 58.7 83.8 71.5 59.2 100.1
8+ H — TS(©) 11.2 16.6 26.0 354 19.6 29.6 39.5 384
7—8+H* —33.7 —51.2 —61.9 —72.6 -43.2 -54.7 -66.1 —58.4(—54.1y
7—TS(@) 1.350 2.6 —8.2 55 19.2 2.0 14.8 27.6 21.7
8+ H —TS(®7) 36.3 43.0 67.4 91.8 45.2 69.5 93.7 80.0

a0 K values in kJ moil. P Dissociating bond lengths (A) in transition stateEffective energies from eq ¥.Averaged B3LYP and PMP2

energies® 298 K values.

SOMO SOMO

TS(1)
Figure 2. Frontier orbitals inl, TS(l), and8 from HF/6-31H-G(2d,p) wave functions.

orbital in the transition state. Note that this orbital interaction
differs from that for the analogous addition of a hydrogen atom
to the nitrogen atom in pyridine, which involved a conventional
H(1s)-LUMO mixing in the transition stafé.

Dissociation of the N-3H bond in3 was in all respects
similar to that of the N-+H bond. The transition state was
found atr(N—H) = 1.638 A, which required 35 kJ mdl above
the thermochemical threshold given by the BDE(NF) = 76
kJ mol at 0 K (Table 3). The frontier orbital interactions in
the dissociation of the N-3H bond in3 are shown in Figure
3. In the transition state, the-type SOMO in3 develops into
a combination of a hydrogen atom s-type orbital and the HOMO
in 8 (the latter orbital is depicted with an inverted phase). Hence,
addition of the hydrogen atom to N-3 @ involves a three-
electron two-orbital interaction resulting in reorganization of
the HOMO m-electrons.

Dissociation of the N-#H bond in7 was different. Radical

only 22 kJ mot! above7 and was accompanied by continuous
reorganization of the SOMO, which retained its nodal properties
in the transition state (Figure 4). The reverse addition of a
hydrogen atom to the amino group Biwas 58 kJ mot!
endothermic and had to overcome an activation barrier of 80
kJ moll. This activation energy is probably due to the
substantial electron reorganization during the first phase of the
addition, when the electron density is forced to flow from the
amino group into the pyrimidine ring.

Dissociation of the most stable radiéashowed a potential
energy profile continuously increasing along the €Fbcoor-
dinate up ta(C-5—H) = 1.979 A, where a transition state was
located (Figure 5). The activation energy for a hydrogen atom
addition to C-5 in8 was calculated by QCISD(T)/6-3+15-
(2d,p) at 26.5 kJ mot, which was the lowest value for any
position in8. Hence, radicab is both thermodynamically and
kinetically the most stable isomer, which should be formed

7 was a highly polarized species, which can be represented bypreferentially upon hydrogen atom addition8o

a zwitterionic structure consisting of a pyrimidine anion-radical
and the positively charged ammonium groudg Accordingly,
the SOMO in7 was ax orbital that was delocalized in the
pyrimidine ring. Dissociation of the axial N-7H bond required

Dissociations of the C-2H bond in2 and the C-6-H bond
in 6 showed rather similar characteristics (Table 3). Transition
states were found at-€H bond lengths of 1.845 and 1.85 A,
respectively. The transition states for the dissociatiorisarfd
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TABLE 3: Ab Initio Calculated Arrhenius Parameters for Dissociations of Aminopyrimidinium Radicals and Addition of
Hydrogen Atoms to 4-Aminopyrimidine

