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A computational study at correlated levels of theory is reported to address the structures and
energetics of transient radicals produced by hydrogen atom abstraction from C-1, C-2, C-3
C-4, C-5, O-1, 0O-3, and O-5 positions in 2-deoxyribofuranose in the gas phase and in aque-
ous solution. In general, the carbon-centered radicals are found to be thermodynamically
and kinetically more stable than the oxygen-centered ones. The most stable gas-phase radi-
cal, 2-deoxyribofuranos-5-yl (5), is produced by H-atom abstraction from C-5 and stabilized
by an intramolecular hydrogen bond between the O-5 hydroxy group and O-1. The order of
radical stabilities is altered in aqueous solution due to different solvation free energies.
These prefer conformers that lack intramolecular hydrogen bonds and expose O-H bonds to
the solvent. Carbon-centered deoxyribose radicals can undergo competitive dissociations by
loss of H atoms, OH radical, or by ring cleavages that all require threshold dissociation or
transition state energies >100 kI mol™. This points to largely non-specific dissociations of
2-deoxyribose radicals when produced by exothermic hydrogen atom abstraction from the
saccharide molecule. Oxygen-centered 2-deoxyribose radicals show only marginal thermody-
namic and kinetic stability and are expected to readily fragment upon formation.
Keywords: Carbohydrates; Hydrogen abstraction; Conformation analysis; DNA oxidative
damage; Radiolysis; Ab initio calculations; Radical stability.

Radical intermediates are known to play a critical role in the degradation of
nucleic acids caused by high-energy particles in the complex process of ra-
diation damage?. Both the nucleobase residues and the 2-deoxyribose back-
bone have been shown to be attacked by reactive species formed by irradia-
tion or pulse radiolysis, as supported by isolation of several stable products
of radiation damage?. While a number of nucleobase radicals have been de-
tected by electron paramagnetic resonance (EPR) spectroscopy after in situ
radiolysis of nucleosides and nucleotides, detection of transient saccharide
radicals faced experimental difficulties with signal detection and assign-
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ment3. This has spurred several computational studies of model saccharide
radicals that were mainly focused on obtaining structures and hyperfine
splitting constants to aid interpretation of EPR spectra. The previous com-
putational studies mainly dealt with truncated models of 2'-deoxyribo-
nucleosides. Miaskiewicz and Osman reported Mgller-Plesset level calcula-
tions for a 2-deoxyribofuranose derivative with an amino group at C-1 and
no substituent at C-54. Colson and Sevilla reported Hartree-Fock level cal-
culations for 1,2-dideoxyribose-3,5-diphosphate and 2-deoxyribose-
1-amino-3,5-diphosphate®. In a more recent study, Wetmore, Boyd, and
Eriksson studied 1-amino-2-deoxyribofuranose and 2-methyltetrahydro-
furan-3-ol as simple models of 2-deoxyribofuranose®. The common feature
of these model compounds was that they adopted the furanose ring confor-
mations that are typical of the 2-deoxyribofuranose ring in DNA, e.g., the
envelope C-3'-endo (°E) and C-2-endo (%E) conformations. For the nomencla-
ture of furanose ring conformations and pseudorotation, see ref.” However,
radicals derived from the parent saccharide, 2-deoxyribose, have not been
studied so far.

We have recently reported joint experimental and computational studies
of 2-hydroxytetrahydrofuran-2-yI® and 3-hydroxytetrahydrofuran-3-yI° rad-
icals that were generated by femtosecond electron transfer to the respective
cations in the gas phase. The radicals were found to dissociate readily by
hydrogen atoms loss and ring cleavage that were identified by isotope label-
ing and product analysis. The present study extends the previous ones in
addressing the structures and dissociation energies of carbon- and oxygen-
centered radicals derived by hydrogen atom abstraction from 2-deoxy-
ribofuranose. A computational approach is warranted by the structural am-
biguity of 2-deoxyribose that is known to exist as a pyranose in a crystalt®
and may produce a mixture of pyranose and furanose structures when
transferred to aqueous solution or the gas phase.

