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The photooxygenation of methyl-substituted cyclohexa-1,4-diene derivatives has been searched. The substituent effect is discussed.
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A comparison of hydrogen bonding solvent effects on the singlet oxygen reactions of allyl and vinyl
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The singlet oxygen photooxidation of several allyl and vinyl sulfides, sulfoxides, and sulfones were conducted in deuterated solvents.
The results indicate that only vinyl sulfides are suspectible to hydrogen bonding solvent effects.
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ferrous ion-catalyzed gem-dehydration
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Photooxygenation of 2,3-dihydrofurans in CCl4 at ambient temperature followed by ferrous ion-catalyzed gem-dehydration of the yielded
allylic hydroperoxides afford the corresponding a,b-unsaturated g-lactones in good to excellent yields.

Dye-sensitized photooxygenation of sugar-furans as synthetic strategy for novel C-nucleosides
and functionalized exo-glycals

pp 10694–10699

Flavio Cermola* and M. Rosaria Iesce

The methylene blue-sensitized photooxygenation of b-ribofurano-
syl furan 1e followed by in situ Et2S treatment afforded the confor-
mationally stable b-ribofuranoside 4e almost quantitatively. The
latter was converted to pyridazine C-nucleoside 6e by cyclization
with NH2NH2 and to pyrazoline 7e through a 1,3-dipolar cycload-
dition with diazomethane. Attempts to epoxidize the double bond
failed both by dimethyldioxirane (DMDO), which left 4e un-
changed, and by NEt3/t-BuOOH or NaOO-t-Bu which respectively
afforded the new and unexpected exo-glycals E,Z-8e and the novel
furan derivative 9.
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Singlet oxygen oxidation of 20-deoxyguanosine. Formation and mechanistic insights pp 10709–10715
Jean-Luc Ravanat, Glaucia R. Martinez, Marisa H. G. Medeiros, Paolo Di Mascio and Jean Cadet*
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Reaction of singlet oxygen with some benzylic sulfides pp 10716–10723
Sergio M. Bonesi, Maurizio Fagnoni, Sandra Monti and Angelo Albini*
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Steric and electronic effects on the reactivity of arylphosphines with singlet oxygen are reported.

Solvent effect on the sensitized photooxygenation of cyclic and acyclic a-diimines pp 10734–10746
Else Lemp,* Antonio L. Zanocco, German Günther and Nancy Pizarro
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‘Reductive ozonolysis’ via a new fragmentation of carbonyl oxides pp 10747–10752
Chris Schwartz, Joseph Raible, Kyle Mott and Patrick H. Dussault*
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Dark singlet oxygenation of organic substrates in single-phase and multiphase microemulsion systems pp 10753–10761
Jean-Marie Aubry,* Waldemar Adam, Paul L. Alsters, Cédric Borde, Sébastien Queste, Jean Marko
and Véronique Nardello
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The chemical source of singlet oxygen H2O2/MoO4
2� can oxidize labile and hydrophobic substrates in microemulsion. The respective

advantages and limitations of single-phase and multiphase microemulsion systems are shortly reviewed and discussed.
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Preface

Organic chemistry of singlet oxygen
This special issue on singlet oxygen chemistry consists
of 20 papers, from laboratories around the world—in
China, Italy, France, Turkey, United States, Brazil,
Germany, Chile, and Greece. Some of the papers explore
singlet oxygen’s unique ability to oxidize molecules. Other
papers describe methods in the generation of 1O2. The
formation and subsequent reactions of 1O2 are reported in
a variety of media, such as common organic solvents, aque-
ous media, zeolites, and an ionic liquid.

The focus on 1O2 chemistry in ene, [2+2], and [2+4] reac-
tions with unsaturated molecules plays a leading role in this
symposium. The contributors include Iesce, Erden, Gries-
beck, Balci, Linker, Stratakis, Orfanopoulos, Turro, Tung,
and Stensaas. The research is largely driven by an attempt
to find selective reactions. The study of mechanisms of 1O2

reactions also fuels the research.

Cadet and O’Shea have probed 1O2 chemistry to learn
about reactions with biologically important (unsaturated)
molecules, such as deoxyguanosine and methyl urocanate.
There, the 1O2 reactions yield unstable endoperoxides,
which readily rearrange to stable products.

Singlet oxygen reactions with heteroatom-containing
molecules are also under intense study. Albini and Clennan
describe the latest of what has been learned about reactions
of 1O2 with sulfides. The reaction of 1O2 with phosphines
and diimines are described by Selke and Lemp, respec-
tively, to get a handle on the reactions and how they may
be of interest from a synthetic point of view.

As a reactive species, 1O2 has a short lifetime in solution.
The effectiveness in how 1O2 oxidizes compounds depends
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.096
on the relative chemical and physical reaction pathways.
Lemp, Selke, and Albini provide insight on these relative
contributions. Turro discusses a provocative idea for vibra-
tional deactivation of 1O2 by which regioselective oxidation
is achieved.

The symposium papers also include data on the chemical
generation of 1O2. In an ozone reaction, Dussault
presents data in support of generating 1O2 via a new
reaction. In another study, Aubry discusses the chemical
generation of 1O2 in microemulsions by the reaction of
sodium molybdate with H2O2. Di Mascio describes the
thermal decomposition of a water-soluble anthracene
endoperoxide.

The symposium highlights information on the chemistry
of singlet oxygen. There are many challenges that
remain for the application of 1O2 in organic chemistry.
Research will continue toward an ever better understanding
of mechanisms. During the period of collection of
manuscripts, I sensed an enthusiasm felt by the researchers
in many ways. This makes the area inviting to exploit
and rich with new research opportunities. I thank
Harry H. Wasserman for the invitation to serve as guest
editor.

Alexander Greer
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The City University of New York (CUNY)—Brooklyn College,
Brooklyn, NY 11210,
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Abstract—The synthesis of a series of eight b-naphthyl-substituted 1,2,4-trioxanes 3a–h by a sequence of singlet oxygen ene reaction of
allylic alcohols 1a–h and Lewis acid catalyzed peroxyacetalization of the allylic hydroperoxides 2a–h with b-naphthaldehyde is reported.
The ene reactions were performed by solid-state photooxygenation in dye-crosslinked polystyrene beads and resulted in mixtures of diaste-
reoisomeric hydroperoxides 2. Boron trifluoride catalyzed peroxyacetalization resulted in the formation of 3, as well as the 1,2,4-trioxanes 4
and 5, which were formed via acid catalyzed b-hydroperoxy alcohol cleavage.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Singlet oxygen chemistry

In 1948, Schenck was the first to describe the singlet oxygen
ene reaction1 (therefore often termed Schenck reaction).2 In
the course of this reaction, 1O2 attacks one center of a CC
double bond with abstraction of an allylic hydrogen atom
or an allylic silyl group (from a silyl enolether in case of
the silyl–ene reaction) with simultaneous allylic shift of the
double bond. As a result of this reaction, allylic hydroper-
oxides or O-silylated a-hydroperoxy carbonyl compounds
are formed (Scheme 1). Since the first report, the 1O2 ene re-
action has attracted major interest not only in the mechanistic
photochemistry but also in modern organic synthesis. Several
mechanisms have been postulated for this reaction with
concerted or ‘concerted two-stage’ mechanisms,3 as well as
1,4-biradicals,4 1,4-zwitterions,5 perepoxide, dioxetane6 or
exciplex intermediates.

O2

H

H

O O
HOO1O2

Scheme 1. Singlet oxygen ene reaction.

Keywords: Ene reaction; Singlet oxygen; 1,2,4-Trioxanes; Peroxyacetaliza-
tion; Catalysis.
* Corresponding author. E-mail: griesbeck@uni-koeln.de
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.05.093
The results of Stephenson’s elegant inter- and intramolecular
isotope effect experiment7 with isotopically labeled tetra-
methylethylenes provided evidence for the perepoxide inter-
mediate. Also, the small negative activation enthalpies and
highly negative activation entropies observed for the singlet
oxygen ene reaction from kinetic measurements have shown
that the reaction of 1O2 with electron-rich olefins proceed
103 times slower than the diffusion rate, which accounts
for the presence of non-productive encounters between 1O2

and the alkene favoring the participation of a reversibly
formed exciplex as intermediate.8 As a result, a three-step
mechanism involving exciplex and perepoxide can be
assumed for the ene reaction.

The regiochemistry of the ene reaction with substrates with
multiple sites for allylic hydrogen transfer was extensively
studied and several general effects can predict the regio-
selective introduction of the hydroperoxy group: (a) the
cis-effect9 (syn-effect): in the reaction of 1O2 with trisubsti-
tuted alkenes10 or enol ethers,11 the allylic hydrogen atoms
on the more substituted side of the double bond are more
reactive for H-abstraction by 1O2; (b) the gem-effect12 that
leads to highly selective abstraction of an allylic hydrogen
atom from a substituent in a position of an a,b-unsaturated
carbonyl compound; (c) the large-group effect13 that leads to
selective (moderate) abstraction of an allylic hydrogen from
the substituent geminal to a large group.

Several factors that control the p-facial selectivity of singlet
oxygen ene reaction are known and can be summarized as
follows: (a) steric factors: in view of the small size of the

mailto:griesbeck@uni-koeln.de
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reactive molecule singlet oxygen, steric interactions are ex-
pected to be less important in directing the facial approach.
However, in rigid (cyclic and polycyclic) substrates where
changes in conformation that minimize steric factors are re-
stricted, this effect is more pronounced and steric shielding of
one face of the double bond may bias 1O2 attack to occur
predominantly on the other face of the p-system;14 (b) con-
formational effects: for an efficient hydrogen abstraction to
occur, the reactive allylic hydrogen atoms must adopt a con-
formation, which places them perpendicular to the alkene
plane.15 This factor is often highly effective in rigid com-
pounds in which allylic hydrogen atoms can be conforma-
tionally fixed in an optimal transfer geometry on one face
of the double bond; (c) electronic effects and hydrogen bond-
ing: the simplest tetrasubstituted alkene, 2,3-dimethyl-2-
butene with a highly nucleophilic double bond reacts more
than 30 times faster than the corresponding trisubstituted
alkene, 2-methyl-2-butene, and the latter reacts about 15
times faster than the disubstituted alkene Z-2-butene. Adam
and Br€unker elegantly used hydrogen bonding interactions
between the substrate and the incoming singlet oxygen for
control of the diastereoselectivity in the photooxygenation
of allylic alcohols and other substrates.16 The coordination
of singlet oxygen to the hydroxy group in the more stable
conformer (not destabilized by 1,3-allylic strain) directs the
approach of the electrophilic 1O2 to one face of the double
bond (Scheme 2).

R

OH

H

O

R

HO
O

R
H

O
H

O
O

1O2 1O2

R

OH

OOH
R

OH

OOH
syn-7anti-7

major productminor product

Scheme 2. Mechanism of the singlet oxygen ene reaction with chiral allylic
alcohols.

We have recently demonstrated that the use of polymer
support as reaction media with non-covalently adsorbed or
covalently linked porphyrin dyes are convenient processes
for the solvent-free photooxygenation of unsaturated organic
substrates.17 Especially the use of chiral allylic alcohols is
informative in that the diastereoselectivity is a tool for
analyzing the reaction environment and supramolecular
effects.18 We have used this concept for the synthesis of
b-hydroperoxy alcohols, which we have applied as sub-
strates for the synthesis of a series of 1,2,4-trioxanes in the
context of a study on antimalarial peroxides.

1.2. Artemisinin and antimalarial peroxides

One of the major drawbacks of artemisinin is its poor solubil-
ity in both water and oil.19 To overcome this problem artemi-
sinin is reduced to dihydroartemisinin, which leads to the
preparation of a series of semisynthetic first-generation
artemisinin analogues, including artemether, arteether, and
artesunate, which are used broadly in many areas of the world
where malaria is endemic (Fig. 1).20 Venugopalan et al. syn-
thesized various ethers and thioethers of dihydroartemisinin
by treatment with alkyl, aryl, alkynyl, and heteroalkyl alco-
hols or thiols in the presence of boron trifluoride. The prod-
ucts were tested in vivo and some show antimalarial
activity comparable to arteether.21

The moderate bioavailability and rapid clearance (short phar-
macological half-life) observed with these artemisinin-
derived drugs are the major disadvantages. This often results
from the poor chemical and metabolic stability of the addi-
tional acetal functional group present in such derivatives.
To overcome this problem, many C-10-carba analogues
and C-10-aryl analogues of dihydroartemisinin that are meta-
bolically more robust were synthesized. Of relevance are the
C-10-alkyl and the C-10-aryl or heteroaromatic derivatives
prepared by Haynes,22 Posner,23 O’Neill,24 Jung,25 and
Ziffer.26 The development of the artemisinin combination
therapy concept was recently achieved by the synthesis of
effective drugs that simultaneously contain the 1,2,4-tri-
oxane moiety covalently bound with another active antima-
larial pharmacophore, such as aminoquinolines27 or aliphatic
diamines.28 The high activity of these molecules, termed tri-
oxaquines, is rationalized by the combination of a peroxidic
entity that is a fast and potential alkylating agent, in the same
molecule with the aminoquinoline unit, which is character-
ized by easy penetration of the infected erythrocytes.29

The goal of the present work is to show that aromatic side
groups can be easily incorporated into 1,2,4-trioxanes that
are produced by a sequence of 1O2 ene reaction with chiral
allylic alcohols and subsequent peroxyacetalization. As a
model compound for aromatic and heteroaromatic carbonyl
compounds, b-naphthaldehyde was applied.

2. Results and discussion

The photooxygenation of a series of allylic alcohols 1a–h
using PS–DVB polymer matrix doped with adsorbed por-
phyrin sensitizers resulted in the formation of a syn (or
threo) and anti (or erythro) diastereomeric mixture of the
vic-hydroperoxy alcohols in good yields (Scheme 3). The
b-hydroperoxy alcohols are stable at rt and can be kept in
the refrigerator for weeks without decomposition.

R

OH

OOH
R

OH

OOH
syn-2a-h anti-2a-h

+
3O2/TPP
PS-DVBR

OH

1a-h

Scheme 3. Solvent-free photooxygenation of the allylic alcohols 1a–h using
TPP embedded in PS–DVB matrix.
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Figure 1. Artemisinin-derivatives with improved pharmacological proper-
ties.
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The diastereoselectivity of the ene reaction using the com-
mercial PS–DVB that were modified with adsorbed porphy-
rin sensitizer (Table 1) showed similar values to that
obtained with the polymer-bound sensitizer systems, TSP–
S–DVB or PP–S–DVB (TSP¼tetrastyrylporphyrin; PP¼
protoporphyrin IX),30 but lower than for solution phase
(e.g., tetrachloromethane), accounting for an intermolecular
hydrogen bonding between the concentrated substrate mole-
cules in both polymer systems. Comparison of the chemical
yields and the diastereoselectivities in the solvent-free
photooxygenation reaction of the allylic alcohols 1a–h is
shown in Table 1.

The photooxygenation of the allylic alcohol 1h (possessing
two stereogenic centers, applied as a 1:1 diastereoisomeric
mixture) afforded four diastereomers of the b-hydroxy allylic
hydroperoxides, two correspond to the major products with
reaction-induced syn configuration (assigned as syn,syn-2h
and syn,anti-2h) and two to the minor compounds with reac-
tion-induced anti configuration (assigned as anti,syn-2h and
anti,anti-2h). The photooxygenation of 1h is depicted in
Scheme 4. The diastereomeric ratio of the individual pairs
of major and minor isomers is about 1:1. The major diastereo-
mers constitute about 85% of the product mixture (deter-
mined from 13C NMR).

OH

OOH

OH

OOH

OH

OOH

OH

OOH

3O2/TPP
PS-DVB

syn,syn-1h syn,anti-1h

anti,anti-1hanti,syn-1h

OH

1h

Scheme 4. Solvent-free photooxygenation of the allylic alcohol 1h.

The peroxyacetalization reaction of 2-naphthaldehyde with
the b-hydroperoxy alcohols proceeded under standard reac-
tion conditions31 with boron trifluoride as Lewis acid catalyst
and resulted in the 1,2,4-trioxanes 3a–h in moderate yields
(Table 2). The carbonyl component was applied in slight
excess and thus, appreciable amounts of the BF3-catalyzed
cleavage and cross-peroxyacetalization products were
isolated in each case. This is shown for the reaction of the
cyclohexyl-substituted b-hydroperoxy alcohol 2f (Scheme 5)

Table 1. Photooxygenation of the allylic alcohols 1a–h using solvent-free
approach with PS–DVB copolymer

Compound R d.r.a syn:anti Yield (%)

2a Et 77:23 72
2b n-Pr 79:21 78
2c n-Bu 79:21 78
2d i-Bu 80:20 77
2e c-Pr 62:38 80
2f c-Hex 88:12 65
2g CH2CH]CH2 75:25 69
2h CH(Me)CH]CH2

b 63

a The diastereoselectivity was determined from the integration of the char-
acteristic signals in the NMR of the crude reaction mixture.

b Four diastereomers were obtained in a ratio of 39:39:11:11.
with b-naphthaldehyde. The hydroperoxy alcohol 2f is
reacted with 1.1 equiv of the aldehyde in CH2Cl2 in the pres-
ence of a catalytic amount of BF3 to form the 1,2,4-trioxane
3f in 41% yield in addition to the cross-peroxyacetalization
products 4f and 5f in 22 and 16% yields, respectively. In
most cases, these side-products were not isolated and charac-
terized solely from the NMR spectra (not reported in Section
4). It is, however, possible to obtain these compounds (also
1,2,4-trioxane structures) in good yields by BF3-catalyzed
oxidative cleavage and cross-peroxyacetalization of the
hydroperoxides in the absence of an additional carbonyl
component. The assignment of the structure of 3f is based
on 1H as well as 13C NMR spectra, IR, elemental, and
HRMS analyses. The IR spectrum shows the characteristic
C–O stretching at 1112, 1074 cm�1 and O–O at 906,
822 cm�1. The 1H NMR shows the characteristic singlet at
6.38 ppm corresponding to the peroxyacetal proton (H-3)
and the doublet at 4.87 ppm related to the peroxy proton
(H-6) due to coupling with H-5 (3JHH¼9.5 Hz) indicating
trans configuration. Surprisingly, H-5 appears also as doublet
(and not doublet of doublet as expected); this can be ascribed
to a dihedral angle of roughly 90� between this proton and the
CH proton of the cyclohexyl group. The 2-naphthyl group is
located also in equatorial position as confirmed by X-ray for
the two analogous examples 3a and 3b (Fig. 2 and Table 3).
In no case were the products from the minor diastereoiso-
meric allylic hydroperoxides (anti isomers) isolated from
the crude reaction mixtures (where they appear with about
5–10% relative yields).

