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in a site specific manner,? the ability to prepare duplexes containing
isotopically labeled abasic sites will allow detailed investigation
of their structural properties as well as their enzymatic and
chemical reactivities.'®
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With Fourier transform ESR (FT ESR) well resolved spectra
of organic free radicals can be obtained even if the free induction
decay, following a 7 /2 microwave pulse, is as short as 1 us.! This
makes the technique particularly suitable for the study of
short-lived radicals. Results are presented of a FT ESR study
of a transient free radical generated in a reversible photoinduced
electron transfer reaction. The reaction and spin dynamics have
been monitored from the time the radical is generated with na-
nosecond time resolution. The technique provides data comple-
mentary to those provided by flash photolysis.

Figure 1 shows a series of FT ESR spectra of the duroquinone
anion radical (DQ”). The radical was generated by electron
transfer from photoexcited zinc tetraphenylporphyrin (ZnTPP,
5 X 107* M) to duroquinone (5 X 107 M) in ethanol at 245 K.?
Samples were degassed on a vacuum line by repeated freeze-pump
cycles. A Lambda Physik FL2001 dye laser (Rhodamine B, 600
nm, 2 mJ) pumped by a Lambda Physik EMG103MSC excimer
laser (pulse width 15 ns, rate 40 Hz) was used as excitation source.
Sample volume exposed to the laser beam was approximately 0.1
mL. The FT ESR spectrometer has been described briefly in ref.
1. The spectra represent Fourier transforms of the sum of 10000
(10 us long) FID’s (data acquisition time 4 min) detected in
sequential quadrature mode.'

Under steady-state conditions, the ESR spectrum of the DQ~
anion radical consists of 13 lines with a binomial intensity dis-
tribution and hyperfine splitting of 1.9 G.* A maximum of ten
hyperfine peaks can be discerned in the spectra presented here.
Figure 1 shows that a variation in time delay between laser and
microwave pulses affects the overall signal amplitude. The delay
also determines the relative intensities and phase of the hyperfine
lines. Four distinct time domains can be identified: [0-1 us]. The
overall signal amplitude increases with increasing time delay. In
this time period there is also an evolution of the population
distribution over available spin states. At 10 ns delay all hyperfine
lines are in absorption, as the delay grows low field peaks become
emissive. [1-10 us]. Relative peak intensities stay constant, while
the overall signal intensity drops by a factor of 2 to 3. [10-80
us). The decrease in overall signal amplitude is accompanied by
a change of emission peaks into absorption peaks. [>80 us]. No

(1) Dobbert, O.; Prisner, T.; Dinse, K. P. J. Magn. Reson. 1986, 70, 173.

(2) The signal from ZnTPP” is not observed because of a short 7,. The
broad line, cation radical spectrum is observed with time resolved CW ESR
by using direct detection (ref 3).

(3) Van Willigen, H., unpublished work.

(4) Venkataraman, B.; Segal, B. G.; Fraenkel, G. K. J. Chem. Phys. 1959,
30, 1006.
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Figure 1. Quadrature-detected FT ESR spectra of photogenerated DQ—
as function of time delay between exciting laser pulse and = /2 (20 ns)
microwave pulse. Absorption peaks point up, emission peaks down.
Sample temperature 245 K.

further change in relative amplitudes of hyperfine lines is observed.
With a delay of 2 ms a weak DQ™ spectrum can still be recorded.

A complete analysis of the data will be presented elsewhere;
here a qualitative interpretation will be given. The initial signal
growth reflects the kinetics of electron transfer from photoexcited
ZnTPP to DQ. The DQ™ concentration reaches a maximum within
1 us; this is consistent with a reaction rate that is close to diffusion
controlled. The change in relative intensities of hyperfine lines
in the 0-1 ps domain is due to competition between triplet (TM)
and radical pair (RP) spin polarization mechanisms.> Spin
selective intersystem crossing in photoexcited ZnTPP generates
spin polarized triplets.5 DQ~ and ZnTPP* formed before spin
lattice relaxation obliterates the triplet spin polarization will give
enhanced absorption ESR signals. The RP mechanism generates
a DQ™ ESR spectrum in which nine low field peaks are in emission
and the others in absorption.” Both mechanisms are operative,
but, as the reaction proceeds, the TM will diminish in relative
importance because of triplet spin lattice relaxation (7, = 30 ns).
As a consequence, the TM dominated spectrum (10 ns delay) is
gradually replaced by a RP dominated spectrum. The signal decay
observed from 1 to 10 us is due to back electron transfer. It is
estimated that the initial DQ™ (ZnTPP*) concentration is =5 X
10~ M. This gives a back electron transfer rate constant of ~2
%X 10° M™! 5™, With longer delays, spin lattice relaxation (7, ~
1073 s) thermalizes the populations. Due to reduction of ZnTPP*
in a side reaction competing with back electron transfer, complete
regeneration of DQ also involves a disproportionation reaction.’®
This accounts for the fact that a weak DQ" signal can be observed
milliseconds after the laser pulse.

