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Abstract: Phenyl radicals with different positively charged, chemically inert substituents in the para position were
generated by collision-activated dissociation of para-substituted iodobenzene ions in the gas phase inside a Fourier-
transform ion cyclotron resonance mass spectrometer. The reactivity of the radicals was examined toward organic
hydrogen atom donors. The findings parallel those made by others for neutral radicals in solution. For example,
the efficiency of hydrogen atom abstraction increases in the expected order phmophenol< benzeneselenol.

Inspite of great exothermicity, hydrogen atom abstraction by the charged phenyl radicals occurs at a small fraction
of the gas-phase collision rate, suggesting the presence of a significant barrier on the reaction coordinate. Fluorine
substitution on the phenyl ring was found to drastically enhance the reaction rate for all the substrates studied. For
example, hydrogen abstraction from thiophenol by the (2,3,5,6-tetrafluoro-4-dehydrophenyl)trimethylphosphonium
ion occurs at 21% of the collision rate while the (4-dehydrophenyl)trimethylphosphonium ion reacts by hydrogen
atom abstraction at less than 0.3% of the collision rate. In order to probe whether a similar rate enhancement is
expected for hydrogen atom abstraction from a sugar unit in DNA, a key step in the action of many antitumor drugs,
tetrahydrofuran was examined as a simple model of the sugar moiety. This substrate was found to demonstrate even
greater sensitivity toward fluorine substitution in the phenyl radical than the other hydrogen atom donors studied.
Hence, fluorine substitution is likely to drastically increase the activity of those antitumor drugs whose action is
based on DNA cleavage by polyatomic organic radicals.

Introduction

Hydrogen atom abstraction by polyatomic radicals plays an

important role in many chemical and biological processés.

For example, the antitumor activity of some powerful anticancer

the isolation (purification) of the reactant radical and the analysis
of its products. These species proidea useful tool for the

examination of radical reactions under well-defined gas-phase
conditions inside a mass spectrometer. In this work, selected
charged phenyl radicals were allowed to react with different

drugs is believed to be based on hydrogen atom abstraction flromhydrogen atom donors in order to examine whether these species

a sugar m_cglety in DNA which eventually leads to DNA strand can be used to gain insight into the structural features that make
cleavage ® However, the factors that control these hydrogen

atom abstraction reactions are not well understodd. The
shortage of knowledge arises, in part, from the difficulty in

examining reactions of highly reactive polyatomic radicals with

biological molecules under well-defined conditions.

Radicals with a remote, chemically inert charge site separated

from the radical site by a phenyl ring (a class of distdnaclical

polyatomic radicals efficient in abstracting a hydrogen atom
from organic molecules. This knowledge has important impli-
cations for example in rational anticancer drug design.
Experimental Section

All experiments were carried out using an Extrel Model 2001 Fourier

cations) were recently suggested to react by the same pathwaygansform ion cyclotron resonance mass spectrometer (FT-ICR). This

as neutral phenyl radicald® Charged phenyl radicals of this

instrument contains a differentially pumped dual cell aligned within

type can be thought of as reactive radicals that carry a handlethe magnetic field produced by a 3.0 T superconducting magnet

for mass spectrometric manipulation since the charge site allows

® Abstract published im\dvance ACS Abstractd/ay 1, 1996.
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operated at about 2.8 T. The nominal base pressurel®® Torr

and it is maintained with two Balzers turbomolecular pumps (330 L/s),
each backed with an Alcatel 2012 mechanical pump. The two cells
are separated by a common wall (the conductance limit) which contains
a 2-mm hole in the center. This plate and the other two trapping plates
were maintained at-2 V unless otherwise stated.

Samples were introduced into the instrument by using two Extrel-
manufactured single batch inlet systems equipped with variable leak
valves, by using a Varian leak valve, or by using a set of pulsed véives.
Solid samples were introduced with a heated solids probe. The nominal
reagent pressures were measured with two ionization gauges located
on each side of the dual cell.

