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Abstract

The radical cations of the nucleobases cytosine and adenine are easily generated in a dual cell Fourier transform ion
cyclotron resonance mass spectrometer by using the technique of laser-induced acoustic desorption coupled with electron
ionization. The cytosine radical cation is found to undergo facile hydrogen atom abstraction reactions with a variety of neutral
reagents even when barrierless, exothermic electron transfer reactions are expected to dominate. In contrast, the adenine radic:
cation undergoes hydrogen atom abstraction only slowly in most of the cases studied. The ionic curve-crossing model is used
to rationalize these results. Some of the thermodynamic and molecular properties of a radical cation that are favorable for
efficient hydrogen atom abstraction are described in this article. Based on this analysis, dimethyl sulfoxide radical cation was
predicted to abstract hydrogen atoms efficiently. Indeed, it was found to abstract hydrogen atoms at rates similar to cytosine
radical cation. The transition from barriered to barrierless hydrogen atom abstraction that occurs as the ionization energy of
the neutral hydrogen atom donor is lowered was used to “bracket” the recombination energy of cytosine radical catibn at 8.9
0.2 eV. (Int J Mass Spectrom 212 (2001) 455—-466) © 2001 Elsevier Science B.V.

Keywords: Nucleobase radical cations; Hydrogen abstraction; FT-ICR; lon-molecule reactions; Polar effects; Recombination energy; cytosine
radical cation

1. Introduction tively alkene radical cations that efficiently undergo
cycloaddition [3], epoxidation [4], and hydrogenation
Radical cations of organic molecules are gaining reactions [5]. In the case of DNA damage, one-
new interest because they are important intermediateselectron oxidation (e.g. by ultraviolet radiation of
in processes leading to damage and cleavage of DNA DNA) is known to generate nucleobase radical cations
[1] and are becoming increasingly useful in organic that either directly or indirectly induce DNA damage.
synthesis [2]. For example, reagents with suitable A significant effort has been devoted to understanding
oxidation potentials can be used to generate selec-the mechanism and kinetics of hole migration through
the base pairs of the DNA strand [6—9]. Electron
msponding author. E-mail: hikka@purdue.edu transfer in DNA may be. stopped by separation of the
Dedicated to R. Graham Cooks on the occasion of his sixtieth hole and radical by rapid proton transfer between the
birthday. bases [10]. The understanding of this and related
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processes would be facilitated by better knowledge on
the thermochemistry of the DNA nucleobases, includ-
ing the proton affinities of the neutral bases as well as
the recombination energies and acidities of the radical
cations.

The thermochemical values relating to the nucleo-
base radical cations are not well known [11]. To this
end, our research group has utilized the technique of
Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometry to bracket the recombination en-
ergy (RE) and gas-phase acidity of adenine radical
cation [12] and thymine radical cation [13]. Mass
spectrometry is an ideal technique to measure ther-
mochemical values and study the intrinsic (solvent-
free) reactivity of radical cations. Radical cations are
typically readily generated by simple electron ioniza-
tion. The trapped-ion nature of the FT-ICR experi-
ment permits ions to be stored for long periods of
time, which allows them to approach thermal equilib-
rium through collisions with neutral molecules and
emission of infrared photons [14].

In a fashion analogous to that employed in the
investigations of adenine and thymine, we attempted
to bracket the recombination energy of cytosine rad-
ical cation. However, thisradical cation was observed
to undergo hydrogen atom abstraction from neutral
reagents as the predominant reaction pathway, even
when electron transfer was predicted to be exother-
mic. Hydrogen atom abstraction by radical cationsis
certainly not without precedent. Electron paramag-
netic resonance spectroscopy of a y-irradiated solu-
tion of bis(trimethylsilyl)amine in Freon 11 showed
the presence of a radical formed by hydrogen atom
abstraction by bis(trimethylsilyl)amine radical cation
from its neutral counterpart [15]. The hole transfer
promoted hydrogenation of 1,1-diphenylethene oc-
curs by sequential hydride and hydrogen atom ab-
stractions of the 1,1-diphenylethene radical cation
from tributyltin hydride [6]. Our previous work on
adenine radical cation showed that it slowly abstracts
a deuterium atom from perdeuterated tetrahydrofuran
[12].