COMPUTATIONAL METHODS

Standard ab initio and density functional theory calculations were per-
formed using the Gaussian 03 suite of programs!!. Geometries were opti-
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mized with Becke’s hybrid functional (B3LYP)'? using the 6-31+G(d,p) basis
set. The optimized structures for most relevant species are shown in Figs
1-5. Complete geometries in the Cartesian coordinate format can be ob-
tained from the corresponding author upon request. The same level of
theory was used for frequency analysis to characterize local energy minima
(all real frequencies) and transition states as first-order saddle points (one
imaginary frequency). Improved energies were obtained by single-point cal-
culations using the B3LYP and Magller-Plesset theory®® truncated at second
order (MP2, frozen core) and the larger triple-{ split-valence 6-311+G(2df,p)
and 6-311++G(3df,2p) basis sets furnished with multiple shells of polariza-
tion functions at C, O, and H and diffuse functions at C, O (for the former
basis set), and C, O, and H (for the latter basis set). Spin unrestricted for-
malism (UB3LYP and UMP2) was used for radicals. Spin contamination was
negligible in UB3LYP calculations where the expectation values of the spin
operator were 32k 0.754. Spin contamination in the UMP2 calculated en-
ergies was also modest, [3°0< 0.764, and was treated by the standard spin
annihilation procedure!* which reduced [3°Jto 0.750. The B3LYP and spin-
projected MP2 single point energies were averaged according to the pre-
viously reported B3-PMP2 scheme®® that has been shown to achieve im-
proved accuracy at the level of highly correlated composite ab initio meth-
ods by cancelling small errors inherent to the B3LYP and MP2 approxima-
tions'®17. The B3-PMP2 energies were used to calculate relative energies
that were corrected for zero-point vibrational contributions. The reported
relative energies thus correspond to 0 K unless stated otherwise. Enthalpy
corrections and entropies were calculated from B3LYP/6-31+G(d,p) har-
monic frequencies and moments of inertia within the rigid rotor-harmonic
oscillator approximation. Solvation energies in a polar dielectric corre-
sponding to water were calculated using the refined polarizable continuum
model (PCM)'. Geometries were fully reoptimized with PCM and
B3LYP/6-31+G(d,p) using standard parameters (water dielectric constant,
K = 78.39, and van der Waals atomic radii) included in Gaussian 03 1. The
hydration free energy of the hydrogen atom (13.5 kJ mol) was taken from
the work of Gai and Garrett 1°.
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RESULTS AND DISCUSSION

Bond Dissociation Energies in 2-Deoxyribofuranose

2-Deoxyribofuranose is calculated to adopt two puckered conformations
(Fig. 1). The first one (I) is a C-2-exo envelope (,E) that shows a weak hydro-
gen bond between O-5 and H-O-1 at 2.350 A. The other (Il) is a C-4-endo
envelope (“E) that shows a stronger hydrogen bond between O-5 and
H-O-1 at 1.985 A. Structures | and Il are nearly isoenergetic at all levels of
theory, e.g., AHC; 59g(1 - 11) = -0.8 k) mol™ and AG®j ,g(1 - I1) = 0.3 k] mol™
from B3-MP2/6-311++G(3df,2p). Both | and Il are less stable than the ca-
nonical chair form of 2-deoxy-a,D-ribopyranose (I11). From the calculated
AGO 595(1 - 111) = -13.3 k] mol™* one obtains 99.1% of 111 and 0.9% of com-
bined | + Il at thermal equilibrium in the gas phase.

Fic. 1
B3LYP/6-31+G(d,p) optimized geometries of I-111. Bond lengths in A
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The free energy differences between the furanose isomers I, I, and the
pyranose isomer Ill are substantially diminished in aqueous solution.
According to the PCM solvation free energies, AG%,,, = -83, =79, and -70
kJ mol= for I, Il, and 111, respectively, the corresponding relative free ener-
gies in aqueous solution, AG®, ,qg, are calculated as AG%g ,qg(1-111) = 0.4
kJ mol™ and AG®,, »4g(11 - 111) = -4.3 ki mol™. These indicate that aqueous
2-deoxyribose may exist as a 58:42 mixture of furanose and pyranose struc-
tures.