The charged phenyl radicals were generated by using a procedure
reported earlie?:1° The halobenzenes (1,4-diiodobenzene for all other
radicals, 1-bromo-3-fluoro-4-iodobenzene #2,3,5,6-tetrafluoro-1,4-
diiodobenzene foe, 1,3-bromoiodobenzene for the meta isomeb of
and forf, and 1,3-dibromo-5-fluorobenzene fgy were introduced at
a nominal pressure of @ 1077 Torr into one side of the dual cell by

(11) Carlin, T. J.; Freiser, B. $Anal. Chem 1983 55, 571.
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Reactbity of Substituted Phenyl Radicals

using the unheated solids probe. The appropriate nucleophile (trimethyl
phosphite fora, dimethyl sulfide forb, and trimethylphosphine far,

d, ande) was added at a nominal pressure ok 11077 Torr into the
same cell through a batch inlet system. The mixture was subjected to
electron ionization which resulted in an intense signal for the diha-
lobenzene radical cation. The ion signal was optimized for each
experiment (typically 20 eV electron energyu emission current,

and 25 ms ionization time). The dihalobenzene radical cation was
allowed to react with the nucleophile present in the cell. This reaction
leads to ipso substitution of one of the halogen atém&epending

on the system, formation of an abundant halogen displacement product

occurred in 0.7566 s.

The substituted halobenzene ions, generated in one side of the dual
cell as described above, were transferred into the other side by
grounding the conductance limit plate for approximately AS@vhich
allowed the ions to pass through a 2-mm hole in this plate. The
transferred ions were cooled by allowing them to collide Xcs with
the neutral molecules present in this cell (the reagent to be used in the
final stage of the experiment). The substituted halobenzene ions were
then isolated by applying a stored-waveform inverse Fourier transform
(SWIFT)=2 excitation pulse to the plates of the cell. After isolation,
argon was introduced into the cell via a pulsed valve assembly (the
nominal peak pressure in the cell wasx610°° Torr), and the ions
were collisionally activated with argon ifal s by employing the
sustained off-resonance irradiation (SORI) technigaea frequency
0.5-0.8 kHz higher than the cyclotron frequency of the ions. This
method led to predominant cleavage of the remaining carbmiine
bond to yield a charged phenyl radical. The ions were then cooled for
1 s by collisions with the neutral molecules present in the cell.

The charged phenyl radicals were isolated, as described above, and

allowed to react with a neutral reagent for a variable period of time
(typically 1-20 s). Detection was carried out by using SWIFT
excitation (0.5 cm final radius for all ions). All the spectra are the

average of 50 transients and were recorded as 64k data points ang-

subjected to one zero fill prior to Fourier transformation.

Primary products were identified based on their fixed relative
abundances (branching ratios) at short reaction times. The rate constan
of each reactionkt,,) was obtained from a semilogarithmic plot of the
relative abundance of the reactant ion versus time by assuming pseudo
first-order kinetics. The collision rate constamkt.f) was calculated
using the parametrized trajectory thedtyThe reaction efficiencies
are given bykex/keon. The accuracy of the rate constant measurements
is estimated to be-50% while the precision is better tharl0%. The
greatest uncertainty arises from pressure measurement in the cell. Th
pressure readings of the ion gauges (located remote from the cell) wer
corrected for the sensitivity of the ion gauges toward each neutral
reagent® and for the pressure gradient between the cell and the ion
gauge. The latter correction factor was obtained by measuring rates
of reactions with known rate constants involving the neutral reagent.

Ab initio MO calculations were performed using the Gaussian 92
Revision suite of prograni$. The charged phenyl radicals were treated
using the restricted Hartred-ock (ROHF) formalism. The geometries
were fully optimized using the ROHF(FC)/3-21G* basis set. Zero-
point vibrational energies (ZPE) were calculated from the ROHF/3-
21G* harmonic frequencies and scaled by a factor of 0.89 to account
for the systematic overestimation of the vibrational frequencies by the
Hartree-Fock method. Single-point energy calculations were carried
out at the ROMP2/6-31G*//[ROHF/3-21G°ZPE level of theory. The
force constant matrices obtained for the stationary points were checked
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structures).

