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by hydroperoxide on the iron center, followed by peroxide het-
erolysis. H abstraction from the alkane by the high-valent in-
termediate generates a caged radical species, which collapses to
the observed product. Clearly this scheme resembles the well-
known oxygen rebound mechanism proposed for (porphyrina-
to)metal-oxo oxidation of alkanes,! but with one critical dif-
ference. Unlike the planar porphyrin ligands which enforce a
diaxial configuration for the oxo and X ligands, the tetradentate
tripodal ligand provides a cis coordination geometry. Such a
configuration allows the caged radical a choice of either OH or
X transfer in the rebound step. Our present observations suggest
that the X group is transferred preferentially over OH in this
chemistry (perhaps because of the lower oxidation potential of
the X group) and lend credence to the proposed C-X bond forming
mechanisms involving high-valent iron intermediates in the bio-
synthesis of 3-lactam antibiotics.*
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The major form of ultraviolet radiation (UV) damage to DNA
results from [2 + 2] cycloaddition reactions between adjacent
pyrimidines (eq 1).! DNA photolyase is an enzyme which me-
diates a net reversal of this damage.? This enzyme is somewhat
unique® because the catalytic step is photochemical—absorption
of a UV or visible photon by the enzyme-substrate complex is
necessary for dimer cleavage. Escherichia coli photolyase possesses
a 1,5-dihydroflavin cofactor which acts as a chromophore in the
photochemical/catalytic step.* It has been proposed, based on
indirect evidence, that dimer cleavage is initiated by single-electron
transfer (SET) from the excited chromophore to the substrate.’
The model studies described below were designed to determine
if the anion radicals of thymine dimers cleave at a kinetically
significant rate. The results support an SET mechanism for
enzymatic photorepair.

Cycloreversion reactions initiated by reductive SET are rela-
tively unknown.® To determine if reductive SET could initiate
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Figure 1. Transient spectra obtained after irradiating DMA with thy-
mine dimer (diamonds) and dimethylthymine dimer (triangles) in pH 12
aqueous solution. Time is 3.0 & 0.2 us following the laser pulse.

dimer cleavage, we attempted to cleave simple pyrimidine dimers
using N,N-dimethylaniline (DMA) as a sensitizer. This compound
possesses an excited-state oxidation potential of -3.3 V.7 The
excited-state oxidation potential of the presumed enzymic sensitizer
is calculated to be -2.5 V. If simple SET is sufficient to cleave
the thymine dimers,® then DMA should be an equally competent
photosensitizer.
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DMA is a photosensitizer for dimer cleavage. This was es-
tablished by product studies and fluorescence quenching exper-
iments. Irradiation of aqueous solutions (pH 12 or pH 7 0.05
M phosphate buffer, 308 nm) of DMA in the presence of either
dimethylthymine dimers!® or thymine dimers!! results in efficient
cleavage of the dimers. Only the corresponding monomers were
detected by HPLC analysis of the reaction mixtures (80 = 5%
chemical yield). Dimethylthymine dimers quench the fluorescence
of DMA in aqueous solutions. A Stern—Volmer!? analysis gives
a value for k7 of 38.3 M1 (pH 12), where kq is the bimolecular
rate constant for quenching and 7 is the singlet-state lifetime for
DMA in the absence of dimer. The quantum yield for dimer
splitting, ®, depends on the concentration of dimers. A double-
reciprocal plot of &! vs [dimer]™! gives a line with a slope of
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Figure 2. Kinetic traces from pulsed laser irradiation (308 nm, 6 ns, 50
mJ) of pH 12 thymine dimer/DMA solution. Absorbance change is
monitored at 460 nm (DMA cation radical) and 330 nm (thymine anion
radical).

(kqr¢,)L.11 The quantum efficiency of dimer anion radical
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DMA cleaves thymine dimers via a reductive SET mechanism.
This was determined by time-resolved laser spectroscopy. Pulsed
laser photolysis'® of DMA with thymine dimers at pH 12 gives
the transient absorption spectra shown in Figure 1. Two bands
appear: one at 460 nm, due to the cation radical of DMA,* and
another at 300 nm, due to thymine monomer anion radical. The
assignment of the latter is based on three considerations. First,
this is very similar to absorption maxima for thymine monomer
anion radicals reported by earlier works.!> Second, when the
substrate is changed to dimethylthymine dimers the low wave-
length absorption band shifts to 330 nm. This demonstrates that
low wavelength band is associated with the substrate rather than
the sensitizer. Finally, we have independently generated the
dimethylthymine monomer anion radical on our apparatus. Pulsed
laser excitation of DMA in the presence of dimethylthymine gives
a spectrum almost identical to the corresponding spectrum in
Figure 1.

DMA cation radical appears within the 6 ns duration of the
laser pulse, indicating that SET occurs on a time scale fast relative
to the measurement. The band at 300 nm does not appear
promptly after laser excitation, rather it grows in exponentially
with a rate constant (fitted to first-order) of 4.6 X 10°s™ (k).
The time profiles of both absorbance bands are shown in Figure
2. The observed rate constant for monomer anion growth, k.,
is the sum of all rate constants which deplete the dimer anion
radical (ko = ki + k.).16 The rate constant for the splitting
step, k,, is given as k, = kg0, = 1.8 X 108 57117

In the absence of dimer, laser irradiation produces DMA cation
radical and solvated electron (detected by its broad absorbance
>600 nm). We considered that the 300 ns rise for the monomer
anion radical might simply reflect the rate of attachment of the
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solvated electron to the thymine dimer. In this case, the solvated
electron absorbance should have the same initial absorbance, but
its decay rate should increase with added dimer. With added
dimer, the initial absorbance at 600 nm is reduced to ca. 1/13
of its original intensity, indicating that dimer is interacting directly
with DMA excited state. The fluorescence quenching experiment
also demonstrates that the dimers are interacting directly with
excited-state DMA and that solvated electron attachment is not
a significant pathway.

For the reductive SET pathway to be operative, the pyrimidine
dimer anion radicals must cleave rapidly enough to avoid non-
productive back electron transfer. The rate of back electron
transfer in the enzymatic reaction is not known. However, the
quantum yield for photorepair is ca. 0.7.5 This implies that the
rate of back electron transfer is slower than cleavage. An upper
limit for back electron transfer in the enzymatic reaction of <10°
s7! is predicted based on our data.!® This is not unreasonable.
Rates of SET are determined by properties of the external me-
dium, the free energy change, distance between the donor and
acceptor, and the relative orientation of the donor and acceptor.!®
The ordered environment of proteins can often hold the donor and
acceptor at unfavorable distances and orientations.? Therefore,
our results are entirely consistent with a reductive SET mechanism
for DNA photorepair.?!
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Free-radical carbonylation is now emerging as a new tool for
the introduction of carbon monoxide into organic molecules, and
we recently reported tin hydride mediated carbonylation of organic
halides.!  The tin hydride mediated system usually required
moderate CO pressures (70-90 atm) and high-dilution conditions
so as to cause the trapping of an alkyl radical by CO to pre-
dominate over the competing direct abstraction of a hydrogen atom
from tributyltin hydride by the alkyl radical. In principle, if a
competing reaction is much slower than the trapping of the alkyl
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