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ABSTRACT: This Review describes singlet oxygen (1O2) in the organic synthesis of
targets on possible 1O2 biosynthetic routes. The visible-light sensitized production of 1O2
is not only useful for synthesis; it is extremely common in nature. This Review is intended
to draw a logical link between flow and batch reactionsa combination that leads to the
current state of 1O2 in synthesis.
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1. INTRODUCTION

This Review discusses photogenerated singlet oxygen (1O2) in
synthetic organic chemistry. Even though singlet oxygen is a
short-lived metastable excited state of molecular oxygen, it is a
practical reagent for compound oxidation and can form carbon−
oxygen and heteroatom−oxygen bonds. The motivation for this
Review is to encourage its further use in the synthesis of natural
products and drugs.

2. BACKGROUND

Historically, 1O2 showed diffusible properties with photo-
sensitization as a convenient method for its production in the
Foote−Wexler reaction 50 years ago.1,2 Since that time, 1O2 has
been established for its ability to oxidize organic and biological
compounds3−11 or to be used in synthesis.
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In the 1980s, reports emerged on the use of singlet oxygen in
the synthesis of natural products. The use of 1O2 in organic
synthesis was pioneered12−14 and routes to natural products by
1O2 began to be classified as biomimetic. While singlet oxygen’s
frequency in the synthesis of natural products has increased in
the past 10 years, it is still a relative newcomer.
Scheme 1 shows synthetically useful 1O2 reactions for

generating oxygenated compounds, including the formation of

endoperoxides fromDiels−Alder reactions, dioxetanes from [2 +
2] cycloadditions, hydroperoxides from alkenes and phenols,
sulfoxides from sulfides, and phosphine oxides from phos-
phines.15−22 Not only is the chemical trapping of 1O2 easy
(Scheme 1), its generation is also straightforward (Scheme 2).
Scheme 2 shows two methods that give rise to 1O2, although

this Review focuses exclusively on the second. The first route is a
thermal process, i.e., dark singlet oxygenation (Scheme 2A), such
as H2O2 with NaOCl23 or the use of peroxides [arene
endoperoxides;24−27 hydrotrioxides;28−31 dihydroperoxides;32,33

potassium monoperoxysulfate (KHSO5);
34−36 dimethyldioxir-

ane;37 ozone/heterocycle adducts with pyrroles, oxazoles, and
imidazoles;38 or triphenylphosphite ozonide, cyclo-
(PhO)3PO3].

39,40 Such peroxides are oxidants themselves that
can react with the substrates directly or have poor functional
group tolerance, which are synthetic concerns. However, these
peroxide reagents can be eliminated in the second route.
The second route is the photosensitized production of 1O2

(Scheme 2B).41 This oxygen-dependent photosensitization
reaction is not only useful in organic synthesis, it is extremely
common in nature. The route is appealing because it only
requires visible light, oxygen, and a sensitizer to produce 1O2.
Light excites the sensitizer and not the substrate. Thus, the
process is wavelength-selective, where narrow and broad-band
light sources can be used.42 Furthermore, fabricated capillary
reactors that run onminiature light-emitting diodes (LEDs) have
advantages to batch reactors. Small reactors with low-energy long
wavelengths are more appealing than large reactors with high-
energy short wavelengths, as we will see.

3. SCOPE OF THE REVIEW
This Review is intended to be of interest to synthetic organic
chemists. Only modest information is known for singlet oxygen’s
success in organic synthesis applied to complex targets or the use
of 1O2 in flow synthesis. No comprehensive coverage exists for
1O2 in the organic synthesis of natural products and drugs. The
rest of this Review has been organized into two sections (sections
4 and 5).
In section 4, natural products or related compounds are

discussed where singlet oxygenation is a key step in their
biomimetic synthesis. Because the synthesis of butenolides43−47

and trioxane antimalarial drugs48−59 using 1O2 chemistry has
been reviewed, our description of these topics will be confined to
section 5. Similarly, because there are reviews on 1O2 in physical-
organic chemistry,60−63 this literature will not be explicitly
covered. Physical and environmental chemistry aspects of 1O2
will also not be covered due to preexisting reviews.64−67

In section 5, 1O2 flow photoreactors and their success in
synthesis will be summarized in an effort to help validate them.
Previous reviews on flow photoreactors that have selected
coverage of 1O2 in flow synthesis have been published.68−70 Our
Review is up-to-date where section 5 exclusively covers 1O2 flow
photoreactors in synthesis. “Flowing” 1O2 generators such as the
chemical oxygen−iodine laser (COIL)71−75 with supersonic I2/
O2 mixing will not be covered because there is no overlap with
organic synthesis. Extensive studies have been carried out with
direct substrate photolysis in flow reactions,76−83 which will also
not be covered. Lastly, this Review will emphasize the interplay
between basic (section 4) and applied research (section 5) to
further establish 1O2 in the synthesis of targets with industrial-
scale syntheses in mind.

4. SINGLET OXYGEN IN SYNTHESIS

4.1. Background

In this section, we provide accounts of 1O2 in batch reactions for
the synthesis of natural products and drugs. Schemes 4−53 show
the extent of complex targets synthesized to date using 1O2.
There are reports of tandem additions of 1O2 molecules in the
literature.84−96 Many studies formed peroxide cycloadducts as
intermediates, which often rearranged or were reduced to more
stable groups. Common reducing agents used are thiourea,
dimethylsulfide, and triphenylphosphine. As we will see,
tetraphenylporphyrin (TPP), rose bengal (RB), and methylene

Scheme 1. Synthetic Utility of 1O2 for Generating Oxygenated
Hydrocarbons

Scheme 2. Generation of Singlet Oxygen

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.5b00726
Chem. Rev. 2016, 116, 9994−10034

9995

http://dx.doi.org/10.1021/acs.chemrev.5b00726


blue (MB) are the most common sensitizers (Sens) in
homogeneous solutions.97−101 Irradiation of Sens0 causes
Sens* to efficiently produce singlet oxygen (type II) and trace
amounts of oxygen radicals (type I) (Scheme 3); the latter is

responsible for photobleaching over long irradiation times.
Heterogeneous sensitizers are diphasic with two appeals (pun
intended). They are generally less prone to photobleaching
compared to homogeneous sensitizers,102−106 and they are easy
to separate from solution after reaction; examples include
polymer-supported RB, secoporphyrazine, and fullerenes.107−116

Self-sensitized photooxygenation reactions are also
known,117−120 where the substrate absorbs visible light to
generate 1O2, which reacts on itself; two examples are described
in section 4.11 in the context of natural products and drug
synthesis.
In the context of synthesis, there are caveats unique to singlet

oxygen chemsitry: (i) An inverse relationship exists between
temperature and rate, where 1O2 often adds more rapidly at low
temperature (many 1O2 reactions are under entropy con-
trol).121−124 (ii) Peroxide product stabilitites vary, and low-
temperature NMR spectroscopy is beneficial for detection in
crude reaction mixtures. Furthermore, deuterated NMR solvents
show duplicity with 1O2 in synthesis for in situ monitoring and
faster reaction rates. (iii) The rate of 1O2 reactions is faster in
deuterated solvents due to longer 1O2 lifetimes (τΔ); for example,
compare toluene-d8 (τΔ = 280 μs) vs toluene (τΔ = 29 μs) and
CDCl3 (τΔ = 7.0 ms) vs CHCl3 (τΔ = 230 μs).125,126 In contrast,
protic solvents produce the shortest 1O2 lifetimes due to facile
deactivation by O−H vibrational quenching to ground-state 3O2.

(iv) Some 1O2 is wasted through substrate physical quenching.
The total rate constants (kT) of

1O2 of a compound are known to
be the sum of the chemical quenching rate constant (kr) and the
physical quenching rate constant (kq), where reactions can be
efficient (kr ≈ kT) or inefficient (kq ≈ kT). The latter case is
observed with amines, which deactivate 1O2 by charge-transfer
quenching (107 to 108 M−1 s−1).127−130 Additionally, amines can
diverge the chemistry from type II (1O2) to type I, generating
oxygen radicals.131 (v) In terms of selectivity, 1O2 reacts
preferentially with compounds of higher nucleophilicity owing
to singlet oxygen’s electrophilicity.132−134 For example, the kT of
a tetrasubstituted diene (2,5-dimethyl-2,4-hexadiene)135 is
∼100-fold greater than a disubstituted diene [(E,Z)-2,4-
hexadiene], so the former site is selectively reacted as is relevant
in the first example in section 4.2, the synthesis of endoperoxide
natural products.