Results and Discussion

Five phenyl radicals with a charged substituent in the para

osition, the (4-dehydrophenyl)trimethoxyphosphonium &n (

he (4-dehydrophenyl)dimethylsulfonium ioh)( the (4-dehy-
drophenyl)trimethylphosphonium ioo)( the (3-fluoro-4-dehy-
drophenyl)trimethylphosphonium iond), and the (2,3,5,6-
tetrafluoro-4-dehydrophenyl)trimethylphosphonium ieh (ere
chosen for this study (Schemes 1 and 2). These species carry
a coordinatively saturated and chemically inert charged group,
and they have been demonstrated to possess similar chemical
properties as neutral phenyl radic&i. The charged phenyl
radicals were synthesized and purified by a multistep procedure
described earlier in det&il® (Schemes 1 and 2; Figure 1).

The charged radicals were allowed to react with 1,4-
cyclohexadiene, phenol, thiophenol, benzeneselenol, and tet-
rahydrofuran, and the temporal variation of reactant and product
ion abundances was recorded (for an example, see Figure 2).
With the exception of phenol, hydrogen atom abstraction was
observed for all the substrates (in some cases accompanied by
adduct formation). Phenol reacts with the two radicals studied
(c ande) by very slow addition (efficiency 1%; radica) and
by fast phenyl radical abstraction (87% of product distribution)
accompanied by a slower adduct formation (total reaction
efficiency 46%,; radicale). The primary products and their
branching ratios, together with the reaction efficiencies, are
given in Table 1 for 1,4-cyclohexadiene, thiophenol, benzen-
eselenol, and tetrahydrofuran. In order to investigate the factors
that control the reaction rategb initio molecular orbital
calculations were employed to examine the exothermicities of
some of the reactions.
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Figure 1. A typical experiment sequence employed in this work. (a) Electron ionization mass spectrum of 1-bromo-3-fluoro-4-iodobenzene. The
peaks atm/z 300 and 302 correspond to the molecular ion. The peaks¥zt73 and 175 arise from the loss of the iodine atom and the peak at

m/z 94 from the loss of the iodine and bromine atoms from the molecular ion. (b) A spectrum collected after reaction of the radical cation of
1-bromo-3-fluoro-4-iodobenzeneyz 300, 302) with trimethylphosphine and transfer of all ions into the other side of the dual cell reaction chamber.
The peak atw/z 297 corresponds to the desired bromine atom replacement product, and thoge49 and 251 correspond to the iodine atom
replacement product. The peakmaz 110 corresponds to the molecular ion of thiophenol (neutral reactant used in the last step of the experiment).
(c) Partial isolation of the bromine atom replacement prodoéz 297) and (d) collision-activated dissociation to generate the charged phenyl
radical, (3-fluoro-4-dehydrophenyl)trimethylphosphonium idnrfyz 170). (e) Isolation of the charged phenyl radical and (f) reactio” ®with
thiophenol (nominal pressure 18 1077 Torr). Hydrogen atom abstractiomfz 171) and adduct formation(z 280) are observed.

£ OHals from benzeneselenol than from thiopheHe!2 However, the
0.2 correlation between the bond strength and the reaction rate is
not universal. For example, primary alkyl radicals abstract a

-0.44 hydrogen atom from 1,4-cyclohexadiene about 10 000 times less

readily than from benzeneselenol even though the former
reaction is more exothermic (Table 2).