OH

OOH
O O

O
H

O

BF3.Et2O / CH2Cl2
2f 3f41%

O O

O

O O

O+ +

4f 5f

C-3C-5

C-6

Scheme 5. Lewis acid catalyzed peroxyacetalization of the b-hydroperoxy
alcohol 2f with b-naphthaldehyde.

3. Conclusion

In summary, the singlet oxygen ene reaction with chiral
allylic alcohols 1 in polystyrene matrices proceeds with ex-
cellent yields and gives the allylic hydroperoxides 2 with
good (syn) diastereoselectivities. Subsequent Lewis acid
catalyzed peroxyacetalization with b-naphthaldehyde results

Table 2. Peroxyacetalization of the allylic hydroperoxides 2a–h with
b-naphthaldehyde

Compound R Yielda (%)

3a Et 24
3b n-Pr 40
3c n-Bu 43
3d i-Bu 21
3e c-Pr 31
3f c-Hex 41
3g CH2CH]CH2 14
3h CH(Me)CH]CH2 15

a Yields after purification of the crude materials.
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in the formation of diastereomerically pure (all-equatorial)
3-naphthyl-1,2,4-trioxanes 3 in moderate yields besides the
cross-peroxyacetalization products 4 and 5.

4. Experimental

4.1. General procedures (GP)

4.1.1. GP 1. Solvent-free type-II photooxygenation reac-
tion in polymer matrices.

4.1.1.1. Using commercial PS–DVB copolymer. The
polymer beads (ca. 2–3 g, Fluka, polystyrene copolymer
with 1% divinylbenzene) were introduced into a Petri dish
(19 cm diameter) and were pretreated with CH2Cl2
(20 mL) and the excess solvent evaporated by a vacuum
line. The substrate (ca. 10 mmol) and the non-polar sensi-
tizer (tetraphenylporphyrin, TPP, or tetratolylporphyrin,
TTP, ca. 3–6 mg) in ethyl acetate (20 mL) were subse-
quently added and the excess solvent evaporated by leaving

Figure 2. Structure of 1,2,4-trioxanes 3a and 3b in the crystal.

Table 3. Crystal structure analyses data for 1,2,4-trioxanes 3a and 3b

Crystal data 3a 3b

Empirical formula C18H20O3 C19H22O3

Formula weight 284.34 298.37
Temperature [K] 100(2) 100(2)
Crystal system Monoclinic Monoclinic
Space group P21/c C2/c
a [Å] 13.614(2) 34.338(1)
b [Å] 5.6245(5) 5.362(1)
c [Å] 19.903(3) 20.740(1)
a [�] 90 90
b [�] 97.456(4) 121.32(1)
g [�] 90 90
Volume [Å3] 1511.1(4) 3262.2(6)
Z 4 8
dcalcd [g cm�3] 1.250 1.215
Crystal size [mm] 0.1�0.1�0.3 0.35�0.25�0.25
No. refl. collected 6492 10220
No. unique refl. 3146 3554
No. obsd refl. 1251 2305
R1 0.0663 0.0427
wR2 0.1452 0.0900
Largest diff. peak/

hole [e/Å�3]
0.428/�0.215 0.232/�0.166
the Petri dish in a well ventilated hood. The Petri dish is cov-
ered with a glass plate and the sandy solid is irradiated with
halogen lamp or sodium street lamp. The polymer beads
were subsequently washed with ethanol (3�30 mL) and
filtered (the beads can be used again for at least six cycles
without pre-swelling). The solvent was evaporated under
reduced pressure (CAUTION: water bath temperature should
not exceed 30 �C.) and the composition of the product was
determined by 1H as well as 13C NMR and the crude prod-
ucts applied directly for peroxyacetalization.

4.1.1.2. Using synthetic TSP–S–DVB or PP–S–DVB
copolymers.30 The dye-cross-linked polymer beads
(TSP–S–DVB or PP–S–DVB, ca. 0.60 g) in a Petri dish
(14 cm in diameter) were swollen by CH2Cl2 (20 mL),
then the substrate (ca. 5 mmol) in ethyl acetate (20 mL)
was added. Subsequent treatment as in Section 4.1.1.1
affords the product.

4.1.2. GP 2. General procedure for the peroxyacetaliza-
tion reaction and 1,2,4-trioxanes synthesis. To a stirred
solution of b-hydroxy hydroperoxides and the carbonyl
reagent in dry CH2Cl2 (100 mL) was added at rt a catalytic
amount of boron trifluoride etherate (ca. 0.2 mL) and the
mixture was further stirred for about 12 h (overnight) at
the same temperature. Volatile carbonyl compounds were
used in 5–10-fold molar excess, less volatile carbonyl com-
pounds were used in 1.2–1.5-fold molar excess. The reaction
mixture was then partitioned between CH2Cl2 and saturated
NaHCO3 solution and the phases were separated. The aque-
ous phase was extracted with CH2Cl2 (3�30 mL) and the
combined organic phases were washed with brine, water,
and dried over Na2SO4. Solvent evaporation (CAUTION:
water bath temperature should not exceed 30 �C.) followed
by chromatographic purification afforded the 1,2,4-trioxane
as pure product.

4.1.2.1. 4-Hydroperoxy-5-methylhex-5-en-3-ol (2a).
Photooxygenation of 5-methylhex-4-en-3-ol (1a) (1.0 g,
8.77 mmol) for 48 h according to GP 1 afforded a diastereo-
meric mixture (d.r. syn:anti, 77:23) of b-hydroxy allylic
hydroperoxides 2a (0.92 g, 6.30 mmol, 72%) as colorless oil.

syn-2a: 1H NMR: d 0.92 (t, 3H, J¼7.5 Hz, CH3CH2), 1.23–
1.58 (m, 2H, CH2CH3), 1.68 (m, 3H, CH3C]), 3.55 (ddd,
1H, J¼5.9, 5.9, 8.5 Hz, CH–OH), 4.15 (d, 1H, J¼8.5 Hz,
CH–OOH), 5.01 (m, 2H, CH2]C). 13C NMR: d 9.6 (q,
CH3CH2), 17.8 (q, CH3C]), 25.5 (t, CH2CH3), 71.8
(d, CH–OH), 93.4 (d, CH–OOH), 116.5 (t, CH2]C), 141.4
(s, C]CH2).

anti-2a: 1H NMR additional significant signals: d 0.93
(t, 3H, J¼7.4 Hz, CH3CH2), 1.76 (s, 3H, CH3C]), 3.69
(m, 1H, CH–OH), 4.30 (d, 1H, J¼4.7 Hz, CH–OOH), 5.04
(m, 2H, CH2]C). 13C NMR: d 10.3 (q, CH3CH2), 19.3
(q, CH3C]), 25.0 (t, CH2CH3), 72.2 (d, CH–OH), 91.4
(d, CH–OOH), 115.3 (t, CH2]C), 141.2 (s, C]CH2).

4.1.2.2. 3-Hydroperoxy-2-methylhept-1-en-4-ol (2b).
Photooxygenation of 2-methylhept-2-en-4-ol (1b) (1.0 g,
7.81 mmol) for 48 h according to GP 1 afforded a diastereo-
meric mixture (d.r. syn:anti, 79:21) of b-hydroxy allylic
hydroperoxides 2b (0.98 g, 6.13 mmol, 78%) as colorless oil.
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syn-2b: 1H NMR: d 0.87 (t, 3H, J¼7.1 Hz, CH3CH2), 1.20–
1.58 (m, 4H, CH2CH2), 1.68 (m, 3H, CH3C]), 3.63
(m, 1H, CH–OH), 4.13 (d, 1H, J¼8.5 Hz, CH–OOH), 5.01
(m, 2H, CH2]C). 13C NMR: d 13.8 (q, CH3CH2), 17.8
(t, CH2CH3), 18.3 (q, CH3C]), 34.6 (t, CH2CH2), 70.3
(d, CH–OH), 93.8 (d, CH–OOH), 116.6 (t, CH2]C), 141.4
(s, C]CH2).

anti-2b: 1H NMR additional significant signals: d 0.87 (t,
3H, J¼7.1 Hz, CH3CH2), 1.76 (m, 3H, CH3C]), 3.78 (m,
1H, CH–OH), 4.29 (d, 1H, J¼4.4 Hz, CH–OOH). 13C
NMR: d¼13.9 (q, CH3CH2), 19.0 (t, CH2CH3), 19.4 (q,
CH3C]), 34.0 (t, CH2CH2), 70.5 (d, CH–OH), 91.6 (d,
CH–OOH), 115.2 (t, CH2]C), 141.2 (s, C]CH2).

4.1.2.3. 3-Hydroperoxy-2-methyloct-1-en-4-ol (2c).
Photooxygenation of 2-methyloct-2-en-4-ol (1c) (1.19 g,
8.38 mmol) for 60 h according to GP 1 afforded a diastereo-
meric mixture (d.r. syn:anti, 79:21) of b-hydroxy allylic
hydroperoxides 2c (1.14 g, 6.55 mmol, 78%) as faint yellow
oil.

syn-2c: 1H NMR: d 0.85 (t, 3H, J¼7.1 Hz, CH3CH2), 1.21–
1.57 (m, 6H, CH2CH2CH2), 1.70 (s, 3H, CH3C]), 3.64 (m,
1H, CH–OH), 4.15 (d, 1H, J¼8.4 Hz, CH–OOH), 5.03 (m,
2H, CH2]C). 13C NMR: d 13.9 (q, CH3CH2), 17.9 (q,
CH3C]), 22.5 (t, CH2CH3), 27.3 (t, CH2CH2), 32.2
(t, CH2CH2), 70.6 (d, CH–OH), 93.7 (d, CH–OOH), 116.6
(t, CH2]C), 141.3 (s, C]CH2).

anti-2c: 1H NMR additional significant signals: d 1.77 (s,
3H, CH3C]), 3.75 (m, 1H, CH–OH), 4.30 (d, 1H, J¼
4.7 Hz, CH–OOH). 13C NMR: d 13.9 (q, CH3CH2), 19.3
(q, CH3C]), 22.5 (t, CH2CH3), 28.0 (t, CH2CH2), 32.2
(t, CH2CH2), 70.7 (d, CH–OH), 91.7 (d, CH–OOH), 116.6
(t, CH2]C), 141.2 (s, C]CH2).

4.1.2.4. 3-Hydroperoxy-2,6-dimethylhept-1-en-4-ol
(2d). Photooxygenation of 2,6-dimethylhept-2-en-4-ol (1d)
(1.25 g, 8.80 mmol) for 60 h according to GP 1 afforded
a diastereomeric mixture (d.r. syn:anti, 80:20) of b-hydroxy
allylic hydroperoxides 2d (1.18 g, 6.78 mmol, 77%) as
colorless oil.

syn-2d: 1H NMR: d 0.83 (d, 3H, J¼6.5 Hz, CH3CH), 0.87 (d,
3H, J¼6.8 Hz, CH3CH), 1.03 (m, 1H, CH2CH), 1.32 (m, 1H,
CH2CH), 1.68 (s, 3H, CH3C]), 1.81 (m, 1H, CHCH2), 3.68
(m, 1H, CH–OH), 4.09 (d, 1H, J¼8.4 Hz, CH–OOH), 5.0
(m, 2H, CH2]C). 13C NMR: d 17.9 (q, CH3CH), 21.1 (q,
CH3C]), 23.8 (d, CHCH2), 24.0 (q, CH3CH), 41.6
(t, CH2CH), 68.7 (d, CH–OH), 94.2 (d, CH–OOH), 116.6
(t, CH2]C), 141.4 (s, C]CH2).

anti-2d: 1H NMR additional significant signals: d 0.84 (d,
3H, J¼6.7 Hz, CH3CH), 1.76 (s, 3H, CH3C]), 3.83
(m, 1H, CH–OH), 4.26 (d, 1H, J¼4.5 Hz, CH–OOH), 5.05
(m, 2H, CH2]C). 13C NMR: d 19.4 (q, CH3CH), 21.4
(q, CH3C]), 23.6 (d, CHCH2), 24.7 (q, CH3CH), 41.1
(t, CH2CH), 68.9 (d, CH–OH), 92.0 (d, CH–OOH), 115.2
(t, CH2]C), 141.3 (s, C]CH2).

4.1.2.5. 1-Cyclopropyl-2-hydroperoxy-3-methylbut-
3-en-1-ol (2e). Photooxygenation of 1-cyclopropyl-3-
methylbut-2-en-1-ol (1e) (1.0 g, 7.94 mmol) for 60 h
according to GP 1 afforded a diastereomeric mixture (d.r.
syn:anti, 62:38) of b-hydroxy allylic hydroperoxides 2e
(1.0 g, 6.33 mmol, 80%) as colorless oil.

syn-2e: 1H NMR: d 0.20–0.52 (m, 4H, CH2CH2), 0.78–0.99
(m, 1H, CH), 1.75 (m, 3H, CH3C]), 3.07 (dd, 1H, J¼7.9,
7.9 Hz, CH–OH), 4.29 (d, 1H, J¼9.3 Hz, CH–OOH), 5.05
(m, 2H, CH2]C). 13C NMR: d 1.8 (t, CH2CH2), 3.2
(t, CH2CH2), 14.0 (d, CH), 18.9 (q, CH3C]), 75.0
(d, CH–OH), 93.3 (d, CH–OOH), 115.5 (t, CH2]C),
141.6 (s, C]CH2).

anti-2e: 1H NMR additional significant signals: d 1.82 (m,
3H, CH3C]), 3.14 (dd, 1H, J¼4.3, 8.8 Hz, CH–OH), 4.41
(d, 1H, J¼4.3 Hz, CH–OOH). 13C NMR: d 2.6 (t, CH2CH2),
2.9 (t, CH2CH2), 13.3 (d, CH), 19.6 (q, CH3C]), 75.6
(d, CH–OH), 91.2 (d, CH–OOH), 115.4 (t, CH2]C), 141.3
(s, C]CH2).

4.1.2.6. 1-Cyclohexyl-2-hydroperoxy-3-methylbut-3-
en-1-ol (2f). Photooxygenation of 1-cyclohexyl-3-methyl-
but-2-en-1-ol (1f) (1.30 g, 7.74 mmol) for 60 h according
to GP 1 afforded a diastereomeric mixture (d.r. syn:anti,
88:12) of b-hydroxy allylic hydroperoxides 2f (1.0 g,
5.0 mmol, 65%) as faint yellow oil.

syn-2f: 1H NMR: d 0.83–1.90 (m, 11H, CH and CH2), 1.64 (s,
3H, CH3C]), 3.43 (m, 1H, CH–OH), 4.24 (d, 1H, J¼8.5 Hz,
CH–OOH), 4.97 (s, 2H, CH2]C). 13C NMR: d 17.7 (q,
CH3C]), 25.3 (t, CH2), 25.9 (t, CH2), 26.1 (t, CH2), 26.4
(t, CH2), 30.3, 30.5 (t, CH2), 39.1 (d, CH), 74.3 (d,
CH–OH), 91.0 (d, CH–OOH), 115.9 (t, CH2]C), 141.6
(s, C]CH2).

anti-2f: 1H NMR additional significant signals: d 4.29 (d, 1H,
J¼6.0 Hz, CH–OOH). 13C NMR additional significant sig-
nals: d 39.3 (d, CH), 89.2 (d, CH–OOH), 112.9 (t, CH2]C).

4.1.2.7. 3-Hydroperoxy-2-methylhepta-1,6-dien-4-ol
(2g). Photooxygenation of 6-methylhepta-1,5-dien-4-ol
(1g) (1.16 g, 9.21 mmol) for 60 h according to GP 1 afforded
a diastereomeric mixture (d.r. syn:anti, 75:25) of b-hydroxy
allylic hydroperoxides 2g (1.0 g, 6.33 mmol, 69%) as faint
yellow oil.

syn-2g: 1H NMR: d 1.70 (m, 3H, CH3C]), 2.02–2.37 (m,
2H, CH2), 3.71 (ddd, 1H, J¼3.7, 8.3, 8.3 Hz, CH–OH),
4.17 (d, 1H, J¼8.4 Hz, CH–OOH), 5.05 (m, 4H, CH2]C
and CH2]CH), 5.79 (m, 1H, CH]CH2). 13C NMR:
d 17.9 (q, CH3C]), 37.1 (t, CH2), 70.0 (d, CH–OH), 92.8
(d, CH–OOH), 116.8 (t, CH2]CH), 118.1 (t, CH2]C),
133.8 (d, CH]CH2), 141.1 (s, C]CH2).

anti-2g: 1H NMR additional significant signals: d 1.76
(m, 3H, CH3C]), 3.82 (m, 1H, CH–OH), 4.31 (d, 1H,
J¼4.9 Hz, CH–OOH). 13C NMR: d 19.1 (q, CH3C]),
36.6 (t, CH2), 69.9 (d, CH–OH), 91.0 (d, CH–OOH), 115.6
(t, CH2]CH), 117.9 (t, CH2]C), 134.5 (d, CH]CH2),
141.0 (s, C]CH2).

4.1.2.8. 3-Hydroperoxy-2,5-dimethylhepta-1,6-dien-4-
ol (2h). Photooxygenation of 3,6-dimethylhepta-1,5-dien-4-ol
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(1h) (1.20 g, 8.57 mmol) for 60 h according to GP 1 afforded
an oil composed of the inseparable diastereomeric mix-
ture (0.92 g, 5.35 mmol, 63%) composed of syn,syn-2h,
syn,anti-2h (d.r. 1:1) as major product and a diastereomeric
mixture of anti,syn-2h and anti,anti-2h (d.r. 1:1) as minor
products (major/minor: 78:22 ratio).

syn,syn-2h: 1H NMR: d 0.90 (d, 3H, J¼6.9 Hz, CH3CH),
1.63 (s, 3H, CH3C]), 2.17 (m, 1H, CHCH3), 3.50 (m, 1H,
CH–OH), 4.12 (d, 1H, J¼8.8 Hz, CH–OOH), 4.94 (m, 4H,
CH2]C and CH2]CH), 5.74 (m, 1H, CH]CH2). 13C
NMR: d 12.1 (q, CH3CH), 17.8 (q, CH3C]), 38.7 (d,
CHCH3), 73.1 (d, CH–OH), 90.8 (d, CH–OOH), 114.3 (t,
CH2]CH), 116.2 (t, CH2]C), 141.1 (s, C]CH2), 141.2
(d, CH]CH2).

syn,anti-2h: 1H NMR additional significant signals: d 0.99
(d, 3H, J¼5.4 Hz, CH3CH), 3.52 (m, 1H, CH–OH), 4.22
(d, 1H, J¼8.0 Hz, CH–OOH). 13C NMR: d 17.6 (q,
CH3C]), 39.0 (d, CHCH3), 73.4 (d, CH–OH), 91.3 (d,
CH–OOH), 116.2 (t, CH2]CH), 116.8 (t, CH2]C), 137.8
(d, CH]CH2), 140.6 (s, C]CH2).

anti,syn-2h: 13C NMR significant signals: d 72.5 (d, CH–
OH), 89.2 (d, CH–OOH).

anti,anti-2h: 13C NMR significant signals: d 72.5 (d, CH–
OH), 89.5 (d, CH–OOH).