(5) For a review of spin polarization in photochemistry, see: (a) Wan, J.
K. S.; Wong, S. K.; Hutchinson, D. A. Acc. Chem. Res. 1974, 7, 58. (b)
Trifunac, A. D,; Thurnauer, M. C. In Time Domain Electron Spin Resonance;
Kevan, L., Schwartz, R. N., Eds.; Wiley: New York, 1979; pp 107-152.

(6) (a) Hoffman, B. J. Am. Chem. Soc. 1975, 97, 1688. (b) Kirste, B.;
Van Willigen, H. Chem. Phys. Let. 1982, 92, 339.

(7) The RP spectrum has been calculated with the theoretical equation
given in ref. 8 by using literature data on hyperfine couplings and g values
(cf. ref 4 and 9).

(8) Adrian, F. J. J. Chem. Phys. 1971, 54, 3918.

(9) Forman, A,; Borg, D. C,; Felton, R. H.; Fajer, J. J. Am. Chem. Soc.
1971, 93, 2790.

(10) Hales, B. J.; Bolton, J. R. J. Am. Chem. Soc. 1972, 94, 3314,
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The study demonstrates that radical formation and decay can
be studied with nanosecond time resolution by using FT ESR. This
makes it possibile to monitor reactions that proceed at close to
diffusion-controlled rates. Spin polarization effects give infor-
mation on reaction mechanisms. The ability to probe the spin
state within nanoseconds of radical formation may make it possible
to study development of RP generated spin polarization and get
information on the electronic state of the transient ion pair formed
in the electron-transfer reaction. It is noteworthy that spectra
obtained with delays less than 1 us exhibit unusual phase effects
that may have their origin in the mechanism of spin state de-
velopment.!!'12  Well-resolved (line width < 100 kHz) spectra
with good signal-to-noise can be obtained. This facilitates iden-
tification of free-radical products. The method is superior to
time-resolved ESR with use of a CW microwave source as well
as spin echo ESR measurements in terms of sensitivity, spectral
resolution, and time resolution.!* Lifetime broadening will affect
spectral resolution significantly for radical lifetimes <1 ps. In
that case kinetic data can be obtained by measuring the time
evolution of the FID amplitude.

ESR studies of photoinduced electron transfer of porphyrins
(or chlorophylls) to quinones have lacked the time resolution
required for studies of forward and back reactions. The time
resolution of the FT ESR measurements is similar to that of flash
photolysis measurements, and the results appear to be in general
agreement.'?
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A long standing problem in the biosynthesis of polyketide de-
rived natural products (for reviews, see ref 2 and 3) is the
mechanism of removal of phenolic hydroxyl groups.? For example,
the biochemical conversion of versicolorin A to sterigmatocystin,
a sequence which forms the central segment of aflatoxin bio-
synthesis,* involves the reductive removal of the 6-hydroxyl group
of versicolorin A (or a related intermediate) by a mechanism which
remains cryptic. In contrast, the appearance of deoxygenated
aromatic compounds in nature is usually interpreted as the result

(1) (a) Texas Tech University. (b) Texas A&M University.

(2) Simpson, T. J. Nat. Prod. Rep. 1984, I, 281.

(3) Simpson, T. J. Nat. Prod. Rep. 1985, 2, 321.