Similar findings were made for the gaseous charged phenyl
radicals studied here. While the reaction efficiency toward
different hydrogen atom donors cannot be readily determined
for the radicalsaa (Nuc = P(OCH)s, Scheme 1) and (Nuc =
P(CH)3; Table 1) due to competing adduct formation, hydrogen

-0.6 4

-0.8

In(Relative Abundance)
5
1

-1.4{ W B mz224 atom abstraction is the only reaction observedioiNuc =
1 O m/z 225 S(CHs),), the fluorinated radicaé (Nuc = P(CHs)s), and in
181 o most instanced (Nuc = P(CHs)3). These three species abstract
. - a hydrogen atom faster from benzeneselenol than from thio-
0.4 0.6 0.8 1.0 12 14 phenol (the efficiencies are 7% 1% for b, 24%vs 7% ford,
time (s) and 51%ws 21% fore). Also 1,4-cyclohexadiene was found

to be a less efficient hydrogen atom donor than benzeneselenol

Figure 2. Temporal variation of the abundances of the reactant ion (see Table 1).

and the ionic products generated upon reaction of the (2,3,5,6-

tetrafluoro-4-dehydrophenyl)trimethylphosphonium i@ ith tet- The fluorinated phenyl radicals show enhanced reactivity
rahydrofuran. The nominal pressure of tetrahydrofuran was2.8~7 toward all the hydrogen atom do_nors examined. For e_xample,
Torr. the (3-fluoro-4-dehydrophenyl)trimethylphosphonium iah (

Scheme 2) abstracts a hydrogen atom from thiopherz

Efficiencies of the Hydrogen Atom Abstraction Reactions.  times as efficiently as the corresponding unfluorinated radical
The rate of hydrogen atom abstraction by alkyl radicals often

correlates with the reaction exothermicity which for a given  (19) Leeck, D. T.; Li, R.; Chyall, L. J.; Kerittaaa, H. 1.J. Phys Chem

. . . . . In press.
radical is determined by the strength of the cleaving bomd ( ?20) Lias, S. G.: Bartmess, J. E.: Liebman, J. F.: Holmes, J. L.: Levin,

t-BuSH > PhSH> PhSeH®). Hence, hydrogen atom abstrac- R. D.; Mallard, W. G.J. Phys Chem Ref Data, Suppl 1 1988 17.
tion by organic radicals in solution occurs faster for example _ (21) McClellan, A. L.Tables of Experimental Dipole MomenBahara
Enterprises: El Cerrito, CA, 1989.

(18) (a) Newcomb, M.; Manek, M. B.; Glenn, A. @. Am Chem Soc (22) Newcomb, M.Tetrahedron1993 49, 1151.
1991 113 949. (b) Newcomb, M.; Varick, T. R.; Ha, C.; Manek, M. B.; (23) McMillen, D. F.; Golden, D. MAnnu Rev. Phys Chem 1982 33,
Yue, X.J. Am Chem Soc 1992 114, 8158. 493.
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Table 1. Reactions of Charged Phenyl Radicals with Hydrogen Atom Donors

benzeneselenol thiophenol

1,4-cyclohexadiene tetrahydrofuran

ion reaction (%) eff reaction (%) eff reaction (%) eff reaction (%) eff
Cc H-abstraction (20%); 0.14 H abstraction (74%); ~0.002¢ H- abstraction (58%); ~0.02 H- abstraction (100%) ~0.002
adduct (80%) adduct (26%) adduct (42%)
d H-abstraction (100%) 0.24 “Hbstraction (30%); 0.07 H abstraction (100%) 0.13 “Hbstraction (100%) 0.04
adduct (70%)
e H-abstraction (100%) 0.51 “Hbstraction (100%) 0.21 Hbstraction (100%) 0.18 “Hbstraction (100%) 0.32

2 eff = kexgkeon. ® The efficiency was corrected for an interfering reaction involving neutral trimethylphosphine which was leaking over from the

other side of the dual celt.The efficiency was corrected for an interfering reaction with oxygen.