4.1.2.9. (3RS,5RS,6RS)-5-Ethyl-3-(naphthalen-2-yl)-
6-(prop-1-en-2-yl)-1,2,4-trioxane (3a). Following GP 2,
a solution of 4-hydroperoxy-5-methylhex-5-en-3-ol (2a)
(1.22 g, 8.36 mmol) and b-naphthaldehyde (1.30 g,
8.33 mmol) in CH2Cl2 was treated with a catalytic amount
of BF3$Et2O (0.2 mL). Usual work-up and further puri-
fication of the crude product by preparative thick-layer
chromatography (SiO2, EA/n-hex, 1:10, Rf¼0.71) affords
the 1,2,4-trioxane (0.57 g, 2.0 mmol, 24%) as viscous oil,
which crystallizes into white solid on standing, mp 73–
75 �C. 1H NMR: d 1.14 (dd, 3H, J¼7.4, 7.4 Hz, CH3CH2),
1.70 (m, 2H, CH2CH3), 1.86 (m, 3H, CH3C]), 3.96 (ddd,
1H, J¼3.8, 7.9, 9.3 Hz, OCH), 4.67 (d, 1H, J¼9.3 Hz,
OOCH), 5.18 (m, 1H, CH2]), 5.23 (s, 1H, CH2]), 6.43
(s, 1H, OCHOO), 7.48–8.07 (m, 7H, Harom); 13C NMR:
d 9.4 (q, CH3CH2), 19.9 (q, CH3C]), 23.6 (t, CH2CH3),
78.5 (d, OCH), 87.4 (d, OOCH), 104.0 (d, OCHOO), 118.4
(t, CH2]C), 124.0 (d, CHarom), 126.1 (d, CHarom), 126.6 (d,
CHarom), 126.8 (d, CHarom), 127.6 (d, CHarom), 128.0
(d, CHarom), 128.3 (d, CHarom), 131.9 (s, Cqarom), 132.8 (s,
Cqarom), 133.9 (s, Cqarom), 138.7 (s, C]CH2); IR: (CsI) n
(cm�1)¼3064, 2980, 2925, 2898, 1664, 1605, 1071, 908,
824; MS: (EI, 70 eV) m/z (%)¼284 (M+, 4), 156 (C11H8O+,
100), 155 (C11H7O+, 95), 128 (C10H8

+, 22), 127 (C10H7
+,

73), 96 (C7H12
+ , 47), 81 (C6H9

+, 17); HRMS: (EI, 70 eV,
C18H20O3) calcd: M¼284.141 g/mol, found: M¼284.141�
0.005 g/mol; CH-analysis: (C18H20O3, M¼284.35 g/mol)
calcd: C, 76.03; H, 7.09, found: C, 75.53; H, 7.11.

4.1.2.10. (3RS,5RS,6RS)-3-(Naphthalen-2-yl)-6-(prop-
1-en-2-yl)-5-propyl-1,2,4-trioxane (3b). Following GP 2,
a solution of 3-hydroperoxy-2-methylhept-1-en-4-ol (2b)
(1.20 g, 7.50 mmol) and b-naphthaldehyde (1.18 g,
7.56 mmol) in CH2Cl2 was treated with a catalytic amount
of BF3$Et2O (0.2 mL). Usual work-up and further purifica-
tion of the crude product by preparative thick-layer chroma-
tography (SiO2, EA/n-hex, 1:10, Rf¼0.66) afforded the pure
1,2,4-trioxane (0.89 g, 2.99 mmol, 40%) as colorless oil,
which crystallizes on standing, mp 78–80 �C. 1H NMR:
d 1.02 (t, 3H, J¼7.1 Hz, CH3CH2), 1.47–1.79 (m, 4H,
CH2CH2), 1.86 (m, 3H, CH3C]), 4.04 (ddd, 1H, J¼3.1,
8.1, 9.3 Hz, OCH), 4.67 (d, 1H, J¼9.3 Hz, OOCH), 5.19
(m, 1H, CH2]), 5.24 (s, 1H, CH2]), 6.43 (s, 1H, OCHOO),
7.47–8.07 (m, 7H, Harom); 13C NMR: d 13.9 (q, CH3CH2),
18.1 (t, CH2CH3), 19.7 (q, CH3C]), 32.5 (t, CH2CH2),
77.1 (d, OCH), 87.7 (d, OOCH), 104.0 (d, OCHOO), 118.5
(t, CH2]), 124.0 (d, CHarom), 126.1 (d, CHarom), 126.6 (d,
CHarom), 126.7 (d, CHarom), 127.6 (d, CHarom), 128.0 (d,
CHarom), 128.3 (d, CHarom), 131.9 (s, Cqarom), 132.8 (s,
Cqarom), 133.9 (s, Cqarom), 138.7 (s, C]CH2); IR: (CsI) n
(cm�1)¼2957, 2934, 1664, 1605, 1576, 1362, 1340, 1092,
1075, 907; MS: (EI, 70 eV) m/z (%)¼298 (M+, 3), 226
(M+�C4H8O, 2), 156 (C11H8O+, 92), 155 (C11H7O+, 100),
128 (C10H8

+, 22), 127 (C10H7
+, 77), 110 (C8H14

+ , 27), 95
(C7H11

+ , 8); HRMS: (EI, 70 eV, C19H22O3) calcd:
M¼298.157 g/mol, found: M¼298.157�0.005 g/mol; CH-
analysis: (C19H22O3, M¼298.39) calcd: C, 76.48; H, 7.43,
found: C, 76.25; H, 7.27.

4.1.2.11. (3RS,5RS,6RS)-5-Butyl-3-(naphthalen-2-yl)-
6-(prop-1-en-2-yl)-1,2,4-trioxane (3c). Following GP 2,
a solution of 3-hydroperoxy-2-methyloct-1-en-4-ol (2c)
(1.24 g, 7.13 mmol) and b-naphthaldehyde (1.11 g,
7.12 mmol) in CH2Cl2 was treated with a catalytic amount
of BF3$Et2O (0.2 mL). Usual work-up and further purifica-
tion of the crude product by preparative thick-layer chroma-
tography (SiO2, EA/n-hex, 1:10, Rf¼0.85) afforded the pure
1,2,4-trioxane (0.96 g, 3.08 mmol, 43%) as viscous oil,
which crystallizes on standing, mp 51–53 �C. 1H NMR:
d 0.96 (t, 3H, J¼7.2 Hz, CH3CH2), 1.25–1.70 (m, 6H,
CH2), 1.85 (s, 3H, CH3C]), 4.01 (m, 1H, OCH), 4.64 (d,
1H, J¼9.3 Hz, OOCH), 5.18 (m, 1H, CH2]), 5.22 (s, 1H,
CH2]), 6.41 (s, 1H, OCHOO), 7.49–8.05 (m, 7H, Harom);
13C NMR: d 13.9 (q, CH3CH2), 19.7 (q, CH3C]), 22.6
(t, CH2CH3), 27.0 (t, CH2CH2), 30.1 (t, CH2CH2), 77.4
(d, OCH), 87.7 (d, OOCH), 104.1 (d, OCHOO), 118.5
(t, CH2]C), 124.1 (d, CHarom), 126.1 (d, CHarom), 126.6
(d, CHarom), 126.8 (d, CHarom), 127.6 (d, CHarom), 128.1 (d,
CHarom), 128.4 (d, CHarom), 132.0 (s, Cqarom), 132.8
(s, Cqarom), 133.9 (s, Cqarom), 138.8 (s, C]CH2); MS: (EI,
70 eV) m/z (%)¼312 (M+, 1), 226 (M+�C5H10O, less than
1), 156 (C11H8O+, 100), 155 (C11H7O+, 93), 127 (C10H7

+,
72), 124 (C9H16

+ , 38); HRMS: (EI, 70 eV, C20H24O3) calcd:
M¼312.173 g/mol, found: M¼312.173�0.005 g/mol; CH-
analysis: (C20H24O3, M¼312.40) calcd: C, 76.89; H, 7.74,
found: C, 76.61; H, 7.78.

4.1.2.12. (3RS,5RS,6RS)-5-Isobutyl-3-(naphthalen-2-
yl)-6-(prop-1-en-2-yl)-1,2,4-trioxane (3d). Following GP
2, a solution of 3-hydroperoxy-2,6-dimethylhept-1-en-4-ol
(2d) (1.21 g, 6.95 mmol) and b-naphthaldehyde (1.09 g,
6.99 mmol) in CH2Cl2 was treated with a catalytic amount
of BF3$Et2O (0.2 mL). Usual work-up and further puri-
fication of the crude product by preparative thick-layer
chromatography (SiO2, EA/n-hex, 1:10, Rf¼0.71) affords
the 1,2,4-trioxane (0.46 g, 1.47 mmol, 21%) as an oil, which
crystallizes on standing to white solid, mp 60–62 �C.
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1H NMR: d 1.01 (d, 3H, J¼6.6 Hz, CH3CH), 1.04 (d, 3H, J¼
6.8 Hz, CH3CH), 1.33 (m, 1H, CH2CH), 1.70 (m, 1H,
CH2CH), 1.87 (s, 3H, CH3C]), 2.08 (m, 1H, CHCH2), 4.12
(ddd, 1H, J¼2.3, 9.1, 10.3 Hz, OCH), 4.65 (d, 1H,
J¼9.1 Hz, OOCH), 5.19 (m, 1H, CH2]), 5.24 (m, 1H,
CH2]), 6.45 (s, 1H, OCHOO), 7.49–8.07 (m, 5H, Harom);
13C NMR: d 19.6 (q, CH3C]), 21.5 (q, CH3CH), 23.6
(d, CHCH2), 23.7 (q, CH3CH), 39.2 (t, CH2CH), 75.6
(d, OCH), 88.0 (d, OOCH), 104.0 (d, OCHOO), 118.7 (t,
CH2]), 124.0 (d, CHarom), 126.1 (d, CHarom), 126.6
(d, CHarom), 126.7 (d, CHarom), 127.6 (d, CHarom), 128.0
(d, CHarom), 128.3 (d, CHarom), 131.9 (s, Cqarom), 132.8 (s,
Cqarom), 133.9 (s, Cqarom), 138.6 (s, C]CH2); IR: (CsI) n
(cm�1)¼3095, 2956, 2934, 1605, 1347, 1098, 1080, 997,
863, 817; MS: (EI, 70 eV) m/z (%)¼312 (M+, 3), 226
(M+�C5H10O, 2), 156 (C11H8O+, 100), 155 (C11H7O+,
97), 128 (C10H8

+, 30), 127 (C10H7
+, 70), 124 (C9H16

+ , 27),
109 (C8H13

+ , 17); HRMS: (EI, 70 eV, C20H24O3) calcd:
M¼312.173 g/mol, found: M¼312.173�0.005 g/mol; CH-
analysis: (C20H24O3, M¼312.40 g/mol) calcd: C, 76.89; H,
7.74, found: C, 76.61; H, 7.63.

4.1.2.13. (3RS,5RS,6RS)-5-Cyclopropyl-3-(naphthalen-
2-yl)-6-(prop-1-en-2-yl)-1,2,4-trioxane (3e). Following
GP 2, a solution of 1-cyclopropyl-2-hydroperoxy-3-methyl-
but-3-en-1-ol (2e) (1.25 g, 7.91 mmol) and b-naphthalde-
hyde (1.23 g, 7.88 mmol) in CH2Cl2 was treated with a
catalytic amount of BF3$Et2O (0.2 mL). Usual work-up
and further purification of the crude product by preparative
thick-layer chromatography (SiO2, EA/n-hex, 1:10, Rf¼
0.67) affords the pure 1,2,4-trioxane as yellow oil, which
crystallizes upon standing (0.72 g, 2.43 mmol, 31%). 1H
NMR: d 0.39–0.64 (m, 4H, CH2CH2), 0.98 (m, 1H,
CH(CH2)2), 1.87 (m, 3H, CH3C]), 3.44 (dd, 1H, J¼7.4,
9.1 Hz, OCH), 4.68 (d, 1H, J¼9.12 Hz, OOCH), 5.14 (m,
2H, CH2]), 6.31 (s, 1H, OCHOO), 7.46–7.98 (m, 7H,
Harom); 13C NMR: d 2.0 (t, CH2), 2.8 (t, CH2), 11.6
(d, CH(CH2)2), 20.7 (q, CH3C]), 81.0 (d, OCH), 87.8 (d,
OOCH), 104.0 (d, OCHOO), 117.5 (t, CH2]), 124.2 (d,
CHarom), 126.2 (d, CHarom), 126.7 (d, CHarom), 127.0
(d, CHarom), 127.7 (d, CHarom), 128.2 (d, CHarom), 128.5
(d, CHarom), 131.8 (s, Cqarom), 132.9 (s, Cqarom), 134.1 (s,
Cqarom), 139.9 (s, C]CH2); IR: (Film) n (cm�1)¼3088,
3011, 2968, 2934, 1647, 1603, 1126, 1071, 904, 859, 814;
HRMS: (EI, 70 eV, C19H20O3) calcd: M¼296.141 g/mol,
found: M¼296.141�0.005 g/mol; CH-analysis: (C19H20O3,
M¼296.36) calcd: C, 77.00; H, 6.80, found: C, 76.47; H,
6.83.

4.1.2.14. (3RS,5RS,6RS)-5-Cyclohexyl-3-(naphthalen-
2-yl)-6-(prop-1-en-2-yl)-1,2,4-trioxane (3f). Following
GP 2, a solution of 1-cyclohexyl-2-hydroperoxy-3-methyl-
but-3-en-1-ol (2f) (1.20 g, 6.0 mmol) and b-naphthaldehyde
(0.94 g, 6.03 mmol) in CH2Cl2 was treated with a catalytic
amount of BF3$Et2O (0.2 mL). Usual work-up and further
purification of the crude product by preparative thick-layer
chromatography (SiO2, EA/n-hex, 1:10, Rf¼0.65) afforded
the pure 1,2,4-trioxanes (0.83 mg, 2.46 mmol, 41%) as white
solid, mp 88–90 �C. Additionally, the cross-peroxyacetaliza-
tion products 4f and 5, were isolated in 22 and 16% yields,
respectively (by NMR from the crude reaction mixture). 1H
NMR: d 1.06–1.94 (m, 11H, CH and CH2), 1.85 (s, 3H,
CH3C]), 3.87 (d, 1H, J¼9.5 Hz, OCH), 4.87 (d, 1H,
J¼9.5 Hz, OOCH), 5.18 (m, 2H, CH2]), 6.38 (s, 1H,
OCHOO), 7.47–8.02 (m, 7H, Harom); 13C NMR: d 19.7 (q,
CH3C]), 26.2 (t, CH2), 26.2 (t, CH2), 26.3 (t, CH2), 26.5
(t, CH2), 30.1 (t, CH2), 38.4 (d, CH), 81.4 (d, OCH), 85.2
(d, OOCH), 104.1 (d, OCHOO), 118.5 (t, CH2]C), 124.1
(d, CHarom), 126.1 (d, CHarom), 126.6 (d, CHarom), 126.9 (d,
CHarom), 127.6 (d, CHarom), 128.0 (d, CHarom), 128.4 (d,
CHarom), 132.1 (s, Cqarom), 132.8 (s, Cqarom), 133.9 (s,
Cqarom), 138.9 (s, C]CH2); IR: (CsI) n (cm�1)¼2933,
2856, 1653, 1647, 1605, 1560, 1112, 1074, 1004, 906, 822;
MS: (EI, 70 eV) m/z (%)¼338 (M+, 1), 226 (M+�C5H10O,
2), 156 (C11H8O+, 95), 155 (C11H7O+, 96), 128 (C10H8

+,
27), 127 (C10H7

+, 100), 83 (C6H11
+ , 17); HRMS: (EI, 70 eV,

C22H26O3) calcd: M¼338.188 g/mol, found: M¼338.188�
0.005 g/mol; CH-analysis: (C22H26O3, M¼338.44) calcd:
C, 78.07; H, 7.74, found: C, 77.49; H, 7.90.

4.1.2.15. (3RS,5RS,6RS)-3,5-Dicyclohexyl-6-(prop-1-
en-2-yl)-1,2,4-trioxane (4f). 1H NMR: d 0.92–2.12 (m,
22H, CH and CH2), 1.71 (s, 3H, CH3C]), 3.48 (d, 1H,
J¼9.6 Hz, OCH), 4.54 (d, 1H, J¼9.5 Hz, OOCH), 4.95 (d,
1H, J¼5.6 Hz, OCHOO), 5.05 (m, 2H, CH2]). 13C NMR:
d 19.7 (q, CH3C]), 25.7 (t, CH2), 25.7 (t, CH2), 25.8 (t,
CH2), 26.0 (t, CH2), 26.2 (t, CH2), 26.3 (t, CH2), 26.5 (t,
CH2), 27.1 (t, CH2), 27.3 (t, CH2), 30.1 (t, CH2), 38.3 (d,
CH), 40.6 (d, CH), 80.6 (d, OCH), 85.2 (d, OOCH), 107.1
(d, OCHOO), 118.1 (t, CH2]C), 139.1 (s, C]CH2).

4.1.2.16. (3RS,5RS,6RS)-5-Allyl-3-(naphthalen-2-yl)-
6-(prop-1-en-2-yl)-1,2,4-trioxane (3g). Following GP 2,
a solution of 3-hydroperoxy-2-methylhepta-1,6-dien-4-ol
(2g) (0.39 g, 2.47 mmol) and b-naphthaldehyde (388 mg,
2.49 mmol) in CH2Cl2 was treated with a catalytic amount
of BF3$Et2O (0.2 mL). Usual work-up and further purifica-
tion of the crude product by preparative thick-layer chroma-
tography (SiO2, EA/n-hex, 1:10, Rf¼0.69) afforded the pure
1,2,4-trioxanes (30 mg, 0.10 mmol, 4%) as viscous colorless
oil, which crystallizes on standing, mp 55–57 �C. 1H NMR:
d 1.82 (m, 3H, CH3C]), 2.47 (m, 2H, CH2), 4.06 (ddd,
1H, J¼3.9, 7.2, 9.2 Hz, OCH), 4.64 (d, 1H, J¼9.2 Hz,
OOCH), 5.15 (m, 4H, CH2]CH and CH2]C), 6.0 (m, 1H,
CH]CH2), 6.37 (s, 1H, OCHOO), 7.45–8.0 (m, 7H, Harom);
13C NMR: d 19.7 (q, CH3C]), 35.1 (t, CH2), 76.8 (d, OCH),
87.1 (d, OOCH), 104.1 (d, OCHOO), 117.7 (t, CH2]CH),
119.0 (t, CH2]C), 124.1 (d, CHarom), 126.2 (d, CHarom),
126.7 (d, CHarom), 126.9 (d, CHarom), 127.7 (d, CHarom),
128.2 (d, CHarom), 128.5 (d, CHarom), 131.8 (s, Cqarom),
132.9 (s, Cqarom), 133.4 (d, CH]CH2), 134.0 (s, Cqarom),
138.5 (s, C]CH2); MS: (EI, 70 eV) m/z (%)¼296 (M+, 7),
156 (C11H8O+, 100), 155 (C11H7O+, 86), 127 (C10H7

+, 62);
HRMS: (EI, 70 eV, C19H20O3) calcd: M¼296.141 g/mol,
found: M¼296.141�0.005 g/mol; CH-analysis: (C19H20O3,
M¼296.36) calcd: C, 77.00; H, 6.80, found: C, 76.85; H,
6.71.

