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Singlet oxygen is a reactive form of dioxygen that can cause
damage to lipids, amino acids, DNA, and other biologically
important molecules.1 The phytotoxic fungusCercospora keidi
secretes cercosporin, a perylenequinone singlet oxygen photosen-
sitizer, into the extracellular matrix during plant parasitism.2 In the
presence of light and oxygen, singlet oxygen is generated, causing
lipid peroxidation and ultimately plant cell lysis.3 Efforts to
understand how the fungus protects itself against its own toxic
mechanism demonstrated that genes coding for proteins in the
biosynthesis of vitamin B6 are essential for singlet oxygen
resistance.4 Subsequently, the ability of pyridoxine and the biologi-
cally interconvertible forms of vitamin B6 to quench singlet oxygen
was demonstrated.5 While the reaction of singlet oxygen with other
vitamins has been extensively investigated,6 the reaction of pyri-
doxine with singlet oxygen is essentially unknown. We report the
results of kinetic and product analyses of the reaction of singlet
oxygen with pyridoxine.

Singlet oxygen is generated by photoexcitation of a sensitizer
that ultimately transfers energy to ground-state triplet oxygen. The
fate of singlet oxygen in the absence of a quencher is a first-order
decay to the ground state,kd. In the presence of a quencher, singlet
oxygen can irreversibly react with quencher,kr, or be quenched
directly to the ground-state triplet oxygen,kq. The latter two
processes are first-order with respect to quencher. A plot of observed
singlet oxygen decay rate versus quencher concentration should
be linear with a slope equal to the total quenching rate constant
(kr + kq).7

Singlet oxygen decay rates, measured by time-resolved laser flash
generation of singlet oxygen followed by monitoring singlet oxygen
phosphorescence decay, confirm previous observations5 that pyri-
doxine is a moderate quencher. The total rate constants in deuterated
methanol for pyridoxine (1a), 3-hydroxypyridine (2), and 3-meth-
oxypyridine (3) are 1.0× 107, 3.2× 106, and 3.5× 104 M-1 s-1,
respectively. The data for1a and 2 were nonlinear at high
concentrations (Figure 1). To avoid pyridoxine consumption during
the quenching measurement, new solutions were prepared at each
concentration point, and irradiation of the solutions was minimized.
There is no evidence for aggregation, as both1aand2 obey Beer’s
Law over the concentration range of the experiment. The cause of
the downward curvature is unknown, but probably results from
consumption of the substrate. The bimolecular quenching rate
constants reported are fitted from the first four points and represent
a lower bound to the true values. The total quenching rate in
methanol for1a is comparable to previously reported values in
ethanol and aqueous buffers.5

Quenching rate constants indicate that the phenoxy group is
essential for the quenching ability of1a. Singlet oxygen is long-
lived in pyridine, whereas phenols are efficient quenchers.8 The

quenching rate constant for2 is approximately 100 times larger
than that of the methylated compound,3; a similar rate difference
is observed between phenol and anisole.9

The chemical quenching rate constant,kr, for 1a was estimated
by comparison with a known singlet oxygen reaction (kr for
tetramethylethylene, TME, is 3× 107 M-1 s-1).10 The relative rate
of reaction was estimated by comparing NMR peak heights for
mixtures of pyridoxine and TME in deuterated methanol before
and after photooxidation.11 Results showed that degradation of TME
is 1.8 times faster than that of1a. This result indicates that the
chemical quenching rate of1a (1.7× 107 M-1 s-1) dominates the
total quenching. Because this is larger than the observed value for
(kr + kq), the actual value of the latter may be somewhat higher.
Alternatively, the estimate ofkr may be higher than the actual value
due to decomposition processes of1awhich do not involve singlet
oxygen.

The major product (>90% by NMR) of a preparative reaction
of pyridoxine with singlet oxygen in methanol was isolated and
characterized by NMR and MS. The results are consistent with a
methanol adduct of substituted 2,5-pyridinedione4a. Pulsed gradient
HMBC analysis shows correlation of the H4′ methylene (4.56 ppm)
with the C5 carbonyl (195.2 ppm). The methoxy group of4a is
labile and exchanges with the deuterated solvent. Compound4a is
not stable at high concentrations.

Because of the insolubility of1 in nonpolar solvents, the
compound was derivatized with TBDMSCl. The di-protected
compound (1b, R ) TBDMS) was readily soluble in methylene
chloride-d2 and was partially photooxidized (50% degradation by
NMR) at-80°C. The sample was analyzed by NMR and contained
two products in a ratio of 3:2.

The major product is a substituted 6,7-dioxa-8-aza-bicyclo[3.2.1]-
octenone (5b). The NMR data are summarized in Figure 2. Two
characteristic carbons at 96.8 and 86.6 ppm correspond to sp3* To whom correspondence should be addressed. E-mail: foote@chem.ucla.edu.