reaction Eo E2 log A r2 ki 208 100K/ ki
QCISD(T)/6-311+ G(2d,p) Energies
1—8+H 107.47 105.81 11.83 0.9997 2.2x 107
8+H —1 39.88 37.22 12.41 0.9999 7.8x 10° 0.4
2—8+H° 107.04 110.31 13.33 0.9999 9.4x 107
8+H —2 36.89 34.07 12.37 0.9999 25x 10° 14
3—8+H* 111.20 113.51 13.10 0.9999 1.6x 107
8+H —3 35.22 35.93 12.92 0.9998 4.0x 1C° 2.2
4—8+H° 86.34 88.74 12.95 0.9999 24x10°°
8+H —4 63.38 59.29 11.97 0.9999 4.0x 17 0.0
5—8+H* 117.52 120.08 12.70 0.9999 1.1x107°
8+ H —5 26.53 23.82 12.41 0.9999 1.7x 1 95.2
6—8+H* 100.08 103.20 13.29 0.9999 15x 10°
8+H —6 38.42 35.71 12.41 0.9999 14x 10° 0.8
7—8+H° 21.66 23.29 12.85 0.9998 5.7x 10°
8+H —7 80.02 72.73 13.03 0.9998 5.2x 1072 0.0
Averaged PMP2+ B3LYP/6-311+ G(2d,p) Energies
1—8+H 103.84 104.49 12.30 0.9997 9.7x 1077
8+H —1 30.75 28.09 12.41 0.9999 3.1x 10 1.0 (1.0¥
2—8+H" 95.6 98.89 13.32 0.9999 9.4x 10°°
8+H —2 28.3 25.47 12.37 0.9999 8.1x 10° 2.5(1.5)
3—8+H" 105.83 108.13 13.10 0.9999 14x 10°
8+H —3 28.94 29.65 12.92 0.9998 5.0 x 107 1.5(2.5)
4—8+H° 69.17 71.57 12.95 0.9999 1.0x 1¢°
8+H —4 55.31 51.22 11.97 0.9999 25 0.0 (0.0)
5—8+H° 111.07 113.63 12.70 0.9999 59x 1078
8+H —5 19.44 16.73 12.41 0.9999 3.0x 10° 93.4 (93.9)
6—8+H° 715 74.6 13.29 0.9999 1.6
8+H —6 29.6 26.8 12.41 0.9999 5.2 x 107 1.6 (1.1)
7—8+H° 14.83 16.43 12.85 0.9998 9.0x 10°
8+H —7 69.47 64.90 11.91 0.9998 3.7 0.0 (0.0)

a Arrhenius activation energy in kJ madl ® Bimolecular rate constants in mélcm? s~2, unimolecular rate constants in's¢ Values in parentheses
are from the averaged PMP2 and B3LYP/6-311G(2d,p) calculations.

3 TS(3) 8
Figure 3. Frontier orbitals in3, TSE@), and8 from HF/6-31H-G(2d,p) wave functions.

6 were obtained with similar energies as were the activation stability of 4-aminopyrimidinium radicals in the gas phase.

energies for additions of hydrogen atoms to C-2 and C-6, 37 The RRKM rate constants are shown in Figure 6 as plots of

and 38 kJ mol!, respectively (Table 3). log kuni versus internal energy. Radicahad a slightly higher
The C-4-H bond in4 was weak, BDE(C-4H) = 23 kJ activation energy for H loss (111.2 kJ mé) than did radical

mol~! at O K. Interestingly, the dissociation of the G- bond 1(107.5 kJ mot?). However, the logkni curves crossed at5

was found to require 63 kJ ndl above the thermochemical kJ moi above TS{) such that the N-3H bond dissociation

threshold. Radicad was therefore kinetically stabilized against in 3 was faster than the dissociation of the NH bond inl

dissociation. However, addition of a hydrogen atom to C-4 in over a broad range of internal energies (Figure 6a). Both log

8 is hampered by the presence of the large activation barrier. kyni curves showed a shallow rise with the radical internal
Dissociation and Hydrogen Addition Kinetics. Having energy. For the experimental time scale of 4s7? the half-

characterized the transition states for hydrogen loss and addition/ives for the dissociations appeared at lag = 5.17. Figure

we have calculated the rate constants for these reactions.6a shows that achieving this rate constant was accompanied by

Unimolecular rate constants for dissociations of theHNbonds substantial kinetic shiftsAE = 32 and 22 kJ mot* for 1 and

in 1, 3, and 7 were relevant to the experimentally observed 3, respectively. By contrast, dissociation of the N+ bond
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Figure 5. B3LYP/6-31+-G(d,p) potential energy profile for the  gqciations in (a)ll and3 and (b)7. kuy were calculated folf,o; = 423

dissociation of the C-5H bond in5. Circles: B3LYP/6-3%G(d,p) d 523 K. The broken li how th ; £ ; tal kineti
energies. Triangles: B3LYP/6-3115(2d,p) energies with ZPVE 2tnability forlla(rid:;(.) en fines show the region of experimental kinetic

corrections. Squares: Effective QCISD(T)/6-343(2d,p) energies with
ZPVE correct.ions. Diamonds: PMP2/6-3t®(2d,p) energies with corrections. The partition function = QeQuranQrotQuib, fOr
ZPVE corrections. the reactants and transition states were obtained from the
calculated (scaled) harmonic frequencies (gr) and moments
of inertia (for Qyoy), using standard thermodynamic formués.
Rate constants for unimolecular dissociations of thermal radicals
1—7, Kunimoi Were treated analogously.