Radical attack on | or Il is presumed to result in hydrogen atom abstrac-
tion. The reactivity of the C-H and O-H bonds can be characterized by the
relevant bond dissociation energies (BDE) that are summarized in Table |
for the most stable radical conformers. This shows that the C-H bonds al-
pha to the hydroxy groups on C-3, C-4, and C-5 have the lowest dissocia-
tion energies, followed by the C-1-H and C-2-H bonds. Predictably, the
O-H bonds are stronger than the C-H bonds, but show very similar BDE for
O-1-H through O-5-H. The difference between the dissociation free ener-
gies of the O-H and C-H bonds is further increased in aqueous solution due
to the more efficient solvation of carbon-centered radicals, as discussed be-
low.

TABLE |
Bond dissociation energies (kJ mol™) in 2-deoxyribofuranose ,E conformer 12

B3LYP B3-PMP2
Bond
6-31+G(d,p) 6-311+G(2df,p) 6-311++G(3df,2p)  AGg, . AGiss aq”

C-1-H 387 382 384 346 362
C-2-H 399 395 397 364 383
C-3-H 378 392 378 343 366
C-4-H 378 376 379 340 349
C-5-H 375 370 372 339 360
O-1-H 414 425 429 396 423
0O-3-H 417 429 433 400 429
O-5-H 415 432 435 404 440

2 Including B3LYP/6-31+G(d,p) zero-point vibrational energies and 298 K enthalpies and re-
ferring to 298 K. ® Free energies for bond dissociations in the gas phase at 298 K. © Free ener-
gies for bond dissociations in water at 298 K.
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The gas-phase BDE in | are now compared to the hydrogen atom affini-
ties (AH ) of reactive radicals that are known or thought to be important in
radiation and oxidative damage of DNA and proteins. The high hydrogen
atom affinity of the OH radical (AH,¢ = 498 k] mol=1)2° makes all hydrogen
atoms in | susceptible to exothermic abstraction. Attack at | by OH is there-
fore expected to be non-selective. By contrast, the BDE for the hydrogen at-
oms in | are uniformly greater than the hydrogen atom affinity of the per-
oxy radical, (HOO", AH = 367 kJ mol-1)2!, making H-atom abstraction by
HOO® endothermic. An attack by the reactive N-H iminyl radical generated
by H-atom abstraction from the adenine amino group (AH,; = 415
kJ mol~1)?? is exothermic only when concerning the C-H bonds in I, and
can be expected to exhibit some selectivity. Likewise, S-cysteyl, O-tyrosyl,
or C4-glycyl radical centers?® in oxidatively damaged proteins have AH, ¢ in
the range of 350-367 kJ mol-!, approaching the BDE of the weakest C-5-H
bond in 1 (372 ki mol-1), and may result in H-atom abstraction.

2-Deoxyribofuranose Radicals

The relative stabilities of deoxyribose radicals 1-9 in the gas phase and
aqueous solution depend on both the position of the radical center and the
ring and substituent conformation. The O-1, O-3, and O-5 hydroxy groups
and the C-5 methylene introduce four degrees of freedom for internal rota-
tion that result in a total of 3* = 81 theoretical staggered conformations for
each substituent. The gas-phase structures are discussed first. The O-1 hy-
droxy group greatly prefers the conformation in which the positive end of
the O-1-H dipole is oriented toward the furanose ring oxygen atom (O-6)&.
Likewise, the O-3 hydroxy group prefers conformations that minimize the
dipole—-dipole interactions between the O-1-H proton and the hydrogen at-
oms at C-2 and C-3.

Radical 1la (Fig. 2) assumes a C-2-endo (°E) ring conformation with O-5
pointing toward endo-C-2-H. This conformation is only slightly less stable
than the C-4-endo (“E) conformation in 1b that shows a weak hydrogen
bond between O-5-H and the ring oxygen atom at a 2.650 A distance. The
third conformer (1c, %T) has a twisted conformation in which the C-5-O-5
dipole aligns with the C-3-H-3-endo dipole. The conformational effects on
the conformer relative stabilities are minor for C-1 radicals and do not ex-
ceed 6 ki mol™ (Table II).

