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Abstract: Reactions of differently substituted phenyl radicals with components of nucleic acids have been
investigated in the gas phase. A positively charged group located meta with respect to the radical site was
employed to allow manipulation of the radicals in a Fourier-transform ion cyclotron resonance mass
spectrometer. All of these electrophilic radicals react with sugars via exclusive hydrogen atom abstraction,
with adenine and uracil almost exclusively via addition (likely at the C8 and C5 carbons, respectively), and
with the nucleoside thymidine by hydrogen atom abstraction and addition at C5 in the base moiety (followed
by elimination of *CH3). These findings parallel the reactivity of the phenyl radical with components of nucleic
acids in solution, except that the selectivity for addition is different. Like HO*, the electrophilic charged
phenyl radicals appear to favor addition to the C5-end of the C5—C6 double bond of thymine and thymidine,
whereas the phenyl radical preferentially adds to C6. The charged phenyl radicals do not predominantly
add to thymine, as the neutral phenyl radical and HO*, but mainly react by hydrogen atom abstraction from
the methyl group (some addition to C5 in the base followed by loss of *CHj3 also occurs). Adenine appears
to be the preferred target among the nucleobases, while uracil is the least favored. A systematic increase
in the electrophilicity of the radicals by modification of the radicals’ structures was found to facilitate all
reactions, but the addition even more than hydrogen atom abstraction. Therefore, the least reactive radicals
are most selective toward hydrogen atom abstraction, while the most reactive radicals also efficiently add
to the base. Traditional enthalpy arguments do not rationalize the rate variations. Instead, the rates reflect
the radicals’ electron affinities used as a measure for their ability to polarize the transition state of each
reaction.

Introduction the sugar moiet§ Benzoyl peroxide and some other compounds
are metabolized to aromatic monoradicals (i.e., benzoyloxyl and
phenyl) that may cause DNA damage through both hydrogen
atom abstraction and addition pathwdydowever, a detailed
mechanistic understanding of these and related processes is
limited.”10

To the best of our knowledge, only one study has been
reported in the literature that specifically focuses on the

Degradation of DNA via radical attack plays an important
role in various biological processes, including chemotherapy
and carcinogenesisAmong the various radicals involved in
DNA damage, the hydroxyl radical (HDhas been the most
scrutinized due to its high abundance in human cells, high
reactivity, and hazardous potentfalts chemistry, and that of
some other electrophilic radicals (e gt-BuC, HS), is known
to be dominated by addition to the nucleobases (predominant (6) (a) Stubbe, J.: Kozarich, J. \hem. Re. 1987, 87, 1107. (b) Steenken,
addition to C5 of the C5C6 carbon-carbon double bond of S.Chem. Re. 1989 89, 503. (c) Meunier, B.; Pratviel, G.; Bernadou, J.
pyrimidine bases and to C4, CS, or CB in purine bades),  B%eor, SO ITSALF 250, Frael. O ernaton, ) ey
although hydrogen abstraction from sugars has also been _ W.-M. Angew. Chem1991, 30, 1387. ' .
reported? (7) (a) Hartley, J. A.; Gibson, N. W.; Kilkenny, A.; Yuspa, S.Eharcinogenesis

1987 8, 1827. (b) Hartley, J. A.; Gibson, N. W.; Zwelling, L. A.; Yuspa,

Some antitumor drugs, such as those of the enediyne type,  S. H. Cancer Res1985 45 4864. (c) Kensler, T. W.; Egner, P. A
R - . . Swauger, J. E.; Taffe, B. G.; Zweier, J. Proc. Am. Assoc. Cancer Res
generate aromatio,o-biradicals that are believed to cleave 1988 29, 150. (d) Swauger, J. E.; Dolan, P. M.; Zweier, J. L.; Kuppusamy,

le-stran DNA via dir hvdr n m raction from P.; Kensler, T. WChem. Res. Toxicol991, 4, 223. (e) Greenley, T. L.;
double-stranded adirect yd ogen ato abstraction fro Davies, M. J.Biochim. Biophys. Actd993 1157, 23. (f) Akman, S. A,;

Doroshow, J. H.; Kensler, T. WCarcinogenesid992 13, 1783.

(1) Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089. (8) (a) Kawanishi, S.; Oikawa, S.; Murata, M.; Tsukitome, H.; Saito, I.
(2) Blackburn, G. M.; Gait, M. JNucleic Acids in Chemistry and Biology Biochemistry1l999 38, 16733. (b) Gannet, P. M.; Powell, J. H.; Rao, R;
IRL Press: Oxford, 1990. Shi, X.; Lawson, T.; Kolar, C.; Toth, BChem. Res. Toxicoll999 12,

(3) Von Sonntag, CThe Chemical Basis of Radiation Biolggyaylor and 297. (c) Chin, A.; Hung, M.-H.; Stock, L. MJ. Org. Chem 1981, 46,
Francis: Longdon, 1987. 2203.

(4) Burrows, C. J.; Muller, J. GChem. Re. 1998 98, 1109. (9) (a) Hazlewood, C.; Davies, M. Arch. Biochem. Biophy4.996 332 79.

(5) (a) Hazlewood, C.; Davies, M. J. Chem. Soc., Perkin Trans.1D95 (b) Hazlewood, C.; Davies, M. J.; Gilbert, B. C.; Packer, JJEChem.
895. (b) Carter, N.; Taverner, T.; Schiesser, C. H.; Greenberg, Ml.M. Soc., Perkin Trans. 2995 2167.
Org. Chem 200Q 65, 8375. (10) Griffiths, J.; Murphy, J. AJ. Chem. Soc., Chem. Commu®92 24.
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reactivity of phenyl radicals toward DNA components (phenyl, substrates. The experimental approach is based on the placement
4-methyl-, and 4-methoxyphenyl; a few studfdsave appeared  of a chemically inert charged group (often pyridinium) into the
on reactions of arenediazonium ions, but the role of the free radical to allow its manipulation in the mass spectrométer.
phenyl radical in these reactions is uncle€dr)The authors Addition of neutral groups into the radical allows for the
concluded that phenyl radicals abstract hydrogen atoms fromevaluation of substituent effects on the radical’s reactivity. This
several sites in sugars but they display somewhat different approach has been employed to demonstrate that electron-
selectivity than HQ The phenyl radicals preferentially add to  withdrawing groups in positively charged phenyl radicals
the C5-C6 double bond of cytosine, uracil, and thymine, and enhance their rates of hydrogen atom abstraction from simple
their derivatives, and this is the overall dominant reaction. The organic hydrogen atom donotsthiomethyl abstraction from
addition occurs preferentially to C6 instead of C5 (the ratio of dimethyl disulfidel*2iodine abstraction from allyl iodid&P and
attack at C5 vs C6 for thymine is 0.3:1), although addition to addition to tert-butylisocyanidé&®® and to simple aromatic