4.2. Endoperoxides

We have located 3 studies: first, a 2002 report describes the RB-
sensitized photooxygenation of a trisubstituted diene selectively
in the presence of a trisubstituted alkene to furnish a mixture of
diastereomeric endoperoxides. The photooxidation of triene 1
was followed by a reaction with diazomethane, leading to
endoperoxides 2 and 3 in 40% yield (Scheme 4).136 To reach 2
and 3, the synthesis was 18 steps in length with a total yield of
2.8%. On the basis of the assignment of diastereomeric
(3R,6S,8R,10R)-2 and (3S,6R,8R,10R)-3, the natural product 4
is tentatively assigned as 3S,6R,8S,10R. Carboxylic acid
derivatives of 2 and 3 are known to have potent cytotoxic and
antifungal activity.137

Second, a 2002 report describes the RB-sensitized photo-
oxidation of a 1.8:1.0 ratio of (3E,5E)/(3Z,5E) dienes 5 (Scheme
5),138 to form diastereomeric endoperoxides 6 and 7 (also in a
ratio of 1.8:1.0) in a 45% combined yield. Four additional steps
furnished the natural product (±)-6-epiplakortolide E 8, which
bears a flexible phenyl-terminated polymethylene chain. It is not
obvious how 6 and 7 form in the same 1.8:1.0 ratio because it is
expected that the 1O2 [2 + 4] cycloaddition is less feasible due to
distortion of the 3Z,5E diene to reach the s-cis geometry. For

Scheme 3. Type I and II Photosensitized Oxidation

Scheme 4. Synthesis of Marine Sponge Endoperoxide Isomers
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example in 2,4-dimethyl-2,4-hexadienes, [2 + 4] addition is
favored for E,E, but not E,Z, where the ene reaction and [2 + 2]
addition also occur.139

Third, an approach reported in 1999 features a TPP-sensitized
photooxidation of 9 and 14 to give hydroperoxides 10 and 15
regioselectively in 62% and 69% yields, respectively (Scheme 6A
and B).140,141 The regioselectively was the result of 1O2 addition
to the Z-allylic alcohol with H-bonding. The hydroperoxides
reacted with DTBN, causing a peroxyl radical Schenck
rearrangement142 to hydroperoxides 11 and 16. A series of

additional steps with hydroperoxide 11 and 16 afforded
chondrillin (−)-12 and (+)-17, and plakorin (+)-13 and
(−)-18. Chondrillin has shown antitumor activity against P388
leukemia cells, and plakorin is an activator of sarcoplasmic
reticulum Ca(II)-ATPase.143 We also note that stereoselective
synthesis of (Z)-3-tributylstannyl-2-alkenyl hydroperoxides from
the 1O2 “ene” reaction of allylstannanes144−147 have yielded
synthons for peroxy natural products (Scheme 6C). Singlet
oxygen chemistry is an efficient way to reach highly oxygenated

Scheme 5. Synthesis of (±)-6-Epiplakortolide E

Scheme 6. Synthesis of (±)-Chondrillin, (±)-Plakorin, and a Stannyl Alkenyl Hydroperoxide
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compounds, such as carbasugars (polyhydroxy cyclohexanes), as
we will see next.

4.3. Carbasugars

Singlet oxygen acts in some way as a liver enzyme (cytochrome
P450) by processing hydrophobic compounds to increase their
water solubility by introducing hydroxyl groups. A 1998 report
described the TPP-sensitized photooxidation of dioxolane 21,

which gave hydroperoxide 22 in 95% yield (Scheme 7).148

Hydroperoxide 22was reduced with thiourea to form alcohol 23,
and subsequent reactions led to DL-vibo-quercitol 24 and DL-talo-
quercitol 25. There are literature examples of highly oxygenated
compounds, such as pinitol, cyclitols, and polyols, synthesized by
other oxidation methods, e.g., epoxidation, osmylation, and
ozonolysis.148−150 Relatedly, 1O2 reactions have been previously

Scheme 7. Synthesis of DL-talo-Quercitol and DL-vibo-Quercitol

Scheme 8. Synthesis of DL-proto- and DL-gala-Quercitol and a gala-Aminoquercitol Derivative
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reported for the synthesis of conduritols,151−157 proto-quercitol,
and gala-quercitol, as is discussed in the next example.158

A synthesis reported in 1997 used the TPP-sensitized
photooxidation of 1,4-cyclohexadiene 26 to give hydroperoxide
27, which upon addition of a second 1O2 molecule led to
hydroperoxy endoperoxides 28 and 29 in 72% yield (88:12 ratio)
(Scheme 8).158 The reduction of peroxides 28 and 29 with
LiAlH4 was followed by protection of the alcohol group with
acetic anhydride affording triacetates 30 and 32, respectively.
Further reactions led to DL-proto-quercitol 31 and DL-gala-
quercitol 33. In a related report in 2010, hydroperoxide 28 was
found to afford oxazolidinone 34, leading to DL-gala-amino-
quercitol 35.159

From 2014, a report described the TPP-sensitized photo-
oxidation of cyclohexa-1,3-diene 36 (Scheme 9).160 The addition

of 1O2 to 36 occurred in the expected [2 + 4] pathway, leading to
endoperoxide 37, which was reduced and acetylated to afford
diacetate 38, and two additional steps led to DL-tetrol 39. In a
related report in 2014,161 other carbasugars such as DL-pentaol 40
arise from endoperoxide 28 following a similar strategy.
A 2013 paper describes the TPP-sensitized photooxidation of

4,5-dimethylenecyclohex-1-ene 41 (Scheme 10),162 where the
tandem addition of three 1O2 molecules was observed. Singlet
oxygen first added to 41 by a [2 + 4] cycloaddition to form

endoperoxide 42 in 86% yield. A second equivalent of singlet
oxygen added by an ene reaction, and a third singlet oxygen
equivalent added by another [2 + 4] cycloaddition. As can be
seen, resulting trisperoxides 43 and 44 contain a high degree of
oxygenation. In addition to the evidence for 43 and 44 from
NMR spectroscopy, X-ray crystal data were also obtained for 44.
The reduction of 43 was carried out with thiourea. The alcohol
groups reacted with acetic anhydride in pyridine to form
triacetate 45 in 82% yield. Isomeric heptols DL-46 and DL-47were
then formed in further reactions. Other reports also show that
hydroperoxides are efficiently prepared by reacting cyclohexa-
1,4-dienes with 1O2 in an ene reaction.163−165

In 2011, a report appeared describing the TPP-sensitized
photooxidation of 2-(6-acetoxycyclohex-3-en-1-yl)ethyl acetate
48 to form hydroperoxide 49 and enone 50 in 72% and 14%
yields, respectively (Scheme 11).166 Reduction and acetylation of
hydroperoxide 49 followed by a series of reactions afforded 5a-
carba-6-deoxy-α-DL-galactoheptopyranose (51) and 5a-carba-6-
deoxy-α-DL-guloheptopyranose (52).
Lastly, a 2003 report described the TPP-sensitized photo-

oxidation of trans-8-(acetyloxy)bicyclo[4.2.0]octa-2,4-dien-7-yl
acetate 53, which gave endoperoxide 54 in 70% yield (Scheme
12).167 Reduction and acetylation of 54 led to tetraacetate 55 in
73% yield, and further reactions led to DL-bishomoinositol 56.
Leaving carbasugar synthesis, epoxides are described next.

4.4. Epoxides

Even though 1O2 is a high-energy species, epoxide products are
tolerant of it. Four preparative examples of 1O2 for reaching
epoxide-containing natural products are described. First, a 2005
paper describes the MB-sensitized photooxidation of diastereo-
meric bicyclo[4.2.0]octanes 57 and 60, which separately gave
endoperoxides 58 and 61, respectively, in 69% and 72% yield
(Scheme 13).168 Endoperoxides 58 and 61 were then isomerized
with RuCl2(PPh3)3 using Noyori’s method to the diepoxides,
elysiapyrones A 59 and elysiapyrones B 62, in 68% and 50%
yields, respectively. Additionally, (±)-ocellapyrone B has been
used as a precursor to 14-methylelysiapyrone A.169

Second, a 2015 paper describes the MB-sensitized photo-
oxidation of diene 63, which gave endoperoxide 64 selectively in
92% yield (Scheme 14).170 Endoperoxide 64 was converted to
diepoxide 65 by treatment with diisobutylaluminum hydride
(DIBAL), followed by acetic anhydride and DMAP, and in a
subsequent step by Noyori’s ruthenium(II) catalytic method.
Seven additional reactions then led to (±)-limonin 66.

Scheme 9. Synthesis of a DL-Tetrol and a DL-Pentaol

Scheme 10. Synthesis of Isomeric Heptols
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Third, a 1994 report described the TPP-sensitized photo-
oxidation of a mixture of fusicocca-2(6)-3-diene 67 and
fusicocca-2,5-diene 68 (ratio 2:3) (Scheme 15).171 Attack of
singlet oxygen on the cyclopentadiene ring of 67 and 68
occurred, forming endoperoxides 69 and 70. Upon warming,

rearrangements of endoperoxides 69 and 70 proceed to
diepoxide and epoxy ketone products. Namely, 69 led to
fusicogigantepoxide 71 and fusicogigantone A 72, while 70 led to
2α,3α:5α,6α-fusicogigantepoxide B 73 and 2α,3α-fusicogigan-
tone B 74. NMR spectroscopy was used to help deduce the
structures, and X-ray data were collected for 71. Dienes 67 and
68 are plausible but not yet identified as natural precursors to
reach 71−74 by singlet oxygenation. Studies of the rearrange-
ment mechanism of 1,4-endoperoxides to 1,2:3,4-diepoxides
have been reported.172 We point out that conversion of
endoperoxides to cis-epoxides and epoxy ketones has also been
successfully carried out with spiro[2,4]heptadiene.173 Further-
more, a photooxidation strategy was successful in the synthesis of
the natural product senepoxide.174

Fourth, a 2014 paper describes the RB-sensitized photo-
oxidation of furan 75 in the presence of diisopropylethylamine
(DIPEA) (Scheme 16).175 Preferential base abstraction of the
left-hand bridgehead proton of the endoperoxide causes its
decomposition by O−O bond heterolysis to butenolide 76. The

Scheme 11. Synthesis of 5a-Carba-6-deoxy-α-DL-galactoheptopyranose and 5a-Carba-6-deoxy-α-DL-guloheptopyranose

Scheme 12. Synthesis of DL-Bishomoinositol

Scheme 13. Synthesis of Elysiapyrones A and B
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early finding on the furan mechanism of forming two C−O
bonds and breaking of an O−O bond to reach butenolide is
interesting,176 and it has been exploited to reach other butenolide
and spiroketal natural products (as mentioned in section 3).43−47

Paradoxically, tertiary amines (such as DIPEA) physically
quench 1O2 yet are essential for the base-abstraction process.
X-ray crystallographic data were also collected for 76. The
preparation of four additional triptolide derivatives was

Scheme 14. Synthesis of (±)-Limonin

Scheme 15. Synthesis of Fusicogigantepoxides and Fusicogigantones
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accomplished for an evaluation against ovarian (SKOV-3) and
prostate (PC-3) cancer cells, showing that the activity depends
critically on the D ring in these structures.