Larger effects are found for the C-2-centered radicals 2a-2c which prefer
envelope ring conformations. The most stable conformer in this group, 2b
(“E), has the O-5-H bond pointing towards the ring oxygen atom O-6 at a
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2.759 A distance (Fig. 2). The other two rotamers, 2a (°E) and 2c (*E), lack
this attractive dipole-dipole interaction and are destabilized by 21 and 11
kJ mol-1, respectively, relative to 2b.

The C-3-centered radicals 3a and 3b have envelope ring conformations
(*E and ,E, respectively), that are enforced by hydrogen bonding involving
the O-5 hydroxy group. In 3a, the O-5-H proton forms a hydrogen bond to

Fic. 2
B3LYP/6-31+G(d,p) optimized geometries of 1a-1c and 2a-2c. Bond lengths in A
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O-1 at a 2.058 A distance. This conformation is 13 ki mol~* more favorable
than that in 3b, which shows a hydrogen bond between O-3-H and O-5 at
a 2.189 A distance (Fig. 3).

Effects of C-5 and O-5 conformations are diminished in the C-4-centered
radicals 4a and 4b that both have C-2-exo (,E) ring conformations in which
the furanose ring is flattened at C-4 due to its sp? hybridization (Fig. 3).
4b is the second most stable radical overall while 4a is only 5 kJ mol less
stable than 4b (Table II).

1

Fic. 3
B3LYP/6-31+G(d,p) optimized geometries of 3a, 3b, 4a, 4b, and 5. Bond lengths in A
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Out of the C-5-centered radicals, 5b is the global energy minimum of the
present set. This stability is mainly due to the hydrogen bond between
O-5-H and O-1 at a 1.949 A distance and the favorable alignment of the
O-5-H bond dipole with those of the ring C-O bonds (Fig. 3). It is not im-
mediately clear whether the sp?-hybridized C-5 has any significant elec-
tronic effect on stabilizing 5b relative to the C-3 and C-4-centered radicals.
In any case, the energy differences between the most stable C-5, C-4, and
C-3 radical conformers are small, indeed (<8 ki mol-, Table II).

Finally, hydrogen bonding plays a role in determining the stable confor-
mations of the oxygen-centered radicals 7-9. The O-1-centered radical 7
(“E) shows a hydrogen bond between O-1 and the O-5-H hydroxy group at

TABLE 1l
Relative energies (kJ mol™) of 2-deoxyribofuranose radicals?®

B3LYP B3-PMP2P

Species AGgqy,
6-31+G(d,p) 6-311+G(2df,p) 6-311++G(3df,2p)

la 14 13(0.6) 13(0.6) -86
1b 11 11(2) 10(2) -81
1c 17 17(3.5) -86
2a 45 46(17) -98
2b 24 25(22) 25(23) -78
2¢ 36 36(18) -91
3a 20 7(1) 7(1) -81
3b 6 3(4) 5(6) 74
4a 5 9(-10) 9(-10) -90
ab 0.6 4(-12) 4(-11) -88
5a 13 12(-8) 12(-8) -94
5b 0 0(0) 0(0) -76

40 56(62) 57(63) -70

42 59(67) 61(69) -68
9a 53 80(80) 69(69) -75
9b 41 63(80) 63(80) -61

2 Including B3LYP/6-31+G(d,p) zero-point energies and referring to the gas phase at 0 K.
b Relative free energies in water at 298 K are given in parentheses. ¢ Solvation free energies
at 298 K from PCM/B3LYP/6-31+G(d,p) optimizations.
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a 2.140 A distance (Fig. 4). Radical 8 has a twisted ring conformation (;T)
and its O-1-H bond is endo-oriented toward O-5 at a 2.308 A distance. The
O-5 centered radical 9 (*E) shows a regular hydrogen bond between O-5
and O-1-H at a 1.953 A distance. The relative stabilities of 7-9 are similar
being within 57-63 ki mol~! of 5b.

