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ABSTRACT
The chemistry of singlet molecular oxygen [1O2 (1∆g)], its impor-
tance in atmospheric, biological, and therapeutic processes, and
its use as a reagent in organic synthesis have been of considerable
interest. Many aspects of singlet oxygen chemistry have emanated
from the work of Christopher S. Foote and co-workers. Singlet
oxygen is a historically interesting molecule with an unusual story
connected with its discovery. Foote and Wexler conducted experi-
ments in the 1960s where evidence was obtained supporting 1O2

generation via two independent routes: (1) a photochemical
reaction (dye-sensitized photooxidation) and (2) a chemical reac-
tion (NaOCl with H2O2). An important factor in the discovery of
1O2 as the critical reaction intermediate in dye-sensitized photo-
oxygenations was Foote’s reassessment of the chemical literature
of the 1930s, when 1O2 was suggested to be a viable intermediate
in dye-sensitized photooxidation reactions. Experiments that used
silica gel beads provided evidence for a volatile diffusible oxidant
such as 1O2. However, a contemporaneous quarrel surrounded this
early work, and the possible existence of solution-phase 1O2 was
ignored for over 2 decades. Not long after Foote’s initial studies
were published in 1964, the idea of singlet oxygen as an intermedi-
ate in photooxidation chemistry gained increasing recognition and
verification in organic, gas phase, and biological processes. There
are many documented impacts that 1O2 has had and continues to
have on biology and medicine, for example, photodynamic therapy
and plant defenses.

Introduction
Christopher S. Foote (June 5, 1935-June 13, 2005) was a
leading authority on chemical reactions involving singlet

molecular oxygen [1O2 (1∆g)]. I was mentored by Foote in
1997-1999 as a postdoctoral fellow in chemistry at UCLA.
This Account is presented in his memory and represents
a tribute to his research efforts. It describes how his early
work shaped current thinking in oxidation chemistry and
photochemistry.1-5 Two ground-breaking papers were
published in the Journal of the American Chemical Society
in 1964 by Foote and Wexler6,7 based on work conducted
in the Department of Chemistry and Biochemistry at
UCLA. The work was soon followed by a classic paper that
appeared in Accounts of Chemical Research in 1968.8 These
papers reported that the oxidation of organic molecules
by NaOCl and H2O2 yielded near identical product distri-
butions from those generated independently in dye-
sensitized photooxidations. A total of 42 years ago, the
following comments were made “the weight of evidence
favors the intermediacy of singlet oxygen. Further experi-
ments are in progress.”7 Foote’s suggestion for the inter-
mediacy of 1O2 is now widely accepted. Subsequent
developments led to interest in other 1O2-mediated pro-
cesses in organic and biological reactions.

History of Photooxidation Research
The history of research on photooxidation processes dates
back to the 19th century. In the late 1800s, biologists
discovered that dyes, oxygen, and light are toxic to
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organisms such as paramecia. Photochemical reactions
involving oxygen were found to result in oxygenation of
biological material via an unknown photooxidation mech-
anism. At the time, little was known about the viability of
reactive intermediates, the mechanism of oxygen uptake
in biological systems, and the chemistry underlying the
toxicity. Even knowledge of the spin-state properties of
molecular oxygen was lacking. In 1924, G. N. Lewis
proposed that ground-state molecular oxygen was a triplet
diradical species.9 Molecular orbital descriptions of triplet
ground-state O2 and excited singlet delta (1∆) and excited
singlet sigma (1Σ) O2 were provided by Mulliken in the
late 1920s (Scheme 1).10,11

Spectroscopic techniques to detect short-lived inter-
mediates were not available at that time, and a mecha-
nistic explanation of the photooxidation chemistry of
organic and biological materials floundered in the early
20th century. However, in 1931, Kautsky and de Bruijn
conducted a brilliant series of experiments at the Univer-
sity of Heidelberg.12 A dye (trypaflavine, 1) and an oxygen-
acceptor compound (leucomalachite green, 2) were ad-

sorbed separately on SiO2 gel beads that were 1.2 and 0.23
mm in size, respectively. These were then mixed and
irradiated in the presence of O2 (Scheme 2).12,13 Oxidation
of 2 took place to give malachite green (3) and 5 and 6,
presumably by the pathway shown in Scheme 2. The
chemistry was found not to be due to diffusion of 1 or 2,
which remained attached to the original beads. The
oxygen source was found not to be H2O. Because 1 and 2
were separated by several millimeters and the compounds
were not adsorbed on the same gel granules, Kaustky’s
“three-phase test” suggested the formation of a diffusible
O2 species, assumed to be in the 1Σg

+ state.12-14 Kautsky
was challenged almost immediately about his mechanistic
interpretation involving 1O2.