C5 predominates for the electrophflicHO". This selectivity substrate3® These findings were rationalized by an increased
was rationalized by the slightly nucleophilic character of the polarization of the transition state associated with atom abstrac-
phenyl radicaP® However, no rationale was provided for the tion and additiod>16This type of structure/reactivity informa-
observed preferential addition to C5 of uracil and uracil- tion for biological radical reactions would be valuable because
containing nucleosides and nucleotides (at pH 7.4; atp#| it could allow “tuning” of the radicals’ reactivity and selectivity
addition occurs at C6¥ a site also favored by the electrophilic  toward different sites in DNA. We report here the first gas-
HOr. The phenyl radicals were reported to undergo addition to phase investigation of substituent, enthalpic, and polar effects
a base in nucleosides, but also to abstract hydrogen atoms tmn the reactivity of differently substituted phenyl radicals toward
yield sugar-derived radicals at larger amounts than found for various nucleic acid components.

HO-. Also this finding was rationaliz€8by the phenyl radicals’ . .

nucleophilic character, which was suggested to lead to faster Experimental Section

attack at the electrophilic sites in the sugar moiety. In contrast A experiments were performed using a Finnigan model FTMS 2001
to the reactivity observed for the pyrimidine bases and their Fourier-transform ion cyclotron resonance mass spectrometer (FT-
derivatives, no signals were detected for the products of the ICR) This instrument contains a differentially pumped dual cell

purine bases and nucleosides (except for adenositrgpbos- aligned within the magnetic field of a 3.0 T superconducting magnet.
phate, but the detected products could not be identified). OthersTwo Edwards diffusion pumps (800 L/s), each backed by an Alcatel
have reported the formation of 8-aryl adducts for adenine and 2012 mechanical pump, were employed to maintain a nominal base
guanine and their derivatives upon exposure to arenediazoniumPressure of<10°° Torr. Samples were used as received from the

ions in solutiont! However, whether these products are formed Manufacturer. _ _
from the free phenyl radicals or the diazonium ions was not  Charged phenyl radicala{e) were generated by using procedures
unambiguously demonstratéd reported elsewheré. 1" The precursors for radicala—d were 1,3-

The fund f h lth L foh | diiodobenzene, 1,3-dichloro-5-iodobenzene, 3,5-dibromonitrobenzene,
e fundamental factors that control the reactivity of pheny and bromobenzene, respectively. These reagents were added into one

radicals toward biomolecules were not evaluated in the above sige of the dual cell at a nominal pressure of .00°¢ Torr (measured
studies. In fact, even the study of reactions with simple organic py an ionization gauge) through a Varian leak valve or a heated solids
substrates has been limited to a few phenyl radicals carrying probe. Pyridine (3-fluoropyridine for; our previous studié& 15 have
substituents only in the para-positidht2 However, a better demonstrated that introduction of F into the pyridinium ring does not
understanding of the structural features and other factors thataffect reaction products or reaction rates; 3-iodopyridine was used for
control the reactivity of phenyl radicals toward DNA and its d) was introduced at the same nominal pressure into the same cell by
components could greatly benefit the rational design of synthetic USing a batch inlet system equipped with a variable leak valve. The

DNA cleavers and hence facilitate the development of more mixture was ionized for approximately 30 ms by an electron beam (30
efficient and less toxic pharmaceuticals eV electron energy, GA emission current). The resulting substituted

. . . . benzene radical cation was allowed to react with pyridine for 2 s, which
. C.-i-asf-phase studies pro‘{"?‘e an oppor.tunlty to. examllne theIeads to ipso substitutiéhof one of the halogen atoms. lonized meth-
intrinsic (solvent-free) reactivity of radical intermediates without 40| was used to protonate 3-iodopyridine, the precursor for raelical

the perturbation of solvation effects or competing reactions With  rranster of the substituted halobenzene ions into the other side of
substances other than the substrates of interest. In our earlieghe dual cell was carried out by grounding the conductance limit plate
studies, we have employed Fourier-transform ion cyclotron for approximately 175:s. The ions were isolated by ejecting all other
resonance mass spectrometry (FT-ICR) to examine the intrinsicions via the application of a series of stored-waveform inverse Fourier
reactivity of phenyl radicals toward various simple organic transform (SWIFTY excitation pulses to the plates of the cell. The

(11) (a) Chin, A.; Hung, M.-H.; Stock, L. MJ. Org. Chem1981, 46, 2203. (b)
Hung, M.-H.; Stock, L. M.J. Org. Chem1982 47, 448. (c) Gannett, P.
M.; Powell, H. H.; Rao, R.; Shi, X.; Lawson, T.; Kolar, Chem. Res.
Toxicol. 1999 12, 297.

(12) (a) Pryor, W. A,; Echols, J. T., Jr.; Smith, K. Am. Chem. S0d.966 88,
1189. (b) Tilset, M.; Parker, VActa Chem. Scand. B982 36, 123. (c)
Migita, T.; Nagai, T.; Abe, Y.Chem. Lett.1975 543. (d) Migita, T.;
Takayama, K.; Abe, Y.; Kosugi, Ml. Chem. Soc., Perkin Trans.1®79
1137. (e) Takayama, K.; Kosugi, M.; Migita, Them. Lett1973 215. (f)
Takayama, K.; Kosugi, M.; Migita, TChem. Lett1973 193. (g) Bunnett,

(13) (a) Thoen, K. K.; Smith, R. L.; Nousiainen, J. J.; Nelson, E. D.; Kemiz,
H.I.J. Am. Chem. So&996 118 8669. (b) Heidbrink, J. L.; Amegayibor,
F. S.; Kenttanaa, H. I., submitted for publication.

(14) (a) Li, R.; Smith, R. L.; Kenttmaa, H. I.J. Am. Chem. S0d.996 118
5056. (b) Heidbrink, J. L.; Rafrez-Arizmendi, L. E.; Thoen, K. K.; Guler,
L. P.; Kenttanaa, H. I.J. Phys. Chem. 2001, 105 7875.

(15) (a) Tichy, S. E.; Thoen, K. K.; Price, J. M.; Ferra, J. J.; Petucci, C,;
Kenttamaa, H. 1.J. Org. Chem2001, 66, 2726-2733. (b) Heidbrink, J.
L.; Thoen, K. K.; Kenttanaa, H. I.J. Org. Chem200Q 63, 645.