0966

TS(5b->20)

20

Fic. 4
B3LYP/6-31+G(d,p) optimized geometries of 7, 8, 9a, 9b, 20, and TS(5b - 20)
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Solvent Effects on Radical Stabilities

Owing to the narrow range of radical relative energies in the gas phase, the
order of relative stabilities of 1-9 is greatly affected by solvent effects (Table II).
The PCM solvation free energies for 1-9 fall within the range from -61 to
-91 kJ mol-t (Table II). Solvation mainly affects the O-H bond lengths that
are generally 0.02 A longer in the structures optimized in the waster dielec-
tric compared to the gas-phase ones. The largest stabilization is observed for
conformers that do not show strong intramolecular hydrogen bonds and
expose the O-H bonds to the solvent, e.g., in 2a, 4a, and 5a. In contrast,
oxygen-centered radicals 7-9 that lack one O-H bond show less stabiliza-
tion by solvent effects (Table I1). The radical relative free energies in solu-
tion point to 4b, 4a, and 5a as the most stable structures, followed by the
C-1-centered radicals 1a, 1b, and the C-3-centered ones 3a, 3b. It should be
noted that the free energy differences among these isomers are small and
well within the accuracy of the PCM model, and thus the relative ordering
of the radical stabilities may depend on the type of theoretical model de-
scribing the solvation.

Dissociation Energetics of 1-9

In addition to the structures and relative stabilities of deoxyribose radicals
1-9, we also address the energetics of their dissociations by loss of H atoms,
OH radicals, and C-C bond cleavages. Of particular interest are the dissocia-
tion energies and the nature of the saccharide products.

Radicals 1 (either conformer) can dissociate by eliminating a hydrogen
atom from the positions adjacent to C-1 (Scheme 1). Elimination of H from
O-1 produces 2-deoxyribono-1-lactone (10) at 37 kl mol-! threshold energy
from 1b (Table Ill). The O-1-H bond dissociation probably requires a higher
energy in the transition state (~90 kJ mol?), as judged by the analogous dis-
sociation in 2-hydroxytetrahydrofuran-2-yl radical®.

Dissociation of one of the C-2-H bonds would produce enol 11 at 127
kJ mol threshold energy from 1b. Although we did not study ring cleav-
ages in 1b, previous calculations with 2-hydroxytetrahydrofuran-2-yl radi-
cal indicate that the C-4-0O-6 bond can be expected to be particularly weak
and break with a ~50 kJ mol- activation energy to give radical 12. The lat-
ter can further dissociate to *CH,COOH and the enol of 3-hydroxypropanal
(Scheme 1), or undergo isomerizations by hydrogen atom migrations.

The C-2 radical center in 2b can activate the C-H, C-O, and C-C bonds
at the adjacent atoms to trigger loss of H, OH, or ring cleavage (Scheme 2).
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HO H 15 H
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Losses of H from C-1 or C-3 in 2b show very similar threshold energies, 113
and 110 kJ mol-t, respectively. These dissociations probably require transi-
tion state energies of 30-40 kJ mol in excess of the BDE, by analogy with
C-H bond dissociations in other radical systems®. The eliminations of OH
from 2b show different threshold energies for 1-OH (146 kJ mol-) and
3-OH (121 kJ mol1). Since OH additions to double bonds usually have very
low activation energies, the BDE for C-O in 2b are close approximations of
the activation energies for OH loss. Interestingly, loss of 3-OH forming the
2,5-dihydrofuran derivative 15 requires less energy than loss of 1-OH form-
ing the 1,2-dihydrofuran 14 (Scheme 2).

TABLE 111
Dissociation energies (kJ mol™) in 2-deoxyribofuranose radicals?

B3LYP B3-PMP2
Reaction
6-31+G(d,p) 6-311+G(2df,p) 6-311++G(3df,2p)

1b - 10 + H® 58 34 37
1b - 11+ H° 149 124 127
2b - 10+ H° 136 111 113
2b - 13 +H" 133 107 110
2b - 14 + OH® 138 144 146
2b - 15+ OH° 114 118 121
3b - 16 + "CH,0OH 100 85 102
3b - 17 +H° 160 119 140
4b - 17 + H” 170 144 148
4b - 18 + OH" 125 129 131
4b - 19 + OH" 123 126 128
5b - TS(5b) - 20) 99 105 106
5b - 20 81 85 86
8 - TS(8 - 22) 26 21 22
8 - 22 6 -0.5 -0.5
9b - 24+ CH,0O 26 14 14

2 Including B3LYP/6-31+G(d,p) zero-point energies and referring to 0 K in the gas phase.
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The C-3 radical center can also activate the adjacent bonds for dissocia-
tion. Scheme 3 shows the loss of the CH,OH group producing enol 16 at
102 kJ mol? threshold energy, and loss of H-3 yielding enol 17 at 140
kJ mol2.

