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Singlet oxygen, the1∆g state of the dioxygen molecule, is
capable of damaging nucleic acids, proteins, and lipids in the
cellular environment.1 Thus, reactions of singlet oxygen with
nucleotide bases and amino acids have been the subject of
intensive research for several decades.2 In many cases, highly
unstable primary products have been directly observed or trapped.3

Insight into the mechanism of the photooxidation of such
molecules has also been obtained from a large amount of kinetic
data collected for many different systems.4 Yet amino acids also
function as ligands at the active site of many enzymes. Almost
nothing is known about the reactivity of singlet oxygen with such
metal-coordinated amino acids. Free cysteine is known to react
with singlet oxygen, leading to the formation of disulfide bonds.5

There have been an increasing number of reports of oxidative
damage to sulfur-rich metalloenzymes.6 Oxidized cysteinato
ligands have also been observed in a recent crystal structure of
nitrile hydratase, a microbal enzyme that contains Fe(III) or Co-
(III) at its active site.7 However, despite the abundance of S-
coordinated cysteinato ligands in enzymatic systems and the
obvious biological importance of oxidative damage to such
ligands, there have been, to the best of our knowledge, no prior
reports of reactions of singlet oxygen with S-coordinated cys-
teinato ligands. We now report that singlet oxygen cleanly
oxidizes the thiolato moiety of the complex [Co(III)(en)2(S-cys)]+-
(BF4)- 8 (1) to the corresponding sulfenato complex. We also
present kinetic and trapping data that provides strong evidence
for a reaction mechanism analogous to the photooxidation of
organic sulfides.

Photooxidation of [Co(en)2(S-cys)]+(BF4)-. The Co(III)-
cysteinato complex [Co(en)2(S-cys)]+(BF4)- (1) is unreactive with
triplet oxygen in aqueous solution. However, reaction with singlet

oxygen (sensitizer: methylene blue or rose bengal, solvent: water
or 90% methanol/10% water mixture, Oriel tungsten-halogen
300 W lamp, cutoff filter at 492 nm) results in the formation of
the corresponding sulfenato product [Co(en)2(SO-cys)]+(BF4)-

(2).9

The reaction can be carried out at pH 6-10. Product formation
is almost quantitative under these conditions; however, strongly
acidic or basic conditions lead to extensive decomposition. The
reaction has been followed by UV/vis spectroscopy (Figure 1),
and by1H NMR spectroscopy. Both the UV/vis data and the NMR
data are identical with the literature values of2.8 Control
experiments demonstrate that the reaction is not a self-sensitzed
photooxygenation, as no reaction takes place upon irradition under
an oxygen atmosphere without the presence of the sensitizer. The
reaction is faster in D2O than in H2O, consistent with singlet
oxygen being the oxidant. For example, a 0.1 mM sample of1
reacts approximately 20 times faster in D2O than H2O under
otherwise identical conditions.11 No C-S bond cleavage products
are observed. Prolonged reaction with singlet oxygen (irradiation
for 1 h or more) leads to formation of small amounts of the
corresponding sulfinato complex [Co(en)2(SO2-cys)]+(BF4)- (3)
after all starting material has been converted to the sulfenato
complex2. Small amounts of the sulfinato complex3 are also
observed within very short irradiation times at low substrate
concentration (∼2 min irradiation at [1] < 0.1 mmol) However,
under those conditions, addition of a large excess (∼100 fold) of
DMSO completely suppresses the formation of3, and only the
sulfenato product2 is obtained.

Kinetics of Reaction of [Co(en)2(S-cys)]+(BF4)- with Singlet
Oxygen.Singlet oxygen can both be physically quenched by (kq)
or chemically react with (kr) substrates. The total rate of removal
of singlet oxygen by complex1 (kT) has been measured by a
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Figure 1. Change in the UV/vis spectrum during the photooxidation of
[Co(en)2(S-cys)]+(BF4)- (1). The peak at 287 nm is due to complex1,
while that at 370 nm is due to the sulfenato complex2.
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singlet oxygen luminescence quenching experiment.13 The com-
bined rate of removal of singlet oxygen by physical quenching
and chemical reaction thus obtained is 1.0( 0.2× 107 M-1 sec-1