(16) Ramrez-Arizmendi, L. E.; Guler, L. P.; Ferra, J. J., Jr.; Thoen, K. K.;

J. F.; Wamser, C. C1. Am. Chem. Sod 966 88, 5534. (h) Pryor, W. A,;
Smith, K.J. Am. Chem. Sod.97Q 92, 2731. (i) Arnaud, R.; Bonnier, J.
M.; Fossey, JNow. J. Chim.198Q 4, 299. (j) da Silva Correa, C. M. M.;

Oliveira, M. A. B. C. S.; de Lurdes, S.; Almeida, M.; Rodrigues, P. C. M,;

Fonseca, M. M. B.; Estrada, J. M. A. G. Chem. Soc., Perkin Trans. 2
1989 1643.

)
Kenttamaa, H. I.Int. J. Mass Spectron2001, 210211, 511.

(17) Smith, R. L.; Kenttmaa, H. 1.J. Am. Chem. S0d.995 117, 1393.

(18) (a) THdman, D.; Gfizmacher, H. FJ. Am. Chem. S0d.991, 113 3281.
(b) Thdman, D.; Gfizmacher, H. FOrg. Mass Spectron1989 24, 439.

(19) Chen, L.; Wang, T. C. L.; Ricca, T. L.; Marshall, A. @nal. Chem1987,
59, 449.
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desired charged phenyl radicals were formed by homolytically cleaving
a carbor-iodo or a carborrnitro bond. This was accomplished by using
sustained off-resonance irradiated collision-activated dissociation (SORI-
CAD),?° carried out by introducing argon into the cell via a pulsed
valve assembB} (maximum nominal pressure in the celll x 107°
Torr). The ions were accelerated by exciting them continuously for 1
s at a frequency 1 kHz higher than their cyclotron frequency and were
activated via collisions with argon. The ions were allowed to cool for
400 ms via IR emission and by collisions with the neutral biomolecules
(introduced via a heated solids probe) present in the cell.

The charged phenyl radicals were isolated by ejecting unwanted ions
from the cell with a series of SWIFT pulses and were allowed to react
with the neutral biomolecules for a variable period of time-{B0 s).

The neutral reagents were introduced into the ultrahigh vacuum region
via a heated solids probe. After initial pressure variations, a stable
pressure of the biomolecules was eventually reached in the cell, thus
enabling rate measurements. Chirp excitation (124 Vp-p amplitude, 2.7
MHz bandwidth, and sweep rate of 3200 }igy was employed for
detection of the ions. All spectra are the average of4® scans that
were collected as 64k data points and subjected to one zero-fill before
Fourier transformation. Primary products were identified on the basis
of their fixed relative abundances at short reaction times.

Reactions studied under the above conditions follow pseudo-first-
order kinetics, which allows one to obtain the second-order reaction
rate constantskfy) from a semilogarithmic plot of the relative
abundance of the reactant ions versus time. The corresponding collision
rate constantsko) were estimated by using a parameterized trajectory
theory?? The efficiency of each reaction (i.e., the fraction of collisions
that lead to a reaction) is given bie/keo. The rate constant
measurements are estimated to have an accuraey56f0, with a
precision better thant10%. The greatest uncertainty arises from

measurement of the pressure in the cell. The pressure readings of the

ion gauges were corrected for their sensitivity toward each neutral

biomolecul@® and for the pressure gradient between the cell and the

ion gauge. The latter correction factor was obtained by measuring rates
of highly exothermic, barrierless reactions (i.e., electron transfer to the

CS radical cation or proton transfer from protonated acetone) assumed
to occur at collision rate for the biomolecules.

All calculations reported in this work were carried out by using the
Gaussian 98 revision A.7 suite of prografh3he geometries of most
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Results and Discussion

Gas-phase reactions of components of nucleic acids, including
D-ribose, 2-deoxyp-ribose, uracil, thymine, adenine, and thy-
midine (Scheme 1), were examined with several phenyl radicals
that each carry a pyridinium group for mass spectrometric
manipulation. The generation of the radicas-€; c carries a

of the molecules were fully optimized, and the zero-point vibrational 3-fluoropyridinium charge site) is shown in Schemes 2 and
energies (ZPVE) were calculated at the B3LYP/6-31G(d) level of 3.1*717 The radicals were isolated from other charged molecules

theory. All structures correspond to stationary points on their potential and transferred into a clean reaction chamber for reactivity
energy surfaces and possess no imaginary frequencies. The vibrationastudies. The results obtained for each different type of a substrate
energies were scaled by a factor of 0.9804 to account for the are discussed below.
overestimation of the frequencies by this method. For the calculation  Sugars.All of the charged phenyl radicals react witkribose,
of the vertical thermochemical values, the molecules’ geometries 2-deoxyp-ribose, and 10-methyl-2-deoxyp-ribose exclusively
obtained at the B3LYP/6-31G(d) level of theory were directly used ;i3 hydrogen atom abstraction (Table 1). This finding is in
in single-point calculations of their ionized forms. qualitative agreement with results obtained in solution for the
reactions of the phenyl radi€and 4-methoxyphenyl radic4l
with p-ribos€ and 2-deoxys-ribosed

Addition of an electron-withdrawing group (i.e., Cl, Br) to
the meta-position with respect to the radical site in the charged
phenyl radicak slightly enhances its reactivity toward each of
the sugars examined. In the most pronounced case, raalical
abstracts a hydrogen atom fromCtmethyl-2-deoxye-ribose
at an efficiency of 11%, whereas the bromo-substituted radical
c reacts in the same fashion at an efficiency of 20% (Table 1).
A further increase in the electron deficiency of the radical,
caused by placement of the radical site in the same ring that
contains the charge (radicalsande), drastically enhances the
efficiency of hydrogen atom abstraction. For example, radicals
d ande react with 10-methyl-2-deoxye-ribose at efficiencies

(20) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Actal991,
246, 211.

(21) Carlin, T. J.; Freiser, B. SAnal. Chem1983 55, 571.

(22) Su, T.; Chesnvich, W. J. Chem. Physl982 76, 5183.