In this article, we examine the origins of the facile
hydrogen atom abstraction of cytosine radical cation.
In addition, hydrogen atom abstraction reactions of
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Fig. 1. Experimental sequence for the reactivity studies of nucleo-
base radical cations.

adenine radical cation and dimethyl sulfoxide radical
cation are probed to compare with the cytosine data
and validate the predictions made about the thermo-
chemical and molecular properties that facilitate hy-
drogen atom abstraction. The high rates of normally
“barriered” hydrogen atom abstractions are rational-
ized by using the ionic curve-crossing model [16].

2. Experiment

All experiments were conducted in a dual-cell
Extrel model 2001 Fourier transform ion cyclotron
resonance mass spectrometer, which has been de-
scribed in detail elsewhere [12]. The primary advan-
tage of this instrument with respect to the study of
ion—molecule reaction kinetics is the ability to gener-
ate and store ionsin one cell and then transfer only the
ion population of interest into the second cell by way
of a 2 mm hole in the wall common to both cells
(conductance limit). Differential pumping of the two
cells significantly reduces “contamination” due to
unwanted reactions of the ion population with its
neutral precursor.

The general experimental sequence is shown in
Fig. 1. Neutral cytosine and adenine were introduced
as gas pulses into one cell of the instrument by using
the technique of laser-induced acoustic desorption
(LIAD) [17]. The general method of sample prepara-
tion for LIAD [18], the novel probe built to couple the
LIAD technique to the FT-ICR [19], and the mecha-
nism of desorption [18] have aready been described
in detail. Briefly, samples were deposited onto one
side of a copper foil (10 uwm thickness) by using the
electrospray method. Samples of appropriate thick-
ness were obtained by spraying approximately 10 uL
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of a 10 mM solution of the nucleobase in methanol.
Desorption of the neutral nucleobase was effected by
asingle laser shot (532 nm from a Nd:YAG laser) on
the back side of the copper foil. lonization of the
nucleobases in the ion cyclotron resonance (ICR) cell
was accomplished by electron ionization (70 eV for
cytosing, 20 eV for adenine, 10 wA emission current)
concurrent with the 1 ms laser trigger event. Deple-
tion of the sample from an area analogous to the size
of the laser pulse (~102 cm?) occurred after several
laser shots; consequently, multiple laser spots were
used (about 12 spots per copper foil) to obtain a
complete data set for analysis of reaction kinetics.
Dimethyl sulfoxide (DM SO) was leaked into one cell
at a nominal pressure of 3-4 X 108 Torr through a
variable leak valve. lonization times and energies
(200-300 ms and 1215 €V, respectively) were opti-
mized to maximize the signa of DMSO radical
cation.

After removing all of the ions from the other cell
by applying a negative potentia to the remote trap-
ping plate, theradical cationswere transferred into the
other cell by grounding the conductance limit for a
short time (116 us for adenine radical cation, 105 s
for cytosine radical cation, and 88 us for DMSO
radical cation). To maximize transfer efficiency, the
technique of quadrupolar axialization [20] was used to
refocus the ion populations cyclotron radius along
the magnetic field axis. After transfer, the ions were
trandationally and internally “cooled” by collisions
with argon pulsed into the cell and by emission of
infrared photons during the 1.5-2.5 s delay prior to
isolation of the radical cations. The ion population of
interest was isolated by gecting unwanted ions from
the cell by applying stored-waveform inverse Fourier
transform (SWIFT) gjection pulses [21]. The isolated
ions were allowed to react with a neutral reagent for a
variable period of time prior to excitation and detec-
tion (see Fig. 2 for an example of a typical reaction
spectrum). For each reaction time, a background
correction spectrum was subtracted from the reaction
spectrum to eliminate contributions from electronic
noise and products arising from imperfect isolation.
The background reaction spectrum was obtained by
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Fig. 2. Deuterium atom abstraction reaction of cytosine radical
cation (m/z 111) with perdeuterated toluene. This reaction spectrum
corresponds to a 2 s reaction time.

gjecting the reactant ion prior to reaction. The electron
filament was turned off after ionization and remained
off during the reaction times to ensure that the ions
were near room temperature.