Table 2. Homolytic X—H (X = S, Se, O, C) Bond Dissociation
Energies (kcal mot), lonization Energies (eV), and Dipole
Moments (D)

X—H homolytic

bond dissociation ionization dipole

reagent energy (kcal mot!) energy (eV) moment (D)
1,4-cyclohexadiene 73 8.8 0.C¢
benzeneselenol 79 8.2 1.0
thiophenol 83 8.3 1.07
phenol 87 8.5 1.2
tetrahydrofuran R 9.8 1.7

2Value assumed to be the same as that of 1,3-cyclohexadiene; ref

18a.P Value obtained from ref 1. Value obtained from ref 23! Value
obtained from ref 20¢ Values obtained from ref 21 Value obtained
from PM3 semiempirical calculations; see ref 19.

c. Even greater efficiencies were measured for the tetrafluori-

nated phenyl radical, the (2,3,5,6-tetrafluoro-4-dehydrophenyl)-

trimethylphosphonium ione. For example, the efficiency
measured for the reaction eftoward thiophenol is 3 times
that measured for the monofluorinated radidal The tetra-
fluorinated radicale is less sensitive than the other radicals
toward the type of hydrogen atom donor. In fact, all the
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Figure 3. Reaction of benzeneselenol (nominal pressurex1 B’
Torr) for 1 s with (a) the (3-dehydrophenyl)-3-fluoropyridinium ion
(f) and (b) the (3-fluoro-5-dehydrophenyl)-3-fluoropyridinium ia).(

Scheme 3

hydrogen atom abstraction reactions of this radical were found HaC.. + HC.. o+
to be highly efficient (reaction efficiencies +$1%). HaC” HaC”
The results obtained for the fluorinated radicdlande are @ + CHf — + CHge
in agreement with the solution findings that electron-withdraw-
ing substituents often enhance the reactivity of neutral phenyl :
and alkyl radicals toward electron-rich reagett$é In order HiC., o+

to explore the generality of the gas-phase results, two additional

Pan,

H c” el
charged phenyl radicals of a different type were examined. The ’
radicalsf andg (Figure 3) carry the 3-fluoropyridinium charge O - @
site in the meta position. In additiogcontains a fluorine atom
in the meta position with respect to both the radical site and
the charge site. Again, fluorination of the phenyl ring results Scheme 4
in significantly faster hydrogen atom abstraction reactions (the gt R+
reaction efficiencies for benzeneselenol are 18% ford 27% H’
for g; Figure 3). Hence, fluorine substituents in the meta as .
well as the ortho position in the phenyl radical enhance the
reactivity toward hydrogen atom donors. 'h

Thermochemistry. The exothermicity of hydrogen atom
abstraction by charged phenyl radicals was explored by calculat- Ho + H
ing the homolytic phenyl €H bond dissociation energies of Wl
the dimethylphenylsulfonium ion (Scheme 3) and the phenyl-
sulfonium ion (Scheme 4) at the 4-position. Both these species, *

. . F
as well as the radicals derived from them by hydrogen atom . .
abstraction, were found to hav€s symmetry. Energies i
calculated at the ROMP2/6-31G*//ROHF/3-216ZPE level 2.0 kcal mot? (at 0 K) for the homolytic G-H bond dissociation
of theory for the reactants and products of the two isodesmic energy of the dimethylphenylsulfonium ion and those of,CH
reaction’ shown in Scheme 3 yield a difference of 10.9 and and benzene, respectively (Table 3). These values, in conjunc-
9

(24) Avila, D. V.. Ingold, K. U Lusztyk, J.; Dolbier, W. R., Jr.. tion with the experimentally determin&e® homolytic C-H
H.-Q.; Muir, M. J. Am Chem Soc 1994 116, 99.

(25) Rong, X. X.; Pan, H.-Q.; Dolbier, W. R., Jr.; Smart, B.EAmM
Chem Soc 1994 116, 4521.

(26) Migita, T.; Takayama, K.; Abe, Y.; Kosugi, Ml. Chem Soc,
Perkin Trans 2 1979 1137.