Plotting the calculated log values against T/in the range
of T=200-550 K showed very good Arrhenius behavior with
correlation coefficients? = 0.999 or better. The fitted Arrhenius
activation energiest;) and preexponential factors (09 are
summarized in Table 3. ThE, and logA were calculated to
give Kpimol in units of molt cm® st and Kynime in s71. The
absolute rate constants for hydrogen atom additio8differed
by 2—3 orders of magnitude when calculated at the different
levels of theory. However, theelative values ki/Y ki, were
. . s similar (Table 3). Since the relative rate constants are equal to
exo;hermlc reactions. Thg kinetics of the. hydrogen atom e relative rates of hydrogen atom addition to the different sites
a_dd|_t|on_s were thgrefore of interest for establishing the product in 8, the calculated/Yk; values were used to predict the site
distribution in this model system. The rate constants for selectivities. Both the QCISD(T) and the averaged (MP2

bri]molecu!a}r reactionicﬁwitfh H, Irb"m" vggerge cra]llculate_d frhom B3LYP) calculations predicted predominant addition to C-5 in
the transition state theory formula (eq 3§ whereks is the 8, 93—95% (Table 3). The other sites were much less reactive,

Boltzmann constanila is the Avogadro numbeh is the Planck 2 (90 ) o 1410 ) o i}
constantVm, is the molar volumeT is the absolute temperature, zﬁgd,tEeBa(ri@)’ grgu(p}\?vé)r)é Enlre(aits)e,.and C-6{1%). C-4
andR s the gas constant. The calculated relative rate constants showed that the
KNV, Q averaged PMP2 and B3LYP calculations performed very well
=B ATM XIS EJRT (3) compared with the much more expensive effective QCISD(T)
mol b Q,Q(8) method. This finding is significant for the calculations of radicals
derived from larger systems, e.g., adenine, guanine, cytosine,
The Eg values were obtained from QCISD(T)/6-3%G(2d,p) uracil, and thymine, for which QCISD(T) calculations may not
transition state energies and B3LYP/6+43&(d,p) zero-point be feasible even with the moderate 6-31G(d,p) basig*set.

in 7 showed a steeply rising logn curve (Figure 6b), which
reached logk,ni = 8 within 1 kJ mof! above the transition
state energy. These calculations indicated that radicatsd3
were kinetically stabilized against dissociation 8oand a
hydrogen atom in the gas phase. Raditalas predicted to be
unstable on the microsecond time scale and should be difficult
if not impossible to prepare by collisional electron transfer. The
facile dissociation of is in an apparent contradiction with the
results of Symons, who reported a stable cytosine radical
analogous to7.” However, it is possible that the highly polar
cytosine radical was stabilized by the ionic medium or polar
solvent used in the trapping experimehts.

Additions of hydrogen atoms #® can yield isomerd—6 by
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807 . QCISD(T)/6-311+G(2d,p) 0.06 0.20
u Avg. PMP2 + B3LYP/6-311 G(2d,p) H H
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0 10 20 30 40 50 60 70 80 S0 100 Figure 8. Total atomic charges i& from Mulliken population analysis
Dissociation energy {kJ mol-1) with the 6-311G(2d,p) basis set.
Figure 7. Correlation between the energy barriers for hydrogen atom
additions and the reaction exothermicities. 311+G(2d,p) calculations predicted C-5 to be the preferred site

) o ) ~ of H atom attack to give rise to the most stable 4-amind)5(
Neyertheless, investigations of potential energy surfaces in pyrimidinium radical. Additions to all ring positions Bwere
radicals were tedious even 7. In nucleobases, the large  axgthermic. Addition to the amino group was endothermic.
number of tautomers and radicals derived therefrom presents ap\ip2 and B3LYP calculations showed systematic errors of
daunting task for selecting the kinetically relevant transition gimilar magnitude but opposite signs. Averaged PMP2 and
states. We found empirically that fdr-7 the energy barriers B3| P energies gave reaction enthalpies and activation energies
(Eg) for the hydrogen atom additions correlated with the reaction hat agreed well with the QCISD(T) data. The calculated
exothermicities £ AHaqg according to eq 4. activation energies for H atom additions 8ocorrelated with
E — —aAH. . +c @) the reaction exothermicities. The use of inexpensive MP2 and
0 add B3LYP computations and the empirical correlations between
the radical stabilities and activation energies are promising for
predicting the reactivity of heteroaromatic molecules and
nucleobases in radical additions.

The correlations are shown far-6 in Figure 7 for the effective
QCISD(T)/6-31#G(2d,p) and averaged PMP2 and B3LYP
energies. Since hydrogen atom addition to the;kbup in8

was 80 kJ moi! endothermic and therefore negligibly slow at Acknowledgment. Support of this work by the National
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