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A design for fast kinetic studies of electron transfer in radical anions is reported. o-Hydroxy radicals formed by 355 nm laser flash photolysis

of a-phenacyl alcohols are deprotonated under basic conditions to give ketyl radical anions that serve as electron injectors in inter- and
intramolecular electron-transfer reactions. The 2,2-diphenylcyclopropyl group serves as a reporter. When an electron is injected and transferre d
such that spin character is adjacent to the reporter, cyclopropyl ring opening gives a readily detected diphenylalky! radical.

Electron transfer in organic and biological molecules has species in aqueous solutions, and EET in DNA has generated
been a fruitful area of study for years' Major research interest~2% in part because the potential for long-distance
efforts have been devoted to hole transfer (i.e., radical electron transfer exists.

cations) in proteins and DNA molecule®, and electron Precise kinetic measurements of EET requires an electron
transfer in biological radical anions (excess electron transferinjector reaction that serves to start the timing and a
or EET) is receiving increasing attention. An intriguing
aspect of EET is that radical anions are relatively stable
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terminator reaction that provides a good detection element.
The two elements must be compatible and must operate in
an appropriate time domain for ET reactions. In this work,
we demonstrate laser flash photolysis (LFP) methods that
are designed for direct kinetic studies of EET in the

nanosecond and microsecond time ranges in organic and

biological molecules.

Two methods for electron injection are photoinduced
electron transfer (PET) from a polycyclic aromatic compound
and reduction from a photochemically generatekydroxy
radical. Back electron-transfer reactions are possible in the
former case but not in the latter, and Giese, Carell, and co-
workers usedr-hydroxy radicals for electron injection into
DNA.1® We useda-hydroxy phenyl ketones as precursors
in intra- and intermolecular electron transfer (ET) studies.
For detection in intramolecular studies, we employed an
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Figure 1. Time-resolved spectraAj LFP of 1 and 9-fluorenone

in 1:1 water-acetonitrile. B) LFP of 1 and 4b in 1:1 water-
acetonitrile with 0.05 N NaOH. The insets show kinetic traces (gray)
and fits (black) at one wavelength.

ultrafast cyclopropylcarbinyl radical ring-opening reactién,
which has been used for neutral radiéaland radical
cationg® and which was expected to maintain its fast
character in a radical anion versidh.

Intermolecular ET studies employed 1-phenacylcyclohex-
anol (1) as the radical precursor (Scheme 1). Photolysis of
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gave the cyclohexanone radical ani@phthat was a stronger
reducing agent? Ketyl 3 reduced several carbonyl com-
pounds, and the results demonstrate the limits for fast electron
injection reactions from this class of initiators. For example,
aldehyde 4a and phenyl ketone4b were reduced and
subsequently ring opened to give UV-detectable diphenyl-
alkyl radicals5 (Amax = 335 nm) (Scheme 2, Figure 1B),

Scheme 2
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1 with 355 nm laser light gave the 1-hydroxycyclohexyl
radical @) in a fast cleavage reactiok & 1 x 10° s )28
with ¢ ~ 0.42° In neutral protic solvent, radica&l reduced
9-fluorenone to the ketyl radical anion with a rate constant
of k&~ 1 x 10® M~1 s71. The spectrum of the fluorenone
ketyl radical is shown in Figure 1A. Radicadid not reduce
simple carbonyl compounds, but deprotonatior2 ¢pK, ~
12.5%0%31in 1:1 water-acetonitrile containing 0.05 N NaOH
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whereas the corresponding methyl keto#ieR = CHs) did
not react with3.

Second-order rate constants for electron transfer ffom
or 3 to the various acceptors were determined from the
observed rate constants for a series of reactions under pseudo-
first-order conditions using eq 1, whekesis the observed
rate constantk, is a background rate constatr is the
second-order electron-transfer rate constant, and [sub] is the
concentration of substrate. Kinetic results for reactions of
acceptors wit8 and the acceptor reduction potent?aig*
are listed in Table 1.

Kobs = Ko + Ker[sUDb] @
Figure 2 shows a plot of the second-order rate constants

for reactions of radical anioB vs the reduction potentials

of oxidants. For the series aldehyde, phenyl ketonedb,

acetophenone, benzophenone, and 9-fluorenone, the plot is

linear (solid circles). The rate constant for reduction of easily
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s precursor moiety for the injector is connected to potential

Table 1. Second-Order Rate Constants for Electron Transfer oxidants via a tether at C1 (Scheme 3). LFP of precurSors
from Radical Anion3 to Various Electron Acceptots

acceptor ker (108 M 1s™1)  Eped® (V)  reft
HMAQ! 29+ 5 —069 33 Scheme 3
9-fluorenone 43 +3 -1.21 34 o o laser
benzophenone 22+0.2 -1.55 34 \n/R 355nm  ~ O R oo o__R
acetophenone 1.44 +0.05 —1.66 34 m o] \o?\/ wc1)/ \cg\/ r
4b 1.05 + 0.07 -1.66 34¢ 6 7 8
4a 0.24 + 0.03 -1.9 32¢ R groups
4 (R = CHs) NR/ -2.2 32¢

potential vs SCESReference for reduction potentid2-(Hydroxymethyl)-
anthraquinone®Reduction poetntials fod were assumed to be equal to
those of the simple models with methyl in place of the cyclopropyl group.
fNo reaction observed.