(27) Clark, T.A Handbook of Computational Chemistdohn Wiley
and Sons: New York, 1985.

bond dissociation energies of GKL03.3 kcal mot! at 0 K)
and benzene (112.0 kcal mélat 0 K), yield a homolytic G-H

(28) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys Chem 1994 98,
2744,

(29) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.;
Squires, R. RJ. Am Chem Soc 1995 117, 2590.
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Table 3. Calculated Absolute Energies (hartrees) and Homolytic Bond Dissociation Energies (kc#) foothe C-H Bond in the

4-Position

absolute energy

D(C—H) (kcal mol™) (determined based dn(C—H)

molecule (hartrees) of benzenkand metharf®}

(4-dehydrophenyl)dimethylsulfonium iob) —706.935 73

dimethylphenylsulfonium ion —707.601 77 114.0,114.2
(4-dehydrophenyl)sulfonium iorn} —628.616 24

phenylsulfonium ion —629.283 51 114.8,115.0
(3-fluoro-4-dehydrophenyl)sulfonium iom) —627.630 92

(3-fluorophenyl)sulfonium ion —728.302 74 117.7,117.9
2-fluorophenyl radical —329.717 99

fluorobenzene —330.385 47 114.9, 1151
phenyl radical —230.696 24

benzene —231.359 05 112.8112.2
methyl radical —39.641 085

methane —40.289 699 103.1, 1033

a For odd-electron species: ROMP2/6-31G*//ROHF/3-23@PE. For

even-electron species: MP2/6-31G*//HF/3-23@PE.? D(C—H) =

112.0 kcal mot? for benzene (0 K; ref 29) anB(C—H) = 103.3 kcal moi! for methane (0 K; ref 28).

bond dissociation energy of 114-014.2 kcal mot! (at 0 K)
for the dimethylphenylsulfonium ion at the 4-position. Similar

found to haveCs symmetry (see Scheme 4); these are the
conformers used in the calculations. Examination of two

calculations carried out for the phenylsulfonium ion (Table 3; isodesmic reactions, hydrogen atom abstraction by the (3-
Scheme 4) suggest that the slightly more electron withdrawing fluorophenyl)sulfonium ion from benzene and from methane,
sulfonium substituent makes the—€l bond about 0.8 kcal  suggests that the introduction of a fluorine atom increases the
mol~! stronger (114.8115.0 kcal mot!; Table 3) than the dissociation energy of the adjacent-@ bond in the phenyl-
dimethylsulfonium substituent. An estimate for the error sulfonium ion by about 3 kcal mot (ROMP2/6-31G*//ROHF/
associated with the calculated bond dissociation energies was3-21G*+ZPE level of theory; Table 3). In agreement with this
obtained by calculating the difference between the homolytic result, the introduction of a fluorine atom was calculated to

C—H bond dissociation energies of Gknd benzene. The
calculated difference (8.9 kcal mdlat the ROMP2/6-31G*//
ROHF/3-21G*ZPE level of theory; Table 3) is in error by
only 0.2 kcal mot! when compared to the difference obtained
by using the known experimental valdé%® (8.7 kcal mof?).
The homolytic C-H bond dissociation energies calculated
for the dimethylphenylsulfonium and phenylsulfonium ions at
the 4-position (114.8114.2 and 114.8115.0 kcal mot?,
respectively) are somewhat greater than theHbond energy
of neutral benzene (112.0 kcal mélat 0 K)2° This result is
as expected since the homolytie-8& bond dissociation energies

increase the adjacent< bond dissociation energy of neutral
benzene by the same amount (3 kcal Mpl Hence, adjacent
monofluorination has a significant effect on the exothermicity
of hydrogen atom abstraction reactions of phenyl radicals.
An additional explanation for the rate enhancement caused
by fluorine substitution in the charged phenyl radicals is possible
lowering in the barrier height for hydrogen atom abstraction.
According to the curve crossing modélthe height of the
energy barrier for hydrogen atom abstraction by a radical that
is a good electron acceptor is likely to be significantly influenced
by a charge transfer configuration contributing to the electronic

of molecules with charged substituents are generally somewhatstructure of the transition state. For the reaction of a charged

greater than those of the corresponding neutral moleétifes:
example, the homolytic methyl-€H bond dissociation eneréfy

in CH3CH,OH," is 106 kcal mot! while that in CHCH,OH

is 95 kcal mot1.30

Based on the €H bond dissociation energy calculated for

the dimethylphenylsulfonium ion, the enthalpy changes for
hydrogen abstraction by the (4-dehydrophenyl)dimethylsulfo-
nium ion (o) are estimated to be35, —31, and—41 kcal moi?

phenyl radical Xand a hydrogen atom donorH, this charge
transfer configuration can be represented by][RH**]. This
configuration is stabilized (reaction barrier lowered) by increas-
ing the electron affinity of the radical. Hence, fluorine
substitution in the reactant radical is expected to facilitate the
reaction.