4.5. Tropones and Tropolones

Tropones and tropolones are widely seen in nature and represent
highly oxygenated natural products. We have located four studies
that use or form tropones and tropolones; first, a 2001 report
described the hematoporphyrin-sensitized photooxidation of
atropisomers of (−)-isocolchicine (78/79), which led to
diastereomeric endoperoxides 80/81 and 82 in 54% and 8%
yields, respectively (Scheme 17).177 Preferential anti addition of
1O2 to (M,7S)-(−)-78 atropisomer is due to molecule twisting
negating the steric interactions from the benzenoid ring, leading

to 80/81 as major endoperoxide products. Endoperoxides 80/81
and 82 were separated by column chromatography, in which the
latter was favored (ratio of 80/81:82 was 7:1). Further synthetic
steps then led to 83.
Second, a 1997 paper described the reaction (−)-colchicine 84

with 1O2 to reach endoperoxide 85 (Scheme 18).178 This
reaction has high regio- and facial selectivity due to the
importance of sterics and hydrogen bonding of the acetamide
N−H with 1O2. Endoperoxide 85 was then treated with
triphenylphosphine or silica gel to reach N-acetylcolchinol O-
methyl ether (87) or androbiphenyline (88) via the 4-membered
ring lactone 86. Allocolchicinoids, 87 and 88, are responsible for
cell growth and tubulin polymerization inhibition,179 but until
this synthetic work, preparative photooxidations of helimers

Scheme 16. Synthesis of a Triptolide Derivative

Scheme 17. Photooxidation of Isocolchicine Atropisomers
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were largely neglected to reach natural product targets. Direct
photolysis studies in the past few years have also shown the
virtues of using helimers in synthetic applications.180

Third, a 2006 report on the TPP-sensitized photooxidation of
a dioxin-fused cycloheptatriene (89) was found to produce
tricyclic endoperoxide 90 in 94% yield (Scheme 19).181

Treatment of 90 with thiourea led to O−O bond reduction to
tropolone 91 or other tautomers 92−94, which bear some
similarity to the natural product colchicine 84. Tropone
endoperoxide 90 releases 1O2 in a reverse Diels−Alder reaction
forming starting material 89, in a similar fashion to naphthalene
and anthracene endoperoxides, which are storage pools to get

Scheme 18. Photooxidation of (−)-Colchicine

Scheme 19. Synthesis of Tropolone Compounds

Scheme 20. Synthesis of (±)-Clavularin A and B
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back 1O2.
182−184 Previous reports have also shown the

photooxidations of benzotropones give endoperoxides that are
stable at low temperatures.185−187 Encouragingly, benzotropones
possess carbonic anhydrase isoenzyme inhibition properties.188

Fourth, a 1991 report described the MB-sensitized photo-
oxidation of clavukerin A 95with pyridine inmethanol, which led
to hydroperoxide 96 in 79% yield (Scheme 20).189 Hydro-
peroxide 96 was treated with acetyl chloride in pyridine, giving
the acetyl peroxide, which underwent a Hock-like 1,2-allyl shift to
the oxonium ion 97. Addition of TFA leads to a stereoselective
protonation that can be explained by 1,2-neighboring group
induction from the methyl center with ring-opening to the
tetrahydrotropones, for (±)-clavularin A 98 and (±)-clavularin B

99 in a 9:1 mixture. Other than tropones and tropolones,190

natural products containing multiple rings are common,191 as we
will see next.
4.6. Polycyclic Ethers and Polyols

There have been reports in the synthesis of polycyclic ethers and
polyols featuring [2 + 4] 1O2 cycloaddition strategies. A 1999
report describes brevetoxin A 104 in which a key step was a TPP-
sensitized photooxidation of the diene site of 100 (Scheme
21).192 This led to the formation of a diastereomeric
endoperoxides 101. Reduction of the O−O bond of 101 with
aluminum amalgam in tetrahydrofuran (THF)/H2O led to the
formation of diastereoisomeric diols 102 and 103 in a 1:1 ratio in
58% yield over 2 steps. Additional steps in the synthesis led to

Scheme 21. Singlet Oxygen Reaction in the Synthesis of Brevetoxin A

Scheme 22. Synthesis of Polycyclic Ethers
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104. Such polycyclic ethers and biomimetic pathways to reach
them have been of interest because of their therapeutic and toxic
properties.193,194

Recently, a 2014 report described the RB-sensitized photo-
oxidation of furan 105 followed by reaction in pyridine with
DMAP and acetic anhydride, which led to butenolide 106 in 76%

Scheme 23. Synthesis of Milbemycin E

Scheme 24. Synthesis of the C29−C46 Subunit of Oasomycin A
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yield (Scheme 22).195 Desilylation of butenolide 106 with tetra-
butylammonium fluoride followed by a Michael addition/

cyclization led to (−)-(1S,3R,7R,9R,11S,12R)-furopyranopyra-
nones 107 and 108 in 20% and 60% yields, respectively.

Scheme 25. Synthesis of 5,6-Dihydroglaucogenin C

Scheme 26. Synthesis of Withanolide A
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Compounds 107 and 108 that arose from a furan precusor
have potential synthetic utility as building blocks of polycyclic
ether natural products.196−199

In a different approach, one variation of the furan photo-
oxidation topic is its substitution with a silyl group. A 1997 report
described the TPP-sensitized photooxidation of trimethylsilyl-
furan 109 (Scheme 23).200 Here, the reaction involved an
intramolecular silyl migration,201 leading to butenolide 110 in
95% yield. Further steps were then required to reach milbemycin
E 111.
A 2007 paper reported the synthesis of the C29−C46 subunit I

(116) of oasomycin A 117, in which one step included the RB-
sensitized photooxidation of oxazole 112 (Scheme 24).202 Here,
singlet oxygen was taken up by the oxazole site in 112. The
reaction was a 1O2 [2 + 4] cycloaddition and not a [2 + 2]

cycloaddition, as was previously deduced by singlet oxygen 18O-
tracer studies with oxazoles.203 The intermediate endoperoxide
113 underwent a Baeyer−Villiger-type rearrangement to form
imino anhydride intermediate 114, which upon O-acyl to N-acyl
migration led to triamide intermediate 115. The triamide 115
released N-benzoylbenzamide in a lactonization process to form
116 in 90% total yield. Such rearrangements of imino anhydrides
to triamides are known and are highly useful.204−208 Next, we
describe sterol natural products and mimics that are reachable by
1O2 chemistry.

4.7. Sterols

Themes on the synthesis of sterols via 1O2 chemistry have been
reported.209 A 2011 report described the biomimetic synthesis of
5,6-dihydroglaucogenin C 124 (Scheme 25).210 One step

Scheme 27. Synthesis of an Imidazoline Steroid Mimic

Scheme 28. Photooxidation of Thebaine
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involved the TPP-sensitized photooxidation of 118, yielding the
hydroperoxide 119 in 99% yield. The resultant hydroperoxide
119 reacted by a ferrous ion-catalyzed homolysis of the O−OH
bond, forming an alkoxy radical and subsequently a 3° carbon
radical as transient intermediates. Addition of I2 led to an
iodolactone, prior to a regioselective HI elimination affording
123 in 69% yield in 2 steps. Evidence for the existence of a 3°
carbon radical was due to trapping with (2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl (TEMPO), when used in place of I2.
A 2013 report described the TPP-sensitized photooxidation of

126 in pyridine, which led to an ene reaction where treatment of
the resulting hydroperoxide 127 with triphenylphosphine gave
allylic alcohol 128 in 61% yield in 2 steps (Scheme 26).211 The
synthesis of withanolide A 129 required three additional steps.
An additional 15 unnatural analogues of 129 were prepared to
probe their neuronal differentiation and neurite outgrowth
activity.
A 1996 report featured the synthesis of bis(trifluoromethyl)-

imidazoline 134 from a MB-sensitized photooxidation of pyrrole
130 (Scheme 27).212 A [2 + 2] cycloaddition on 130with 1O2 led
to a dioxetane species in situ, which cleaved apart to the
dicarbonyl compound, 131. To a lesser extent, the photo-
oxidation of pyrrole 130 proceeded by a Diels−Alder reaction
with formation of a methanol adduct 132 and water adduct 133
in 18% and 6% yields, respectively. Further steps led to
compound 134, where an inhibition connection was found
between 134 and active cholesterol acyltransferase (ACAT).