(23) (a) Bartmess, J. E.; Georgiadis, R. Wacuum1983 33, 149. (b) Miller,

K. J.; Savchik, J. AJ. Am. Chem. Sod.979 101, 7206.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzwewski, V. G.; Montgomery, J. A, Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Camni, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B,;
Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G,
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordan, M.; Repogle, E.
S.; Pople, J. AGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh, PA,
1998.
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Scheme 2
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Eff. =4% Eff. = 6% Eff. = 11%
b Cl He Abstraction (100%) He Abstraction (100%) He Abstraction (100%)
Eff. = 6% Eff. = 9% Eff. = 19%
c Br® He Abstraction (100%) He Abstraction (100%) He Abstraction (100%)
Eff. =7% Eff. = 8% Eff. = 20%
d ) He Abstraction (100%) He Abstraction (100%) He Abstraction (100%)
é Eff. = 32% Eff. = 32% Eff. =47%
e P He Abstraction (100%) He Abstraction (100%) He Abstraction (100%)
SN +| Eff. = 53% Eff. = 54% Eff. =61%
.L

aReaction efficiency (Eff.y= second-order reaction rate constant/collision rate conskagtk{on). ® B3LYP/6-31G(d) level of theory The charged

group is 3-fluoropyridine instead of pyridine.

of 47 and 61%, respectively. The results reveal the reactivity radicals with simple hydrogen atom donors, such as tetra-
hydrofurant4? In this earlier work, we found that the polarity
in agreement with results obtained on the reactions of theseof the H abstraction transition state (polar effects) was an

patterna (R = H) < b (Cl) ~ ¢ (Br) < d < e. This finding is

J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003 2275
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important factor controlling the reactivity of the radicals toward

simple organic hydrogen atom donors. To test whether the same
rationale applies to sugar molecules, the enthalpic and polar

factors associated with these reactions were evaluated, as 0
described below. SNy

Enthalpic Effects. Differences in the thermodynamic driving /@ D-Ribose 2-deoxy-D-ribose |  1-O-methyl-2-
force for the reactions discussed above might induce variations | * . deaxy-D-1ibose
in transition state energies that explain the reaction efficiency
trends discussed above (Hammond postulate,-Hsalans- ) P—
Polanyi principle, Marcus theory}.Therefore, the exothermicity 17.7 17.8 205
associated with abstraction of a hydrogen atom was examined
by calculating the enthalpy changes for hydrogen atom abstrac- b R=cl 178 17.9 206
tion by each radical from the sugars at the B3LYP/6-
31G(d{-ZPVE level of theory. Our calculations suggest that | R=B" 177 78 204
hydrogen atom abstraction from all of the carbons in the sugars
is highly exothermic (1624 kcal/mol). For example, for radical d )
a, abstraction of a hydrogen atom from positions 1, 2, 3, 4, and SN 207 208 235
5 in p-ribose (Scheme 1) was estimated to be exothermic by
17—21 kcal/mol. Therefore, the radicals are likely to abstract
hydrogen atoms from multiple sites, but possibly not to the same
extent from each site. Indeed, solution experiments suggest that : 1 17 . "
although the phenyl and hydroxyl radicals attack several (if not b ' ' ’
all) of the different C-H bonds, they do so to different extents H

and form different isomer mixtures of the product sugar
radicals?%26

Because abstraction of a hydrogen atom from many different

Table 2. Reaction Exothermicities (kcal/mol) Estimated (B3LYP/
6-31G(d)+ZPVE) for Hydrogen Atom Abstraction from the
1'-Position in Sugars by the Charged Phenyl Radicals a—e

aThis radical carries a 3-fluoropyridinium charge site instead of a
pyridinium.

sites in the sugars is highly exothermic, and the exothermicities contributing to the observed rate enhancement as compared to

differ by less than 4 kcal/mol for a given radical, only values
for the abstraction of a hydrogen atom from position 1 in the

the other sugars.
Polar Factors. Increasing the polarization of a transition state

sugars are reported in Table 2. These exothermicities do notof an atom abstraction reaction of a radical can decrease its

correlate with the observed trend in reaction efficiencies.
Furthermore, they show very little sensitivity to any change in
the radical’'s structure (i.e., substitution on the radical). For
example, hydrogen atom abstraction fromibose is calculated

to be 21 and 22 kcal/mol exothermic for théphenyl-3-
dehydropyridinium radicald and the 3-dehydropyridinium
radical e, respectively (Table 2). This difference in exother-
micities cannot account for the significant difference in reaction
efficiencies observed for these two radicals (i.e., 32 and 53%
for radicalsd ande, respectively; Table 1). The same applies
to the other reactions studied.

The exothermicity for hydrogen abstraction frathpositions
in 1-O-methyl-2-deoxye-ribose is estimated to be higher by
1-5 kcal/mol than those fob-ribose and 2-deoxp-ribose
(Table 2 shows calculations for the C1 position). This finding
is likely to explain why 1©-methyl-2-deoxye-ribose reacts
faster tharp-ribose and 2-deoxyp-ribose (Table 1). In addition,
1-O-methyl-2-deoxye-ribose has an additional site of attack,
the methyl group attached to the 1-oxygen. Abstraction of a
hydrogen atom from this position is also very exothermic (17
kcal/mol for radicala; B3LYP/6-31G(d}-ZPVE) and may be

(25) (a) Pross, A.; Yamataka, H.; NagaseJ SPhys. Org. Chenl991, 4, 135.
(b) Donahue, N. M.; Clarke, J. S.; Anderson, JJGPhys. Chem. A998
102 3923. (c) Clarke, J. S.; Krill, J. H.; Donahue, N. M.; Anderson, J. G.
J. Phys. Chem. A998 102 9847. (d) Pross, ATheoretical and Physical
Principles of Organic Reaatity; John Wiley & Sons: New York, 1995.
(e) Free RadicalsKochi, J. K., Ed.; John Wiley & Sons: New York, 1973;
Vol. 1. (f) Fossey, J.; Lefort, D.; Sorba, Bree Radicals in Organic
Chemistry John Wiley & Sons: New York, 1995. (g) Wong, M. W.; Pross,
A.; Radom, L.J. Am. Chem. S0d.994 116, 6284.

(26) Schuchmann, M. N.; von Sonntag,JCChem. Soc., Perkin Trans1877,
1958.
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energy. This has been known for years, and models have been
developed to understand polar effects in radical reacfions.
Based on these models, reactions involving electrophilic and
nucleophilic radicals are likely to be influenced by “ionic
resonance structures” that can contribute to the electronic
structure of the transition staeFor electrophilic radicals, such
as those reported here, the energy of the most relevant ionic
configuration is lowered by increasing the vertical electron
affinity (EA,) of the radical or by decreasing the vertical
ionization energy (I of the substraté®

The vertical electron affinities of the charged phenyl radicals
a—e were calculated previoushf?16 The observed electron
affinity orderinga (R =H) < b (Cl) ~ ¢ (Br) < d < e (the
EAs are 4.873b 51116 51216 57813b gnd 6.12 e\i
respectively, at the B3LYP/6-31G(d) level of theory) parallels
the trend in the reaction efficiencies described above (Figure
1). For example, radicalsande are estimated to have the lowest
(4.86 eV) and highest (6.12 eV) EArespectively. These
radicals also display the lowest and the highest reaction
efficiencies, respectively. Therefore, just as was reported for
simple hydrogen atom dono¥ the observed reactivity trends
among the different radicals toward sugars can be rationalized
by polar effects. It follows that an increase in the electrophilicity
of a phenyl radical, for example, via addition of electron-
withdrawing groups, should enhance its ability to abstract a
hydrogen atom from the sugar moiety of DNA.