Because the neutral reagent was supplied at a
constant pressure and its concentration was well in
excess of the ion “concentration,” these ion—molecule
reactions follow pseudo-first-order kinetics (see Fig.
3). The negative slope of a plot of the natural
logarithm of the relative ion abundance versus time
gives the pseudo-first-order reaction rate constant (k).
The bimolecular rate constant (k in cm® molecule *
s 1) is obtained by dividing k' by the absolute
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Fig. 3. Pseudo-first-order kinetic plot for the reaction of cytosine
radical cation (m/z 111; diamonds) with perdeuterated toluene.
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Table 1
Reactions of cytosine radical cation (m/z 111; RE 8.68 eV [29])
Rxn Product
IE? eff. branching

Neutral reagent (MW) (eV) (KKeon) Primary products (mz) ratios
Acetone (58) 9.703 0.05 H atom abstraction (112) 1.0
Tetrahydrofuran (72) 9.40 0.72 H atom abstraction (112) 1.0
Benzene (78) 9.244 Slow® H atom abstraction (112) 1.0
Cyclohexanone (98) 9.16 0.73 H atom abstraction (112) 1.0
Toluene (92) 8.828 0.86 H atom abstraction (112) 1.0
Toluene-dg (100) 8.828 0.79 D atom abstraction (113) 1.0
Dimethyl sulfide (62) 8.69 101 H atom abstraction (112) 1.0
Ethyl methyl sulfide (76) 8.55 1.26 H atom abstraction (112) 1.0
1,3,5-Trimethylbenzene (120) 84 115 H atom abstraction (112) 0.82

Electron transfer (120) 0.18

#Adiabatic ionization (IE) and recombination energies (RE) from [11].

PReaction efficiencies under 0.001 cannot be measured accurately.

pressure of the neutral reagent. Correction factors to
compensate for the difference between the reagent
pressure measured by the ion gauge and the absolute
pressure in the cell were obtained by examining
ion—molecule reactions with a known rate constant.
Typicaly, exothermic electron transfer reactions are
used and are assumed to proceed at the collision rate
between the ion and neutral reagent. Theoretical
collision rates (k) are obtained by using a parame-
terized trajectory theory [22]. Reaction efficiencies
reported in this article are obtained by dividing the
bimolecular reaction rate by the theoretical collision
rate (Kkeop)-

All density functional theory (DFT) calculations
were performed with the caussian 98 suite of pro-
grams [23]. Geometries were optimized at the
(U)B3LYP/6-31+G(d) level of theory. Frequency
calculations were also performed to account for zero-
point energy differences and to confirm optimized
structures as minima. For the curve-crossing dia
grams, the energies of the lowest energy excited ionic
states corresponding to a vertical electron transfer
from the neutral species to the charged species were
calculated by performing single-point calculations on
the optimized structures at the same level of theory
using tight convergence criteria for the self-consistent
field (SCF) procedure.

3. Results and discussion

The radical cation of cytosine was generated by
electron ionization in one side of a dual-cell reaction
chamber of a FTICR, transferred into the other cell
and allowed to react with various neutral reagents.
The results of these reactions are summarized in Table
1. A quick survey of the data reveals that the domi-
nant (and often exclusive) product is formed by way
of a net hydrogen atom abstraction even when elec-
tron transfer to the radical cation is exothermic. For
example, cytosine radical cation reacts with 1,3,5-
trimethylbenzene by hydrogen atom abstraction (82%
of the primary product branching ratio) even though
electron transfer is predicted to be exothermic by
approximately 8 kcal/mol. The electron transfer path-
way would be expected to dominate because exother-
mic electron transfer has been found to commonly
occur at the theoretical collision rate in the gas phase
[24].