4.8. Opioids

Strategies have also been developed for accessing opioids via 1O2
chemistry, as the next two examples show. First, in 2000, a paper
described the TPP-sensitized photooxidation of thebaine 135,
which led to an opioid endoperoxide 136 in the expected [2 + 4]
fashion, which on loss of an electron led to cyclohexene-1,4-
dione 138 (Scheme 28).213 A second 1O2 molecule added by a [2
+ 2] cycloaddition to form dioxetane 139 in situ. This di-singlet
oxygenation process was followed by dioxetane ring-opening to
formamide 140. Benzofuran 141 was a minor product, and its
origin was suggested from a double Norrish type I photocleavage
of dione 140.
Second, in 2015, a report described the TPP-sensitized

photooxidation of diene (R)-142, in which the R stereochemistry
is at nitrogen (Scheme 29).214 Here, the singlet oxygenation of
the diene quaternary salt led to the corresponding endoperoxide

(R)-143 in 93% yield. The formation of (R)-methylnaltrexone
144 occurred after the hydrogenation of (R)-143. Further
examples of natural products bearing ring-fused structures are
described next.
4.9. Ring-Fused Examples

Researchers have examined reactions of ring-fused compounds
with 1O2, and four such examples are presented here. A 2011
report describes the TPP-sensitized photooxidation of cyclo-
pentadienyl allocedrane 145, where the anti-endoperoxide 146
arose from attack of 1O2 on the less-shielded bottom face of the
diene (Scheme 30).215 This was followed by addition of Zn and

acetic acid to furnish cis-1,4-enediol 147 in 77% yield after 2
steps, which contained a paddlane core similar to tashionin 148.
Other allocedrane derivatives were also examined in this 2011
paper.215

Another intriguing example is from a 2009 report describing
the synthesis of natural product (±)-phomactin A 152 (Scheme
31).216,217 One step in the synthesis involved a RB-sensitized
photooxidation of diene 149 that led to endoperoxide 150 in
65% yield.216 Singlet oxygen reacted from the more-exposed site
above the diene to reach endoperoxide 150, which reacted with
KOAc and 18-crown-6 through a deprotonation reaction to give
hydroxypyranone 151 in 94% yield. Attempts to reduce the

Scheme 29. Synthesis of (R)-Methylnaltrexone

Scheme 30. Synthesis of a Tashironin-like Compound

Scheme 31. Synthesis of (±)-Phomactin A
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endoperoxide with Lindlar’s catalyst, thiourea, or triphenylphos-
phine did not occur as would have been expected to reach ene-
dione 151.218

A 2014 report describes the RB-sensitized photooxidation of
153 and 154, which gave 4β,5β-epoxyxanthatin-1α,4α-endoper-
oxide 155 and 4α,5α-epoxyxanthatin-1β,4β-endoperoxide 156 as
a mixture in 70% yield (Scheme 32).219 Pure 155 and 156 were

isolated by preparative high-performance liquid chromatography
(HPLC). The formation of endoperoxide 155 was favored (ratio
of 155/156was 5:1) as the result of 1O2 addition to the diene anti
to the methyl substituent.
A 2009 report describes the MB-sensitized photooxidation of

tridachiahydropyrone (157), which gave (±)-158 as a colorless
oil in 99% yield (Scheme 33).220 In this work, the structure of

157 was revised, and (±)-158 was named as (±)-oxy-
tridachiahydropyrone. Heteronuclear multiple-bond correlation
(HMBC), heteronuclear multiple-quantum correlation
(HMQC), and correlation spectroscopy (COSY) data were
collected, where 1O2 reacts selectively via attack on the bottom
face of 157 for the exclusive formation of the endo product
(±)-158.
4.10. Phenols

Strategies have been developed for accessing natural product
phenols from 1O2 reactions, as we will see in this subsection. An
approach reported in 2014 uses the TPP-sensitized photo-
oxidation of phenol 159, which led to its dearomatization
(Scheme 34).221 Singlet oxygen added selectively to the opposite
side of the shielding trimethylsilyl ether, furnishing the
hydroperoxy quinol 160. Quinol 161 was formed as a pink
solid after the hydroperoxide group of 160 was reduced with
triphenylphosphine in 74% yield in 2 steps. X-ray crystal data
were obtained for 161. Similar strategies on reduction of O−O
bonds in peroxyquinols to form tertiary alcohols have been
reported.222 Tertiary alcohol 161 was a substrate for further
reactions leading to model compound 162, which has a [5−7−6]
tricyclic core, similar to that for the natural product prostratin
163.
A 2015 report described the RB-sensitized photooxidation of

(+)-methyllinderatin 164, which led to dioxetane 165 by a 1O2 [2
+ 2] cycloaddition (Scheme 35).223 An adjacent phenol oxygen

attacks the nearby dioxetane 165 carbon, which accounts for the
C−O ring opening to a diastereomeric mixture of hydro-
peroxides 166 and 167 in a 2:1 ratio with 76% yield. X-ray data
were collected for (−)-adunctin E 166 to help establish its
absolute stereochemistry.
A 2003 report described the synthesis of a bicyclo[4.3.0]

compound (±)-170 to reach a BCE ring system similar to the
natural product ryanodine 171 (Scheme 36).224 Introduction of
the endoperoxide group in 169 was accomplished regioselec-
tively by the MB-sensitized photooxidation of 168. The
hydrogenation of the endoperoxide O−O bond in 169 gave
diol (±)-170 in 98% yield, where X-ray crystallography was used
to help establish its stereochemistry.
An approach reported in 2011 featured the MB-sensitized

photooxidation of trans-resveratrol (172) (Scheme 37).225

Notably, the main pathways are a [2 + 2] cycloaddition of 1O2
that led to aldehydes 175 and 176 and a [2 + 4] cycloaddition of

Scheme 32. Synthesis of Epoxyxanthatin Endoperoxides

Scheme 33. Synthesis of (±)-Oxytridachiahydropyrone

Scheme 34. Synthesis of Tigliane and Daphnane-type
Compounds

Scheme 35. Synthesis of (−)-Adunctin E
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1O2 that led initially to an endoperoxide, which upon heating
rearranged to moracin M 177 and 2-hydroxacetaldehyde. This
study is a rare example in natural products synthesis where the
reaction rate constants were quantitated. The chemical
quenching rate constant (kr) of

1O2 with trans-resveratrol 172
was found to be 1.5 × 106 M−1 s−1, where the kr accounted for
25% of total rate constant (kT).
A 2008 report describes the MB-sensitized photooxidation of

isoeugenol (178) (Scheme 38).226 Here, a [2 + 2] cycloaddition
of 1O2 led initially to a dioxetane species, which cleaved apart to
vanillin 179 and acetaldehyde. The reaction is a mixed
photooxidized system because dehydroisoeugenol 180 and
other products arise by a type I photosensitized oxidation41

forming oxygen radical intermediates. Compound 181may form
by phenolic hydrogen abstraction in 179 and radical addition to
the aldehydic group of a second 179 molecule followed by
hydrogen atom transfer. Mechanistically, condensation of 179 to
furnish ester 181 likely involved a type I photosensitized
oxidation to provide radicals for the ester coupling. Coniferyl
alcohol also led to vanillin 179 (reaction not shown), although
ferulic acid underwent a trans−cis CC bond isomerization
likely through zwitterionic peroxy intermediate analogous to
(E,Z)-2,4-dimethyl-2,4-hexadiene139,227,228 and trans-propenyl
anisole,229 which were also examined.
A 2014 report described the RB or Ru(bpy)3

2+-sensitized
photooxidation of triacetate 182, which was followed by
reduction with triphenylphosphine, giving the tertiary alcohol
183 and secondary alcohol 184 in 62−71% yields (Scheme

39).230 The ratio of 183/184 was 2:1 for RB, but Ru(bpy)3
2+

produced an 8:1 ratio, suggesting not only 1O2 but other oxygen
species in the reaction. Three additional steps, including
dehydration and a [2 + 4] cycloaddition, led to kuwanon I
(185) and kuwanon J (186). Related natural products,
brosimone A and B, were also synthesized in a similar manner
to kuwanon I 185 and kuwanon J 186.231

A 2004 report used a the TPP-sensitized photooxidation of
natural prenylated coumarins mammea A/AA (187), mammea
A/BA, and mammea B/AA followed by reduction with
triphenylphosphine to get disparinol A 189, isodisparinol A,
and disprorinol A in 60%, 63%, and 65% yields, respectively
(Scheme 40).232 In addition to the prenylcoumarins, the
importance of natural prenylxanthone photooxidations was
also realized. For example, xanthone 190 led to hydroperoxides
191 and 192, and after reduction with triphenylphosphine, to
allylic alcohol 193 and a pyranoxanthone natural product 6-
deoxyisojacareubine 194. A puzzling effect of regioselective
formation of 188 but not in the case of 191 and 192 suggests to
us the regioisomer of 188 was formed, but not isolated. The
oxidations of prenylated natural products were of interest in
terms of their bioactivity.233 While the vast majority of 1O2
reactions use an external sensitizer as a strategy to synthesize
natural products, this is not always necessary, as will be seen in
the next section.