4.1.2.17. (3RS,5RS,6RS)-5-((RS)-But-3-en-2-yl)-3-
(naphthalen-2-yl)-6-(prop-1-en-2-yl)-1,2,4-trioxane and
(3RS,5RS,6RS)-5-((SR)-but-3-en-2-yl)-3-(naphthalen-2-
yl)-6-(prop-1-en-2-yl)-1,2,4-trioxane (3h). Following GP
2, a solution of 3-hydroperoxy-2,5-dimethylhepta-1,6-
dien-4-ol (2h) (1.16 g, 6.74 mmol) and 2-naphthaldehyde
(1.07 g, 6.86 mmol) in CH2Cl2 was treated with a catalytic
amount of BF3$Et2O (0.2 mL). Usual work-up and further
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purification of the crude product (1.62 g, 5.23 mmol, 77.5%)
by preparative thick-layer chromatography (SiO2, EA/
n-hex, 1:10, Rf¼0.69) afforded a diastereomeric mixture
of the pure 1,2,4-trioxanes 3h in a ratio 1:1 (0.31 g,
1.0 mmol, 15%) as white solid. 1H NMR first diastereomer:
d 1.30 (d, 3H, J¼7.0 Hz, CH3CH), 1.88 (t, 3H, J¼1.5 Hz,
CH3C]), 2.55 (m, 1H, CHCH3), 4.02 (dd, 1H, J¼1.9,
9.5 Hz, OCH), 4.83 (d, 1H, J¼9.5 Hz, OOCH), 5.20 (m,
4H, CH2]CH and CH2]), 6.15 (m, 1H, CH]CH2), 6.40
(s, 1H, OCHOO), 7.50–8.10 (m, 7H, Harom); 13C NMR first
diastereomer: d 13.5 (q, CH3CH), 19.5 (q, CH3C]), 38.1 (d,
CHCH3), 79.9 (d, OCH), 85.4 (d, OOCH), 103.9 (d,
OCHOO), 114.3 (t, CH2]CH), 118.9 (t, CH2]C), 124.0
(d, CHarom), 126.1 (d, CHarom), 126.6 (d, CHarom), 126.8
(d, CHarom), 126.9 (d, CHarom), 127.6 (d, CHarom), 128.0 (d,
CHarom), 131.9 (s, Cqarom), 132.7 (s, Cqarom), 133.9 (s,
Cqarom), 138.5 (d, CH]CH2), 138.6 (s, C]CH2); 1H
NMR additional signals of the other diastereomer: d 4.12
(dd, 1H, J¼2.51, 9.6 Hz, OCH), 4.89 (d, 1H, J¼9.6 Hz,
OOCH), 6.41 (s, 1H, OCHOO); 13C NMR other diastereo-
mer: d 18.2 (q, CH3CH), 19.5 (q, CH3C]), 38.8 (d,
CHCH3), 80.0 (d, OCH), 85.6 (d, OOCH), 104.0 (d,
OCHOO), 116.1 (t, CH2]CH), 118.9 (t, CH2]C), 124.0
(d, CHarom), 126.1 (d, CHarom), 126.6 (d, CHarom), 126.8
(d, CHarom), 126.9 (d, CHarom), 127.6 (d, CHarom), 128.3 (d,
CHarom), 131.9 (s, Cqarom), 132.7 (s, Cqarom), 133.9 (s,
Cqarom), 138.4 (s, C]CH2), 140.8 (d, CH]CH2); IR:
(CsI) n (cm�1)¼3078, 2978, 2923, 1653, 1647, 1605,
1127, 1076, 999, 987, 904, 866, 818; MS: (EI, 70 eV) m/z
(%)¼310 (M+, 2), 226 (M+�C5H8O, 1), 156 (C11H8O+,
100), 155 (C11H7O+, 89), 128 (C10H8

+, 20), 127 (C10H7
+,

68), 107 (C8H11
+ , 20); HRMS: (EI, 70 eV, C20H22O3) calcd:

M¼310.157 g/mol, found: M¼310.157�0.005 g/mol; CH-
analysis: (C20H22O3, M¼310.39) calcd: C, 77.39; H, 7.14,
found: C, 77.28; H, 7.02.
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Abstract—Depending on the nature of the substituents on the stereogenic carbon atom, the ene reaction of singlet oxygen with several chiral
alkenes by confinement within thionin-supported zeolite NaY, may exhibit significant changes on facial selectivity by comparison to their
photooxygenation reaction in solution. It is proposed that, apart from the conformational consequences as a result of the alkene confinement
within the zeolite cavities, a synergism between Na+–p interactions and singlet oxygen–Na+ interactions plays a significant role in the
transition states of ene hydroperoxidation. Within NaY, the diastereoselectivity may significantly depend on the site selectivity, as probed
through specific deuterium labelling of trisubstituted alkenes bearing a gem-dimethyl group. In certain cases, a remote stereogenic centre
relative to the reacting double bond may induce enhanced diastereoselection and regioselectivity.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanistic studies and synthetic applications of singlet
oxygen (1O2) reactions with organic compounds, have at-
tracted the interest of organic chemists for the past 50 years.1

The singlet oxygen reactions are typically performed in a
homogeneous environment in which the dissolved photo-
sensitizing dye is vulnerable to decomposition. In recent
years, however, immobilizing the dyes on solid supports
has attracted considerable attention, as it contributes to the
green character of the oxidation process, while their stability
is considerably enhanced, as well.2 Apart from the practical
advantages of using solid materials as singlet oxygen gener-
ators, a large number of studies have been focused, on study-
ing the product selectivity of the 1O2 reactions by confining
the reacting substrates within supramolecular assemblies as
microreactors.3 Typical examples are zeolites with small
pores,4 Nafion membranes5 and surfactant vesicles.6 One
of the most practical and efficient systems, which has been
studied extensively for the past 10 years is thionin or methyl-
ene blue-supported zeolite NaY.7 In pioneering work, Li
and Ramamurthy8 confined through partial ion exchange
dyes, that are organic cations, in the interior of the zeolite

Keywords: Singlet oxygen; Hydroperoxides; Zeolites; Regioselectivity;
Diastereoselection; Cation–p interactions.
* Corresponding author. Tel.: +30 2810 545087; fax: +30 2810 545001;

e-mail: stratakis@chemistry.uoc.gr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.102
NaY supercages, and generated a novel photosensitizing sys-
tem capable of producing very efficiently 1O2 upon visible
light irradiation. Pace and Clennan9 improved the efficiency
of methylene blue-supported NaY as a photosensitizing
system, by replacing the solvent hexane with perfluoro-
hexane. The fluorophobicity of the alkenes in perfluorohex-
ane allows their facile migration into the zeolite cavities.
Thus, the zeolite medium may be used for preparative scale
photooxygenation reactions, without significant changes
in product selectivity or loss of the reaction mass balance.
In the same study, the upper limit of the 1O2 lifetime within
NaY was extrapolated to be around 7.5 ms. More recently,
Ramamurthy and co-workers10 measured directly the 1O2

lifetime within NaY, and found to depend on the alumina
content of the zeolite lattice and the intrazeolite water
content.

From the early studies, it was clearly evident that a new trend
existed for the intrazeolite photooxygenation of trisubsti-
tuted alkenes. The reaction is regioselective with predomi-
nant or even exclusive formation of the secondary allylic
hydroperoxides.8,11 Moreover, in contrast to the reaction in
solution, enhanced reactivity of the less hindered allylic
hydrogens was found through specific labelling in the photo-
oxygenation of several gem-dimethyl trisubstituted alkenes
within NaY.12 Several models have been postulated to
explain the intrazeolite regioselectivity trends,1,7c however,
none of them is widely acceptable and each specific model
is rather considered as a working hypothesis. Yet, the

mailto:stratakis@chemistry.uoc.gr
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majority of them consider a favourable electrostatic interac-
tion between the intrazeolite alkali metal cations and 1O2 in
the transition state of the ene hydroperoxidation reaction.
Apart from the changes in the regioselectivity for the case
of trisubstituted alkenes, it was reported that isobutenylar-
enes afford within NaY primarily the ene products relative
to the Diels–Alder cycloadducts, in a highly chemoselective
manner.13 This selectivity was attributed to the higher desta-
bilization of an open zwitterion (leading to the [4+2] prod-
ucts) relative to a perepoxide intermediate (leading to the
ene products) as a consequence of the strong Na+–arene
interactions. Generally, cation–p interactions seem to play
a major role in intrazeolite reactions14 and will be postulated
as one of the main driving forces to explain the changes of
the diastereoselection trends in the photooxygenation of the
chiral alkenes presented throughout this paper.

The study of the diastereoselection in the electrophilic addi-
tion of 1O2 to the p face of chiral alkenes is of primary
interest in organic synthesis.15 The confined environment of
zeolite and cation–p interactions as well, might be expected
to affect significantly the facial selectivity in the intrazeolite
photooxygenation of chiral alkenes. One general aspect
would be that blocking the less sterically hindered face of
a double bond through cation binding within the zeolite,
would leave the other face accessible to 1O2 attack. For ex-
ample, Na+–p interactions have been postulated to alter the
p facial photoreduction of some enone steroids confined
within NaY,16 relative to their reaction in a homogeneous en-
vironment. In addition, diastereoselection might be expected
even in cases where a stereogenic centre resides at a remote
position with respect to the reacting double bond. As a result
of ‘substrate-coiling’ within the zeolite cavities, a remote
chiral centre may be brought proximal to the reacting double
bond and thus affect the facial selectivity. Ramamurthy and
co-workers17 have elegantly shown this aspect in the photo-
chemical disrotatory electrocyclic reaction of a chiral tropo-
lone ether. Having in mind these possible contributing
parameters to the p facial selectivity of the intrazeolite reac-
tions, we focused our interest on the photooxygenation of
chiral alkenes bearing a stereogenic centre at the a- or at
more remote positions with respect to the reacting double
bond. In addition, specific labelling of the less hindered
methyl group for the majority of the gem-dimethyl trisubsti-
tuted alkenes studied herein was accomplished, to examine
the interplay of site selectivity on diastereoselection, as
abstraction of an allylic hydrogen atom from the two geminal
methyls occurs through the participation of two non-equili-
brating diastereomeric perepoxide type-intermediates,12c

which may induce a different degree of diastereoselection.

2. Results and discussion

2.1. Synthesis of chiral alkenes

The chiral alkenes (1–7) whose photooxygenation was stud-
ied are presented in Chart 1. The synthesis of 1–7 was
accomplished by Wittig coupling of isopropylidenetri-
phenylphosphorane with the corresponding aldehydes. The
necessary aldehydes for the synthesis of substrates 1 and 4
are commercially available, while the rest were prepared
according to trivial procedures described in Section 4.
2.2. Diastereoselectivity in the photooxygenation of
chiral alkenes bearing a stereogenic centre at the
a-position with respect to the double bond (1–4)

Among the chiral alkenes presented in Chart 1, the first four
(1–4) possess a stereogenic centre at the a-position with
respect to the reacting double bond. The distribution of the
ene products for the photooxygenation of 1–4 in solution
(dichloromethane, methylene blue as sensitizer, 0 �C) is pre-
sented in Table 1. The erythro secondary allylic hydroperox-
ides were primarily formed relative to the threo isomers,
while the labile tertiary allylic hydroperoxides were formed
in up to 14% relative yield, depending on the nature of the
substituents R1 and R2. Analysis by NOE clearly revealed
that they have the Z configuration on the newly formed tri-
substituted double bond. It is surprising,18 from the first
point of view, that alkene 3 in which the two substituents on
the stereogenic carbon atom (phenyl and cyclohexyl) have
more or less similar steric demands, affording the highest
diastereomeric ratio among 1–4. It is obvious, therefore, that
for the phenyl-substituted alkenes 1–3, steric effects cannot
explain the stereochemical outcome. The possible reasons
will be analyzed below.

Apart from the photooxygenation of 1 for which the relative
configuration of the allylic hydroperoxides is known,20 the
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CH3
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CH3
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CH3
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CH3
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Chart 1. Structures of the chiral alkenes 1–7 whose intrazeolite photooxy-
genation was examined.

Table 1. Photooxygenation of chiral alkenes 1–4 in solution

H3C CH3

R1

R2

1O2 CH2Cl2

+

H2C CH3

R1

R2

OOH

H2C CH3

R1

R2

OOH
+

H3C CH3

R2

R1

OOH

erythro threo

1-4

tertiary (Z)

Alkene Tertiary (%)a erythro (%)a threo (%)a

R1¼Me, R2¼Ph (1) 6 72 22
R1¼Et, R2¼Ph (2) 10 70 20
R1¼Cyclohexyl, R2¼Ph (3) 14 71 15
R1¼Me, R2¼n-Pr (4) — 62 38

a Relative percentages.
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ene products for the case of 2 and 3 were reduced in situ with
PPh3 and the resulting allylic alcohols were compared to
the diastereomeric alcohols produced from the reaction of
2-propenylmagnesium bromide with a-ethyl or cyclohexyl-
phenylacetaldehyde (Scheme 1). It is well known21 that the
addition of organolithium or Grignard reagents to a-alkyl
substituted phenylacetaldehydes is erythro diastereoselec-
tive. In our case, reaction of 2-propenylmagnesium bromide
with 2-phenylbutyraldehyde afforded the allylic alcohols
in a ratio erythro/threo¼4.6/1, while a-cyclohexylphenyl-
acetaldehyde gave a product ratio of erythro/threo¼1.4/1.
The predominant formation of the erythro allylic hydro-
peroxide in the photooxygenation of 4, was reasonably
assessed from the photooxygenation results of similar chiral
trisubstituted alkenes20 bearing alkyl substituents on the
stereogenic centre.

CHO
Et

Ph

CH3

MgBr

H2C

H3C

Et
Ph

OH

H2C

H3C

Ph
Et

OH

+

erythro, 82% threo, 18%

CHO
Ph

CH3

MgBr

H2C

H3C

Ph

OH

H2C

H3C

Ph

OH

+

erythro, 57%

threo, 43%

Et2O

Et2O

Scheme 1. Addition of 2-propenylmagnesium bromide to a-substituted
phenylacetaldehydes.

The selective formation of the erythro stereoisomer in the
photooxygenation of 1–3 in solution can be explained con-
sidering preferential facial approach of 1O2 to the double
bond as shown in transition state TS1 of Scheme 2. The
phenyl group is placed to the opposite face of the double
bond with respect to the attacking singlet oxygen, due to
the unfavourable oxygen–arene electronic repulsions. In
addition, for TS1, the 1,3-allylic strain between the tertiary
allylic hydrogen atom and the more hindered allylic methyl
group is minimized. Abstraction of the suitably oriented
tertiary allylic hydrogen atom leads to the formation of the
minor (Z)-tertiary allylic hydroperoxides. Transition states
TS2 and TS3, which lead to the threo diastereomers are
expected to be less stable compared to TS1, due to the sub-
stantial 1,3-allylic strain between the R group and the prox-
imal allylic methyl for the case of TS2, or to unfavourable
oxygen–arene electronic repulsions for the case of TS3. By
increasing the bulkiness of the alkyl group (R) from methyl
to cyclohexyl, enhanced erythro diastereoselection is found
as reasonably expected (TS1 vs TS2). For alkene 4, the mod-
erate erythro selectivity arises through the more favourable
transition state TS4 in which the steric effects (methyl vs
n-propyl) and the minimum 1,3-allylic strain as well, dictate
the facial selectivity.

Photooxygenation of 1–422 by confinement within thionin-
supported zeolite NaY is highly regioselective, since only
the secondary allylic hydroperoxides were obtained, how-
ever, with an inverse diastereoselection trend, which is more
profound and even remarkable in the case of the cyclohexyl-
substituted alkene 3 (Table 2). The threo diastereomers were
predominantly formed, and the ratio threo/erythro increases
with increasing the bulkiness of the R group (for alkenes 1–3).

The predominant formation of the threo secondary allylic
hydroperoxides by zeolite confinement can be rationalized
as follows. Taking into account the strong electrostatic inter-
action23 of the phenyl ring to the Na+ within the NaY super-
cages, the alkene most likely adopts the conformation shown
in Scheme 3. Preferential attack of 1O2 from the less hin-
dered top face gives the major threo secondary allylic hydro-
peroxides, while attack from the less accessible bottom face
gives the minor erythro diastereomers. As the bulkiness of
the R group increases, the energy difference between the
threo and erythro forming transition states increases as well,
in favour of the threo isomer. The participation of the threo-
forming transition state TS5 (Scheme 3), in which apart from
the cation–arene interaction, a favourable 1O2–Na+ interac-
tion operates cannot be excluded. In the case of alkene 4,
we postulate that preferential interaction of the Na+ with
the less hindered face of the double bond allows the threo-
forming transition state TS6 (Scheme 3) to predominate
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Scheme 2. Possible transition states for the photooxygenation of alkenes
1–4 in solution.

Table 2. Photooxygenation of chiral alkenes 1–4 within zeolite NaY

H3C CH3

R1

R2

1O2

NaY
+

H2C CH3

R1

R2

OOH

H2C CH3

R1

R2

OOH

erythro threo

1-4

Alkene erythro (%)a threo (%)a

R1¼Me, R2¼Ph (1) 46 54
R1¼Et, R2¼Ph (2) 23 77
R1¼Cyclohexyl, R2¼Ph (3) 9 91
R1¼Me, R2¼n-Pr (4) 47 53

a Relative percentage.
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slightly. Furthermore, for alkene 4, the change of the dia-
stereoselection trend on going from the reaction in solution
to the confined zeolite environment, is not as impressive as in
the case of 1–3. We postulate that since the electrostatic
interaction between 4 and an Na+ is not expected to be as
strong24 as with the phenyl-substituted alkenes 1–3, reaction
of 1O2 with non-Na+ bound alkene 4 conformers within
NaY25 may also occur.