The energy of the charge transfer configuration is also
lowered by lowering the ionization energy of the hydrogen atom

for benzeneselenol, thiophenol, and 1,4-cyclohexadiene, respecgonor, This partially explains why benzeneselenol (ionization
tively. Despite of the high exothermicity, hydrogen atom epergys 8.3 eV) was found to donate a hydrogen atom to all
abstraction from these substrates occurs at a rate significantlyine charged phenyl radicals more readily than 1,4-cyclohexa-
less than the theo_retical g_as-ph_ase collision rate. This fiqding diene (ionization enerdy8.8 eV) inspite of its higher homolytic
suggests that a high barrier exists on the reaction coordinate.,onq dissociation energy (see Table 2). However, it should
Indeed, relatively large barriers are known to exist in hydrogen 5,50 pe mentioned here that the dipole moment of 1,4-
atom abstraction reactions involving simple alkyl radicaf. = cyciohexadiene is very small (Table 2). Hence, the potential
For examlple, activation energies of approximately 22 and 12 gnergy well corresponding to the collision complex of the
kcal mol™* have been determined for the reaction of methyl charged phenyl radicals with 1,4-cyclohexadiene is shallow
radical with methane and trifluoromethane, respectivefy. (estimate@3* to be 2 kcal mot® vs 25 kcal mot! estimated
The origins of the enhanced reaction efficiencies observed for penzeneselenol), making this reagent a poor solvent for the
for the fluorinated radicald ande were explored by estimating charged phenyl radicals. This collision complex will have only

the homolytic C-H bond dissociation energy for the (3- 5 small amount of energy to overcome energy barriers on the
fluorophenyl)sulfonium ion (Scheme 4) as described above for (o4ction coordinate.

other sulfonium ions. The lowest energy conformers of the (3-

fluorophenyl)sulfonium ion and the corresponding radicetre Hydrogen Atom Abstraction from Tetrahydrofuran and

Thymine. Hydrogen atom abstraction reactions involving

(30) Holmes, J. L.; Lossing, F. ft. J. Mass Spectrorrion Processes

1989 92, 111. (33) See the procedure discussed in: Ausloos, P.; Lias, 9. Bm
(31) Pross, A.; Yamataka, H.; Nagase JSPhys Org. Chem 1991, 4, Chem Soc 1981 103 3641.
135. (34) See the procedure discussed in: Ausloos, P.; Lias, Bt.Q. Mass

(32) Sidebottom, H.; Treacy, It. J. Chem Kinet 1984 16, 579. Spectromlon Processed984 58, 165.
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Figure 4. Reaction of tetrahydrofuran (nominal pressure £.40°7 Figure 5. Reaction of the meta isomer of radidala) for 10 s with
Torr) with (a) the (4-dehydrophenyl)trimethylphosphonium ionfér adenine (nominal pressure 21107 Torr) and (b) fa 5 s with thymine