4.11. Self-Sensitized Examples

There are self-sensitized examples to reach natural products; a
1994 report described a self-sensitized photooxidation of
anthracene 195 that was used in the synthesis of (−)-balanol
199 (Scheme 41).234 A 1O2 [2 + 4] cycloaddition with 195 led to
endoperoxide 196. Protonation of the peroxide oxygen
destabilizes the C−OO bond toward heterolysis, where
hydration and then methoxide ion attack and ring-opening led
to benzophenone derivatives 197 and 198. Additional synthetic
steps were carried out leading to (−)-balanol 199, which
contains a benzophenone and a chiral hexahydroazepine.
(−)-Balanol 199 is a potential inhibitor of protein kinase C.235

A paper in 1991 described a self-sensitized photooxidation of
anthracene-1,5-diol 200 (Scheme 42).236 Singlet oxygen was
captured by 200 regioselectively at the 9,10-carbons, leading to
cycloadduct 201, which was reduced with NaBH4 and upon air
oxidation led to anthraquinone 202. Additional steps were
required to reach vineomycinone B2 methyl ester 203. Moving
on from self-sensitized reactions, we now describe the synthesis
of natural product indoles.

Scheme 36. Synthesis of the BCERing Structure of Ryanodine

Scheme 37. Synthesis of Moracin M
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4.12. Indoles

Strategies have been developed that use indole photooxidation in
the synthesis of natural products and analogues. We have located
four studies, including a report in 2009 that TPP-sensitized
photooxidation of indole 204 led to hydroperoxide 205 (Scheme
43).237 Under acidic conditions, protonation of the hydro-
peroxide group in 205 causes water loss and carbonyl formation
in oxindole 206 in 88% yield in 2 steps. Hydrogenation of 206 led
to epimeric indoles 207 and 208 in a 1:2 ratio in 97% yield.
Indoles 207 and 208 contained the [2.2.1]oxobicycloheptane
core and thus are similar to the natural product welwistatin 209.
Further synthesis on a range of alkylated and acylated indole
derivatives of 207 and 208 was conducted where the alkylated
derivatives were furnished in higher yields.
A report in 2004 describes a secoporphyrazine-sensitized

photooxidation of tryptophan 210 (Scheme 44).238 Afterward,
hydroxypyrroloindole diastereoisomers 212 and 213 were
formed in 1:1 ratio in 58% combined yield, where the
anthelmintic natural compound (−)-CJ-12662 214was prepared
in 4 further steps. Secoporphyrazine is less commonly used in

synthesis, but is a good sensitizer,239 which gave a high yield of a
triplet state that is capable of efficient energy transfer to oxygen
to form 1O2.

240,241 The hydroxypyrroloindoles 212 and 213
originated from a 1O2 [2 + 2] cycloaddition and deoxygenation of
dioxetane by dimethylsulfide followed by nucleophilic attack at
C2 by the amide nitrogen, and not through a 1O2 ene reaction.
Examples on tryptophan and indole photooxidations have been
of interest.242−245

A report from 2001 described the synthesis of (+)-okaramine
N 218 (Scheme 45).246 Because the azocane-fused indole reacts
readily with 1O2, it was protected with the enophile N-
methyltriazolinedione (MTAD). The N−H allylic bond in
diketopiperazine 215 reacted with MTAD by an ene reaction to
reach urazole 216, which enabled a regioselective photooxidation
of the tethered indole in intermediate 216. The RB-sensitized
photooxidation of 216 was followed by deoxygenation with
dimethylsulfide, and the intramolecular cyclization led to 217.
Additionally, the thermal release of MTAD in a retro-ene
reaction led to okaramine N 218 in 70% yield in 4 steps. This
reaction is unique because it protected the fused indole site and

Scheme 38. Synthesis of Vanillin, Dehydroisoeugenol, and Derivatives

Scheme 39. Synthesis of Kuwanons I and J
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more substituted C2−C3 indole bond,247 which capitalized on
ene reactions with MTAD that have been characterized
previously.248−257

An approach reported in 2012 described the synthesis of
(−)-melohenine B (223) in 99% yield from the MB-sensitized
photooxidation of epimers (±)-219 and (±)-220 (Scheme

46).258 Notably, the ratio of epimers 219 and 220 was
unimportant because the path sequence (dioxetane cleavage
then hydroxypiperidine ring-opening or vice versa) ended with a
stereospecific ring reclosure to reach (−)-223.259,260 Molecule
curvature was of importance where singlet oxygen added
regioselectively via the convex side of 219 and 220. The
dioxetane intermediates (221 and 222) were formed where C14
equilibration was through an aldehyde intermediate 226, which
also equilibrated with dioxetane 221. The position of the
hydroxyl group at C14 was assessed from X-ray data of (−)-223.
4.13. Lactams and Related Examples

This subsection provides eight examples where singlet oxygen
was used in the synthesis of natural product lactams. The first is a
historical example with the synthesis of intermediate 229
reported in 1984 by an enamine−singlet oxygen reaction
(Scheme 47).261 A bisacenaphthalenethiophene (BANT)-
sensitized photooxidation of 227 led to tricarbonyl 228 in 42%
yield. The enamine site in 227 was cleaved by 1O2 to form the
vicinal tricarbonyl system in 228. The facile cleavage of enamines
by singlet oxygen to form carbonyl derivatives has utility in the
synthesis not only of β-lactams but also of ketones, lactones, and
esters.262−264 Desilylation and intramolecular cyclization by
attack of the lactam nitrogen on the center carbonyl group of 228
followed by reaction with TMSI led to 229. Compound 229 has
served as a precursor in the synthesis of antibiotic (±)-PS-5
230.265

A 2015 report266 described the MB-sensitized photooxidation
of difuran 231 where MB played a dual role, one as a sensitizer
and the other as a redox catalyst (Scheme 48). After the

Scheme 40. Photooxidation of Prenylated Coumarins and Xanthones

Scheme 41. Synthesis of (−)-Balanol
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photoreaction, dimethylsulfide was added and subsequently
ammonia, which led to the formation of 1,5-dihydropyrrol-2-one
232. After concentrating the mixture, it was dissolved in
chloroform containing molecular sieves (4 Å) and TFA to give
pandamarine 233 in 30% overall yield. This MB sensitizer and
redox catalyst approach266,267 has enabled the access to other
units (diazaspiro[4,5] and 5-ylidenepyrrol-2(5H)-one) common
in natural products and drugs.268−272

A 2014 report described the RB-sensitized photooxidation of
difuran 234, which led to a tandem addition of 1O2 (Scheme
49).273 After solvent removal, the residue was placed in pyridine
with acetic anhydride, followed by the addition of TMSBr leading
to methoxybutenolide 235 as a single diastereomer in 75% yield.

Addition of H2SO4 to a solution of butenolide 235 led to
pandamarilactone-1 236 in 12% yield, and pandamarilactonines
A−D 237 in 48% yield with the latter in a dr ∼ 55:30:10:5 ratio.
While not lactam-forming, we thought it is logical for this
example to be included in this subsection because a unique spiro-
N,O-acetalization and elimination took place to form a

Scheme 42. Synthesis of Vineomycinone B2 Methyl Ester

Scheme 43. Synthesis of Oxindoles Scheme 44. Synthesis of the Natural Product (−)-CJ-12662
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spirolactone piperidine structure in 236 and its rearranged
lactone pyrrolidine structure in 237. Another example of the
furan topic is a 1995 report on the RB-sensitized photooxidation
of trimethylsilylfuran 238 in the presence of DIPEA, which led to
239 in 99% yield (Scheme 50).274 The presence of the
trimethylsilyl group improved the yield of butenolide for-
mation.201,275 Butenolide 239 underwent further reactions to
reach (−)-PI-091 240, a platelet aggregation inhibitor.274

An approach reported in 2013 featured the RB-sensitized
photooxidation of furan 241 followed by the addition of
dimethylsulfide and then of 3,4-dimethoxyphenethylamine led
to lactam 244 in 54% yield (Scheme 51).276 The cyclization
process is rationalized by intermediate 242, where an additional
step led to 1,5-dihydropyrrol-2-one 244. Compound 244
contains the bis-spiro structure similar to that seen in the natural
product erysotramidine 245.

Scheme 45. Synthesis of (+)-Okaramine N

Scheme 46. Synthesis of (−)-Melohenine B
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A 1993 report described the reaction of bipyrrole 246with 1O2

by a [2 + 4] cycloaddition reaction (Scheme 52).277 This reaction
led to the D,L and meso forms of isochrysohermidin (248 and
249) in 42% combined yield in a 1:1 ratio. The photooxidation of
pyrroles have been shown to have utility in the synthesis of 1,5-
dihydropyrrol-2-ones.278 An example is shown below. The
singlet oxygenation of pyrrole 250, in which RB was the
photosensitizer, gave 1,5-dihydropyrrol-2-one 252 in 92% yield
(Scheme 53).279 The reaction produced the endoperoxide 251
before the decarboxylation and formation of 252. Pyrroles and
related indolizines also tend to undergo type I photooxidation
reactions.280−284

In conclusion, section 4 described batch reactions that have
been established using 1O2 in the synthesis of natural products
and analogues. There is continuity between batch photo-

oxygenations and reactions conducted in flow settings, as is
discussed next.