(Figure 2) in D2O at neutral pH. To measure the chemical reaction
rate of1 with singlet oxygen, competition experiments between
1 and the singlet oxygen acceptor 9,10-dimethylanthracene
(DMA) were conducted in a 90% methanol/10% water mixture,
at neutral pH. DMA is known to interact with singlet oxygen by
chemical reaction only, with a rate constant of 2.4× 107 M-1

sec-1 in methanol.14 Loss of DMA and complex1 was monitored
spectrophotometrically,15 and the results were fitted into the
equation by Higgins et al.16

The chemical reaction ratekr of 1 thus obtained is 2.2( 0.4 ×
107 M-1 sec-1, or, within limits of error, twice the rate of singlet
oxygen removal by complex1, that is,kr ) 2kT. This implies
that two molecules of product are formed for every singlet oxygen
molecule that is consumed and that there is no physical deactiva-
tion of singlet oxygen by complex1.

The kinetic data is consistent with the mechanism outlined in
Scheme 1. This mechanism is very similar to that for the
photooxidation of organic sulfides. Many transition metal com-
plexesphysicallyquench singlet oxygen,4 including several Co-
thiolato complexes.17 However, the fact that the rate of oxidation
of 1 is (within limits of error) twice the rate of singlet oxygen
removal demonstrates that no physical quenching of1O2 by
complex1 occurs. The first putative intermediate in the photo-
oxidation of organic sulfides is a persulfoxide.18 Such intermedi-
ates have been trapped with DMSO.19 In the photooxidation of
organic sulfides, the intermolecular trapping of the persulfoxide
prevents intramolecular rearrangement (probably via aS-hydro-
peroxysulfonium ylide18) to the sulfone. Our observation that
formation of the sulfinate3 is inhibited by addition of excess
DMSO is thus additional evidence for the mechanism depicted
in Scheme 1.

While there have been extensive studies of the reaction of
organic sulfides with singlet oxygen, there have been very few
reports of the photooxidation of metal thiolates. Darensbourg and
co-workers have elucidated the mechanism of the oxidation of
bisthiolato ligands coordinated to nickel complexes by triplet
oxygen.20 In addition, it has been suggested that the reaction of
such nickel thiolates with singlet oxygen20e-f (as well as related

Pt21 and Pd20f,22complexes) follows the same mechanistic pathway
as the reaction of organic sulfides with1O2. However, except for
the case of an apparently self-sensitized Pt system,23 no kinetic
data in support of this hypothesis has thus far been presented,
and attempts to trap intermediates with diphenyl sulfoxide have
not been successful.20f Our data provide strong evidence that metal
thiolates, including S-bound cysteinato ligands, can react with
singlet oxygen via a mechanism that is analogous to the
photooxidation of organic sulfides.

Reaction rates of organic sulfides with singlet oxygen are
influenced by the steric bulk of the alkyl groups. However, despite
the bulky octahedral complex to which the reactive sulfur of
complex1 is coordinated, the rate of removal of singlet oxygen
by the cysteinato ligand is approximately 5 times the rate of
photooxidation of methylphenyl sulfide in methanol,24 and about
as large as that of ethyl sulfide in methanol.25 Furthermore,
formation of the sulfinate is observed only at low substrate
concentration. Thus, at relatively high concentrations of1,
intermolecular reaction of the persulfoxide intermediate with
unreacted starting material is still faster than collapse of this
intermediate to the sulfinate, despite the large steric bulk of the
octahedral Co complex. On the other hand, in a biological
environment, the concentration of cysteinato ligands will usually
be low enough that sulfinate formation will be the major pathway,
except at sites where several cysteinato ligands are in close
proximity and attack of the persulfoxide on a nearby cysteinato
ligand is possible.

The large chemical reaction rate constant and the absence of
physical quenching of singlet oxygen by the metal center indicate
S-coordinated cysteinato ligands may generally be susceptible to
oxidation by singlet oxygen. Further experiments to establish the
effects of the particular metal and its oxidation state on the
photooxidation of thiolato ligands are in progress.
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Figure 2. Singlet oxygen luminescence quenching by complex1.
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Scheme 1.Reaction Pathways of [Co(en)2(S-cys)]+(BF4)- (1)
with Singlet Oxygen
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