1O2

H3C

H3C

R

H
Na

top attack: threo

(more favorable)

1O2
bottom attack: erythro

(less favorable)

H2C CH3

R

Ph
OOH

threoCH3H3C

Ph

R
TS5

H

Na

O
Oδ+
δ-

H2C CH3

Me

Pr
OOH

threoCH3H3C

Me

R
TS6

H

Na

preferential bottom 
attack by 1O2

1O2

Scheme 3. Possible threo-forming transition states for the photooxygena-
tion of 1–4 within NaY.

2.3. Diastereoselectivity in the photooxygenation of
chiral alkenes bearing a stereogenic centre at a remote
position with respect to the double bond (5–7)

As we discussed earlier, due to the adsorption of the reactant
alkenes in the confined environment, increased diastereo-
selectivity might be expected in cases where a chiral centre
resides at a remote position with respect to the reacting
double bond, as a consequence of ‘substrate-coiling’ in the
limited space of zeolite cavities. To examine this interesting
aspect we performed the photooxygenation of alkenes 5,26

6, and 7, which possess a stereogenic centre at the b- or
g-position with respect to the double bond. Reaction of 5
with 1O2 in solution gave the expected ene product distribu-
tion (secondary vs tertiary allylic hydroperoxides¼47/53),
while for the secondary hydroperoxides a low diastereo-
meric ratio was found (w10% dr, not specified). By NaY con-
finement, however, the reaction is 94% regioselective in
favour of the secondary hydroperoxides (Scheme 4), and
the diastereomeric ratio enhances significantly (dr¼72/28).
We postulate that, upon interaction of the alkene with the
Na+ within the cages, the substrate folds, and the chirality
is ‘transferred’ close to the reaction centre (double bond).
Consequently, the facial selectivity of 1O2 to the double
bond is significantly affected. For a further examination of
this enhanced diastereoselection, we prepared alkene 7,27
in which the more bulky cyclohexyl group has replaced
the methyl group on the stereogenic centre of 5. Photooxy-
genation of 7 in solution gave a mixture of tertiary and
secondary allylic hydroperoxides in a ratio 59/41, and a rela-
tively enhanced diastereomeric ratio for the case of the sec-
ondary allylic hydroperoxides (dr¼62/38, not specified).
While the reaction by zeolite confinement is 85% regioselec-
tive in favour of the formation of the secondary allylic
hydroperoxides, the diastereoselection was not enhanced, as
in the case of 5, but essentially slightly decreased to 57/43
(Scheme 4). We assume that the bulkiness of the cyclohexyl
ring may force 7 at NaY to adopt a conformation in which
the stereogenic centre may not become proximal to the react-
ing double bond, and thus, affect substantially the facial
selectivity. We next studied the photooxygenation of the
chiral alkene 6 (Scheme 4), which bears the same substitu-
ents on the stereogenic centre as alkene 5, however, situated
at the more remote g-position with respect to the double
bond. In solution, the expected regioselectivity trend was
found, while the diastereomeric ratio for the secondary
allylic hydroperoxides was negligible (by GC and 1H NMR).
Photooxygenation of 6 within NaY gave predominantly the
secondary allylic hydroperoxides (65% relative ratio), yet,
the diastereoselection, as for the reaction in solution, was
negligible. We would like to point out the significant dif-
ference in the regioselectivity on going from 5 to 7 within
NaY. The relative ratio of the tertiary allylic hydroperoxide
in the case of 5 is remarkably low (6%) and increases
to 35% for 7. Similar regioselectivity changes had been
reported by our group12c on studying the regioselectivity
in the photooxygenation of structurally analogous phenyl-
substituted alkenes and had been explained in terms of dif-
ferent substrate conformations within NaY which allow
methylene allylic hydrogen abstraction to occur with differ-
ent energetic consequences. From the above results we con-
clude that it is difficult to predict an enhancement of facial
selectivity for the case of alkenes bearing remote stereogenic
centres, since the relative bulkiness of the substituents in
the interior of the zeolite cage, may or may not provide suit-
able proximity of the pre-existing chirality to the reacting
double bond.
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Scheme 4. Photooxygenation of chiral alkenes 5–7 in solution and within
zeolite NaY.
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A dramatic change in regioselectivity and diastereoselection
was found in the photooxygenation of a-terpinyl acetate (8),
by zeolite confinement relative to reaction in solution
(Table 3), and exemplifies the role of the zeolite confinement
as a powerful medium to control product selectivity, even if
a stereogenic centre resides at a remote position with respect
to the reacting double bond. In contrast to the photooxygena-
tion of 8 in solution, which gives the expected ene product
distribution based on the already published results of similar
cycloalkenes such as limonene,29 the intrazeolite photooxy-
genation of 830 gave mainly one regioisomeric adduct (8d)
in>90% dr. It is worthy to emphasize here, the predominant
formation of a tertiary allylic hydroperoxide (8d), which
is unique for an intrazeolite reaction, since trisubstituted
alkenes afford within NaY primarily it is the secondary
allylic hydroperoxides.

The enhanced regioselectivity/diastereoselectivity within
NaY can be explained considering a synergism of 1O2–Na+

and Na+–acetate interactions. Essentially, an Na+ bound to
the –OAc functionality directs singlet oxygen to abstract
a pseudoaxially oriented allylic hydrogen atom at the more
substituted side of the alkene (Scheme 5).

H

H3C

H3C

AcO H

O
O H3C

H3C
AcO

OOH
CH3CH3

δ+
δ-

8d

Na

Scheme 5. Transition state for the selective formation of the hydroperoxide
8d in the intrazeolite photooxygenation of a-terpinyl acetate.

2.4. Interplay of regioselectivity and diastereoselectivity
in the photooxygenation of the chiral alkenes 1–6,
through specific methyl group labelling

To determine the ratio of the threo/erythro stereoisomers
induced by abstraction of an allylic hydrogen atom either
from the more (twix CH3)31 or from the less (twin CH3)31

Table 3. Photooxygenation of a-terpinyl acetate (8) in solution and within
NaY

1O2

CH3

CH2

+

CH2

+ +

HOO CH3

+

H3C OOH

+

CH3 CH3
H3C CH3OAc

H3C CH3OAc OAc
H3C CH3 OAc

H3C CH3

OAc
H3C CH3OAc

H3C CH3 OAc
H3C CH3

8

8a 8b 8c

8d 8e 8f

HOOHOO

HOO HOO

8a (%)a 8b (%)a 8c (%)a 8d (%)a 8e/8f (%)a

In solution 27 17 7 40 9
Within NaY 5 4 2 87 2

a Relative percentage.
substituted side of the double bond, we prepared stereoselec-
tively the deuterium labelled at the twin position chiral
alkenes 1d3–6d3. The synthesis was accomplished in >95%
purity for the (E)-isomer as shown in Scheme 6, applying
an already well known methodology.12c
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R
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twin methyl group
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Scheme 6. Synthesis of the chiral labelled alkenes 1d3–6d3.

Photooxygenation of 1d3–6d3 in solution (Table 4) afforded
the mixture of tertiary and secondary allylic hydroperoxides,
as shown in Table 1 and in Scheme 4 for their perprotio
analogues. For clarity purposes, since photooxygenation of
1d3–6d3 in solution is around 92–95% regioselective for
allylic hydrogen atom abstraction from the more substituted
side of the alkene (cis effect selectivity),32 we will analyze
below the diastereoselectivity arising only from the reaction
of the twix methyl group. We define H-threo or H-erythro as
the diastereomeric secondary allylic hydroperoxides result-
ing from allylic hydrogen atom abstraction from the twix
methyl group (CH3), and D-threo and D-erythro as the hydro-
peroxides resulting from allylic deuterium atom abstraction
from the labelled twin methyl group (CD3). The ratio of
secondary H-threo/H-erythro allylic hydroperoxides was
assessed by integration of the terminal olefinic hydrogen
atoms in the region of 5 ppm.

Table 4. Stereochemistry in the photooxygenation of 1d3–6d3 in solution

H3C CD3

R1

R2

1O2 CH2Cl2

+

H2C CD3

R1

R2

OOH

H2C CD3

R1

R2

OOH

H-erythro H-threo

+

H3C

R1

R2

OOD

H3C

R1

R2

OOD

D-erythro D-threo

+

CD2 CD2

1d3-6d3

92-95% 5-8%
(relative ratio not determined)

Alkene H-erythro/H-threo (%)

R1¼Me, R2¼Ph (1d3) 77/23
R1¼Et, R2¼Ph (2d3) 78/22
R1¼Cyclohexyl, R2¼Ph (3d3) 83/17
R1¼Me, R2¼n-Pr (4d3) 62/38
5d3 55/45a

6d3 w50/50a

a The relative configuration of the major and minor erythro or threo dia-
stereomers in the photooxygenation of 5d3 and 6d3 was not assessed.
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The intrazeolite photooxygenation of 1d3–6d3 afforded the
mixture of tertiary and secondary allylic hydroperoxides,
with the latest being predominant or only products. For
discussion purposes we will emphasize only to the stereo-
chemical analysis of the secondary allylic hydroperoxides
(Table 5). Enhanced twin selectivity was found, in accor-
dance with the previously reported studies on other labelled
trisubstituted alkenes,7c and therefore, analysis of the dia-
stereoselectivity obtained from allylic hydrogen abstraction
either from the labelled twin (CD3) or from the twix methyl
group became possible.

Table 5. Stereochemistry in the photooxygenation of 1d3–6d3 within NaY

H3C CD3

R1

R2

1O2 NaY

+

H2C CD3

R1

R2

OOH

H2C CD3

R1

R2

OOH

H-erythro H-threo

+

H3C

R1

R2

OOD

H3C

R1

R2

OOD

D-erythro D-threo

+

CD2 CD2

1d3-6d3

twix abstraction twin abstraction

Alkene twin/
twix (%)

H-erythro/
H-threo (%)

H-erythro/
H-threo (%)

R1¼Me, R2¼Ph (1d3) 62/38 52/48 44/56
R1¼Et, R2¼Ph (2d3) 60/40 23/77 22/78
R1¼Cyclohexyl, R2¼Ph (3d3) 55/45 11/89 08/92
R1¼Me, R2¼n-Pr (4d3) 52/48 44/56 50/50
5d3 30/70 77/23a 58/42a

6d3 47/54 w50/50a w50/50a

a The relative configuration of the major and minor erythro or threo dia-
stereomers in the photooxygenation of 5d3 and 6d3 was not assessed.
The ratio of secondary H-threo/H-erythro allylic hydroper-
oxides was assessed by integration of the terminal olefinic
hydrogen atoms in the region of 5 ppm. On the other hand,
the ratio D-threo/D-erythro, formed by abstraction of an
allylic deuterium atom from the twin methyl group (CD3),
was assessed either by integration of the diastereotopic
allylic methyls, or extrapolated, taking into account the total
ratio of threo/erythro hydroperoxides and the ratio H-threo/
H-erythro, as well. The typical 1H NMR spectra, based on
which the H-threo/H-erythro and D-threo/D-erythro ratios
were calculated, for the photooxygenation of 3d3 in solution
and within NaY are shown in Figure 1.

The intrazeolite results present in Table 5 indicate that for al-
kenes 1d3–4d3 the diastereoselection arisen from abstraction
of an allylic H or D atom (from the twix or the twin methyl
group, respectively), is more or less very similar. The only
significant change was found in the intrazeolite photo-
oxygenation of 5d3, where the diastereoselectivity depends
significantly on the orientation of singlet oxygen to form
the perepoxide intermediates, either towards the more or
towards the less substituted side of the double bond. Thus,
abstraction of a D atom from the twin methyl group proceeds
with moderate diastereoselection (18% dr), while H atom
abstraction from the twix methyl group proceeds with signif-
icantly higher facial selectivity (54% dr). The significant
dependence of diastereoselectivity on site selectivity, most
probably indicates that upon folding of the alkene within
NaY cages, the stereogenic centre is more proximal to the
more substituted side of the double bond, and therefore, con-
trol of the facial approach in the case of the twix-oriented
perepoxide intermediate is more profound.

3. Conclusions

As a conclusion, we have shown that the confined environ-
ment of zeolite NaY may in certain cases remarkably alter
+Ph

CD3(CH3)

CH2(CD2)

(D)HOO
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CH2(CD2)

(D)HOO
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Figure 1. Part of the crude 1H NMR spectrum in the region 4.7–5.1 ppm for the photooxygenation of 3d3 in solution (1) and within NaY (2). Abbreviations: (a)
terminal olefinic hydrogen (H-erythro); (b) allylic hydrogen on the carbon bearing the –OOH(D) functionality (H-erythro+D-erythro); (c) terminal olefinic
hydrogen (H-threo); (d) allylic hydrogen on the carbon bearing the –OOH(D) functionality (H-threo+D-threo).
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the facial selectivity in the photooxygenation of some chiral
alkenes compared to their reaction in solution. It is postu-
lated that within zeolite, a synergism between cation–p
and singlet oxygen–cation interactions as well, are the main
driving forces for the facial selectivity changes. In certain
cases, enhanced regioselectivity and diastereoselection can
be induced by a remote stereogenic centre relative to the
reacting double bond, as a consequence of substrate confine-
ment within the limited space of a cavity. We believe that
the current results may provide a basis for the development
of models with predictive capability in order to tune the
behaviour of 1O2 reactions by zeolite confinement.

4. Experimental

4.1. General

Nuclear magnetic resonance spectra were obtained on a 300
and 500 MHz instruments. Isomeric purities were deter-
mined by 1H NMR and by GC analysis on a 60 m HP-5 cap-
illary column. All spectra reported herein were taken in
CDCl3. Since, in addition to the synthesis of 1–6, the stereo-
selectively labelled at the twin position analogous substrates
1d3–6d3 were prepared, we will describe below the synthesis
of the labelled alkenes only. The only chiral alkene, which
was not prepared in its labelled form was (1-cyclohexyl-
4-methylpent-3-enyl)benzene (7) and the details of its syn-
thesis are presented separately below.

4.2. Synthesis of (1-cyclohexyl-4-methylpent-3-enyl)-
benzene (7)

4.2.1. Methyl 3-cyclohexyl-3-hydroxy-3-phenylpropa-
noate. In a flame-dried flask were added 2-bromoacetate
(55 mmol), cyclohexylphenyl ketone (30 mmol), 2 g of acti-
vated Zn, and as a solvent was used a mixture of 100 mL dry
benzene and 50 mL of dry ether. The slurry was refluxed for
1 day and then it was poured into 100 mL 2 N H2SO4. After
extraction, the organic layer was dried and the solvent was
removed under vacuum to produce methyl 3-cyclohexyl-
3-hydroxy-3-phenylpropanoate in 75% yield as a white
solid. The starting material cyclohexylphenyl ketone, was
obtained in two steps by phenylmagnesium bromide addi-
tion to cyclohexanecarboxaldehyde, followed by oxidation
of the resulting alcohol with Jone’s reagent (70% yield
over two steps). 1H NMR of the hydroxyl ester: 7.19–7.35
(m, 5H), 4.30 (br s, 1H), 3.49 (s, 3H), 3.02 (d, 1H,
J¼16 Hz), 2.84 (d, 1H, J¼16 Hz), 0.96–1.75 (m, 11H).

4.2.2. 1-Cyclohexyl-1-phenylpropane-1,3-diol. The methyl
3-cyclohexyl-3-hydroxy-3-phenylpropanoate was reduced
into 95% yield by reacting for 8 h at ambient temperature
and under inert atmosphere, with 1 mol equiv of LiAlH4 in
dry ether. 1H NMR: 7.21–7.36 (m, 5H), 3.70 (m, 2H), 3.47
(t, 2H, J¼7.5 Hz), 0.86–1.97 (m, 11H).

4.2.3. 3-Cyclohexyl-3-phenylpropan-1-ol. In a flame-dried
flask were placed 0.99 g of 1-cyclohexyl-1-phenylpropane-
1,3-diol (4 mmol) and 15 mL dry dichloromethane. At
0 �C were added by syringe 10 mmol (1.5 mL) of BF3 ether-
ated and then 0.73 mL of triethylsilane.28 After 24 h the
reduction of the benzylic hydroxyl was complete by TLC.
The reaction mixture was washed with saturated solution
of NaHCO3, the organic layer was dried and the solvent was
evaporated to yield after column chromatography (hexane/
ethyl acetate¼6/1) 0.62 g of 3-cyclohexyl-3-phenylpropan-
1-ol (70%). 1H NMR: 7.11–7.29 (m, 5H), 3.45 (m, 1H),
3.36 (m, 1H,), 3.36 (m, 1H), 0.75–2.10 (m, 13H).

4.2.4. 3-Cyclohexyl-3-phenylpropanal. The alcohol was
oxidized to the corresponding aldehyde (3-cyclohexyl-3-
phenylpropanal) in 75% isolated yield by PCC oxidation of
3-cyclohexyl-3-phenylpropan-1-ol in dry dichloromethane.
1H NMR: 9.70 (s, 1H), 7.13–7.29 (m, 5H), 2.97 (t, 1H,
J¼6.0 Hz), 2.78 (m, 2H), 0.82–1.81 (m, 11H).

4.2.5. (1-Cyclohexyl-4-methylpent-3-enyl)benzene (7).
The aldehyde reacted with the ylide obtained from the reac-
tion of triphenylphosphoniumisopropyl iodide with n-BuLi
in dry THF, to obtain after column chromatography (hexane
as eluent) the desired alkene 7 in 59% isolated yield.
1H NMR: 7.09–7.27 (m, 5H), 4.94 (t, 1H, J¼7.0 Hz), 2.52
(m, 2H), 2.34 (m, 1H), 2.24 (m, 1H), 1.59 (s, 3H), 1.53 (s,
3H), 0.77–1.91 (m, 10H). 13C NMR: 144.5, 131.7, 128.7,
127.7, 125.6, 123.2, 52.4, 42.5, 31.5, 31.1, 30.7, 26.7,
25.7, 17.7.