Nucleobases.Hydrogen atom abstraction and/or addition
reactions are the predominant pathways observed (Table 3) for
reactions of the charged phenyl radicals with the individual
nucleobases of the base pairs uraadlenine (U-A) and
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while abstraction of a hydrogen atom from the N1-position of
uracil (calculated to be the most favored site) by radécalas
estimated to be 17.5 kcal/mol exothermic (B3LYP/6-31G(d)
ZPVE), addition of this radical to the C5-position of uracil is
even more exothermidAHxn = —30.7 kcal/mol). Addition is
the dominant reaction. Similarly, the predominant addition to
1-methyluracil and to adenine by radicalis explained by a
thermodynamic driving force that is at least 12 kcal/mol greater
than that for M abstraction.
EAV'(eV) ' The site-selectivity of attack of the charged phenyl radicals

) . L __could not be unambiguously determined on the basis of
Figure 1. Hydrogen atom abstraction efficiencies measured for the reactions . . . .
of radicalsa—e with p-ribose versus calculated vertical electron affinities experimental data. Therefore, the energetics associated with
(EA\) of the radicals. A straight line has been drawn through the data points addition of the radicalsaa and d to several sites in uracil,
to guide the eye, but this is not meant to imply a linear correlation between 1-methyluracil, and adenine were examined computationally
the efficiencies and electron affinities. (B3LYP/6-31G(d)+ ZPVE). For radicah, additions to the C5-
and C6-positions in uracil were estimated to be 30.7 and 26.1
kcal/mol exothermic, respectively. Addition to other sites in
uracil (e.g., N3-site) is less favored by at least 15 kcal/mol.
Analogous results were obtained for 1-methyluracil. Therefore,
the thermodynamically favored site of addition of charged
phenyl radicals to uracil and 1-methyluracil is concluded to be
the C5-position of the C5C6 alkenic bond. Transition state

A O D
o O o

N
o

Reaction Efficiency (%)
3 8

thymine—adenine (F-A), as well as 1-methyluracil and 1-
methylthymine?” The inability to evaporate guanine without
thermal decomposition prohibited reactivity studies with the base
pair cytosine-guanine (C-G).

Uracil, 1-Methyluracil, and Adenine. The charged radicals
a—e react with uracil, 1-methyluracil, and adenine almost

er:<cluhswelly via a:dc;tlon, formmggstable adduct afnd/or addu_ct energies calculated for addition to C5 and C6 of uracil by a
t atbl a; ostda y r(l))?en atom );rs]p(cj)ntaneous ragbmentgtlonsimple analogue of the radicals studied here, 3-dehydroanilinium
(Table 3). A detectable amount of hydrogen atom abstraction ion, reflect the reaction exothermicities (the transition state for

also ockcur;. ;ecaulse of the higr} proton sffinitydof l;aden;_ne addition to C5 is lower in energy than that for addition to C6
(225.3 keal/mdF), only proton transfer was observed when this by 3.4 kcal/mol). Similarly, the transition states for addition of

base was aIIowgd to regct _With the acidic radieal . HO* and phenyl radical to C5 are calculated to be energetically
The observation of significant amounts of stable addition ,q.e favorable than those to C6 by 3.9 and 1.4 kcal/mol

products in the gas phase (a stable adduct accounts for 65 eqpectively. These results are in agreement with previous

94% of the product distribution for uracil and 1-methyluracil; report&3.% that these radicals predominantly add to the C5-
21-28% for adenine) suggests that the adducts formed upon4on in uracil.

reaction of the charged phenyl radicals with these nucleobases For adenine, addition to the C8-site is calculated to be the

are Iong-liveql _enough t(.). un_der_go co_oling via emissioq of thermodynamically preferred channel (Scheme 4), although
photong?® (collisional stabilization is unlikely to play a role in addition to C2 is close in energy (fa addition is 33.2 and

the stgbilization.pr.oce§s qlue to the low pressures used in the29.7 kcal/mol exothermic for the C8- and C2-positions, respec-
experiments). Similar findings have been reported for charged tively). The observed predominant fragmentation of the adenine

phenyl radicals upon reaction with simple aromatic substfétes. adduct by hydrogen atom loss demonstrates that either C2 or
The formation of resonance stabilized radicals upon addition C8. or both. are favored addition sites

to the phenyl ring, and the relatively large size of the adducts, F’>0Iar effécts have been reported to play a rate-controlling
rationalize the characteristic behavior of these adducts to rapidlyrole in many addition reactions involving neutral radicals in

stabilize by emission of light. In fact, the rate-determining step solutiort2:25¢43%nd charged phenyl radicals in the gas pHse.

in the formation of stable adducts between charged phenyl This is also likely to be the case for the addition reactions

radicals and simple aromatic substrates is the addition step rather . N "
. o - observed here because the reaction efficiencies for addition
than the light emission process, as indicated by the fact that. . L . -
. . increase with the electron deficiency of the attacking radical.

the second-order reaction rate constants measured for formatio

of the stable adducts correlate with the transition state energieg: oroexarEple, rad%a_ﬂ:jddzéo adenlnoe atﬁ".‘“_ efﬂuenc;l;lof only
for addition1® ~2%, whereas radical adds at~50% efficiency (Table 3).

Th t f th tition bet hvd i Thermodynamic effects may be also contributing to the rate
€ outcome of e competiion between hydrogen atom ;o ence petween these two radicals because addition of radical
abstraction and addition to uracil, 1-methyluracil, and adenine

. t ine i kcal/mol thermic than that of
by the charged phenyl radicals reflects the calculated Iarged 0 adenine is about 5 kcal/mol more exothermic than that o

it inth thermiciti fih i F | radical a (38.6 vs 33.2 kcal/mol, respectively; B3LYP/6-
ifferences in the exothermicities of the reactions. For example, 31G(d)-ZPVE).

(27) The methylated bases of uracil and thymine were used to better model The addition barrier is expected to be lowered due to polar

DUCIe'[Obt?SehS iQ ?uclt;:]icdacids, bgc?yse; thg lt\ll-posigon oftthesef gugéeobaseeffects upon a decrease in the ionization energy of the
hoge. rached fo a hydrogen, but instead fo & carbon atom ot £aB0XY™ g hstrat@® On the basis of the |Evalues listed in Table 3, the

(28) Mallard, W. G., Linstrom, P. J., Ed8IST Chemistry WebBook, NIST  reaction efficiencies among the three nucleobases that predomi-
Standard Reference Database Numberl§8tional Institute of Standards
and Technology: Gaithersburg, MD, March 1998; http://webbook.nist.gov.