One possible explanation for the unexpected ab-
sence of electron transfer productsisthat the observed
reactivity arises from a tautomeric form of cytosine
radical cation that has a lower recombination energy
than that assumed for the biologically important
oxo-amino tautomer of cytosine (C, Scheme 1). In
fact, high-level ab initio calculations [25,26] indicate
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that neutral gas-phase cytosine is probably a mixture
of the hydroxy-amino tautomers C-OH_;N3 and
C-OHg,\N3 and the oxo-amino tautomer C (see
Scheme 1 and Table 2). Our DFT calculations indi-
cate that the radical cation of tautomer C is <1
kcal/mol more stable than the radical cations of
C-OH,iN3 and C-OHy,,N3. However, the calcu-
lated recombination energles of al the cytosine radi-
cal cation tautomers shown in Scheme 1 are within
0.07 eV. Although it is possible that the cytosine
radical cation population is a mixture of tautomers,
this does not explain why the electron transfer reac-
tion is not favored over hydrogen atom abstraction.
The results summarized in Table 1 aso show that,
in general, cytosine radical cation abstracts a hydro-
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Fig. 4. Generdized ionic curve-crossing diagram for barriered
hydrogen atom abstraction.

gen atom more rapidly from reagents with low ion-
ization energies. This observation is consistent with
the work of Donahue et a. who have shown that the
reaction barrier for atom-transfer reactions between
simple radicals correlates directly to the avoided
curve crossing of the ground state and an ionic excited
state [16]. A generalized curve-crossing diagram of
this type is shown in Fig. 4 for hydrogen atom
abstractions by radical cations. It should be noted that
in the case of radical cation reactions, both the ground
and excited state surfaces are ionic and that AR and
AH are generaly readily estimated from available
thermochemical data. The energy gap between the
reactant ground and excited states (AR) can be esti-
mated by the difference in the recombination energy
of the radical cation (Z* *) and the ionization energy

Table 2
Calculated relative energies (kcal/mol) of neutral cytosine tautomers and their radical cations

Neutral cytosine Radical cation
Tautomer CCSD(T)? MP4(SDTQ)" B3LYP* B3LYP°
C 1.25 0.2 —1.88 0.0
C-OHg,\N3 0.65 0.78 09
C-OH_,;N3 0.00 0.0 0.0 0.4
Cl—¢,nN3 3.37 234 25
Cl—, antlN3 1.99 21 0.58 14

3See [25]—CCSD(T)/cc-pVTZIIMP2/cc-pVTZ + ZPVE.
bSee [26]—M PA(SDTQ)/6-31+ G(d,p)//MP2/6-31+G(d,p).
“Present work—B3LY P/6-31+G(d) + ZPVE.
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Table 3
Reactions of adenine radical cation (m/z 135; RE 8.55 eV [12])
Rxn
IE? eff. Branching

Neutral reagent (MW) (eVv) (KKeon) Primary products (m/2) ratios
Acetone (58) 9.703 Slow® H atom abstraction (136) 1.0
Tetrahydrofuran (72) 9.40 0.016 H atom abstraction (136) 1.0
Tetrahydrofuran-dg (80) 9.40 0.004° D atom abstraction (137) 1.0
Cyclohexanone (98) 9.16 0.004 H atom abstraction (136) 0.7

Adduct (233) 0.3
Toluene (92) 8.828 0.002 H atom abstraction (136) 1.0
Dimethyl sulfide (62) 8.69 0.434 H atom abstraction (136) 10
Ethyl methyl sulfide (76) 8.55 1.06 H atom abstraction® (136) 1.0
1,3,5-Trimethylbenzene (120) 8.4 0.86 H atom abstraction (136) 0.95

Electron transfer (120) 0.05

#Adiabatic ionization and recombination energies from [11].
PReaction efficiencies under 0.001 cannot be measured accurately.
°From [12].