4.3. Synthesis of the labelled chiral alkenes 1d3–6d3

4.3.1. Chiral aldehydes 1a–6a. The aldehydes 1a and 4a are
commercially available. The rest were prepared as follows.
Aldehyde 2a: it was prepared in 71% isolated yield by
oxidation of 2-phenyl-1-butanol with PCC in dichloro-
methane. 1H NMR: 9.69 (br s, 1H), 7.20–7.47 (m, 5H),
3.43 (t, 1H, J¼7.0 Hz), 2.13 (m, 1H), 1.78 (m, 1H), 0.92
(t, 3H, J¼7.5 Hz). Aldehyde 3a: it was prepared in two steps
from reduction of a-cyclohexylphenylacetic acid with
LiAlH4, followed by PCC oxidation of the resulting alcohol
(60% yield, over two steps). 1H NMR: 9.71 (d, 1H,
J¼3.5 Hz), 7.18–7.38 (m, 5H), 3.25 (dd, 1H, J1¼9.5 Hz,
J2¼3.5 Hz), 2.12 (m, 1H), 0.80–1.86 (m, 10H). Aldehyde
6a: it was prepared in two steps as follows: 3-phenyl-1-
butanol was transformed to corresponding bromide in 96%
yield by reacting with the PPh3–Br2 complex. 1H NMR of
the bromide: 7.19–7.35 (m, 5H), 3.32 (m, 1H), 3.18 (m,
1H), 2.96 (m, 1H), 2.11 (q, 2H, J¼7.5 Hz), 1.29 (d, 3H,
J¼7.0 Hz). The bromide was transformed to the organo-
magnesium reagent in the presence of 1.4 mol equiv of
Mg turnings, and then the Grignard reagent reacted with
N-formylpiperidine33 at 0 �C for 30 min. Acidic work up
(3 N HCl) and extraction of the crude reaction mixture
afforded the crude aldehyde 6a, which was purified by flash
column chromatography using hexane as eluent (56% iso-
lated yield). 1H NMR: 9.69 (t, 1H, J¼1.5 Hz), 7.16–7.33
(m, 5H), 2.72 (m, 2H), 2.32 (m, 2H), 1.90 (m, 2H), 1.29
(d, 3H, J¼7.0 Hz).

4.3.2. a,b-Unsaturated esters 1b–6b. In a one-necked flask
were placed 60 mL of dry CH2Cl2, and 40 mmol of the
stabilized ylide methyl(triphenylphosphoranylidene)propio-
nate and 25 mmol of the aldehydes 1a–6a. The solution was
refluxed until consumption of the aldehyde (normally 2–6 h
is necessary). For the case of the bulkiest aldehyde 6c, the
reaction time was 2 days. Most of the solvent was removed
by evaporation and then 50 mL of hexane were added. The
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solid residue was washed with hexane (4�50 mL), the
solvent was evaporated and the oily residue was chromato-
graphed or distilled at reduced pressure (for volatile deriva-
tive 4b). The a,b-unsaturated esters were isolated in 50–75%
yield and in >95% purity for the (E)-isomer. 1H NMR data:
compound 1b: 7.22–7.35 (m, 5H), 6.87 (d, 1H, J¼11.0 Hz),
3.77 (m, 1H), 3.72 (s, 3H), 1.91 (s, 3H), 1.39 (d, 3H,
J¼7.0 Hz). Compound 2b: 7.19–7.35 (m, 5H), 6.88 (d,
1H, J¼10.0 Hz), 3.73 (s, 3H), 3.50 (m, 1H), 1.90 (s, 3H),
1.78 (m, 2H), 0.88 (t, 3H, J¼7.5 Hz). Compound 3b:
7.16–7.31 (m, 5H), 6.97 (dd, 1H, J1¼10.5 Hz, J2¼1.5 Hz),
3.72 (s, 3H), 3.28 (t, 1H, J¼10.0 Hz), 1.86 (d, 3H,
J¼1.5 Hz), 0.80–1.85 (m, 11H). Compound 4b: 6.51 (d,
1H, J¼8.0 Hz), 3.72 (s, 3H), 2.50 (m, 1H), 1.83 (s, 3H),
1.25 (m, 4H), 0.97 (d, 3H, J¼7.0 Hz), 0.87 (t, 3H,
J¼7.0 Hz). Compound 5b: 7.19–7.32 (m, 5H), 6.73 (t, 1H,
J¼6.5 Hz), 3.71 (s, 3H), 2.87 (m, 1H), 2.44 (m, 2H), 1.77
(s, 3H), 1.28 (d, 3H, J¼6.5 Hz). Compound 6b: 7.19–7.34
(m, 5H), 6.76 (t, 1H, J¼7.0 Hz), 3.75 (s, 3H), 2.74 (m,
1H), 2.08 (m, 2H), 1.76 (m, 2H), 1.75 (s, 3H), 1.29 (d, 3H,
J¼7.0 Hz).

4.3.3. Allylic alcohols-d2, 1c–6c. In a flame-dried two-
necked flask were placed 12 mmol of LiAlD4 and 15 mL
of dry ether. The flask was cooled to 0 �C and subsequently
4 mmol of anhydrous AlCl3 were added in portions. The re-
sulting slurry was stirred for an additional 20 min, followed
by the dropwise addition of the a,b-unsaturated ester 1b–6b
(15 mmol). The reaction mixture was stirred for 1–2 h and
then treated with 1 mL of water. After extraction with
diethyl ether, the deuterated allylic alcohols 1c–6c were iso-
lated in 85–95% yield. 1H NMR: compound 1c: 7.18–7.34
(m, 5H), 5.58 (d, 1H, J¼9.5 Hz), 3.73 (m, 1H), 1.75 (s,
3H), 1.58 (br s, 1H), 1.29 (t, 3H, J¼7.0 Hz). Compound
2c: 7.17–7.36 (m, 5H), 5.57 (dd, 1H, J1¼9.5 Hz,
J2¼1.0 Hz), 3.41 (m, 1H), 1.73 (d, 3H, J¼1.0 Hz), 1.62–
1.78 (m, 2H), 1.49 (br s, 1H), 0.87 (t, 3H, J¼7.0 Hz). Com-
pound 3c: 7.15–7.30 (m, 5H), 5.63 (d, 1H, J¼9.5 Hz), 3.19
(t, 1H, J¼9.5 Hz), 1.87 (m, 1H), 1.69 (s, 3H), 0.78–1.74
(m, 10H). Compound 4c: 5.11 (d, 1H, J¼8.0 Hz), 2.37 (m,
1H), 1.66 (s, 3H), 1.54 (br s, 1H), 1.17–1.30 (m, 4H), 0.92
(d, 3H, J¼7.0 Hz), 0.87 (t, 3H, J¼7.0 Hz). Compound 5c:
7.18–7.32 (m, 5H), 5.37 (t, 1H, J¼7.5 Hz), 2.73 (m, 1H),
2.31 (m, 2H), 1.60 (s, 3H), 1.56 (br s, 1H), 1.25 (d, 3H,
J¼7.0 Hz). Compound 6c: 7.20–7.33 (m, 5H), 5.39 (t, 1H,
J¼7.0 Hz), 2.73 (m, 1H), 1.97 (m, 2H), 1.68 (m, 2H), 1.60
(s, 3H), 1.28 (d, 3H, J¼7.0 Hz), 1.29 (br s, 1H).

4.3.4. Mesylates of the allylic alcohols-d2, 1d–6d. The
allylic alcohols-d2, 1c–6c (10 mmol) were placed into a flask
charged with 30 mmol of dry triethylamine and 30 mL of
dry dichloromethane. Subsequently, 11 mmol of methane-
sulfonyl chloride were added dropwise at 0 �C. After
25 min the reaction was complete (by TLC). The solids
were removed by filtration and the organic layer was washed
with 5% HCl (until pH was acidic), then with saturated solu-
tion of NaHCO3, and finally with 50 mL of brine. The allylic
mesylates do not persist and were used immediately in the
next step without purification.

4.3.5. Chiral alkenes-d3, 1d3–6d3. To a flame-dried flask
charged with 20 mL of dry ether were suspended 4 mmol
of LiAlD4. The crude mesylates 1d–6d (10 mmol) were
added dropwise at 0 �C. The reaction mixture was stirred
overnight. After treatment with 2 mL of water and extraction
with ether, the resulting crude alkenes 1d3–6d3 were purified
by flash silica gel chromatography using hexane as eluent.
The geometric purity of the (E)-alkenes was >95% and
was estimated by comparison with the spectra of their corre-
sponding perprotio alkenes. 1H NMR of 1d3: 7.17–7.33 (m,
5H), 5.29 (dq, 1H, J1¼9.5 Hz, J2¼1.0 Hz), 3.67 (m, 1H),
1.69 (d, 3H, J¼1.0 Hz), 1.30 (t, 3H, J¼7.5 Hz); 13C NMR
of 1d3: 147.3, 130.4, 130.2, 128.3, 126.9, 125.7, 38.1, 25.1
(septet, JC–D¼19 Hz), 22.4, 17.9; MS, m/z¼163 (100%,
m/z¼148). 1H NMR of 2d3: 7.14–7.32 (m, 5H), 5.28 (dq,
1H, J1¼9.5 Hz, J2¼1.0 Hz), 3.36 (m, 1H), 1.57–1.76 (m,
2H), 1.67 (d, 3H, J¼1.0 Hz), 0.86 (t, 3H, J¼7.5 Hz); 13C
NMR of 2d3: 146.2, 131.2, 128.9, 128.3, 127.3, 125.7,
46.1, 30.1, 25.0 (septet, JC–D¼19 Hz), 18.0, 12.2; MS,
m/z¼177 (100%, m/z¼148); HRMS calcd for C13H15D3:
177.1597, found: 177.1597. 1H NMR of 3d3: 7.15–7.29
(m, 5H), 5.35 (dq, 1H, J1¼10.0 Hz, J2¼1.0 Hz), 3.14 (t,
1H, J¼10.0 Hz), 0.77–1.89 (m, 11H), 1.63 (d, 3H,
J¼1.0 Hz); 13C NMR of 3d3: 145.3, 131.3, 128.2, 127.9,
125.5, 51.16, 43.6, 31.5, 31.1, 26.6, 26.5, 26.4, 25.1 (septet,
JC–D¼19 Hz), 18.1; HRMS calcd for C17H21D3: 231.2066,
found: 231.2064. 1H NMR of 4d3: 4.90 (d, 1H, J¼9.0 Hz),
2.34 (m, 1H), 1.62 (s, 3H), 1.17–1.30 (m, 4H), 0.92 (d,
3H, J¼7.0 Hz), 0.89 (t, 3H, J¼7.0 Hz). 13C NMR of 4d3:
131.6, 129.3, 40.1, 32.1, 24.8 (septet, JC–D¼19 Hz), 21.2,
20.5, 17.8, 14.2. 1H NMR of 5d3: 7.19–7.32 (m, 5H), 5.10
(t, 1H, J¼6.5 Hz), 2.72 (m, 1H), 2.25 (m, 2H), 1.56
(s, 3H), 1.24 (d, 3H, J¼7.0 Hz). 1H NMR of 6d3: 7.19–
7.33 (m, 5H), 5.12 (t, 1H, J¼7.0 Hz), 2.73 (m, 1H), 1.91
(m, 2H), 1.59–1.68 (m, 2H), 1.55 (s, 3H), 1.27 (d, 3H,
J¼7.0 Hz).

4.4. Photooxygenation of chiral alkenes 1–7 and their
labelled analogues

The photooxygenation of the alkenes in solution was accom-
plished by dissolving 10 mg of each alkene in a solution of
10�4 M methylene blue in dichloromethane (5 mL). The
solution was bubbled with oxygen gas and then irradiated
with a 300 W Xenon lamp until the alkene was consumed
(by TLC). The intrazeolite reactions were carried as follows.
In a test tube were added 1 g of freshly dried thionin-
supported zeolite NaY and 5 mL of dry hexane, which con-
tained 10 mL of pyridine. After 5 min, a hexane solution
(5 mL) containing each alkenes-d3 or their perprotio ana-
logues (10 mg) was added. The tube was immediately pho-
tolyzed at 0 �C under a constant slow stream of oxygen
gas for 1–2 min, followed by immediate addition of 10 mL
of moistened tetrahydrofuran. The slurry was stirred for
3 h and then the solid was removed by filtration. The solvent
was removed by rotary evaporation and the 1H NMR spec-
trum was taken directly on the crude reaction mixture. The
spectroscopic data for the ene allylic hydroperoxides
obtained from the photooxygenation of 1 have been reported
(see Ref. 19). Photooxygenation of 2 (or 2d3): tertiary hydro-
peroxide {7.10–7.35 (m, 5H), 5.56 (s, 1H), 2.31 (q, 2H,
J¼7.5 Hz), 1.16 (s, 6H), 0.98 (t, 3H, J¼7.5 Hz)}; erythro
secondary hydroperoxide {7.83 (br s, 1H), 7.10–7.35 (m,
5H), 4.89 (br s, 1H), 4.87 (br s, 1H), 4.51 (d, 1H,
J¼9.5 Hz), 2.60 (m, 1H), 2.12 (m, 1H), 1.57 (s, 3H),
1.62 (m, 1H), 0.73 (t, 3H, J¼7.0 Hz)}; threo secondary
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hydroperoxide {7.65 (br s, 1H), 7.10–7.35 (m, 5H), 5.11 (br s,
1H), 5.06 (br s, 1H), 4.51 (d, 1H, J¼9.5 Hz), 2.58 (m, 1H),
1.78 (s, 3H), 1.64 (m, 1H), 1.52 (m, 1H), 0.71 (t, 3H,
J¼7.0 Hz)}. Photooxygenation of 3 (or 3d3): tertiary hydro-
peroxide {7.05–7.30 (m, 5H), 5.55 (s, 1H), 2.09 (br t, 1H,
J¼11.0 Hz), 1.12 (s, 6H), 0.80–1.85 (m, 10H)}; erythro sec-
ondary hydroperoxide {7.75 (br s, 1H), 7.05–7.30 (m, 5H),
4.94 (br s, 1H), 4.91 (br s, 1H), 4.83 (d, 1H, J¼10.5 Hz),
2.70 (dd, 1H, J1¼10.5 Hz, J2¼4.5 Hz), 1.61 (s, 3H), 0.80–
1.85 (m, 10H)}; threo secondary hydroperoxide {7.60
(br s, 1H), 7.05–7.30 (m, 5H), 4.99 (br s, 1H) 4.92 (br s,
1H), 4.88 (d, 1H, J¼7.5 Hz), 2.55 (t, 1H, J¼7.0 Hz), 1.68
(s, 3H), 0.80–1.85 (m, 10H)}. Photooxygenation of 4 (or
4d3): erythro secondary hydroperoxide (as alcohol obtained
after reduction with PPh3, characteristic absorptions) {4.97
(br s, 1H) 4.90 (br s, 1H), 3.88 (d, 1H, J¼6.5 Hz), 1.72 (s,
3H)}; threo secondary hydroperoxide (as alcohol obtained
after reduction with PPh3, characteristic absorptions) {4.93
(br s, 1H), 4.88 (br s, 1H), 3.79 (d, 1H, J¼6.5 Hz), 1.73 (s,
3H)}. Photooxygenation of 5 (or 5d3): tertiary hydroperox-
ide (as alcohol obtained after reduction with PPh3, character-
istic absorptions) {5.85 (dd, 1H, J1¼16.0 Hz, J2¼7.0 Hz),
5.61 (d, 1H, J¼16.0 Hz), 3.45 (m, 1H), 1.46 (s, 6H), 1.41
(d, 3H, J¼7.5 Hz)}; main diastereomeric secondary hydro-
peroxide (as alcohol obtained after reduction with PPh3,
characteristic absorptions) {4.90 (d, 1H, J¼1.5 Hz) 4.80
(d, 1H, J¼1.5 Hz), 3.84 (dd, 1H, J1¼8.5 Hz, J2¼4.5 Hz),
2.99 (m, 1H), 1.78–1.90 (m, 2H), 1.70 (s, 3H), 1.29 (d,
3H, J¼7.0 Hz)}; minor diastereomeric secondary hydroper-
oxide (as alcohol obtained after reduction with PPh3, charac-
teristic absorptions) {4.88 (d, 1H, J¼1.5 Hz), 4.86 (d, 1H,
J¼1.5 Hz), 4.04 (t, 1H, J¼8.5 Hz), 2.85 (m, 1H), 1.78–
1.90 (m, 2H), 1.76 (s, 3H), 1.29 (d, 3H, J¼7.0 Hz)}. Photo-
oxygenation of 6 (or 6d3): tertiary hydroperoxide (character-
istic absorptions) {5.62 (dt, 1H, J1¼16 Hz, J2¼7.5 Hz), 5.41
(d, 1H, J¼16.0 Hz), 2.85 (m, 1H), 2.37 (m, 2H), 1.27 (s,
6H)}; secondary hydroperoxides (characteristic absorptions)
{5.03 (br s, 1H), 5.00 (br s, 1H), 4.31 (t, 1H, J¼7.5 Hz) cor-
responding to the one diastereomer, 4.30 (t, 1H, J¼7.5 Hz)
corresponding to the other diastereomer, 2.72 (m, 2H), 1.70
(s, 3H) corresponding to the one diastereomer, 1.66 (s, 3H)
corresponding to the other diastereomer}. Photooxygenation
of 7: tertiary hydroperoxide (characteristic absorptions)
{5.87 (dd, 1H, J1¼16 Hz, J2¼7.5 Hz), 5.53 (d, 1H,
J¼16.0 Hz), 2.94 (t, 1H, J¼9.0 Hz), 1.34 (s, 3H), 1.31 (s,
3H)}; major secondary hydroperoxide (characteristic ab-
sorptions) {7.65 (s, 1H, –OOH), 4.90 (br s, 1H), 4.85 (br s,
1H), 3.98 (m, 1H), 2.60 (m, 1H), 1.62 (s, 3H)}; minor second-
ary hydroperoxide (characteristic absorptions) {7.56 (s,
1H, –OOH), 5.05 (br s, 1H), 4.79 (br s, 1H), 4.00 (m, 1H),
2.21 (m, 1H), 1.73 (s, 3H)}.
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Abstract—The photooxygenation of the 1-methyl-, 2,3-dimethyl-, and 1,4-dimethylcyclohexa-1,4-dienes, which are readily available
through Birch reduction, yielded the corresponding ene-products. The formed endocyclic dienes were trapped by the addition of singlet
oxygen to give the corresponding bicyclic endoperoxy hydroperoxides. In the case of 1-methylcyclohexa-1,4-diene and 1,4-dimethylcyclo-
hexa-1,4,-diene, the cis-effect determined the product distribution. Photooxygenation of 2,3-dimethylcyclohexa-1,4-dienes gave mainly exo-
cyclic olefin, which was attributed to the lowered rotational barrier of the methyl group and increased reactivity of the methyl groups.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Singlet oxygen is an important and reactive specie in oxida-
tion reactions and has received remarkable attention by
chemists.1 It exhibits a diverse reactivity with organic un-
saturated molecules, giving in particular [4+2] and [2+2]
cycloaddition reactions.2 Wherever an allylic hydrogen is
available, an additional reaction channel forming a hydro-
peroxide is available: this is called the ene-reaction.3 The
ene-reaction was originally discovered by Schenck in
1953.4 The ene-reaction has attracted major interest due to
its controversial reaction mechanism and fascinating regio-
chemistry and stereochemistry. Various reaction mechanisms
have been proposed, which vary from the concerted5 to non-
concerted and include diradical,6 open-chain zwitterionic,7

and perepoxide8 intermediates. Perepoxide or exciplex inter-
mediates have been proposed in some cases and a transition
state in others.3c,9 The reaction of trisubstituted olefins with
singlet oxygen gave products derived from the most sub-
stituted side of the olefin. For example, the photooxygena-
tion of (E)-3-methylpent-2-ene (1) formed ene-products
2 and 3 (Scheme 1). These products are derived from the
hydrogen abstraction from the side of the olefin with two
substituents. This selectivity is referred to as the cis-effect.10

For the singlet oxygen reaction of cyclic alkenes; it was pro-
posed that the geometry of the allylic hydrogen in the ground
state determines the regioselectivity (Scheme 1).