(29) (a) Dunbar, R. QMass Spectrom. Re1992 11, 309. (b) Ho, Y. P.; Dunbar, (30) (a) Roberts, B. P.; Diart, V. Chem. Soc., Perkin Trans.1®92 1761.

R. C.J. Phys. Chem1993 97, 11474. (c) Dunbar, R. Ant. J. Mass (b) Radom, L.; Wong, M. W.; Pross, A. Phys. Chem. A998 102 2237.
Spectrom. lon Processé&997, 160, 1. (d) Cheng, Y. W.; Dunbar, R. Q. (c) Wong, M. W.; Pross, A.; Radom, L1. Am. Chem. Sod 994 116
Phys. Chem1995 99, 10802. (e) Ryzhov, V.; Dunbar, R. Git. J. Mass 6284. (d) Wong, M. W.; Pross, A.; Radom, I. Am. Chem. Sod 994
Spectrom. lon Processd997 167168 627. 116 11938.
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Table 3. Efficiencies? and Products? Measured for Reactions of Charged Radicals a—e with Nucleobases

uracil 1-methyluracil adenine thymine 1-methylthymine
radical IE,=9.15eVe IE,=8.78 eVe IE,=8.02¢eVe IE,=8.72¢eVe IE,=8.4leVe

a H* abstraction (10%) Habstraction (1%) Habstraction (14%) Habstraction (85%) Habstraction (74%)
adduct-H (3%) adduct-H (6%) adduct-H(65%) adduct-Cht (15%) adduct-Cht (26%)
adduct (87%) adduct (93%) adduct (21%)
Eff. = 0.05% Eff.= 1% Eff. = 2% Eff. = 2% Eff. = 3%

b H* abstraction (8%) Habstraction (1%) MHabstraction (5%) Habstraction (76%) Habstraction (69%)
adduct-H (5%) adduct-H (5%) adduct-H(72%) adduct-Cht (24%) adduct-Cht (31%)
adduct (87%) adduct (94%) adduct (23%)
Eff. = 0.2% Eff.= 3% Eff. = 5% Eff. = 4% Eff.= 11%

cd H* abstraction (7%) Habstraction (1%) Habstraction (4%) Habstraction (75%) Habstraction (69%)
adduct-H (5%) adduct-H (6%) adduct-H(74%) adduct-Cht (25%) adduct-Cht (31%)
adduct (88%) adduct (93%) adduct (22%)
Eff. = 0.2% Eff.= 4% Eff. = 6% Eff. = 4% Eff. = 11%

d H* abstraction (5%) MHabstraction (2%) MHabstraction (6%) MHabstraction (70%) Habstraction (63%)
adduct-H (17%) adduct-H(33%) adduct-H(66%) adduct-Cht (30%) adduct-Cht (37%)
adduct (78%) adduct (65%) adduct (28%)
Eff. = 2% Eff. = 13% Eff.= 53% Eff.= 22% Eff.= 45%

e H* abstraction (4%) MHabstraction (74%) Habstraction (69%)
adduct-H (69%) not examined Htransfer adduct-Ck1(26%) adduct-Cht (31%)
adduct (27%)
Eff. = 5% Eff. = 26% Eff.= 48%

a Reaction efficiency (Eff.J= kexgkeon- ® Relative product abundances are given in parenthe&8t.YP/6-31G(d).d This radical carries a 3-fluoropyridinium
charge site.
Scheme 4

g
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nantly undergo addition reactions, adenine, 1-methyluracil, and tions suggest that the hydrogen atom abstraction by the charged

uracil, are expected to follow the order adenine, (& 8.02
eV) > 1-methyluracil (I = 8.78 eV)> uracil (IE, = 9.15

phenyl radicals from the C5-methyl group is a highly exothermic
process (at least 26 kcal/mol for reactions of all radicals with

eV). Indeed, the observed reactivity ordering matches the thymine; B3LYP/6-31G(d)-ZPVE). Some hydrogen abstraction

expected trend, thus providing further evidence in support of
the critical role that polar factors play in controlling these
biologically important reactions. It can be concluded that
biological substrates with lower oxidation potentials are likely
to be more vulnerable toward radical damage.
Thymine and 1-Methylthymine. The preferred pathway for

reaction of the charged phenyl radicals with thymine and
1-methylthymine is hydrogen atom abstraction from the C5-

also occurs from N1 in thymine, thermodynamically the second-
most favored site (Figure 2). This reaction was revealed by the
examination of the reactions of radicasand b with CDs-
thymine. About 87% deuterium abstraction and 13% hydrogen
abstraction was observed for this substrate.

Thymine and 1-methylthymine do not form stable adducts
with the charged phenyl radicals. Instead, these adducts
spontaneously fragment by the loss of a methyl radical.

methyl group (Scheme 5a; Table 3). This reaction has beenElimination of CDy was observed for Cpthymine. This

reported also for the hydroxyl radical in solution (although to
a minor extent$;3! and it predominates the reactions of*Q
H,NCOCHy*, and CysS@)Cr.3:32:33Molecular orbital calcula-

(31) Jovanovic, S. V.; Simic, M. Gl. Am. Chem. Sod.986 108, 5968.
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addition/elimination reaction must involve initial attack by the
charged phenyl radicals to the C5-site of the-@® double

(32) Wang, W.; Razskazovskii, Y.; Sevilla, Int. J. Radiat. Biol 1997, 71,
7

(33) Raiskazovskii, Y.; Sevilla, Ont. J. Radiat. Biol 1996 69, 75.
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Scheme 5
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bond (Scheme 5b). Any addition to the C6-carbon should have
yielded a stable adduct as occurs for the isomeric 1-methyluracil
(same IE) at the same rate as the addition/elimination reaction
for thymine (Table 3). This selectivity parallels that reported
for a few other electrophilic radicals in solution (e.g., 1O
t-BuC).3520n the other hand, the nucleophilic phenyl radical,
as well as HOCkt and HOCH(CH)* (and some other nucleo-
philic radicals), have been reported to favor attack at the C6-
position in solutior?® In agreement with these findings, we
calculate a lower-energy transition state for addition of the
3-dehydroanilinium radical to C5 than C6 (by 3.4 kcal/mol),
but a higher-energy transition state for the phenyl radical (by
1.1 kcal/mol). This differing selectivity of different types of
radicals has been rationalized in the literature by preferred
addition of nucleophilic radicals to the more electron-poor end,
and electrophilic radicals to the more electron-rich end, of the
C5—C6 double bond. However, this rationale is challenged by
the recent finding that electrophilic thiyl radicals add to C6 of
thymine®*