O-milH oH
O
H
H H
HO h
3b

SCHEME 3

Dissociations of the C-4-centered radical 4b can involve a loss of H-3
forming enol 17, and eliminations of the O-5 and O-5 hydroxy groups
forming products 18 and 19, respectively (Scheme 4). The latter two disso-
ciations show very similar threshold energies, 131 and 128 kJ mol, respec-
tively, and can be expected to be kinetically competitive.

OH
HO o
\ H
H
H
18 "
17 -OH
OH
o)
HzC H H
H
HO H
19
SCHEME 4

The radical center at C-5 can activate the C-4-H, C-4-C-3, and C-4-0-6
bonds. In particular, we studied the dissociation of the C-4-C-3 bond
(Scheme 5) that results in ring opening and formation of intermediate 20
(Scheme 5). The bond cleavage requires 106 k] mol-! in the transition state
and is overall 86 kJ mol~* endothermic. The alternative dissociation of the
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C-4-0-6 bond would form a high-energy O-6-centered radical (21) that
was not considered to be competitive with the C-4-C-3 bond dissociation.

The oxygen-centered radicals 8 and 9b show very low dissociation ener-
gies for cleavages of bonds that are adjacent to the radical center. In 8, a
ring opening by cleavage of the C-3-C-4 bond is nearly thermoneutral to

SCHEME 5

form radical 22 that requires only 22 k] mol™! in the transition state,
TS(8-22). The stabilization of the transition state (TS) and 22 comes in
part from the stronger hydrogen bond between O-1-H and O-5 as evi-
denced by the shortened H---O-5 distance from 2.308 A in 8 to 1.862 A in
TS(8-22) and 1.799 A in 22 (Fig. 5). This hydrogen bond shortening is

1799
f=]
1422 8 1.437

1.217 I

1452

1.542

A

22 TS(8->22)

FiGc. 5
B3LYP/6-31+G(d,p) optimized geometries of 22 and TS(8 - 22)
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made possible by the increased flexibility of the furanose skeleton as the
C-3-C-4 bond is interrupted.

Further reactions of intermediate 22 may involve fragmentation to
glycoladehyde and a hydroxypropanal radical, or intramolecular hydrogen
transfer forming 23, followed by fragmentation by elimination of ketene
(Scheme 6). Radical 9b is calculated to undergo a very facile dissociation
of the C-4-C-5 bond to lose formaldehyde forming nor-5 radical 24
(Scheme 7). This dissociation requires only 14 kJ mol-! at the thermo-
chemical threshold (Table Ill) and is expected to have a low activation
energy.

SCHEME 6

SCHEME 7
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In summary, oxygen-centered 2-deoxyribofuranose radicals are energeti-
cally accessible by hydrogen atom abstraction from the parent saccharide
molecule by OH radical and show only marginal stability. Dissociations can
be initiated by ring cleavage followed by fragmentations in the intermedi-
ates or by losses of substituents. Carbon-centered radicals are energetically
accessible by H-atom abstraction with a variety of organic radicals, namely,
adenyl, tyrosyl, and cysteyl radicals. The H-atom abstraction from 2-deoxy-
ribose by these radicals is predicted to show some selectivity in affecting
the most reactive positions C-3 through C-5. Dissociations of carbon-
centered 2-deoxyribofuranose radicals as a rule require transition state or
dissociation energies exceeding 100 k]l mol-t. Of the dissociations studied
here, loss or transfer of H atoms and OH radicals show very similar thresh-
old energies suggesting several competitive dissociation channels. These
findings are consistent with previous experimental studies of saccharide
radiolysis that resulted in largely non-specific formation of a number of dis-
sociation products?4. One interesting finding of the present study is that H-
atom abstraction from 2-deoxyribofuranose by the peroxy radical is endo-
thermic and may render the DNA backbone immune to oxidative attack by
*OOH.

Generous support of this work by the National Science Foundation (Grants CHE-0349595 and
CHE-0342956) is gratefully acknowledged.
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