Contemporary skepticism about the notion of a singlet
oxygen intermediate was widespread. In 1935, Gaffron
reported that infrared irradiation (820 nm) of bacterio-
chlorophyll or hematoporphyrin in the presence of O2

resulted in the oxidation of a thiosinamine (allyl thio-
urea) acceptor (Scheme 3).15 He argued that the 1Σg

+

state (37 kcal/mol) could not possibly form by energy
transfer from a dye emitting at 820 nm, corresponding to
35 kcal/mol.16 Terenin and others made similar argu-
ments, noting that the intermediacy of singlet oxygen
(1Σg

+) in Kautsky’s experiment could be ruled out based
on energetics, given insufficient energy associated with
emission at 820 nm.17

Kautsky published a rebuttal indicating that the singlet
delta state, 1O2 (1∆g), was estimated to be 22 kcal/mol
above the ground state.18 His polemic against Gaffron
suggested that the quenching of chlorophyll lumines-
cence by O2 in plants could lead to 1O2 (1∆g) but not

Scheme 1

Scheme 2

Scheme 3
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1O2 (1Σg
+).19 (The distribution of the two electrons in the

highest orbitals for the 1Σ, 1∆, and 3Σ states are shown in
Figure 1.)20 The caveat was that the energy of the 1∆ state
had not been characterized with certainty. Kautsky
was perhaps the only scientist at the time to hold this
view.

Noticeably absent from the literature of that period are
references to Kautsky’s rebuttal, published in a biochemi-
cal journal.18 Three possible reasons are the following: (i)
the dilemma about the accuracy of the energetics mea-
sured for the 1∆g state; (ii) the onset of World War II may
have diverted attention from the topic; and (iii) at the time,
there was a vigorous debate about the nature of biological
oxidations, which concerned mechanisms of oxidation
versus dehydrogenation. One of the protagonists was Otto
Warburg. In the 1930s, progress was made with Warburg’s
discovery of “yellow enzyme” containing what is now
known as flavin adenine dinucleotide (FAD).21,22 A few
years later, diphosphopyridine nucleotide (DPN) and
triphosphopyridine nucleotide (TPN), now known as NAD
and NADP, were discovered, and slowly, the biochem-
ical mechanisms began to be unraveled. It is possible that
Kautsky’s work was overshadowed by major contro-
versies about mechanisms of “natural” biological oxida-
tions.23

Opinions in the papers on photooxidation in the
following 2 decades (∼1940-1963) were one-sided. The
paradigm in vogue at the time attributed O2 uptake in
photooxidation reactions to an excited sensitizer-oxygen
adduct.24-26 Individuals working in this field, many of
whom were highly opinionated, discounted the contribu-
tion of 1O2 (1∆g). Blum surveyed the literature in a selective
manner and concluded that a sensitizer-oxygen complex
is the key reactive intermediate.27 Bowen28 and Living-
ston29 conducted work in the area and considered various
mechanisms, but their papers usually suggested the
involvement of a “sensitizer oxygen complex”. The thought
that 1O2 (1∆g) had been ruled out as an intermediate
persisted into the 1960s. In 1964, fully 23 years after
Kautsky, Gollnick and Schenck30 reported a moloxide
version (‚Sens-OO‚) of the 1O2 “ene” reaction of alkenes
to give allylic hydroperoxides, where the double bond has
shifted (Scheme 4).

In 1963-1964, the contributions of Michael Kasha and
independently Elmer A. Ogryzlo advanced the field in a
very important way. Kasha and Khan detected the red

chemiluminescence of 1O2 in NaOCl-H2O2 solutions and
attributed this to the emission of pairs of 1O2 molecules.31-33

Ogryzlo and co-workers found evidence for dimol com-
plexes [2 1O2 (1∆g)] in electric discharge (gas phase)
reactions of molecular oxygen.34-36 Singlet oxygen lumi-
nescence was established in the gas and condensed
phases. Pathways where 1O2 decays to 3O2 + hν [1268 nm
(22 kcal/mol)] and where two unbound singlet oxygen
molecules (2 1O2) decay to 2 3O2 + hν [634 nm (44
kcal/mol) and 701 nm] were reported.37,38

Early Research Efforts of Christopher Foote
Christopher Foote was an undergraduate at Yale Univer-
sity about the time that many advances in photooxida-
tions of organic compounds were being made. While an
undergraduate, Foote worked with Harry H. Wasser-
man and carried out preparation of the red pigment
prodigiosin (7) from cultures of Serratia marcescens.
Wasserman was interested in the photooxidation of pyr-
roles, such as those present in this pigment.39 In 1957,
Foote received a Fulbright scholarship and spent a year
at the University of Göttingen with G. O. Schenck. There,
Foote investigated the rose bengal-sensitized photo-
oxidation of menthofuran (8) in methanol solvent.40 The
work carried out with Wasserman and Schenck gave
Foote an early involvement and understanding of photo-
oxidations, and this later developed to his independent
research on the mechanism of dye-sensitized photooxi-
dations.