1,3-dimethylthymine 0.039 £ 0.004 0 o it o Ph
Ph
@ Rate constants determined atZ2in 1:1 water-acetonitrile mixtures th Py | Ph h | Ph
containing 0.05 N NaOH (pH 13); errors are 2. "Half-wave reduction o o)\
a b }% c Ph /\% d

gaveo-hydroxy radical that could be deprotonated in basic
media to give ketyl radical aniors As expected from the
intermolecular results, ET from the neutral radical center to
the fluorenone moiety ifawas fastk = (4 £ 1) x 10’s?!

in various solvents, but internal ET was not observed for
other neutral radicalg.

Production ofo-hydroxy radicals7 in 1:1 water-aceto-
nitrile containing 0.05 N NaOH gave ketyR. For the
diphenylcyclopropane derivativéb, rate-limiting intramo-
lecular ET gave ketyd, which opened rapidly to the distonic
radical anion10 (Scheme 4) that was identified by its

reduced 2-(hydroxymethyl)anthraquinone (open square) falls
off the linear portion of the plot because it is at the diffusion-
control limit and possibly in the Marcus inverted regidhiN-
Dimethylthymine reacted relatively slowly with ket@| k

= 3.9 x 10° Mt s™L. Extrapolation of the correlation line

to the observed rate constant for the thymine derivative (open
circle) gives an estimated reduction potential fidiN-
dimethylthymine of—2.11 V vs SCE in watefracetonitrile

at pH~ 13, and theE,eq of thymine in DNA is expected to

be more favorable due to intramolecular H-bonding. Steenken
reported arEq = —1.34 V for thymine in neutral aqueous
solution3® which likely is the value for the protonated base.
Giese and co-workers showed that electron injection into_
DNA from a-hydroxy radicals was efficiedt,and our results Scheme 4

demonstrate that the ketyl radical anion injects an electron

Ph
into the thymine derivative fast enough for LFP kinetic sb thVOMp:h fost, \[(\/O%/V-Lph
o ¢ ! o ¢
9 10

studies. slow o
10 characteristic UV-vis spectrum withmax = 332 nm (Figure
o 3A). Assuming the ET reaction was rate limiting (see below),
9 the rate constant for the effectively isoenergetic reaction of
=
o

0.02
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Figure 2. Second-order rate constants for reactions3oivith 0.01

carbonyl compounds in 1:1 wateacetonitrile with 0.05 N NaOH.
The regression fit is for the rate constants shown with the solid
black symbols. The rate constant for HMAQ (open square) was 0.00
not included in the fit. The symbol fo¥,N-dimethylthymine (open " 300 350 400 450 500 350 400 450 500
circle) was placed at the position on the regression line for the
measured rate constant.
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Figure 3. Time-resolved spectraAj Growth of 10 following LFP

. . of precursor6b. Note that reaction 08b with excess precursor
Intramolecular electron-transfer reactions were studied gives the background signal with ~ 315 nm; see Supporting

with derivatives of 3-phenacyl-1,3-butanedi6),(where the Information. @) Growth of 12 following LFP of 6¢c. The insets

show the kinetic traces at 335 nm (gray) and the least-squares first-

(35) Steenken, S.; Telo, J. P.; Novais, H. M.; Candeias, L].RAm. order fits (black).
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9wask = (2.8+ 0.1) x 1¢° s, giving an intrinsic barrier
of AG* ~ 10 kcal/mol for ET over the estimated (from

molecular modeling) 9.5 A distance separating the injector

and cyclopropylketone moieties Bb.

Ketyl radical anion8c and8d tested the use of the reporter
group in a DNA base. Photolysis 6€in neutral acetonitrile
gave 7c that showed no signal growth in the range 300
350 nm. In the basic watelacetonitrile mixture, ketyl radical
8c was formed, and a signal for the diphenylalkyl radical
grew in with a rate constant &= (1.4 4+ 0.1) x 10f s 1
(Figure 3B).
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In the reaction oBc (Scheme 5), electron injection from
the ketyl moiety of8c to the uracil group gavdl The
diphenylcyclopropyl reporter moiety ifhl is connected to
C6 of the uracil, which is a high-spin density position for
the radical anion, and ring opening of the cyclopropyl group
in 11 gavel12 that was evident from its U¥vis spectrum
in Figure 3B. The ET reaction that conveds to 11 is
exergonic, and the rate constant for ET 8o should be
greater than that for ET i8b. The 5-fold increase in rate
observed foBc compared tdBb confirms rate-limiting ET
reactions followed by fast reporting reactions.

When precursod was studied, no signal at 335 nm was
observed from a diphenylalkyl radical under any conditions.
In basic media, radical anio®d undoubtedly was formed,

1840
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and ET from the ketyl to the uracil moiety i8d to give
speciesl3 (Scheme 6) would be expected to have about the
same rate constant as the ET8imthat gavell. The absence

of a diphenylalkyl radical signal indicates that the reporting
reaction in13 was too slow to observe. The cyclopropyl
reporting group inL3is bonded to C5 of uracil, a low-spin
density site for the radical anion, and ring opening would
give a high-energy, cross-conjugated speclds Taken
together, the results wittBc and 8d demonstrate the
requirement for proper placement of the reporting element
at a position of high-spin character in the penultimate radical
anion product.

Our results demonstrate requisite components for kinetic
studies of EET in the nanosecond and microsecond time
frames.o-Hydroxy radicals can be produced by 355 nm laser
light, a wavelength where proteins and DNA are transparent.
Electron injection can be obtained with high efficiency from
ketyl radical anions, and electron injection frarrhydroxy
radicals under general base catalysis conditions was dem-
onstrated by Gies¥. Readily reduced moieties such as
fluorenone can serve as thermodynamic traps, whereas fast
ring opening of a cyclopropylcarbinyl system provides a
kinetic trap, and both types of product radical anions are
readily detected.
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