9This product was not reported in [12] because it was misinterpreted as resulting from reaction with neutral adenine diffusing from the other

cell.

of the hydrogen atom donor (AH). The overal reac-
tion exothermicity for hydrogen atom abstraction
(AHy) may be calculated either from the differencein
homolytic bond dissociation energies of A—H and
Z-H" or from the difference in proton affinities of Z
and A " and the relation of AH,, to AR (see Fig. 4).
Based on Fig. 4, one can envision many different
qualitative “curve-crossing” diagrams simply by
changing the values of AR, AP, and AH,,. In practice,
the values may be altered by selecting reagents with
the appropriate thermochemistry. We chose to exam-
ine the hydrogen atom abstraction reactions of ade-
nine and dimethy! sulfoxide radical cationsin order to
study the different curve-crossing scenarios and to
place the cytosine radical cation data into perspective.
The former reagent is particularly attractive because it
is the radical cation of a nucleobase and we have
previously measured its recombination energy [12]. In
addition, both theoretical [27] and experimental [28]
evidence support the expectation that neutral gas-
phase adenine has no low energy tautomers. Our
UB3LYP/6-31+G(d) calculations on the radical cat-
ions of the adenine tautomers shown in Scheme 1
suggest that the radical cation of A is the lowest in
energy by over 4 kcal/mol. Dimethyl sulfoxide radical
cation was chosen for this study as a representative of

avery different compound type with thermochemical
and molecular properties that we predict to be condu-
cive to hydrogen atom abstraction. The results of the
examinations of the reactions of adenine and dimethyl
sulfoxide radical cations are summarized in Tables 3
and 4, respectively.

3.1. Hydrogen atom abstraction with a barrier

The general curve-crossing diagram shown in Fig.
4 depicts atypica case where hydrogen atom abstrac-
tion involves overcoming an energy barrier. Such a
barrier will exist when electron transfer to the radical
cation from the hydrogen atom donor is endothermic
(i.e. when the adiabatic ionization energy of A—H >
adiabatic recombination energy of Z* *). The dashed
linein Tables 1, 3, and 4 shows the point at which the
transition from endothermic electron transfer to exo-
thermic electron transfer is predicted to occur. Above
this dashed line, the electron transfer reaction is
endothermic and reaction efficiencies for hydrogen
atom abstraction vary from no reaction (large barrier)
to near callision rate (small barrier). The only product
observed for these “barriered” reactions arises from a
net hydrogen atom abstraction, with the exception of
the reaction of adenine radical cation with cyclohex-
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Table 4
Reactions of dimethyl sulfoxide radical cation (m/z 78; RE® 9.1 eV)
Rxn
IE? eff. Branching
Neutral reagent (MW) (eVv) (KKeon) Primary products (m/z) ratios
Ethanol (46) 10.48 0.13 H atom abstraction (79) 1.0
Diethyl ether (74) 9.51 0.75 H atom abstraction (79) 1.0
Tetrahydrofuran (72) 9.40 0.76 H atom abstraction (79) 1.0
Benzene-d (84) 9.244 No reaction
Toluene (92) 8.828 0.98 H atom abstraction (79) 0.97
Electron transfer (92) 0.03
Toluene-dg (100) 8.828 0.99 D atom abstraction (80) 0.92
H atom abstraction (79)° 0.04
Electron transfer (100) 0.04
Dimethyl sulfide (62) 8.69 1.09 H atom abstraction (79) 0.97
Electron transfer (62) 0.03
1,3,5-Trimethylbenzene (120) 8.4 0.91 H atom abstraction (79) 0.50
Electron transfer (120) 0.50

#Adiabatic ionization and recombination energies from [11], and references cited therein.
PH atom abstraction from the rapid hydrogen atom abstraction from neutral dimethyl sulfoxide diffusing from the other cell.

anone where an addition pathway competes. It should
be noted that there is a large variation in the experi-
mental ionization energies [29,30] reported for the
nucleobases and poor agreement between theory
[31,32] and experiment (see Table 5). The experimen-
tal recombination energy of 8.68 eV [29] used in
Table 1 was chosen based on its agreement with
second-order Maller—Plesset calculations [31].