5. SINGLET OXYGEN IN FLOW SYNTHESIS

5.1. Background

We now turn to 1O2 flow photoreactors and discuss their success
in synthesis to date. Schemes 54−66 show the extent of
compounds synthesized thus far, including juglone, butenolides,
rose oxide, and artemisinin. Flow experiments to synthesize
compounds of high complexity as seen in section 4 have not yet
emerged. Also, reports of tandem addition of singlet oxygen
molecules in flow reactions are absent from the literature.
In what follows, 1O2 microflow and macroflow photosystems

are described, where Figures 1 and 2 provide illustrations,
respectively. There are 20 studies that have used micro- or

Scheme 47. Synthesis of Antibiotic (±)-PS-5

Scheme 48. Synthesis of Pandamarine

Scheme 49. Synthesis of Pandamarilactone-1
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macroflow 1O2 photoreactors in synthesis. Photoreactors have
also been used to produce airborne 1O2 but will not be
described.285−289 For example, a Pyrex-tube flowing 1O2 was
developed,285 where reaction rate data for 1O2 with alkenes was
reported in the gas phase (Figure 3), but this device is not
compatible with organic synthesis because of a very rapid oxygen
sparge rate, which would cause solvent evaporation.
We provide accounts of four 1O2 photoreactor geometries (i)

microflow reactor, (ii) macroflow reactor, (iii) supercritical
carbon dioxide reactor, and (iv) bubbling reactor in subsections
5.2 to 5.5. We start our discussion by presenting examples of 1O2

microflow reactors that used dissolved sensitizers (section 5.2.1).

5.2. Singlet Oxygen Microphotoreactors

We have located 11 studies that use microflow photoreactors
with solution-phase and immobilized sensitizers (sections 5.2.1
and 5.2.2).

5.2.1. Microphotoreactors with Solution-Phase Sensi-
tizer. In 2013, a paper reported that ascaridole 254 and
byproduct p-cymene 255 were formed in 90% total yield from a
RB-sensitized microflow photooxidation of α-terpinene 253
(Scheme 54).290 Byproduct p-cymene 255 arises from a type I
photosensitized oxidation process. The device consisted of a
microcapillary film (MCF) with 10 parallel channels. Oxygen
mass-transport was enhanced by using degassed solvent, where
O2 was transported through a fluorinated ethylene propylene
(FEP) microcapillary film. Here, space-time yields were found to
be 20 times greater compared to a batch reaction. A similar
reaction was studied in 2002,291 where ascaridole 254 (85%
yield) was also formed from RB-sensitized flow photooxidation
of α-terpinene 253 using a glass microchip device with etched
channels.292,293

A 2014 report described pinocarvone 257 that was synthesized
from a TPP-sensitized microflow photooxidation of α-pinene

Scheme 50. Synthesis of (−)-PI-091

Scheme 51. Synthesis of a Tetracyclic Compound Similar to the Natural Product Erysotramidine
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256 (Scheme 55).294 The system was a microreactor-LED where
the reaction led to pinocarvone 257 in pyridine with DMAP and
acetic anhydride, as was previously established.295 Space-time
yields for the microreactor were found to be 3−7 times higher
than other reactors, including an immersed well and an annular
flow system.
A report in 2007 focused on a Ru(bpy)3

2+-sensitized
microflow photooxidation of (S)-(−)-β-citronellol 259 (Scheme
56).296,297 The device consisted of a blue LED light source and
meandering channels where the solution came full circle, i.e., it
was pumped in a loop while being irradiated for 60−70 h. The
yield for 260 was 60% and for 261 was 40% by HPLC. The
corresponding alcohols were formed after reduction with
Na2SO3. Yields were found to be only slightly higher for the
microflow reactor compared to the batch reactor, which used a
Xe lamp.
A falling-film microreactor was reported in 2005 to synthesize

2-cyclopenten-1,4-diol 267 in 20% yield from RB-sensitized
microflow photooxidation of cyclopentadiene 265 (Scheme
57).298,299 The reactor consisted of a plate with 32 parallel
microchannels along with a Xe lamp. The film flowed downward
simply as a consequence of gravity. After exiting the reactor, the
endoperoxide 266 is reduced to cis-cyclopent-4-ene-1,3-diol 267
with thiourea. There was no optimization of this flow reaction.
In 2011, a paper described a dual microreactor to synthesize

allylic alcohol 262 and 263 in 95% yield (262/263 = ratio

1.0:1.5) from a MB-sensitized microflow photooxidation of
citronellol 259 (Schemes 56 and 58A).300 The products were
analyzed after treatment of hydroperoxides 260 and 261 with
NaBH4 in methanol. The device used a white LED light source
but was unique. It contained a polyvinylsilazane (PVSZ)-line
dual-channel where liquid flow and oxygen flow channels were
separated by a PDMS layer. The PDMS is gas-permeable and
permitted rapid saturation of the solution with oxygen. Reaction
times ranged from 2 to 3 min. Other substrates were
photooxidized, including α-terpinene 253 that gave ascaridole
254 (91% yield), and allylic alcohols 268 (R = H or Me) to give
hydroperoxides 269 (R = H or Me) in 99% yield. The relative
efficiency of the dual-channel system was found to be greater
than that of a monochannel system due to a more efficient
oxygen mass transfer process. Furthermore, the efficiency of the
dual-channel system was 2.6-fold higher compared to a batch
reaction.
A 2014 report described a microreactor that was fabricated to

synthesize ascaridole 254 in 92% yield from RB-sensitized
microflow photooxidation of α-terpinene 253 (Scheme 54).301

There are also data for the 1O2 microreaction with naphthalene-
1,5-diol 272 to give juglone 273 in 92% yield (Scheme 59A) and
also the 1O2 microreaction with citronellol 259 to give allylic
hydroperoxides 260 and 261 in 92% yield. Ring-opening of an
initially formed dioxetane can take place (Scheme 60). For
example, the reaction of 2-(3-methoxyphenyl)-3-methyl-1-
benzofuran 278 with 1O2 formed 2-acetylphenyl-3-methoxyben-
zoate 280 in 97% yield. The device consisted of borosilicate glass
with channels and a serpentine section and used an OLED light
source. This particular microphotoreactor did not outperform a
batch reaction. However, the thinking was to wrap the flexible
OLED white light source around the reactor, which seemed very
reasonable.
Lastly, in 2012, a report described the sulfamidic Zn

phthalocyanine-sensitized microflow photooxidation with 9,10-
dimethylanthracene 281 in DMF (Scheme 61A).302 In this case,

Scheme 52. Synthesis of DL and meso-Isochrysohermidin

Scheme 53. Synthesis of a 1,5-Dihydropyrrol-2-one

Scheme 54. Flow Reactor Photooxidation of α-Terpinene

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.5b00726
Chem. Rev. 2016, 116, 9994−10034

10017

http://dx.doi.org/10.1021/acs.chemrev.5b00726


a high-pressure mercury lamp was the light source, and samples
were followed by HPLC. The data showed that the microreactor

could photooxidize the anthracene 281 more rapidly than in a
batch reactor.

Figure 1.Microflow system capable of generating 1O2 in micrometer-sized channels. LED or other light sources are often positioned above the plate.

Figure 2. Macroflow system capable of generating 1O2 in a millimeter-sized channel. Optical energy is delivered from a light source with transparent
tubing coiled around it. Reagents are conveyed through the tube, and products drain out the end.
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5.2.2. Microphotoreactors with Immobilized Sensi-
tizers. Heterogeneous 1O2 sensitizers have been used in flow,
although they are few in number. We have located three studies
that use microflow photoreactors with immobilized sensitizers,
i.e., the solution is devoid of any sensitizer. It is expected that
sensitizers such as porphyrins and fullerenes would remain
powerful sensitizers for the production of 1O2 when immobilized
in the photoreactor. However, restoring of photobleached
sensitizer sites has not yet been accomplished.
A 2012 paper reported on immobilized tri(N-methyl-4-

pyridyl)porphyrin-sensitized microflow photooxidations of α-
terpinene 253, citronellol 259, cholesterol 285, and other
compounds that were carried out in 30 s in methanol/CH2Cl2
(Schemes 56, 62, and 67).303 The device consisted of a glass

microfluidic system with 16 parallel channels that had tetraaryl
porphyrin covalently attached through a thiourea bridge to
photogenerate 1O2. Samples collected from the α-terpinene 253
and citronellol 259 experiments were monitored by HPLC and
liquid chromatography−mass spectrometry (LCMS). The
singlet oxygenation of cholesterol 285 led to 5R-hydro-
peroxycholesterol 286, where the reaction also provides a
route to 7R/7β-hydroperoxy and 6R/6β-hydroperoxy cholester-
ol byproducts by oxygen radicals and not a 1O2 reaction. The
product-forming efficiency of the microfluidic system was higher
than that in a batch reaction. Other reports also describe
cholesterol hydroperoxides and epoxides that are carcinogenic or
mutagenic304 and their formation by photosensitized production
of singlet oxygen (type II) and oxygen radicals (type I).
A 2006 paper described the generation of p-benzoquinone 276

from a silica bead-supported tetraaryl porphyrin-sensitized
microflow photooxidation of phenol 274 after 42 s in buffer
solution (pH 10) (Schemes 59B and 68).305 There was evidence
for the existence of the endoperoxide intermediate, but the p-
benzoquinone oxidatively processed to CO2 and maleic or
fumaric acid. p-Catechol is also a known product of phenol
photooxidation.306 The device consisted of PTFEmicrochannels
with silica beads bearing a covalently bound porphyrin through a
pyridinium ion bridge to photochemically generate 1O2. The
silica beads were stationary and resided at the bottom of the
microchannels. The activity of this microflow system was higher
than the silica beads in suspension based on the photooxidative
decomposition of phenol.
In 2008, a report appeared on a microreactor to synthesize

ascaridole 254 in 94−97% yields in 40−50 s from [60]fullerene-
sensitized microflow photooxidation of α-terpinene 253 in
toluene (Schemes 54 and 69).307 L-Methoinine methyl ester 288
was also photooxidized in D2O, which gave the corresponding
sulfoxide nearly quantitatively (Scheme 63). The device
consisted of thiolene microfluidic channels and a white LED
light source. Tentagel-supported or silica gel-supported [60]-
fullerene beads were packed into the microchannels and held in
by a filter. The microreactor led to higher product yields
compared to a batch reactor that used a tungsten halogen lamp.
In the past, fullerene-containing polymers in 1O2 jet-type
generators pumped by LEDs have also been used.308

In conclusion, some 11 1O2 microflow reactions have been
reported in the literature.290−303,305,307 As we will see below,
relative to microflow about half of this number has been reported
for 1O2 macroflow reactions.