Keywords: Singlet oxygen; Endoperoxide; Hydroperoxide; Photooxygena-
tion; Ene-reaction; Hydrocarbons.
* Corresponding author. Tel.: +90 312 210 5140; fax: +90 312 210 3200;
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0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Scheme 1.

The reaction of singlet oxygen with 1-methyl-cyclopent-1-
ene (4) produced ene-products 5 and 6 where the proton
abstraction took place from the allylic protons located in
the five-membered ring.11 The exocyclic olefin 7 was only
formed in 4% yield. It has been proposed that the stabilizing
effect by the interaction of singlet oxygen with two allylic
hydrogens on the same side of the molecule during the
formation of the perepoxide plays an important role in
determining the regioselectivity.12
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As an extension of our work that is directed toward to the
synthesis of highly hydroxylated cyclohexene derivatives
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such as conduritols 8, quercitols 9,13 and gabosines 10/1114

we were interested in the singlet oxygen ene-reaction of the
methyl substituted 1,4-cyclohexadiene derivatives. Herein
we report our results.

2. Results and discussions

Recently, we reported that the tetraphenylporphyrin-sensi-
tized photooxygenation of 1,4-cyclohexadiene (12) resulted
in the formation of the bicyclic endoperoxide 14.15 The
singlet oxygen first undergoes an ene-reaction to give 13.
The conjugated diene system in 13 is then easily trapped by
a second mole of singlet oxygen to give isomeric 14. Similar
reactions have been observed by the reaction of singlet oxy-
gen with isotetraline (Scheme 2).16

3O2, hν

TPP, CH2Cl2

1O2

OOH OOH

O O

12 13 14

Scheme 2.

As the first reaction, 1-methylcyclohexa-1,4-diene (15)17

was reacted with singlet oxygen. Tetraphenylporphyrin-
sensitized photooxygenation of 15 in methylene chloride
at room temperature produced three bicyclic endoperoxides
16–18 and a monocyclic hydroperoxide 19 in a ratio of
3:1:2.5:2. The isolated endoperoxides are quite stable at room
temperature for many days.

The structures of 16 and 17 were assigned by 1H and
13C NMR spectra. The most conspicuous features in the
1H NMR spectra of the endoperoxide 16 and 17 are the pres-
ence of double bond protons and two bridgehead protons
along with one AB-system that corresponds to methylenic
protons. This clearly indicates that the methyl group is
attached to the carbon-atom bearing the hydroperoxide. The
presence of two olefinic protons and one bridgehead proton
in the 1H NMR spectrum of 18 showed that the methyl group
is attached to the bridgehead carbon atom. The structure of
19 was established based on the presence of four olefinic
protons (two of them are methylenic) and two methylene
groups with large geminal couplings (J5a,5e¼21.0 Hz, J2a,2e¼
20.1 Hz) that indicate the location of these methylene groups
between the double bonds.18 For the mechanism of the
formation of these interesting endoperoxides containing
hydroperoxide groups, we assume that the 1,4-cyclohexa-
diene unit in 15 first undergoes an ene-reaction with the
double bond activated methylene and methyl groups. The
addition of singlet oxygen to diene units in 20 and 21 results
in the formation of the isolated products 16–18. The proposed
intermediates 20 and 21 were not detected. Probably, the rate
of the cycloaddition of singlet oxygen to the diene unit in 20
and 21 is most likely much faster than the rate of the ene-
reaction with 15 (Scheme 3).

Because of the unsymmetrical arrangement of the double
bonds in 15, singlet oxygen can attack two double bonds.
If the singlet oxygen would attack the sterically less crowded
double bond, the perepoxide 22 would be formed, which
would then rearrange to the hydroperoxides 24 and 25. Trap-
ping of the diene units in 24 and 25 would end up with the
formation of the bicyclic endoperoxides 26 and 27. How-
ever, careful analysis of the different fractions did not reveal
the formation of any trace of the endoperoxides 26 and 27.
The structures of the isolated products clearly show that
singlet oxygen exclusively attacks the higher substituted
double bond in 15.19
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The site selection of singlet oxygen for the higher substituted
double bond in 15 can be rationalized in terms of the electro-
philic character of this species. The product distribution
shows that the ratio of the products (16, 17, and 18), which
were derived from the cis-effect to the product from the
anti-side is 76:24, and in turn indicates that the more-
substituted side of the double bond is more reactive. The for-
mation of the perepoxide on the more-substituted side is
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favored. Thus, the stabilizing interaction of oxygen with two
allylic hydrogens on the same side of the double bond deter-
mines the mode of singlet oxygen attack to the double bond.
Once the singlet oxygen has selected the favored face of the
double bond by hydrogen bonding, it still has the choice for
hydrogen abstraction between the two sides of two different
allylic hydrogens.

Geminal selectivity was also observed in this case. The prod-
uct distribution ratio was 45:31. The factors affecting the
geminal regioselectivity have been studied by several
groups.3b,3c,20 A methyl group can interact with the perepox-
ide ring system (1,3-repulsion between the oxygen atom and
methyl group) and lengthen the +O–C1 bond. As a conse-
quence of this interaction the hydrogen abstraction from
the end of the double bond bearing the methyl group will
take place as shown in 28.

H

H
O

CH3

+

28

CH3
45 20

31

CH3

9,21a 20,21b 12,11 921c

56, 32, 43, 41

35, 48, 45, 51
15 29

1

2

O

It is worth comparing the results of the photooxygenation of
15 with that of 1-methylcyclohexene (29). 1-Methylcyclo-
hexene reacts with singlet oxygen and furnishes a mixture
of three hydroperoxides, whereas the major product is the
exo-cyclic alkene.21 Methylcyclohexene exhibits anti ‘cis-
effect’ selectivity. The stabilizing interaction between the
pendant oxygen and two allylic hydrogens is probably not
the dominating interaction in 29. This can be attributed to the
unfavorable conformation of the molecule. Probably the
conformation of 1,4-cyclohexadiene in 15 allows the ortho-
gonal orientation of the allylic hydrogen to the double bond
plane much better than in 29.

Next, the 1,2-dimethylcyclohexa-1,4-diene (30)22 was sub-
mitted to the photooxygenation reaction under the same
reaction conditions as described above. After the separation
of the reaction mixture on silica gel, three peroxides 31, 32,
and 33 were separated. The structures were determined by
NMR spectral data. The major product was identified as
the exocyclic ene-product 31. The minor products 32 and
33 were formed by the ene-reaction of singlet oxygen with
30 followed by the [2+4] cycloaddition reaction of singlet
oxygen with the primarily formed diene 34 (Scheme 4).
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The structures of the products show that singlet oxygen
exclusively attacks the more-substituted double bond. Any
product derived from the attack of the less-substituted
double bond was not detected. Singlet oxygen reacts with the
tetrasubstituted double bond in 30 and forms two diastereo-
meric perepoxides 35 and 36 as illustrated below.

CH3

+

35

CH3
O

CH3

+

36

CH3
O

O O

Because of the symmetrical environment in 35 as well as in
36, the pendant oxygen can abstract the allylic hydrogen
from one of the neighboring allyl hydrogens and form the
corresponding products 32 and 33. The product distribution
shows that the diastereoisomer 36 was formed as the major
intermediate. Houk et al.12a suggested that the barrier to
rotate the allylic hydrogen to the perpendicular geometry
desired for hydrogen abstraction determines the mode of
singlet oxygen attack. Thus, the greater reactivity of the
methyl groups of this molecule may arise from the relative
ease of rotating one C–H bond on one of these methyls to
the perpendicular conformation in the transition state. The
presence of a second methyl group at the C-2 position in
30 most likely decreases the rotational barrier of the methyl
group and increases their reactivity.

As the last compound, we searched the photooxygenation of
1,4-dimethylcyclohexa-1,4-diene (37).17a We isolated four
products 38–41. Two of them were bicyclic endoperoxides
38 and 39, which were formed by an ene-reaction followed
by the [2+4] cycloaddition reaction of singlet oxygen. The
diene 43 also undergoes an ene-reaction besides the cyclo-
addition reaction to form 40. Singlet oxygen attacks the
trisubstituted double bond in 43 and forms a syn-perepox-
ide, which is responsible for the formation of 40. The
hydroperoxide 41 is derived from the formation of an
exo-perepoxide formed by the reaction of singlet oxygen
with one of the double bonds in 37. Based on the product
distribution it can be easily rationalized that the major
products are derived from the endo-perepoxide (10:1).
The reaction of singlet oxygen with dienes 30 and 37
clearly demonstrates that the position of the second methyl
group in 1,4-cyclohexadiene unit has a dramatic effect on
product distribution. In the case of 30 the products derived
from the exo-perepoxide were major (1:4); however, in the
case of 37, the major products are derived from the endo-
peroxide (10:1). The product distribution is completely re-
versed. On the other hand, the product distribution of 37
resembles the product distribution from 15 as expected
(Scheme 5).

In conclusion, the photooxygenation of three different
methyl substituted cyclohexa-1,4-dienes shows complete
side-selectivity. The more-substituted double bond is prefer-
entially attacked. The cis-effect is mainly observed. In the
case of 2,3-dimethylcyclohexa-1,4-diene 37 the major prod-
ucts are derived from the exo-perepoxide. It has attributed
to the lower rotational barrier of the methyl groups that in
turn increases their reactivity. Further work with different
substituents are currently under progress.
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3. Experimental

3.1. General

Melting points are uncorrected. Infrared spectra were ob-
tained from a solution in 0.1-mm cells or KBr pellets on a
regular instrument. The 1H and 13C NMR spectra were re-
corded on 400 (100) MHz spectrometers. Apparent splitting
is given in all cases. Column chromatography was per-
formed on silica gel (60-mesh, Merck). TLC was carried out
on Merck 0.2-mm silica gel 60 F254 analytical aluminum
plates. All of the substances reported in this paper are in their
racemic form.

3.2. Photooxygenation of 1-methylcyclohexa-1,4-diene
(15)

To a stirred solution of 1-methylcyclohex-1,4-diene (15)
(5.0 g, 53.14 mmol) in 500 mL of CH2Cl2 was added 85 mg
of tetraphenylporphyrin (TPP). The resulting mixture was
irradiated with a projection lamp (500 W) while oxygen was
passed through solution, in which the mixture was stirred for
24 h at room temperature. The 1H NMR spectrum of the mix-
ture showed that the conversion was approximately 80% and
the products 16, 17, 18, and 19 were formed in a ratio of
3:1:2.5:2, respectively (6.5 g). Evaporation of the solvent
(30 �C, 20 mmHg) and chromatography of the residue on
a silica gel column (200 g) eluting with hexane/ether (3:2)
gave as the first fraction hydroperoxide 19, the second frac-
tion a mixture of the endoperoxide 16 and 18, and as the third
fraction 17, 16, and 18 were separated by crystallization
from hexane/ether mixture. Pure samples were obtained by
repeated column chromatography.

3.2.1. (1R(S),4S(R),5R(S))-5-Methyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5 hydroperoxide (16). Colorless solid,
mp 108–109 �C from ether/hexane (28%); 1H NMR
(400 MHz, CDCl3) d 7.52 (br s, 1H, –OOH), 6.68 (quasi t,
2H, H7 and H8), 4.70 (m, 2H, H1 and H4), 2.10 (dd, A-part of
AB-system, 2Jgem¼14.1 Hz, 3J1,6endo¼3.7 Hz, 1H, H6endo),
1.70 (s, 3H, –CH3), 1.42 (dd, B-part of AB-system,
2Jgem¼14.1 Hz, 3J1,6exo¼1.9 Hz, 1H, H6exo). 13C NMR
(100 MHz, CDCl3) d 131.8, 130.7, 78.6, 75.7, 71.0, 36.5,
21.8. IR (KBr, cm�1) 3339, 2979, 2935, 1368, 1105, 925,
707. Anal. Calcd for C7H10O4: C, 53.16; H, 6.37. Found:
C, 53.01; H, 6.51.

3.2.2. (1R(S),4S(R),5S(R))-5-Methyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (17). Colorless liquid,
purity 95% (9%). 1H NMR (400 MHz, CDCl3) d 8.17 (br
s, 1H, –OOH), 6.60 (m, 2H, H7 and H8), 4.75 (m, 1H, H4),
4.64 (m, 1H, H1), 2.1 (dd, A-part of AB-system, 2Jgem¼
14.2 Hz, 3J1,6endo¼4.1 Hz, 1H, H6endo), 1.45 (dd, B-part of
AB-system, 2Jgem¼14.1 Hz, 3J1,6exo¼1.8 Hz, 1H, H6exo),
1.25 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) d 133.0,
130.9, 80.2, 74.9, 70.9, 35.2, 23.3. IR (KBr, cm�1) 3402,
2976, 2930, 1369, 1103, 974, 762. Anal. Calcd for
C7H10O4: C, 53.16; H, 6.37. Found: C, 52.90; H, 6.49.

3.2.3. (1R(S),4S(R),5R(S))-4-Methyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (18). Viscous liquid
(25%). 1H NMR (400 MHz, CDCl3) d 8.1 (br s, 1H), 6.66
(dd, A-part of AB-system, J7,8¼8.3 Hz, J7,6¼6.1 Hz, 1H,
H7), 6.21 (br d, B-part of AB-system, J7,8¼8.3 Hz, 1H,
H8), 4.65 (m, 1H, H1), 4.32 (dd, J5,6endo¼8.1 Hz, J5,6exo¼
2.3 Hz, 1H5), 2.55 (ddd, A-part of AB-system, 2Jgem¼
14.8 Hz, J5,6endo¼8.1 Hz, J1,6endo¼3.7 Hz, 1H, H6endo),
1.50 (s, 3H, –CH3), 1.41 (dt, B-part of AB-system, 2Jgem¼
14.8 Hz, J5,6exo¼J1,6exo¼2.2 Hz, 1H, H6exo). 13C NMR
(100 MHz, CDCl3) d 133.6, 133.1, 80.9, 76.0, 70.9, 31.6,
19.8. IR (KBr, cm�1) 3403, 2979, 2940, 1432, 1381, 1105.
Anal. Calcd for C7H10O4: C, 53.16; H, 6.37. Found: C,
53.45; H, 6.56.

3.2.4. (1R(S))-6-Methylenecyclohex-3-en-1-yl hydroper-
oxide (19). Colorless liquid (20%), purity 95%. 1H NMR
(400 MHz, CDCl3) d 7.98 (s, 1H, –OOH), 5.62 (d, AB-
system, J34¼9.7 Hz, 1H, H3 or H4), 5.54 (br d, B-part of
AB-system, J¼9.9 Hz, 1H, H3 or H4), 5.04 (s, 1H,
C]CH2), 5.0 (s, 1H, C]CH2), 4.60 (t, J1,2a¼J1,2¼4.6 Hz,
1H, H1), 2.96–2.75 (br, AB-system, J5a,5e¼21.0 Hz, 2H,
H5), 2.5–2.42 (m, AB-system, J2a,2¼20.1 Hz, 1H, H2).
13C NMR (100 MHz, CDCl3) d 142.6, 128.5, 126.6, 111.3,
83.3, 30.8, 21.6. IR (KBr, cm�1) 3340, 2936, 1598, 1452,
1400, 1178, 1076.

3.3. Photooxygenation of 1,2-dimethylcyclohexa-1,4-
diene (30)

To a stirred solution of 1,2-dimethylcyclohexa-1,4-diene
(5.0 g, 46.25 mmol) in 500 mL of CH2Cl2 was added
75 mg of tetraphenylporphyrin (TPP). The resulting mixture
was irradiated with a projection lamp (500 W) while oxygen
was passed through solution, in which the mixture was stirred
for 24 h at room temperature. The 1H NMR spectrum of the
mixture showed that the conversion was about 60% and
the products 31 and 32/33 were formed in a ratio of 4:1
(4.06 g). Evaporation of the solvent (30 �C, 20 mmHg) and
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chromatography of the residue on a silica gel column (200 g)
eluting with hexane/ether (3:2) gave as the first fraction
hydroperoxide 31, and as the second fraction endoperoxide
32 and as the third fraction 33. Pure samples were obtained
by repeated column chromatography.

3.3.1. 1R(S)-1-Methyl-6-methylenecyclohex-3-en-1-yl
hydroperoxide (31). Viscous liquid (48%). 1H NMR
(400 MHz, CDCl3) d 7.75 (s, 1H, –OOH), 5.69 (br d,
A-part of AB-system, J¼9.8 Hz, 1H, C3 or C4), 5.45 (br d,
B-part of AB-system, J¼9.8 Hz, 1H, C3 or C4), 5.06 (s,
1H, –C]CH2), 5.03 (s, 1H, –C]CH2), 3.08 (br d, A-part
of AB-system, J¼18.4 Hz, 1H, H5), 2.81 (br d, B-part of
AB-system, J¼18.4 Hz, 1H, H50), 2.44 (br d, A-part of
AB-system, J¼21.3 Hz, 1H, H2), 2.23 (br d, B-part
of AB-system, J¼21.3 Hz, 1H, H20), 1.49 (s, 3H, –CH3).
13C NMR (100 MHz, CDCl3) d 145.9, 126.0, 123.2, 110.1,
82.9, 37.4, 33.1, 21.5. IR (KBr, cm�1) 3400, 3089, 3030,
2979, 2934, 1423, 1370, 912, 744. Anal. Calcd for
C8H12O2: C, 68.54; H, 8.63. Found: C, 68.01; H, 8.44.

3.3.2. (1R(S),4S(R),5R(S))-4,5-Dimethyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (32). Viscous liquid
(9%). 1H NMR (400 MHz, CDCl3) d 7.5 (s, 1H, –OOH),
6.59 (dd, A-part of AB-system, J7,8¼8.3 Hz, J1,7¼6.1 Hz,
1H, H7), 6.25 (dd, B-part of AB-system, J7,8¼8.31 Hz,
J1,8¼1.4 Hz, 1H, H8), 4.59 (m, 1H, H1), 2.08 (dd, A-part of
AB-system, J6,60¼14.1 Hz, J1,6¼3.6 Hz, 1H, H6), 1.74 (dd,
B-part of AB-system, J6,60¼14.1 Hz, J1,6¼2.1 Hz, 1H, H60),
1.52 (s, 3H, –CH3), 1.37 (s, 3H, –CH3). 13C NMR
(100 MHz, CDCl3) d 134.8, 131.8, 81.7, 78.3, 71.4, 37.8,
18.9, 16.6. IR (KBr, cm�1) 3421, 2988, 1452, 1380, 1124,
1082, 1059, 835, 748. Anal. Calcd for C8H12O4: C, 55.81;
H, 7.02. Found: C, 55.35; H, 7.01.