In theionic curve-crossing model, the height of the
reaction barrier (and hence the rate of reaction) will be
critically dependent on the reactant and product en-
ergy gaps (AR and AP) and the reaction exothermicity
(AHy) (see Fig. 4). Fig. 5 shows three computation-
aly estimated ionic curve-crossing diagrams for the
reactions of cytosine radical cation with the hydrogen

atom donors acetone (1), tetrahydrofuran (2) and
toluene (3). The predicted energy ordering of the
barrier heights (1) > (2) > (3) agrees qualitatively
with that which would be predicted based on the
experimental reaction efficiencies (0.05, 0.72, and
0.86 respectively; Table 1).

Similar results are obtained for DMSO radical
cation. Thisradical cation abstracts a hydrogen atom
about five times faster from tetrahydrofuran (THF)
than from ethanol (reaction efficiency of 0.68 versus
0.13; Table 4) despite the fact that the reaction
exothermicity is nearly identical for both reactions.
The dower reaction of DMSO radical cation with
ethanol may be attributed to the larger reactant and
product energy gaps (AR of 50 kcal/mol versus 29

Table 5

Experimental and calculated values of the adiabatic |Es of cytosine and adenine

Nucleobase Expt® (eV) Expt® (eV) Expt® (eV) Calc? (eV) Calce (eV) cac’ (ev)
Cytosine e 8.68 8.45 8.74 857 853
Adenine 855 8.26 8.18 8.09 8.06

®See [12]— bracketing.

bSee [29]—photoionization mass spectrometry.
°See [30]—photoelectron spectroscopy .

9See [31]—ROM P2/6-31+ G(d)//ROHF/6-31G(d).
°See [32]—B3LY P/6-311+G(2df,p).

fPresent work—B3LY P/6-31+G(d).
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Fig. 5. lonic curve-crossing diagrams for the reactions of cytosine radical cation with acetone (1), tetrahydrofuran (2), and toluene (3).

kcal/mol and AP of 70 kcal/mol versus 58 kcal/mol
for the ethanol and THF reactions, respectively).
DMSO radical cation does not react with perdeuter-
ated benzene because there are no exothermic reaction
channels (both AR and AH|, are positive).

Curve-crossing diagrams should also give insight
into the relative reaction rates of the different radical
cations with the same hydrogen atom donor. The
curve-crossing diagrams for the reactions of (1) cyto-
sing, (2) DMSO, and (3) adenine radical cations with
THF are illustrated in Fig. 6. Based on the relative
crossing points, the expected order of the barrier
heights is (1) = (2) < (3). The predicted similar
barrier heights for (1) and (2) are consistent with their
nearly equal reaction efficiencies (0.72 and 0.76,
respectively).

Although the curve-crossing diagram does predict
that adenineradical cation (3) should have the slowest
reaction rate, it does not appear to explain why
adenine radical cation reacts extremely slowly with
most of the hydrogen atom donors with large ioniza-
tion energies (reaction efficiencies <0.02 for acetone,
THF, cyclohexanone, and toluene; Table 3). Such

slow reaction rates could be indicative of dlightly
endothermic reactions, however, this is not the case
for many of the hydrogen atom abstraction reactions
of adenine radical cation. For example, the reactions
of adenine radical cation with THF and toluene are at
least as exothermic as the dimethyl sulfide reaction
(an exothermic reaction occurring at a high efficiency;
Table 3). The relevant experimentally determined
bond dissociation energies are 92.0, 88.5, and 92.0
kcal/mol, respectively [33]. Other factors not taken
into account by the curve-crossing model appear to be
important in the case of adenine radical cation and are
discussed in Sec. 3.1.2.