Contributions from Foote’s Laboratory at UCLA
After an interlude at Harvard with R. B. Woodward,
receiving his Ph.D. for Diels-Alder reactions, Foote began
his independent career at UCLA. In the 1960s, new tech-
niques were required to study the mechanisms of pho-
tooxidation reactions. Kautsky’s idea of a dye-sensitized
photochemical route to 1O2 (1∆g) languished until experi-
ments were conducted by Foote and Wexler.6,7 Their evi-
dence supported 1O2 generation via two independent
routes: (1) a photochemical reaction (dye-sensitized pho-
tooxidation, Scheme 5A), and (2) a chemical reaction
(NaOCl with H2O2, Scheme 5B). For example, in methanol,
2,5-dimethylfuran (9) gave 2,5-dimethyl-2-hydroperoxy-
5-methoxydihydrofuran (11) in 84% yield by reaction with

FIGURE 1. Spin-orbital diagrams for the ground and first two excited
states of O2.20

Scheme 4
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NaOCl (1.0 M) and H2O2 (0.18 M), while 74% was obtained
from photooxidation (Scheme 6). The oxidant in the dye-
sensitized photooxidation reaction in dilute homogeneous
solution was essentially indistinguishable from that in the
reaction of NaOCl with H2O2, known at the time to yield
1O2.31,32

In the 1960s, energy transfer was a hot topic, mainly
because of the pioneering work by George Hammond and
his co-workers at Caltech. Foote shared an interest in
this subject and proposed that energy transfer takes
place between triplet sensitizers and ground-state mo-
lecular oxygen (3O2), to yield the ground-state of the
sensitizer and 1O2 (1∆g). Reactions of other hydrocarbon
acceptors (e.g., 2,3-dimethyl-2-butene, 1,3-cyclohexa-
diene, ∆9,10-octalin, and tetraphenylcyclopentadienone,
all of which react with 1O2 at double bonds) confirmed
the parallel between reactions (1) and (2).6,41 Foote’s classic
paper in the first volume of Accounts of Chemical Re-
search in 1968 emphasized this parallelism and sum-
marized the results of oxygenation of a variety of al-
kenes and dienes.8 Foote described 1O2 as “biologically
important”. Stereoselectivity and substituent effects on
product distributions and reaction rates in singlet oxy-
gen reactions were assessed. For the first time, the
reactivity of 1O2 could be judged against that of other
reactive oxygen species. Hydroxyl radicals were found to
be far more reactive than 1O2, while nitric oxide (NO) was
found to be far less reactive; the selectivity of the latter
was found to be sufficiently high to enable reactions with
other radical species. Superoxide was found to be of very
low reactivity compared to 1O2. Prior to this time, no
practical method was available for comparing the chem-
istry and reactivity of 1O2 with other reactive oxygen
species.

The work of Foote constitutes an important milestone
in the history of singlet oxygen chemistry. In 1964, Kautsky
was near the end of his life, and Foote never had the
opportunity to present to Kautsky the data concerning the
relationship between NaOCl-H2O2 and dye-sensitized
photooxidation, which supported 1O2 generation by two
completely different routes. Foote was strongly influenced
by Kautsky’s work, but these two did not have an op-
portunity to meet and discuss the subject. In addition, it
is not likely that Kautsky was aware of Foote’s new results
prior to his death. A critical factor that was important in
guiding Foote’s work was his reading of Kautsky’s papers

and his realization that it was ignored in subsequent
reviews and monographs. This led to Foote’s reassessment
that singlet oxygen had not been ruled out as the critical
reaction intermediate and that it was most likely the key
intermediate in photosensitized oxidations. An even more
direct link with Kautsky is apparent in the work of Foote
published in the Journal of the American Chemical Society
in 1978.42 In this paper, Wolf, Foote, and Rebek reported
a heterogeneous trapping study of 1O2, which was similar
to the Kautsky three-phase test but used polymer-attached
rose bengal as the sensitizer and a 1O2 acceptor, 6-methyl-
5-heptenoate, attached to a separate polymer bead.42