5.3. Singlet Oxygen Macrophotoreactors

There have been five reports of 1O2 macroflow reactors that
feature dissolved sensitizers in solution (section 5.3.1).

5.3.1. Macrophotoreactors with a Solution-Phase
Sensitizer. A 2012 report described the synthesis of artemisinin
301 in a 1.36 g quantity (39% yield) from a TPP-sensitized
macroflow photooxidation of dihydroartemisinic acid 297
(Scheme 64).309 The device was a macro-FEP tubing system
coiled around an Hg lamp. Flowing dihydroartemisinic acid 297
in an acidic solution of CH2Cl2 led to formation of hydro-
peroxide 298 in 91% conversion and 75% yield. Through a
protonated hydroperoxide, Hock cleavage of 298 led to 299,
which added to 3O2 and followed by condensation steps reaches
artemisinin 301.310 Only minor quantities of other hydro-
peroxides were formed, where byproducts included a 5-
membered and 6-membered lactone. Because of therapeutic
interest, there are additional reports on synthetic artemisinins as

Figure 3. Murray’s gaseous 1O2 photoreactor device. A Pyrex tube was
coated on the inside with rose bengal. Oxygen gas flowing through the
illuminated tube exits enriched with 1O2.

Scheme 55. Flow Reactor Photooxidation of α-Pinene
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powerful antimalarial APIs.311 Also, it may be noted that the 2015
Nobel Prize in Physiology or Medicine was for the antimalarial
drug artemisinin where 1O2 was used in its total synthesis.

312−314

In 2014, a paper appeared where α-aminonitriles were
synthesized in 71−99% yields from TPP-sensitized macroflow
photooxidation of primary and secondary amines followed by the
addition of TMSCN in CH2Cl2 (Scheme 65).315 Oxidative
cyanation could be accomplished over oxidative coupling. For
example, 302was converted to its corresponding nitrile 304. The
device consisted of macro-FEP tubing and a 420 nm LED light
source and had variable-temperature control. The oxidative
cyanation was favored at −50 °C, whereas at higher temperature
(25 °C), the dimer formed from oxidative coupling and cyanide
addition. The product percent yield was high and only depended
slightly on the amine structure, as was studied in detail. This
macroflow method may be useful for 1O2-based syntheses of
unprotected amino acids on an industrial scale, which could in
turn serve as templates for peptide synthesis.316 Previous
synthetic batch reactions have been carried out on the 1O2
oxidation of amines to imines.317,318

We have only located one study that provided a macroflow
reaction of 1O2 with sulfides. In 2011, a paper described the
formation of sulfoxide 295 and sulfone 296 (95% yield, 295/296
ratio 3:1) in a TPP-sensitized macroflow photooxidation of 2-
(ethylmercapto)ethanol 294 in a biphasic mixture (Scheme
63).319 The device consisted of a macro-FEP tubing that was
coiled around an Hg lamp. Further evidence for the utility of the
flow system was the photooxidation of other substrates, α-pinene
256 (alcohol product 258, 63% yield), α-terpinene 253
(ascaridole 254, 85% yield), 2-methylfuran 306 (to reach
ketoacid 309, 68% yield), and citronellol 259 (after reduction
with sodium sulfite to reach diols 262 and 263, in a ratio of
1.1:1.0, 22.8 g, 88% yield) (Schemes 55 and 66). In the case of 2-
methylfuran 306,319 the approach features the presence of 1.25
equiv of DIPEA followed by addition of pyridine in THF and
acetone to reach ketoacid 309 in 68% yield. As noted in sections
4.1 and 4.13, 1O2 reaction efficiencies can be reduced in the
presence of amines such as DIPEA. The flow photooxidation of
methionine was less productive (4.5 mg/h) compared to the
photooxidation of α-terpinene (10 mg/h),307 which may not be
unexpected. For some sulfide−singlet oxygen reactions, cleavage
occurs through a hydroperoxysulfonium ylide that affords
aldehydes or disulfides.320−322

A 2008 report found that 1,3-diphenylisobenzofuran 320
reacted with 1O2 and formed 322 in 34% yield from a porous
silicon nanocrystal-sensitized macroflow photooxidation in

Scheme 56. Flow Reactor Photooxidation of (±)-β-Citronellol

Scheme 57. Flow Reactor Photooxidation of Cyclopentadiene

Scheme 58. Flow Reactor Photooxidation of Alkenes

Scheme 59. Flow Reactor Photooxidation of 1,5-
Dihydroxynaphthalene and Phenol
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CH2Cl2 (Scheme 66).323 The device consisted of an annular flow
reactor with either an Ar+ laser (488 nm) or a green LED (524
nm) light source, although evidence was not provided on
whether the silicon nanocrystal was functioning as a sensitizer.
A 2015 report described a RB-sensitized macroflow photo-

oxidation of 5-hydroxymethylfurfural 310 in aqueous alcohol
mixtures that formed intermediate 311, which led to products
312−314 (Scheme 66).324 The device consisted of a
perfluoroether (PFA) tubing, which was coiled around a
fluorescent lamp. One optimized condition used a solution of
5-(hydroxymethyl)furan-2-carbaldehyde 310 in i-PrOH/H2O
(1:1), which led first to the corresponding endoperoxide 311 and
then to butenolide 312 (93% yield). As desired, trace amounts of
313 and 314 were formed with i-PrOH/H2O, whereas greater
amounts were formed with methanol or ethanol. A thermal
isomerization of butenolide 312 led to oligomers of 315.
Previously, the syntheses of butenolide 312 from endoperoxide
311 has been reported.325−327

Butenolides have been extensively studied in batch reactions of
1O2. For example, observations that singlet oxygen reacts with
furans to produce butenolides and spiroketal natural products
was an important discovery.328−342 Much synthetic utility has
been found; one example of a batch reaction is shown in Scheme

70.328 Here, the synthesis of a tetraquinane oxa-cage bislactone
structure in (±)-parasecolide 325 occurred from the MB-
sensitized photooxidation of furan 323 at 0 °C.328 Afterward, 5-
hydroxybutenolide 324 was heated to 110 °C for a [2 + 4]
dimerization of 324 to reach paracaseolide A 325 in 59% yield.
In conclusion, section 5.3 describes macrophotoreactors that

have been established for using 1O2 in synthesis. Singlet oxygen
macrophotoreactors with immobilized sensitizers with conven-
tional solvents have so far not been reported.
5.4. Supercritical Carbon Dioxide 1O2 Photoreactor

Next, we describe examples of 1O2 flow reactors that used
supercritical CO2 with sensitizer in the liquid phase (section
5.4.1) and immobilized (section 5.4.2). There are advantages in
using supercritical CO2 such as safety (it is nonflammable) and
enhanced O2 solubility, as well as the fact that the reactions give
higher product yields, due to longer 1O2 lifetimes (5.1 ms under
the conditions) to overcome mass-transfer limitations of
conventional solvents. O2 solubility in CO2 is higher than

Scheme 60. Flow Reactor Photooxidation of 2-(3-Methoxyphenyl)-3-methyl-1-benzofuran

Scheme 61. Flow Reactor Photooxidation of 9,10-
Dimethylanthracene and 9,10-Anthracene Dipropionate
Dianion

Scheme 62. Flow Reactor Photooxidation of Cholesterol

Scheme 63. Flow Reactor Photooxidation of Methionine
Derivatives and an Organic Sulfide
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those in perfluoronated solvents, which are higher than those in
organic solvents.
5.4.1. Supercritical Carbon Dioxide Photoreactors

Using Dissolved Sensitizer. A 5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin (TPFPP)-sensitized macroflow
photooxidation in supercritical CO2 was reported in 2009 to
generate hydroperoxides 260 and 261 in 52% and 48% yields,
respectively, from citronellol 259 after 4 h (Scheme 56).343 The
TPFPP sensitizer was dissolved in the liquid. The device was
tubular in shape with a sapphire cell mounted in a flow system
where the light source was a white LED. The product
hydroperoxides 260 and 261 were reduced after exiting the
apparatus in an aqueous solution of Na2SO3. Space-time yields
were ∼9 times higher in this macroreactor compared to a batch
reaction.
5.4.2. Supercritical Carbon Dioxide Photoreactor

Using an Immobilized Sensitizer. A macroflow photo-
oxidation in supercritical CO2 was reported in 2011 to convert
citronellol 259 to hydroperoxides 260 and 261 in 88% yield, and
α-terpinene 253 to ascaridole 254 in 85% yield (Schemes 56 and
71).344 The device was a packed sapphire flow system, in which 4
immobilized sensitizers were examined (Scheme 71A−D). For
example, 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin
(TDCPP) was tethered through an amide bridge to polyvinyl
chloride (PVC) and loaded in the device with glass wool. Under
the conditions, the 1O2 lifetime was found to be 5.1 ms, which far
surpasses typical tens of microsecond lifetimes in organic
solvents. Previously, supercritical CO2 reactions have been
used with 1O2.