3.1.1. Spin delocalization

The exothermicity of a hydrogen atom abstraction
reaction is given by the difference in bond dissocia-
tion energies (BDES) of the breaking and forming
bonds. The BDEs of the hydrogen atom donors (A—H)
used in this study are well known and the BDES of the
forming Z-H™ bonds can be estimated by the use of
a thermochemical cycle. For example, Scheme 2
shows that the BDE for the O—H bond in O-proto-
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Cytosine radical cation (1) (o)

—— — —— DMSO radical cation (2)
—————- Adenine radical cation (3)

(kcal/mol)

Energy Relative to Separated Reactants

Reaction Coordinate

Fig. 6. lonic curve-crossing diagrams for the reactions of cytosine (1), dimethyl sulfoxide (2), and adenine (3) radical cations with

tetrahydrofuran.

nated cytosine can be calculated by subtracting the
ionization energy (IE) of cytosine and the proton
affinity (PA) of the cytosine O from the IE of
hydrogen atom. The important general conclusion
from Scheme 2 is that the largest Z-H™ BDE (hence,
the most exothermic hydrogen atom abstraction by
radical cation Z* ") occurs at the site of the highest
proton affinity of Z. For the oxo-amino tautomer of
cytosine (C, Scheme 1), the carbonyl oxygen and N3
are calculated to have the highest (and nearly identi-
cal) proton affinities [26]. For adenine (A, Scheme 1),

NH2—| 't NH,
-BDE(cytosine(O-H)) ﬁn
|
+',‘/)\°}4
H

(] He
-
L
H
-IE(cytosine) l Y -PA(cytosine(0))
NHz NH,
() Sn
e
'I‘/ko | N/KO wt
) IE(H*) )

Scheme 2.

protonation at N1 is favored by 2.0 kcal/mol over
protonation at N3 [26]. In the case of DM SO, proto-
nation at oxygen is calculated to be favored by almost
29 kcal/mol over protonation at sulfur [34].

The radical cations of adenine and cytosine have
both the charge and radical significantly delocalized
through 7 orbitals. Because the barriered hydrogen
atom abstractions by theseradical cationsareformally
radical in nature, the distribution of the odd spin
throughout the molecule should be important. Calcu-
lations at the UB3LYP/6-31+G(d) level of theory
show that the odd spin (in parentheses) is localized
heavily on the two most basic sites of cytosine radical
cation, O2 (0.51) and N3 (0.30). In other words, the
odd spin resides on the sites where the hydrogen atom
abstraction reaction is most exothermic. The situation
is much the same for DM SO radical cation where the
odd spin largely resides on the oxygen (0.58).

For adenine radical cation, however, the odd spin
is more delocalized and the largest fraction is distrib-
uted over nonbasic sites including the amino nitrogen
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ZH* At

ZHt A

Fig. 7. Generalized ionic-curve-crossing diagram for barrierless
hydrogen atom abstraction.

(0.29), C5 (0.21), and C8 (0.20). The proton affinities
of these sites relative to N1 (the most basic site in
adenine) are calculated at B3LYP/6-31+G(d) to be
17.5, 34.7, and 31.0 kcal/moal lower, respectively. The
spin density at the N1 position of adenineis calculated
to be very low (0.009). Based on the calculated spin
densities, the only likely site for hydrogen atom
abstraction is N3 (0.20), which reduces the exother-
micity for hydrogen atom abstraction by 2 kcal/moal. It
is this combination of increased spin delocalization
and reduced reaction exothermicity that probably
leads to the unexpectedly slow hydrogen atom ab-
straction reactions for adenine radical cation.

3.2. Barrierless (indirect) hydrogen atom
abstraction reactions

Net hydrogen atom abstraction can occur without a
barrier when the adiabatic ionization energy of A—H is
lower than the recombination energy of Z* * (see Fig.
7). In this case, an exothermic (and barrierless)
electron transfer can occur within the collision com-
plex [Fig. 8, pathway (1)] toyield A-H™ "and Z. If the
proton affinity of Z is greater than the acidity of
A-H" " and the collision complex is sufficiently long
lived, then a proton transfer reaction will follow and
ultimately result in arapid net hydrogen atom abstrac-
tion [Fig. 8, pathway (2)].