The response to the work of Foote and Wexler resulted
in contributions of other researchers to the understanding
of oxidation of organic molecules by 1O2. One such
example is a paper by Corey and Taylor that was published
back-to-back with Foote and Wexler’s paper.7,43 The Corey
paper was submitted soon after (June 25) Foote and
Wexler’s work (June 1). A method of 1O2 production via
electric discharge was applied by Corey and Taylor. In
1956, Foner and Hudson had discovered that electric
discharges promoted the formation of 1O2.44 Molecular
oxygen was passed through an electric discharge and
bubbled into a solution where oxidation of acceptor
molecules could take place to form products similar to
those from NaOCl-H2O2 and dye-sensitized photooxida-
tion.43

Interestingly, the work of Foote and Wexler also gener-
ated skepticism. One of the most eminent scientists in the
field, G. O. Schenck, whom Foote had worked for, was not
persuaded that the sensitizer-oxygen intermediate should
be discarded. For years, Schenck had advocated the
moloxide mechanism (Scheme 4). As late as 1970, Schenck
continued to suggest a sensitizer-oxygen complex (molox-
ide) rather than a diffusible 1O2 species: “The complex-
olytic mechanism of 1O2 formation appears to be internally
consistent and free of contradictions to the presently known
experimental facts.”45 Arguments in favor of excited sen-
sitizer-oxygen complexes ceased when (i) Kopecky and
Reich found that rates of photooxidation were indepen-
dent of the sensitizer used46 and (ii) Foote, Ando, and
Wexler showed that sensitizers exert no steric influence
on the oxygen reactivity47 and (iii) that radical scavengers
do not influence the reaction.47 These three results are
opposite to what one would expect for a sensitizer-oxygen
complex. However, the product distribution was altered
because of sensitizer interactions at high concentrations:
xanthene and acridine dyes can abstract a hydrogen atom
from the substrate, which leads to the production of
radicals.45

An appreciation for two types of photosensitized oxida-
tion, named type I and type II, soon emerged in the field
(Scheme 7).48 Both reactions involve the absorption of light
by a sensitizer (Sens) to produce an excited-state sensitizer

Scheme 5

Scheme 6

Scheme 7

Foote’s Discovery of the Role of Singlet Oxygen Greer

800 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 11, 2006



(Sens*). However, type I photooxidation is a reaction
where radicals or radical ions lead to the production of
oxygenated compounds. Ideal sensitizer properties and
experimental conditions that favor the singlet oxygen (type
II) pathway include (i) a low sensitizer and O2 concentra-
tion, (ii) a high intersystem crossing yield of the sensitizer,
(iii) a low chemical reactivity of the sensitizer triplet state,
and (iv) a small singlet-triplet splitting of the sensitizer.
Competition between type I and II photooxidation chem-
istry is inevitable upon the formation of an excited
sensitizer in the presence of 3O2. Thermal processes to
generate 1O2 represent alternatives to photosensitized
oxidation. Decomposition of triphenylphosphite ozo-
nide,49 photoperoxides [9,10-diphenylanthracene endop-
eroxide, 1,4-dimethylnaphthalene endoperoxide, and 3,3′-
(1,4-naphthalene)dipropionate endoperoxide],50-55 hetero-
cycle-O3 adducts (pyrroles, oxazoles, and imidazoles),56

and a sodium molybdate (Na2MoO4)-hydrogen peroxide
system57 have come to be widely applied as thermal
sources of 1O2.

Singlet Oxygen Unveiled as a Synthetic and
Biological Agent
The idea that 1O2 is an intermediate in organic chemistry
and biology signified an important break with the past.
Researchers quickly recognized that 1O2 reactions had
great synthetic utility for generating oxygenated hydro-
carbons, such as endoperoxides from [2 + 4] cycloaddi-
tions, dioxetanes from [2 + 2] cycloadditions, sulfoxides
from sulfide oxidations, phosphine oxides from phosphine
oxidations, and hydroperoxides from phenol oxidations
and “ene” reactions (Scheme 8).4,5,8,58

