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Radicals are effective neighboring groups to induce nucleo-
philic substitution reactions.1 This activation effect might play
an important role in the anaerobic scission of 4′-DNA radicals.
Whereas ab initio calculations on primary systems make SN2-
type substitutions feasible,1astudies on the radical-induced DNA
strand cleavage (1f 3) favor the SN1-type reaction with radical
cation 2 as intermediate (Scheme 1).2,3 CIDNP (chemically
induced dynamic nuclear polarization) experiments have led to
the first spectroscopic proof for the existence of a radical cation
as intermediate in a reaction that models the C,O-bond scission
of 4′-DNA radicals.
As precursor for these radical reactions, we synthesized

ketone 6a via benzonitrile oxide cycloaddition to furan,4

subsequent hydrogenation (4 f 5),5 methylation, and phospho-
rylation. The diastereoisomers could be separated by flash
chromatography.6

Two different kinds of CIDNP experiments, time-resolved
experiments with a maximum time resolution of approximately
50 ns and multiple laser pulse experiments,7,8 were performed
to study the photochemistry of6a. In methanol solution, several
spin-polarized products could be observed. The major nuclear
spin polarizations are due to the enol ether11. The resonances
recorded in a time-resolved experiment with a resolution of 150
ns are reproduced in Figure 1 and were also observable in the
50 ns experiment but with much smaller signal to noise (S/N)
ratio.9 The chemical shifts and the polarizations of the signals
are compiled in Table 1. Chemical analysis proved that11 is
an important product and not solely formed in a side reaction.
CIDNP intensities, governed by the radical pair theory, for
comparable nuclear spin relaxation times and for hyperfine
couplings smaller in magnitude than the absolute value of the

difference in Zeeman energies of the two radicals are ap-
proximately proportional to the hyperfine coupling constants.10

The character of the polarization in such a case is determined
by Kaptein’s rules.11 Since the strongest polarization in Figure
1 is observed for the C-4 methylene group, the radical pair after
R-cleavage (7 + 8) cannot be responsible for the polarization.
However, it might be built up in a pair of benzoyl radical (7)
and radical cation (9) after rapid phosphate elimination (Scheme
2). In order to verify this hypothesis, we calculated the ESR
hyperfine coupling constants of the radical cation9 using three
different density functionals known to give reliable results (Table
2).12

Alkyl aryl ketones in general undergoR-cleavage from the
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Figure 1. Time-resolved CIDNP spectrum (150 ns) of6a exhibiting
polarized resonances of11 (upper trace) and reference NMR spectrum
of 11 (lower trace).

Scheme 1

Table 1. CIDNP Spectrum (Multiple Laser Pulse Experiment) of
Enol Ether11Observed by Irradiation of Phenyl Ketone6a and
Calculated from the Hyperfine Coupling Constants of Table 2

rel intensity

calcdaH
chemical
shift [ppm] polarization expt

relaxation
time [s]

3-H 4.55 emission -5.0 -3.4 (-6.3) 27.9
4-H 2.57 absorption 10.1 8.6 (10.1) 14.5
5-H 4.30 absorption 1.4 2.3 (3.2) 15.2
6-H 1.68 absorption ≡1.0 ≡1.0 (≡1.0) 11.7

a The numbers in parentheses take the spin-lattice relaxation times
into account.
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first excited triplet state.13 For compound6a this cleavage is
accelerated by the oxygen in the five-membered ring. The
radical pair theory predicts that cage products (recombination
or disproportionation within the pair) carry opposite polarization
with respect to their escape counterparts. The observed escape
polarization is usually weaker than the cage polarization. The
major nuclear spin polarization observed for enol ether11
therefore strongly points to a formation of this product in a cage
reaction. This is further corroborated by the observation of a
weak and opposite spin polarization for 2-methylfuran (Vide
infra). As a consequence of precursor state, product formation,
and the calculated signs of the hyperfine coupling constants, a
benzoyl radical (7) has to be involved in the cage reaction to
fulfill Kaptein’s rule. Its extremely smallg-value leads to the
required positive sign for the difference of theg-values of
radicals9 and7.14
Under the assumption that the elimination of phosphate

(Scheme 2) does not affect the electron spin state and that the
enol ether11 is formed by an electron transfer (SET) from the
benzoyl radical7, the observed polarizations and intensities are
in good agreement with the calculated values (Table 1).
For a more accurate determination of the CIDNP intensities,

the spin lattice relaxation timesT1,15 the external magnetic field,
and the estimated difference ing-values of 2.4× 10-3 14 were
also used (Table 1, values in parentheses).16 The agreement
between the observed and calculated polarizations and the
intensities of the CIDNP spectrum is a direct proof for the radical
cation 9 as intermediate in this C,O-bond cleavage reaction
which undergoes a SET reaction.
Kaptein’s rule and the primaryR-cleavage have led to the

benzoyl radical as donor in the SET reaction. The calculated
gas phase redox potentials of the benzoyl radical7 and the enol
ether11 are 6.5 and 8.0 eV, respectively.17 Thus, the electron
transfer from benzoyl radical7 to radical cation9 is thermo-

dynamically feasible. This reaction leads to the benzoyl cation
10which should react with methanol yielding methyl benzoate.
Actually, methyl benzoate is formed if phenyl ketone6a is
irradiated in methanol (Scheme 2).18 Enol ether11 could not
be detected by GC because it reacts under these acidic conditions
(diethylphosphorous acid is liberated) to acetal12. The higher
yield of acetal12 compared to that of methyl benzoate is an
indication that the trapping of radical cation9 by methanol
competes successfully with the SET reaction (7 + 9 f 10 +
11).19
As mentioned above, the radical pair between benzoyl radical

7 and radical cation9 is generated in a cage by scission of the
C,O-bond from the first formed triplet pair between benzoyl
radical7 and tetrahydrofuranyl radical8. Thus, this phosphate
cleavage (8 f 9) has to compete (a) with the diffusion of the
radicals into the solvent and (b) with the triplet-singlet
interconversion. Because of this competition, the observed
CIDNP effect demands a very rapid reaction for the cleavage
step (8 f 9). Actually, competition kinetic experiments with
an excess of thiophenol as radical trap showed that the
heterolysis of the C,O-bond (8f 9) is faster than 3× 109 s-1.20

With strongly improved S/N ratios such as those in multiple
laser pulse experiments,8 weak resonances of 2-methylfuran
were detected carrying escape-type polarization, lending further
proof for radical cation9. No resonances were observed in the
CIDNP experiment for6a and its diastereomer6b, indicating
that phosphate elimination is more effective than recombination
to the starting material. However, the aldehyde proton of
benzaldehyde (10.0 ppm), formed by hydrogen abstraction, was
observed in enhanced absorption.
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Scheme 2

Table 2. Calculation of ESR Hyperfine Coupling Constants aH

(mT) of Radical Cation9 by Three Density Functionals

method 3-H 4-H 5-H 6-H

B3LYP/6-31G* -1.677 4.276 1.157 0.495
BLYP/6-31G* -1.489 4.463 1.397 0.564
BPW91/6-31G* -1.662 4.434 1.437 0.495
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