Reactions of the radical cations with the hydrogen
donors below the dashed linein Tables 1, 3, and 4 fall
into this category. In every case, the reaction rates are
at or very near the theoretical collision rate, as would
be expected for a barrierless pathway. Because the

Fig. 8. Mechanism for barrierless (indirect) hydrogen atom
abstraction.

indirect hydrogen atom abstraction occurs without a
barrier, there should be no deuterium isotope effect.
Indeed, dimethyl sulfoxide radical cation reacts with
both toluene and perdeuterated toluene at collision
rate (reaction efficiencies of 0.98 and 0.99, respec-
tively; Table 4). This is in contrast to the barriered
reactions of adenine radical cation with tetrahydrofu-
ran and perdeuterated tetrahydrofuran where a deute-
rium isotope effect of about 4 is observed (reaction
efficiencies of 0.016 and 0.004 respectively; Table 3).

Electron transfer products are observed only when
the electron transfer is moderately exothermic (about
4 kcal/mol). As the electron transfer becomes more
exothermic, the lifetime of the collision complex is
likely to be shorter and the dissociation of the com-
plex competes with the proton transfer step. This is
evident in the reactions of DMSO radical cation
where electron transfer accounts for 3% of the branch-
ing ratio in its reaction with dimethyl sulfide (exo-
thermicity of about 9 kcal/mol) and 50% of the
branching ratio with 1,3,5-trimethylbenzene (exother-
micity of 16 kcal/mol).

The barrierless hydrogen atom abstraction by cy-
tosine radical cation masks electron transfer products
and makes bracketing the recombination energy dif-
ficult. One may assume that the transition from
barriered to barrierless hydrogen atom abstraction
occurs near the adiabatic recombination energy of the
radical cation. Adenineradical cation provides a good
test case for this assumption because its recombina-
tion energy is known to be 8.55 = 0.1 eV [12]. The
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hydrogen atom transfer reaction between adenine
radical cation and dimethyl sulfide (IE = 8.69 eV)
must have a barrier because its efficiency is only 0.43
whereas the reaction with ethyl methyl sulfide (IE =
8.55 eV) is barrierless (reaction efficiency of 1.06).
Based on the hydrogen atom abstraction efficiencies,
the recombinant energy (RE) of adenine radical cation
is concluded to be 8.62 £ 0.1 eV, which is consistent
with the bracketed value. Obtaining a good value for
the RE of cytosine radical cation is more difficult
because the reaction efficiencies decrease only very
slowly from collision rate as theionization energies of
the neutral reagents increase. Toluene (IE = 8.828
eV) provides an unsatisfying bracket point because
the reaction efficiency with this reagent is very near
the collision rate and no deuterium isotope effect was
observed within the error of the experiment (efficien-
cies of 0.86 and 0.79 for the undeuterated and
deuterated toluene, respectively). Clearly, the RE of
cytosine radical cation is less than 9.2 eV because no
electron transfer was observed in its extremely slow
reaction with benzene. Cytosine radical cation reacts
at the theoretical collision rate with dimethyl sulfide
(IE = 8.69 eV) but only at 73% of the collision rate
with cyclohexanone (IE = 9.16 €V). For comparison,
DMSO radical cation (RE = 9.1 €V) reacts at similar
rates with reagents with 1Es severa tenths of an
electron volt higher (e.g. THF and diethyl ether in
Table 4). The RE of cytosine radical cation is there-
fore estimated to be 8.9 = 0.2 eV.

4. Conclusions

In this manuscript we show that the properties of a
radical cation (Z* *) that are conducive to efficient
hydrogen abstraction include: a high recombination
energy; a large proton affinity for its neutral analog
(2); alarge spin density at theatomin Z* " that hasthe
largest proton affinity in Z; alarge proton affinity for
its conjugate base Z * to eliminate a competing path-
way involving proton transfer from Z* " to the neutral
reagent.

Cytosine radical cation has all four of these prop-
erties. Therefore, it abstracts a hydrogen atom effi-

ciently from awide variety of hydrogen atom donors,
including tetrahydrofuran, a model of the sugar moi-
ety of DNA. Cytosine radical cation abstracts a
hydrogen atom at collision rate when the ionization
energy of the hydrogen atom donor is ~8.8 eV and
below. Based on these rate data, the recombination
energy of cytosine is estimated to be 8.9 + 0.2 eV.
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