A number of papers of Foote and co-workers focused
on the reaction of singlet oxygen with phosphines, sul-
fides, organometallic complexes, and conjugated and
nonconjugated olefins.59-68 The “ene” reaction of singlet
oxygen with olefins was a topic of particular interest.
When I was a postdoctoral fellow in Foote’s group, I
examined how singlet oxygen undergoes “ene” reactions
and why there had been such a difficulty in understanding
this from an experimental point of view.69 Perepoxide (a),
exciplex (b), and diradical and zwitterionic interme-
diates (c) had been proposed, in addition to a concerted

reaction via transition-state d (Scheme 9). The research
groups of Foote, Houk, and Singleton came together in
this effort to collect computational and experimental data.
Measured 13C and literature 2H isotope effects were used
to gauge the accuracy of the computations. Single-point
energy calculations at the CCSD(T) level on a grid of
B3LYP-optimized geometries predicted that the 1O2 “ene”
reaction with cis-2-butene contained a valley-ridge inflec-
tion (VRI). Two transition states are connected sequen-
tially on a pathway that bifurcates at the VRI point
prior to TS2 to give allylic hydroperoxide products (Scheme
10). Previous to this work, there was a struggle to
understand the role of the perepoxide species, i.e., whether
or not it was a viable reaction intermediate. The theory
suggests that the perepoxide is not a minimum on the
potential energy surface. Important kinetic isotopic se-
lectivity and regioselectivity information was also de-
duced from the consideration of calculated dynamical
effects.70-72

A biological example of the 1O2 “ene” reaction is in lipid
peroxidation processes, where a shift in the double bond
takes place. For example, 1O2 adds -OOH to linoleoyl
groups at the 9′, 10′, 12′, and 13′ positions (Scheme 11).73

Oxygen radical attack, in contrast, yields only the conju-
gated 9′ and 13′ hydroperoxides. Thus, the product
distribution can be used to distinguish between 1O2- and
radical-mediated lipid peroxidation.73-78

Foote had considerable enthusiasm and excitement
about future prospects for singlet oxygen in chemistry and
biochemistry. He published many papers to establish
mechanisms of biological oxidations, such as the photo-
oxidation of bilirubin and guanosine and ascorbic acid
derivatives.79-84 The photooxidation of biological-model
compounds often provided new mechanistic insights. For
example, in 2004, a comprehensive study of the reaction
of 1O2 with 2′,3′,5′-tris-(O-tert-butyldimethylsilyl)guano-
sine (12) was reported (Scheme 12).82 Unstable products
were detected by low-temperature nuclear magnetic
resonance (NMR) and 13C-labeling. A mechanism was
suggested for the conversion of guanosine 12 to 8-oxoG
(13). The subsequent photooxidation of 13 yields 5-hy-
droperoxy-8-oxo-7,8-dihydroguanosine (14) at low tem-
perature. Reduction of 14 yields the corresponding alcohol
(15), which rearranges to a stable final product spirodi-
imidohydantoin (16).

Fueled by the Foote and Wexler effort, the number of
scientists examining 1O2 continued to grow.85,86 The role
of singlet oxygen in photodynamic action was estab-
lished,87-89 it arises from the high reactivity of 1O2 with
biomolecules (e.g., membranes and lipids), amino acids
(e.g., His, Trp, and Met), and nucleic acids (e.g., gua-
nosine). Anthropogenic sensitizers (dyes, pharmaceuticals,
and cosmetics) can serve as oxygen-dependent photody-
namic agents and produce singlet oxygen. A number of
natural products can also “sensitize” organisms to pho-

Scheme 8 Scheme 9
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tochemical damage by oxygen (e.g., chlorophyll, non-iron
porphyrins, flavins, polyacetylenes, other plant pigments,
and mold toxins).90-93 Hypericin (St. John’s Wort, 17)
represents a natural photooxidation photosensitizer with
antitumor and anti-HIV activity; it is sold over the counter
and touted to be an antidepressant agent (Scheme 13).
Other examples include cercosporin (18), which is a
photodynamic mold toxin, and R-terthienyl (19), which
is a photodynamic insecticide from marigolds. In the

presence of light and oxygen, compounds 17-19 give
singlet oxygen in high yield.

Conclusion
A total of 42 years after its publication, Foote’s work has
possessed considerable significance. Not long after Foote’s
initial studies were published in 1964, the idea of singlet
molecular oxygen as a critical intermediate in photooxi-
dation chemistry gained increasing recognition and sub-
sequent verification for organic, gas phase, and biological
processes. The importance of 1O2 is now fully realized
along with proof of its existence in a variety of oxidation
reactions. Today, little of the moloxide mechanism re-
mains except for situations involving high sensitizer
concentrations, where radical or electron-transfer oxida-
tion (type I) processes can take place. The chemistry of

Scheme 10

Scheme 11

Scheme 12 Scheme 13
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singlet oxygen remains a focus of exciting and cutting-
edge research in chemistry, biology, and medicine.
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