As for the reactions of the charged radicals with sugars, uracil,
and adenine, increasing the electron deficiency of the radical
enhances its overall reactivity toward thymine and 1-methyl-
thymine (Table 3). The rates for both hydrogen atom abstraction
and addition increase (Table 4). For example, radiedstracts
a hydrogen atom from thymine at an efficiency that is about
10% (1.7%) of the efficiency (15.4%) measured for radital
The addition channel follows the same trend. Raditadds
22 times faster to thymine than does radieal Similarly,
hydrogen abstraction efficiency increases by a factor of 10, but

e © o o 0
H,C H3C. H;C. .
N“0 N/l*o ® N“~0 N0

H . H H

0 kcal/mol 5 kcal/mol 24 kcal/mol 29 kcal/mol

Figure 2. Relative enthalpy changes (kcal/mol) associated with hydrogen
atom abstraction from thymine by tie3-dehydrophenylpyridinium radical

a (B3LYP/6-31G(d}ZPVE). Abstraction of a hydrogen atom from the C5-
methyl group is favored.

Table 4. Absolute Reaction Efficiencies? for the Reactions of
Radicals a—e with Thymine and 1-Methylthymine

~ ]
SN ’ Thymine 1-methylthymine
R .
R=H He Abstraction: 1.7% He Abstraction: 2.2%
Adduct-CH,e : 0.3% Adduct-CHge : 0.8%
Overall = 2% Overall = 3%
R=Cl He Abstraction: 3.0% He Abstraction: 7.6%
Adduct-CH,e : 1.0% Adduct-CH,e : 3.4%
Overall = 4% Overall = 11%
R=Br He Abstraction: 3.0% He Abstraction: 7.6%
Adduct-CH,e : 1.0% Adduct-CH,e : 3.4%
Overall = 4% Overall = 11%
Y He Abstraction: 15.4% He Abstraction:28.3%
| Adduct-CH,e : 6.6% Adduct-CH,e :16.7%
[y,
N +
@ Overall = 22% Overall = 45%
. He Abstraction:19.2% He Abstraction: 33.1%
uct-CH,e : 6.8% uct-CH,e : 14.9%
Z I Adduct-CH,e : 6.8% Adduct-CH,e : 14.9%
\'l\‘ 7
H Overall = 26% Overall = 48%

a Absolute reaction efficiency= product branching ratiox overall
reaction efficiency® This radical carries a 3-fluoropyridinium charge site.

addition efficiency increases almost by a factor of 30 for reaction
of radicalsa andd with adenine. These results suggest that the
addition barrier may be more sensitive to changes in the radical’s
polarity than the hydrogen abstraction barrier, in agreement with
earlier findings made on simpler reacting systéfridolecular
orbital calculations (B3LYP/6-31G(ehZPVE) show that the

(34) Carter, K. N.; Taverner, T.; Schiesser, C. H.; Greenberg, MJ.MDrg.
Chem.200Q 65, 8375.
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Table 5. Reaction Products and Absolute Reaction Efficiencies?
(in Parentheses) Measured for the Reactions of Radicals a—d with
Thymidine

g
SNY Thymidine
(IE, = 8.99 eV)
R .
a R=H He Abstraction = 93% (10.2%)
Adduct-CH,» = 7% (0.8%)
Overall = 11%
b R=CI He Abstraction = 78% (21.1%)
Adduct-CHge = 22% (5.9%)
Overall = 27%
c R=Br° He Abstraction = 77% (22.3%)
Adduct-CH,e = 23% (6.7%)
Overall = 29%
d P ay He Abstraction = 63% (58.0%)
| Adduct-CH,e = 37% (34.0%)
\N <
© Overall = 92%

a Absolute reaction efficiency (given in parentheses next to the branching
ratios)= product branching ratiex overall reaction efficiency? This radical
carries a 3-fluoropyridinium charge site.

exothermicity associated with addition by radidgl-28.6 kcal/
mol) to thymine is greater than that of radi@(—25.6 kcal/
mol) by ~3 kcal/mol. Therefore, the reaction of radialis

not only associated with more favorable polar effects, but also
with a slightly greater thermodynamic driving force.

Methylation of the N1-position of thymine was found to

increase both hydrogen atom abstraction and addition efficien-
cies (Table 4). For example, thymine reacts with raddait

efficiencies of 15 and 7% for hydrogen abstraction and addition,

respectively, whereas 1-methylthymine undergoes the same

reactions at efficiencies of 28 and 17%, respectively. Compu-

tational results suggest that the radicals attack the same sites o

both bases (i.e., hydrogen abstraction from the C5-methyl group,
and addition to C5 of the double bond) and that methylation
only slightly affects the reaction exothermicity for both path-
ways. For example, the enthalpy change for abstraction of a
hydrogen atom from thymine and 1-methylthymine by radical
d was estimated to be29 and—24 kcal/mol, respectively. On
the basis of thermodynamics, thymine should react faster than
1-methylthymine. However, as mentioned above, this is not what

from radicale (proton affinity = 226.6 kcal/madl®), and this

was the only reaction observed for this radical. Radieatsl

react with thymidine predominantly by abstracting a hydrogen
atom from the sugar and/or base moiety (Table 5). Our
experimental conditions do not allow us to unambiguously
determine the site-selectivity of attack. However, several
observations suggest that the radicals attack both the sugar and
the base moieties. First, similar to thymine and 1-methylthymine,
addition followed by elimination of a methyl radical was
observed, suggesting radical attack at the C5-carbon in the base
moiety of the nucleoside. Second, a greater extent of hydrogen
atom abstraction was observed for reactions of radiaals

with thymidine as compared to thymine and 1-methylthymine
(Tables 3 and 5), suggesting abstraction of hydrogen atoms not
only from the base but also from the sugar moiety. Finally,
thymidine was found to react more efficiently than any of the
other substrates studied (Tables 1, 3, and 5), including the
individual sugars and nucleobases. This result is readily
rationalized if both the sugar and the base moiety of the
nucleoside are susceptible to radical attack.

The above results suggest that some hydrogen abstraction is
occurring from the C5-methyl group in the base moiety of the
nucleoside. This would result in the formation of tHed2oxy-
5-methyleneuridin-5-yl radical, a species that has received recent
scrutiny because of its known involvement in DNA damé&ge.
This species has been shown to undergo hydrogen atom
abstraction from hydrogen atom donétéHence, it has been
suggested that thé-Aeoxy-5-methyleneuridin-5-yl radical may
be able to transfer damage to a sugar of an adjacent nucleotide
and thus cause DNA cleavagfd.Our gas-phase results dem-
onstrate that phenyl radicals are indeed capable of generating
this species.