10 s and (b) (2,3,5,6-tetrafluoro-4-dehydrophenyl)trimethylphosphonium (nominal pressure 3.3 1077 Torr).
ion (e) for 1 s.
might be expected for the charged phenyl radicals, two

polyatomic organic radicals are believed to play a major role nucleobases were allowed to react with the charged phenyl
in the degradation of DNA by certain powerful anticancer radical (3-dehydrophenyl)dimethylsulfonium ion (the meta
drugs*3> One possible mechanism leading to DNA degradation isomer ofb). As expected, adenine reacts with this phenyl
involves removal of a hydrogen atom from the Cpbsition radical by a slow formation of an adduct which rapidly loses a
on the sugar moiety, followed by decomposition of the DNA hydrogen atom (Figure 5a). In sharp contrast, slow hydrogen
strand*3% Not much is currently known about the factors that atom abstraction is the only reaction observed for thymine
control the rate of the abstraction of the hydrogen atom by (Figure 5b). These results suggest that different DNA bases
different organic radical! such as substituted phenyl radicls.  may demonstrate unique reactivity toward phenyl radicals.
In order to explore the effects that fluorine substitution has on Interestingly, these findings parallel those made for the hydroxyl
the efficiency of a phenyl radical to abstract a hydrogen atom radical. This radical adds to adenine but shows addition as well
from DNA, several charged phenyl radicals were allowed to as hydrogen atom abstraction upon interaction with thyr#ine.
react with tetrahydrofuran (a simple model for the sugar moiety
in DNA). Conclusions

Slow hydrogen atom abstraction is the only reaction observed

) ’ ) : Slow hyd tom transf b d th ti
upon interaction of the unfluorinated (4-dehydrophenyl)tri- OW YCTogen a’om transier was oLserved upon e reacton

hvibhosphonium i ith hvdrof Fi 4 of the hydrogen atom donors benzeneselenol, thiophenol, and
methylphosphonium ionc] wit tetrahydrofuran ( igure a). 1,4-cyclohexadiene with several differently substituted charged
Fluorine substitution at the atom adjacent to the radical elie ( phenyl radicals. In agreement with solution results obtained
cau?)es an observa_lble Increase in the reaction eff|C|ency_ (0'2/ For neutral carbon-centered radicals, hydrogen abstraction occurs
US4./°)' The reaction rate s further enhanced upon additional most readily from benzeneselenol and least readily from 1,4-
fluorine substituents: the (2,3,5,6-tetrafluoro-4-dehydrophenyl)- cyclohexadiene. All the hydrogen atom abstraction reactions

trimethylphosphonium iongj reacts with tetrahydrofuran more studied are estimated to be hi . :
- . . - ) ghly exothermic by using molecular
efficiently than any other radical studied (32% efficiency; Table orbital calculations. Despite the large driving force, most of

L IFlgure .4)'| h fluori d radical sh the reactions occur slowly. These findings suggest the presence
ntter}testtlng yldtt(i tﬁtrg uforlna'i(ra] r? |cads OW;S ?[ﬁatetrh of a significant barrier on the reaction coordinate. Fluorine
reaclivity toward tetranydrofuran than toward most ot the other g, nitytion in the phenyl radical was found to cause a

substrates studied. Only the reaction with benzeneselenol OCCUrS$amarkable rate enhancement for all the hydrogen atom donors

atan efficiency greater than that measured for tetrahydrofurqn.studied. However, the greatest rate increase was observed for

I"tetrahydrofuran studied as a simple model of the sugar moiety
in DNA. This result suggests that the sugar units in DNA might
also be sensitive to substituents in the attacking radical, and
&hat the incorporation of fluorine atoms is likely to lead to greater
antitumor activity for those anticancer drugs that cleave DNA
through mechanisms involving polyatomic organic radicals.
Substituent effects on the reactivity of phenyl radicals toward
different types of substrates are currently being explored in our
laboratories.

of four fluorine atoms to the attacking phenyl radical is greater
for tetrahydrofuran than for the other hydrogen atom donors
studied. Hence, tetrahydrofuran seems to be especially sensitiv
to substituents in an attacking phenyl radical.

Although radical-induced DNA strand cleavage is thought
to be initiated by hydrogen atom abstraction from the sugar
moiety, radicals may also attack the nucleobases. Many neutral
radicals are thought to react with the DNA bases by addi-
tion.*c37-39 |n order to investigate whether similar reactivity

(35) See for example: (a) von Sonntag, C.; Hagen, U.: S@op, Acknowledgment. We are grateful to the National Science
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