Figure 1. Observed rate constant for luminescence decay of singlet oxygen
for 1 (b), 2 (2), and3 (9). Inset is expanded plots for1 and2.
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hybridized carbons attached to two heteroatoms, C1 and C5. The
HMBC data show cross-peaks between both carbons and the NH
proton signal at 4.19 ppm and confirm that these carbons reside on
the same molecule. The 3′ and 4′ methylene protons are diaste-
reotopic, but only the 4′ protons appear as a doublet of doublets
(Figure 3). The highly deshielded H5 proton chemical shift at 6.06
ppm is similar to that in an analogous 1,3-endoperoxide formed
from photosensitized oxidation of 13-hydroxyberberinium phenol-
betaine.12

The minor product is assigned as hydroperoxide6b. HMBC
analysis indicates that the proton signals at 4.76, 4.40, and 2.16
ppm are correlated with corresponding carbon signals. Two
characteristic carbon signals at 160.7 and 96.1 ppm correspond to
the imine C1 and hydroperoxide C5 carbons, respectively. HMBC
data show correlation between the H4′ methylene (4.76 ppm) and
C5, which indicates that the hydroperoxide is not on C1 even though
the chemical shift is similar to that of the tertiary endoperoxide
carbon in5b. The13C chemical shifts for5b and6b were consistent
with B3LYP/6-311+G** GIAO calculations performed on opti-
mized structures of5a and6a.

The relative amounts of5b and6b did not change over the course
of the experiment (12 h), which indicates that6b is not slowly

converting to5b but that5b and6b are probably in equilibrium.
When heated to room temperature, the reaction produces a complex
mixture of products.

Reactions performed in water and DMSO are analogous to those
in methanol and methylene chloride, respectively. The overall
reaction is shown in Scheme 1. At low temperature, the OH proton
signal of1b at 9.51 ppm shows multiple bond couplings to carbons
C1, C2, and C3; no correlation is observed to C4 and C5, which
would be expected for any zwitterion. Attack of singlet oxygen
leads to addition at C5 and proton transfer to give6. Addition para
to the hydroxy group is analogous to products formed in the reaction
of singlet oxygen with para alkylated phenols, but these have never
been observed with 4-unsubstituted phenols.13 In protic solvents,
solvolysis of5 or direct solvent addition to6 leads to hydrogen
migration and elimination of water to form the final product.

Vitamin B6 is an effective quencher of singlet oxygen and could
be used as a protective mechanism against photosensitized oxida-
tion. However, efficient chemical quenching means that it will be
rapidly consumed. Also, insolubility of pyridoxine in nonpolar
solvents makes it questionable as a protective mechanism against
lipid peroxidation.

Acknowledgment. Financial support by the University of
California Toxic Substances Research and Teaching Program is
greatly appreciated. The authors thank Ms. Corrie Kuniyoshi and
Dr. Bruce Hietbrink for their assistance in chemical shift calcula-
tions and Ms. Carrie Brubaker for her assistance in singlet oxygen
quenching measurements. This material is based upon work
supported by the National Science Foundation under equipment
grant no. CHE-9974928.

Supporting Information Available: Experimental procedures,
chemical shift calculations,1H, 13C, and HMBC NMR spectra (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.

References
(1) Cadet, J.; Vigny, P. InBioorganic Photochemistry; Morrison, H., Ed.;

John Wiley & Sons: New York, 1990; Vol. 1, pp 1-272.
(2) For review of plant pathology, see: Daub, M. E.; Ehrenshaft, M.Annu.

ReV. Phytopathol.2000, 38, 461.
(3) Leisman, G. B.; Daub, M. E.Photochem. Photobiol.1992, 55, 373.
(4) Ehrenshaft, M.; Jenns, A. E.; Chung, K. R.; Daub, M. E.Mol. Cell 1998,

1, 603.
(5) Bilski, P.; Li, M. Y.; Ehrenshaft, M.; Daub, M. E.; Chignell, C. F.

Photochem. Photobiol.2000, 71, 129.
(6) For examples, see: (a) Stratton, S. P.; Liebler, D. C.Biochemistry1997,

36, 12911. (b) Oliveros, E.; Besancon, F.; Boneva, M.; Kra¨utler, B.; Braun,
A. M. J. Photochem. Photobiol., B1995, 29, 37.

(7) Ogilby, P. R.; Foote, C. S.J. Am. Chem. Soc.1982, 104, 2069.
(8) (a) Young, R. H. InSinglet Oxygen. Reactions with Organic Compounds

and Polymers; Rånby, B., Rabek, J. F., Eds.; John Wiley and Sons: New
York, 1978; pp 36-47. (b) Okamoto, K.; Hondo, F.; Itaya, A.; Kusaba-
yashi, S.J. Chem. Eng. Jpn.1982, 15, 368.

(9) Saito, I.; Imuta, M.; Matsuura, T.Tetrahedron1972, 28, 5307.
(10) Gollnick, K.; Griesbeck, A.Tetrahedron Lett.1984, 25, 725.
(11) Foote, C. S. InSinglet Oxygen; Wasserman, H. H., Murray, R. W., Eds.;

Academic Press: New York, 1979; pp 139-171.
(12) Kondo, Y.; Inoue, H.; Imai, J.Heterocycles1977, 6, 953.
(13) Thomas, M. J.; Foote, C. S.Photochem. Photobiol.1978, 27, 683.

JA0205481

Figure 2. Summary of NMR data for5. Below the13C NMR spectrum,
0.1 ppm slices of the 2D HMBC about proton resonances (δH) are
represented. HMQC correlations are presented in columnδC.

Figure 3. Expanded1H NMR spectrum of a photooxidized mixture in CD2-
Cl2 at -80 °C.

Scheme 1
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