Increase in the electron deficiency of the radicals enhances
the overall reactivity (i.e., the efficiencies of hydrogen abstrac-
tion and addition reactions increase). For example,NH&-
dehydrophenyl)pyridinium radicah reacts by hydrogen ab-
straction at an efficiency of 10% (93% 0.11 in Table 5),
whereas théN-phenyl-3-dehydropyridinium radical does so
nearly 6 times as fast (58%). With respect to addition, an even
greater extent of rate enhancement was observed. For example,
radicald adds to thymidine 42 times faster than does radical
These results suggest that the capacity of phenyl radicals to
Fttack thymidine (and perhaps DNA) can be enhanced by
increasing their electrophilicity.

Conclusions

The work reported here represents the first direct comparison
of the reactivity of phenyl radicals of varying electrophilicities
toward the sugar and base moieties of nucleic acids in the gas
phase. The radicals were observed to undergo direct hydrogen
atom abstraction from sugars, in qualitative agreement with the

was observed. The reactivity ordering of these two bases canresults reporteéd*® for the neutral phenyl radical and H@

be rationalized by their different ionization energies (Table 3).
The IE ordering complements the observed reactivity, 1-
methylthymine (I = 8.41 eV)> thymine (I = 8.72 eV).
Hence, polar effects prevail over enthalpic effects in this case.
Nucleoside.Among the nucleosides, only thymidine can be
thermally desorbed into the FT-ICR without decomposition (if
heated slowly). Therefore, only its reactions with the radicals
were examined. Thymidine is basic enough to abstract a proton
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(35) (a) Bjelland, S.; Eide, L.; Time, R. W.; Stote, R.; Eftedal, I.; Volden, G.;
Seeberg, EBiochemistry1995 34, 14758. (b) Delatour, T.; Douki, T.;
Gasparutto, D.; Brochier, M.-C.; Cadet,Ghem. Res. Toxicol998 11,
1005. (c) Zhang, Q.-M.; Sugiyama, H.; Miyabe, I.; Matsuda, S.; Kino, K.;
Saito, I.; Yonei, Sint. J. Radiat. Biol 1999 75, 59. (d) Zhang, Q.-M;
Sugiyama, H.; Miyabe, I.; Matsuda, S.; Saito, I.; YoneiNsicleic Acids
Res 1997 25, 3969. (e) Box, H. C.; Budzinski, E. E.; Dawidzik, J. D.;
Wallace, J. C.; Evans, M. S.; Gobey, J Radiat. Res1996 145 641. (f)
Budzinski, E. E.; Dawidzik, J. D.; Rajecki, M. J.; Wallace, J. C.; Schroder,
E. A;; Box, H. C.Int. J. Radiat. Biol 1997, 71, 327. (g) Anderson, A. A.;
Hwang, J.-T.; Greenberg, M. M. Org. Chem200Q 65, 4648.
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solution. Increasing the electron deficiency of the radical site Increasing the electron deficiency of the radicals (as reflected
(e.g., by adding electron-withdrawing groups to the meta- by increasing electron affinity) was found to enhance the rates
position with respect to the radical site) was found to facilitate of both hydrogen atom abstraction and addition reactions. These
the reaction. Differences in the thermodynamic driving force results indicate that the reactivity of electrophilic phenyl radicals
cannot rationalize the extent of rate enhancements, as thetoward both sugar and base components of DNA, and hence
reaction exothermicities were found to be nearly independent their biological activity (i.e., ability to cleave DNA), can be

of substitution on the radical. However, as observed previously enhanced through an increase in their electron deficiency.

for simple hydrogen atom donot$; the rate enhancements  The results obtained here confirm the earlier propBsaat
among the radicals follow the trends in their electron affinities, phenyl radicals can damage DNA directly via hydrogen atom
which reflect their ability to stabilize the transition state via gpstraction from the sugar moiety, in addition to indirect damage
polar effects. Hence, a phenyl radical’s ability to abstract a yja attack to the nucleobase. The findings further indicate that
hydrogen atom from 2-deoxy-ribose in DNA can probably  the reactivity and selectivity of aromateradicals toward DNA
be facilitated by increasing its electrophilicity. components are strongly dependent on the polarity of the
However, an increase in a phenyl radical’s electrophilicity reacting system. The less reactive, less electrophilic phenyl
also leads to enhanced reactivity toward the nucleobases. adicals are more selective toward hydrogen atom abstraction
Addition was found to be the predominant pathway in the from the sugar moiety, while the more reactive radicals also
reactions of the charged phenyl radicals with adenine and uracil, cause substantial base damage. The sensitivity of the radical
just as for HO in solution® C8 is calculated to be the  reactions to polar effects further suggest that biological substrates

thermodynamically favored site for addition to adenine by the yith Jow oxidation potentials (e.g., adenine) are likely to be
radicals studied. The experimental results are in agreement withyost vulnerable toward radical damage.
this addition site, but they do not unambiguously prove it. The
radicals preferentially add to the C5-carbon in pyrimidines, in
agreement with the results obtained for the*H&lical®c This
finding supports the notion that C5 in pyrimidines is the likely
site of addition for electrophilic radicals in general. The
preferenc® of the slightly nucleophilic phenyl radical to add
to the C6 carbon in thymine is also in agreement with this
thinking. However, the reportédattack by the phenyl radical
at the C5-carbon in uracil deviates from the above trend.
Surprisingly, hydrogen atom abstraction dominates the reac-
tions of the electrophilic phenyl radicals with thymine and  Acknowledgment. We thank the National Institutes of Health
thymidine, although this reaction has not been reported for the for financial support of this research.
neutral phenyl radica® and it is slow or absent for HGc%
The difference in reactivity among the different bases can be
rationalized by the fact that, in thymine and thymidine, hydrogen
atom abstraction from the C5-methyl group is highly exothermic (36) (@) Chen, PAngew. Chem., Int. Ed. Endl996 35, 1478. (b) Hoffner, J.;

. R o Schottelius, M. J.; Feichtinger, D.; Chen, Am. Chem. S0d998 120,
and hence can compete efficiently with addition to the base. 376.

Finally, we suggest that the increase in hydrogen abstraction
ability observeé® earlier upon protonation of some didehydro-
pyridines, studied as desirable active moieties for new synthetic
antitumor drugs, is at least partially due to polar effects and
not solely due to changes in the biradicals’ singleiplet
splittings as propose.The possibility of pH control over the
biological activity of basic phenyl mono- and biradicals encour-
ages the continuing assessment of such species, especially
because tumor cells are known to be relatively acidic.
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