(4) Hsieh, D. P. H,; Lin, M. T.; Yao, R. C. Biochem. Biophys. Res.
Commun. 1964, 52, 992. Bollaz, M.; Buchi, G.; Milne, G. J. Am. Chem. Soc.
1968, 90, 5017, 1970, 92, 1035. Townsend, C. A.; Christensen, S, B.; Davis,
S. G. J. Am. Chem. Soc. 1974, 104, 6152, 6154. Simpson, T. J.; Stenzel, D.
J. J. Chem. Soc., Chem. Commun. 1983, 338. Nakashima, T. T.; Vederas,
J. C. J. Chem. Soc., Chem. Commun. 1982, 206. Vederas, J. C. Can. J. Chem.
1982, 60, 1637. Sankawa, U.; Shimada, H.; Kobayashi, T.; Ebizuka, Y.;
Yamamoto, Y.; Noguchi, H.; Seto, H. Heterocycles 1982, 1053,
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of reductive dehydration of a linear polyketide enzyme complex,
as has been experimentally demonstrated at the cell free level for
fatty acid® and 6-methylsalicylic acid (6-MSA) biosynthesis,5’
although evidence for post aromatic deoxygenation has appeared
recently.?® Thus, preliminary work® showed that a specimen of
the anthraquinone emodin (1) generally labeled with *H is con-
verted by a crude cell-free system from Pyrenochaeta terrestris
to its 6-deoxy derivative chrysophanol (2) indicating that deox-
ygenated metabolites cyanodontin and the secalonic acids produced
by the organism'®!! are derived from emodin (1) via chrysophanol
(2). In this study, the requirement for the cofactor NADPH was
suggested, but the mechanism of the reaction was not rigorously
defined. In this communication, we present experimental evidence
for cell-free enzymatic reduction of the resorcinol ring in emodin
(1) to chrysophanol (2) mediated by NADPH as cofactor, i.e.,
the aromatic counterpart of deoxygenation in fatty acid and
polyketide biosynthesis.

When emodin was incubated in a cell-free medium containing
50% D,0,'? mass spectral analysis'? of the resultant chrysophanol
specimen revealed the presence of non-, mono-, and dideuteriated
species in the ratio 1:0.8:0.3 (Table I). The centers of deuteriation
were determined by 'H NMR spectroscopy.! As is seen in Figure
1A, natural chrysophanol shows singlets at 7.20 6 and 7.63 § for
H-2 and H-4, doublets at 7.80 6 and 7.36 6 for H-5 and H-7, and
a triplet at 7.83 § for H-6. The deuteriated chrysophanol specimen
showed relative 'H intensities in accord with deuterium substitution
at positions 5 (13%), 6 (5%), and 7 (25%) (Figure 1B). A
mechanism which would account for deuterium enrichment at
positions 5 and 7 is shown in Scheme I, involving NADPH re-
duction of the keto tautomers of emodin (3a,b to 4a,b). Further
evidence for phenol-keto tautomerism was provided by mass
spectral analysis of emodin recovered from incubation of the

(5) Lehninger, A. L. Principles of Biochemistry, Worth Publishers: New
York, 1982; Chapter 24 and references cited therein.

(6) Lynen, F.; Tada, M. Angew. Chem. 1961, 73, 513. Lynen, F. Pure
Appl. Chem. 1967, 14, 137.

(7) Scott, A. L; Phillips, G. T.; Kircheis, U. Bioorg. Chem. 1971, 3, 238.

(8) Anderson, J. A. Phytochem. 1986, 25, 103,

(9) Wheeler, M. H.; Stipanovic, R. D. Arch. Microbiol. 1985, 142, 234,

(10) Kurobane, I1.; Vining, I. C.; Mclnnes, A. G. J. Antibiot. 1979, 32,
1256.

(11) Franck, B.; Huper, F.; Groger, D.; Erge, D. Chem. Ber. 1975, 108,
1224. Franck, B.; Bringman, G.; Flohr, G. Angew. Chem., Int. Ed. Engl.
1980, /9, 460. Franck, B.; Backhaus, H.; Rolf, M. Tetrahedron Lett. 1980,
1185.

(12) P. terrestris culture methods were as described in ref 10. Preparation
of enzyme extracts was as described in ref 8. Enzymatic incubation was
performed as in ref 8 except that 50% D,O buffer was used. Chrysophanol
and emodin were extracted from the incubation medium and purified by using
silica gel TLC as described in ref 8. The extent and position of deuteriation
were determined by EI-MS and NMR spectroscopy, respectively. Chryso-
phanol from two 24-h incubations (total yield 300 ug) was used for mea-
surement of NMR spectra.

(13) Mass spectra were recorded on a Hewlett Packard 5995B/C GC-MS
spectrometer with use of a direct insertion probe by selective ion measurement.
The intensities of the m + 1 and m + 2 peaks were corrected for natural
abundance ’C, "0, and '?0.

(14) "H NMR spectra were recorded at 500.13 MHz on a Bruker AM 500
instrument. Samples were in acetone-d6 in 5-mm tubes, 32-K data points,
1-s pulse delay, 45° pulse.
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