345−348 Other photochemical reactors have been
reported for the synthesis of organometallic compounds in

supercritical CO2 or other supercritical solvents and are the
subject of recent interest.349−351

5.5. Bubbling Photoreactors

Singlet oxygen bubbling reactors have been scarcely studied. In
this section we describe examples of two 1O2 bubbling reactors.
One used a dissolved sensitizer in solution (section 5.5.1), and
the other used a heterogeneous sensitizer shielded from solution
behind a membrane (section 5.5.2).

5.5.1. Bubbling Photoreactor Using a Dissolved
Sensitizer. A 2012 report described juglone 273 synthesized
in 70% yield in a RB-sensitized bubbling photooxidation of 1,5-
dihydroxynaphthalene 272 in t-AmOH/H2O (9:1) (Scheme
59A).352 The apparatus consisted of a Pyrex glass tube that was
situated between two fluorescent lamps. This bubbling reactor is
unique and is somewhat similar to a batch system, but with a
rising airflow. Bubble diameters were ∼50−100 μm, where
water-poor media flowed gas via bullet-shaped bubbles. Various
solvents were used, such as i-PrOH, i-PrOH/H2O (9:1), t-
AmOH/H2O (9:1), EtOH/H2O (9:1), and MeOH/H2O (9:1).
High product yields were observed for the conversion of α-
terpinene 253 to ascaridole 254 (71% yield), citronellol 259 to
hydroperoxides 261 and 262 (88% yield, ratio 1.1:1.0), and
furfural 317 to 5-hydroxyfuran-2(5H)-one (γ-hydroxybuteno-
lide) 318 (>95% yield).

5.5.2. Bubbling Photoreactor Using a “Shielded”
Heterogeneous Sensitizer. An SMA-modified device with
dry Si-phthalocyanine particles was reported in 2012 in a
bubbling photooxidation of trans-2-methyl-2-pentenoic acid
270, 9,10-anthracene dipropionate dianion 283, N-benzoyl-D,L-

Scheme 64. Flow Reactor Photooxidation of Dihydroartemisinic Acid

Scheme 65. Flow Reactor Photooxidation of Amines
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methionine 290, and N-acetyl-D,L-methionine 292 in D2O and
H2O (26−46% yields) (Schemes 51 and 63).353,354 The device
chamber was loaded with Si-phthalocyanine glass sensitizer
particles, which resided behind a microporous membrane with
pores that excluded water. An O2 gas feed tube and a red diode
laser via a fiber optic were coupled to the SMA device. Bubbles
were generated enriched with 1O2, which left behind no waste or
byproducts other than 3O2. The photooxidation reaction rate was
shown to increase in O2-poor more than in O2-saturated

solutions where mass transfer was facilitated in an important
way.354,355

In conclusion, there are several 1O2 photoreactor types that
have been developed. These include micro- and macroreactors.
We have seen that (i) high product yields were achieved for flow
systems in short periods of time, (ii) sensitizers immobilized in
the reactor itself were 2 times less studied than homogeneous
sensitizers, and (iii) about half of the studies reported 1O2 flow
relative to batch conditions with an improved efficiency for flow.

Scheme 66. Flow Reactor Photooxidation of Furan Derivatives

Scheme 67. Structure of the Glass-Attached Porphyrin Scheme 68. Structure of a Silica-Attached Porphyrin
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6. PROSPECTIVES

6.1. State of 1O2 Synthetic Science

Sections 4 and 5 present the interplay of basic and applied
reactions of 1O2 in synthesis, respectively. Batch photooxidations
in section 4 have been used with success for decades but are
subject to fundamental limitations. Problems emerge when batch
reactions are scaled up, including (i) long reaction times, (ii)
sensitizer photobleaching, (iii) mass transfer limitations between
oxygen and the substrate, and (iv) inner filter effects (large
volumes increase the optical path length where light can be
blocked from reaching the sensitizer).
Even though fewer publications exist for 1O2 flow reactions

compared to batch reactions, the former has advantages,
including (i) short reaction times when scaling up, (ii) reduced
sensitizer photobleaching, (iii) high surface-to-volume ratios for
high 1O2−substrate mixing, (iv) lack of inner filter effect
problems, (v) high sensitizer concentrations that can be used
concurrent with high transmittance and photon flux, and (vi) O2-
deprived solutions that enhance 1O2 delivery by mass transfer

Scheme 69. Structures of the Tentagel-Supported (A) and Silica Gel-Supported (B) [60]Fullerene

Scheme 70. Synthesis of (±)-Paracaseolide A

Scheme 71. Structures of the Immobilized Sensitizers in Flow Devices: (A) Rose Bengal Covalently Bound to Polystyrene, (B)
TDCPP Derivative Covalently Bound to PVC, and (C) TDCPP Adhered to PVC, and (D) Tetracation Porphyrin Immobilized on
SiO2 Gel
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assistance (while paradoxical, less oxygen in solution leads to
greater oxygenation).
The utility of singlet oxygen photoreactors in synthetic organic

chemistry has emerged. Disappointingly, 1O2 flow reactions are
not as popular as batch reactions, leading us to ask:Why are 1O2
photoreactors underutilized by synthetic chemists? Some answers
may be suggested: (i) assembly of the photoreactor is required,
(ii) there are questions about interchangeability of parts and
system configurations, and (iii) flow reactors cannot commonly
be purchased “off the shelf”.

7. SUMMARY AND OUTLOOK
Progress has been made regarding 1O2 in the organic synthesis of
complex targets. Synthesis of natural products is often modeled
on possible 1O2 biosynthetic routes. Thus, biomimetic 1O2
reactions that use alkene and diene precursors are common;
however, fewer examples are known with polyenes, di- and
polysulfides, and amines due to their facile physical quenching of
singlet oxygen (1O2 →

3O2).
356−361 Singlet oxygen can be used

widely, but except for artemisinin362−365 and rose oxide,366 no
1O2 reactions have yet been used in the pharmaceutical industry.
Consequently, one may look forward to estimate what is likely to
happen in the field.
What are the future prospects of 1O2 in synthetic chemistry? It

seems the combination of fundamental and applied research is
beneficial in a reciprocal manner (compare sections 4 and 5).
The connection between flow technology and synthesis of simple
natural products was noticed. It was recognized that the ongoing
use of batch reactions for large quantities has drawbacks;
therefore, new flow options can provide answers.
In closing, we look back to pioneers of 1O2 in synthetic and

natural products chemistry.12−14 This brings organic chemistry
to the front, in reminding us of the first efforts of Foote and
Wexler some 50 years ago.1,2 Here, the success of research was
not only assured but also reaffirmed by the notion to look
backward and forward as the field of 1O2 evolves.
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ABBREVIATIONS
Ac acetyl
ACAT active cholesterol acyltransferase
AIBN azobis(isobutyronitrile)
API active pharmaceutical ingredient
BANT bisacenaphthalenethiophene
BMP p-biphenylmethyl
Bn benzyl
Boc t-butyloxycarbonyl
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DIPEA diisopropylethylamine
DMAP 4-(dimethylamino)pyridine
DMC dimethyl carbonate
DMF N,N-dimethylformamide
DPBF 1,3-diphenylisobenzofuran
DTBN di-t-butyl hyponitrite
FEP fluorinated ethylene propylene
GPTMS 3-glycidyloxypropyltrimethoxysilane
i.d. inner diameter
LDA lithium diisopropylamide
LED light-emitting diode
m-CPBA m-chlorobenzoic acid
MB methylene blue
MCF microcapillary film
MOM methoxymethyl
MTAD N-methyltriazolinedione
Ms methanesulfonyl
1O2 excited state 1O2 (

1Δg)
3O2 ground-state 3O2 (

3Σg
) (the negative sign refers to

two electrons with the same spin but occupying
different orbitals)

OLED organic light-emitting diode
o.d. outer diameter
p-TsOH p-toluenesulfonic acid
Pc phthalocyanine
PCC pyridinium chlorochromate
PDC pyridinium dichromate
PDMS polydimethylsiloxane
PDT photodynamic therapy
PFA perfluoroether
PMB p-methoxybenzyl
PNB p-nitrobenzylester
PPTS pyridinium p-toluenesulfonate
PTFE polytetrafluoroethylene
PVC polyvinyl chloride
Py pyridine
PTAD N-phenyltriazolinedione
PVSZ polyvinylsilazane
RB rose bengal
scCO2 supercritical CO2
SMA shape memory alloy
STY space-time yield
TBAF tetra-n-butylammonium fluoride
TBS t-butyldimethylsilyl
TBDPS t-butyldiphenylsilyl
TDCPP 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin
TES triethylsilyl
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
TG Tentagel
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TIPS triisopropylsilyl ether
TMS trimethylsilyl
TMSCN trimethylsilyl cyanide
TMSI trimethylsilyl iodide
TPFPP 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin
TPP tetraphenylporphyrin
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