3.3.3. (1R(S),4S(R),5S(R))-4,5-Dimethyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (33). Viscous liquid
(3%). 1H NMR (400 MHz, CDCl3) d 9.13 (s, 1H, –OOH),
6.70 (dd, A-part of AB-system, J7,8¼8.2 Hz, J1,7¼5.8 Hz,
1H, H7), 6.25 (br d, B-part of AB-system, J7,8¼8.2 Hz, 1H,
H8), 4.76 (m, 1H, H1), 2.97 (br d, A-part of AB-system, J6,60¼
14.2 Hz, 1H, H6), 1.50 (d, B-part of AB-system, J6,60¼
14.2 Hz, 1H, H60), 1.45 (s, 3H, –CH3), 1.19 (s, 3H, –CH3).
13C NMR (100 MHz, CDCl3) d 135.1, 133.3, 82.9, 81.1,
71.9, 33.1, 24.1, 15.0. IR (KBr, cm�1) 3392, 2984, 2940,
1371, 913, 745. Anal. Calcd for C8H12O4: C, 55.81; H,
7.02. Found: C, 55.51; H, 7.23.

3.4. Photooxygenation of 1,4-dimethylcyclohexa-1,4-
diene (37)

To a stirred solution of 1,4-dimethylcyclohexa-1,4-diene 37
(5.0 g, 46.25 mmol) in 500 mL of CH2Cl2 was added 75 mg
of tetraphenylporphyrin (TPP). The resulting mixture was
irradiated with a projection lamp (500 W) while oxygen
was passed through solution, in which the mixture was
stirred for 24 h at room temperature. The 1H NMR spectrum
of the mixture showed that the conversion was 70% and
the products 38, 39, 40, and 41 formed were in a ratio of
1.5:1.0:0.3:0.2, respectively (5.60 g). Evaporation of the
solvent (30 �C, 20 mmHg) and chromatography of the resi-
due on a silica gel column (200 g) eluting with hexane/ether
(3:2) gave as the first fraction hydroperoxide 38, the second
fraction the endoperoxide 39, the third fraction 41, and as the
last fraction 40.

3.4.1. (1R(S),4S(R),5R(S))-1,4-Dimethyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (38). Colorless solid,
mp 105–106 �C from ether/hexane (35%). 1H NMR
(400 MHz, CDCl3) d 8.1 (br s, 1H, –OOH), 6.49 (d, A-part
of AB-system, J8,3¼8.3 Hz, 1H, H7 or H8), 6.26 (d, B-part
of AB-system, J8,3¼8.3 Hz, 1H, H8 or H7), 4.42 (dd,
J5,6¼8.1 Hz, J5,60¼2.5 Hz, 1H, H5), 2.40 (dd, A-part of
AB-system, Jgem¼14.0 Hz, J5,6¼8.1 Hz, 1H, H5), 1.59 (s,
3H, CH3), 1.58 (dd, B-part of AB-system, Jgem¼14.0 Hz,
J5,60¼2.5 Hz, 1H), 1.42 (s, 3H, CH3). 13C NMR (100 MHz,
CDCl3) d 136.8, 132.4, 82.0, 75.5, 74.8, 37.3, 20.3, 18.9. IR
(KBr, cm�1) 3429, 2988, 2940, 2916, 1452, 1308, 1124,
1082, 1059, 835, 748. Anal. Calcd for C8H12O4: C, 55.81;
H, 7.02. Found: C, 55.42; H, 7.08.

3.4.2. (1R(S),4S(R),5R(S))-5,7-Dimethyl-2,3-dioxabicyclo-
[2.2.2]oct-7-en-5-yl hydroperoxide (39). Viscous liquid,
(20%). 1H NMR (400 MHz, CDCl3, acetone-d6) d 8.71 (s,
1H, –OOH), 6.25 (dq, J4,8¼6.7 Hz, 4J8,Me¼1.6 Hz, 1H, H8),
4.72 (dd, J4,8¼6.7 Hz, J1,4¼0.8 Hz, 1H, H4), 4.45 (br dd,
J1,6¼4.0 Hz, J1,60¼1.7 Hz, 1H, H1), 2.10 (dd, A-part of
AB-system, Jgem¼14.1 Hz, J1,6¼4.0 Hz, 1H, H6), 1.93 (d,
J1,6¼1.6 Hz, 3H, –CH3), 1.49 (dd, B-part of AB-system, Jgem¼
14.1 Hz, J1,60¼1.7 Hz, 1H, H60), 1.27 (s, 3H, –CH3). 13C NMR
(100 MHz, acetone-d6) d 138.3, 119.0, 76.2, 71.2, 71.0, 19.1,
19.0, 14.1. IR (KBr, cm�1) 3384, 2981, 2935, 1323, 1124,
913, 744. Anal. Calcd for C8H12O4: C, 55.81; H, 7.02. Found:
C, 55.47; H, 6.79.

3.4.3. 4-Hydroperoxy-2,5-dimethylenecyclohexyl hydro-
peroxide (40). Colorless solid, mp 123–124 �C from ether/
hexane (7%). 1H NMR (400 MHz, CDCl3, acetone-d6)
9.35 (s, 2H, –OOH), 5.04 (s, 2H, –C]CH2), 4.99 (s, 2H,
–C]CH2), 4.4 (t, J1,2¼J1,20¼3.1 Hz, 2H, H1 and H4), 2.61
(dd, A-part of AB-system, Jgem¼14.6 Hz, J1,2¼3.1 Hz, 2H,
H2 and H4 or (H20 and H40)), 2.15 (dd, B-part of AB-system,
Jgem¼14.6 Hz, J1,20¼3.1 Hz, 2H, H20 and H40 (or H2 and
H4)). 13C NMR (100 MHz, acetone-d6) d 136.1, 111.7,
80.3, 30.3. IR (KBr, cm�1) 3342, 3028, 2990, 1404, 1061,
847, 787. Anal. Calcd for C8H12O4: C, 55.81; H, 7.02.
Found: C, 55.50; H, 6.70.

3.4.4. 4-Hydroperoxy-1,4-dimethylcyclohexa-2,5-dien-
1-yl hydroperoxide (41). Colorless solid, mp 147–148 �C
from ether/hexane (5%). 1H NMR (400 MHz, acetone-d6)
d 9.9 (s, 2H, –OOH), 5.89 (s, 4H, –CH]CH–), 1.24 (s,
6H, –CH3). 13C NMR (100 MHz, acetone-d6) d 133.9,
77.9, 23.8. IR (KBr, cm�1) 3331, 2930, 1429, 1057, 995,
931, 744. Anal. Calcd for C8H12O4: C, 55.81; H, 7.02.
Found: C, 55.17; H, 6.81.
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Abstract—The photooxygenation of homochiral cyclohexene ketals, which are easily available from 2-cyclohexenone and L-tartrates, affords
hydroperoxides and after reduction the corresponding allylic alcohols in good yields and high regioselectivities. This can be rationalized by
electronic repulsions in a perepoxide intermediate and provides evidence for unfavorable 1,3 diaxial interactions with a dioxolane oxygen
atom. Only low stereoselectivities were observed, due to the flexibility of the cyclohexene ring. However, the diastereomers could be separated
and after cleavage of the auxiliary, 4-hydroxy-2-cyclohexen-1-one was isolated in enantiomerically pure form, which can serve as a building
block for natural product synthesis.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Singlet oxygen (1O2), which can be conveniently generated
by the sensitized photoreaction of molecular oxygen with
visible light (photooxygenation), has become an important
reagent for the synthesis of oxyfunctionalized products
from simple precursors.1 Especially the ene reaction of
1O2 with alkenes provides a powerful route to allylic hydro-
peroxides and after reduction to allylic alcohols. The regio-
selectivity of this transformation was studied in detail during
the last years2 and more recently, the selectivities were im-
proved by reactions in zeolites or polymeric containers.3

Singlet-oxygen ene reactions with high diastereoselectiv-
ities are based on the pioneering work of Adam.4 More
recently, auxiliary controlled5 and even organocatalytic6

enantioselective photooxygenations were realized. Finally,
singlet oxygen was applied for reversible light- and air-
driven lithography.7

Although the singlet-oxygen ene reaction of five- and seven-
membered cycloalkenes proceeds with high regioselectivity,
the photooxygenation of cyclohexenes affords hydroper-
oxides with only moderate yield and selectivities.2,8 During
our work on synthetic applications of singlet oxygen,9 we
found excellent regio- and high diastereoselectivities in the
photooxygenation of cyclohexadienes 1 to afford hydroper-
oxides 2 (Scheme 1).

Keywords: Singlet oxygen; Auxiliary control; Regioselectivity; Stereoselec-
tivity.
* Corresponding author. Tel.: +49 331 9775212; fax: +49 331 9775056;
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1O2

Scheme 1. Photooxygenations of the cyclohexadienes 1.

Furthermore, the reactions are strongly controlled by steric
and polar factors and especially carboxylic acids and esters
provide high selectivities. This prompted us to investigate
chiral auxiliaries with such functional groups in photooxy-
genations. Commercially available tartaric acid and esters
seemed to be the ideal candidates, since they are often
used in asymmetric synthesis.10 Herein we report our results
on the singlet-oxygen ene reaction of homochiral cyclo-
hexene ketals, in view of regio- and stereoselectivities as
well as synthetic applications.

2. Results and discussion

Homochiral ketals can be conveniently prepared by the reac-
tion of a ketone with a chiral diol by azeotropic removal of
water.10a,11 However, the ketalization of cyclic enones
with simple diols might proceed under migration of the
double bond, due to the acidic conditions.12 Indeed, the
reaction of 2-cyclohexenone (3) with commercially avail-
able tartrates 4a–c or glycol (4d) and catalytic amounts of
p-toluenesulfonic acid (PTS) afforded mixtures of 2-cyclo-
hexene ketals 5a–d and the rearranged 3-cyclohexene ketals
6a–d in moderate yields (Scheme 2). Unfortunately, the
regioisomers 5 and 6 could not be separated by column

mailto:linker@chem.uni-potsdam.de
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chromatography. Therefore, we developed a new procedure
for the selective synthesis of the rearranged products by sim-
ply increasing the amount of p-toluenesulfonic acid (PTS).
Under such conditions, the desired 3-cyclohexene ketals
6a–c were isolated in moderate yields in analytically pure
form (Scheme 2). Thus, this one-pot procedure is superior
to the literature-known process by a two-step elimination.13

4a-d

56% (5a:6a = 8:92)
64% (5b:6b = 13:87)
66% (5c:6c = 15:85) 
62% (5d:6d = 9:91)

5a-d

toluene, 110 °C

4a: R = CO2Me
4b: R = CO2Et
4c: R = CO2iPr
4d: R =H

3 6a-e

4a: R = CO2Me
4b: R = CO2Et
4c: R = CO2iPr
4d: R = H 
      R = CO2H

0.07 equiv.PTS
6a (63%)  
6b (53%) 
6c (56%) 
6d (35%) 
6e (95% from 6a)

0.005 equiv.PTS

PTS
+ +

O OO

RR

OHHO

RR
OO

RR

Scheme 2. Synthesis of the cyclohexene acetals 6.

On the other hand, the 2-cyclohexene ketal 5a, where the
double bond is closer to the stereogenic centers, was selec-
tively obtained by a multi-step procedure.14 To investigate
the influence of polar groups, the free dicarboxylic acid 6e
was synthesized by saponification of the methylester 6a in
95% yield (Scheme 2).

For the ene reactions, singlet oxygen (1O2) was conveniently
generated at �30 �C from molecular oxygen by irradiation
with a sodium lamp in the presence of catalytic amounts
of tetraphenylporphin (TPP) as sensitizer (photooxygena-
tions). To establish the influence of the ketal auxiliaries,
2-cyclohexenone (3) was employed as substrate for the first
photooxygenations. However, even after prolonged irradia-
tion for several days no conversion could be achieved, which
can be rationalized by the electron poor double bond.
Another explanation for the failure of the singlet-oxygen
ene reaction might be the unfavorable conformation of
2-cyclohexenone (3). To distinguish between these two
effects, the reaction of 2-cyclohexene ketal 5a was examined
next. Furthermore, this substrate should provide higher
stereoselectivities than the regioisomer 6a, since the double
bond is located closer to the stereogenic centers. Unfortu-
nately, again no conversion was achieved, which speaks
for a preferred conformation of the 2-cyclohexene ketal 5a
with pseudo-equatorial allylic hydrogen atoms, which can-
not undergo an ene reaction (Fig. 1).

5a

H

H
O

O

CO2Me

CO2Me

Figure 1. Preferred conformation of the 2-cyclohexene acetal 5a.
This result is in accordance with our previous studies on the
photooxygenation of cyclohexadienes,9 which don’t react at
the bisallylic position (Scheme 1) and points out the impor-
tance of pseudo-axial oriented hydrogen atoms in singlet-
oxygen ene reactions.

Therefore, the photooxygenations were carried out with the
3-cyclohexene ketals 6a–e. Indeed, the reactions proceeded
smoothly with tetraphenylporphin (TPP) as sensitizer at
�30 �C (Table 1). Complete conversion was achieved after
2–4 d and the labile hydroperoxides were directly reduced
by dimethylsulfide. To determine the product ratios, 1H
NMR spectra (500 MHz) were directly recorded on the
crude reaction mixtures after evaporation of the solvents.
Finally, the corresponding allylic alcohols 7 and 8 were
isolated in good overall yields by column chromatography
(Table 1).

The first photooxygenations were conducted with ketals
6a–c, derived from chiral tartrates 4a–c (Table 1, entries
1–3). Interestingly, a high degree of regioselectivity from
81:19 to 89:11 was observed for all substrates. Thus, the
allylic alcohols 7a–c were isolated as main products in
good yields. This result is in contrast to the singlet-oxygen
ene reaction of substituted cyclohexenes, which afford hy-
droperoxides with only moderate yield and selectivities.2,8

To exclude an influence of the stereogenic centers of the chi-
ral auxiliaries, the achiral ketal 6d was photooxygenated
next (entry 4). Indeed, the same degree of regioselectivity
was observed, which can only be rationalized by repulsive
interactions of the attacking 1O2 with the dioxolane ring.
Four different allylic hydrogen atoms are available for the
ene reaction and thus four perepoxide intermediates 9 can
be discussed (Fig. 2).

The importance of pseudo-axial oriented hydrogen atoms in
the singlet-oxygen ene reaction was already pointed out in

Table 1. Photooxygenations of the 3-cyclohexene ketals 6

7a-e 8a-e

CHCl3, – 30 °C, 2-4d

6a-e

1. O2, TPP, h
2. Me2S +

OO

RR
OO

RR

OO

RR

OHOH

Entry Ketal R 7:8a dr 7a dr 8a Yield (%)b

1 6a CO2Me 82:18 57:43 62:38 75
2 6b CO2Et 81:19 53:47 55:45 75
3 6c CO2i-Pr 89:11 54:46 n.d. 73
4 6d H 87:13 — — 77
5 6e CO2H n.d. n.d. n.d. <10c

6 6e CO2Hd >95:5 52:48 n.d. e

7 6e CO2
�f >95:5 56:44 n.d. e

a Ratios determined (dr¼diastereomeric ratio) by 1H NMR analysis of the
crude product (500 MHz).

b Yield of isolated allylic alcohols. Main isomers were separated by column
chromatography in analytically pure form.

c Low yield is due to cleavage of the ketal under the acidic conditions.
d Addition of tetra-n-butylammonium hydroxide as base.
e Products 7e were not isolated but are identical to saponified 7a.
f Deprotonation with 4 equiv of NaOCD3, reaction in CD3OD with rose

bengal as sensitizer.
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Figure 1. If the remote allylic position reacts (Fig. 2, perep-
oxides 9a and 9b), an unfavorable 1,3 diaxial interaction
between the negatively charged perepoxide and one dioxo-
lane oxygen atom results, irrespective of the attack of 1O2

from the top or bottom of the double bond. Both intermedi-
ates afford the regioisomers 8, which are therefore formed
only as side products. On the other hand, if the allylic posi-
tion adjacent to the ketal reacts (Fig. 2, perepoxides 9c and
9d), no unfavorable 1,3 diaxial interactions are operative
and the regioisomers 7 are obtained as the main products.

This result is in accordance with the large group effect,2 and
very recently steric interactions between 1O2 and a pseudo-
axial methyl group were discussed during the photooxygena-
tion of cyclogeranyl derivatives.15 However, the herein
investigated ketal auxiliaries increase the unfavorable 1,3
diaxial interactions by severe electronic repulsions between
the perepoxide and one dioxolane oxygen atom and
thus control the regioselectivity of the singlet-oxygen ene
reaction.

Besides the high regioselectivities, only low stereoselectiv-
ities were observed for the chiral esters 6a–c (Table 1, entries
1–3). The diastereomeric ratios could be determined from
the crude products by 1H NMR spectroscopy (500 MHz)
and all isomers showed distinctive chemical shifts. Further-
more, a separation and complete characterization of the
main products was possible by column chromatography.
Thus, the major diastereomers of the allylic alcohols 7
always have the S configuration at the newly formed stereo-
genic center, which was established by cleavage of the chiral
auxiliary (see below). However, because of the low selectiv-
ities, an explanation and discussion for the formation of
these isomers in excess is not possible.

To increase the stereoselectivities, the free dicarboxylic acid
6e was photooxygenated next, since strong directing effects
of such functional groups were found in the singlet-oxygen
ene reaction in our previous studies.9 However, the acidic
reaction conditions led to the cleavage of the chiral auxiliary
(Table 1, entry 5). To overcome this problem, bases were

H
O

O

O

O

H

R

R

R

R
O

O

9a (disfavored)

9b (disfavored)

9c (favored)

O

O

H

R

R

O

O

9d (favored)

O

O

O

O
H

R

R
O

O

8             9a, 9b 9c, 9d              7

Figure 2. Four possible perepoxide intermediates 9.
added to the reaction mixture. Indeed, an increase in the
regioselectivity resulted due to the stronger 1,3 diaxial polar
repulsions, but no influence on the diastereoselectivity was
observed (entries 6 and 7).

Obviously, the homochiral cyclohexene ketals 6 are too flex-
ible (compare different structures in Fig. 2) to prefer one
conformation and induce a high stereoselectivity. Further-
more, the chiral auxiliary is too far away from the newly
formed stereogenic center and thus, only a 1,6 induction
results. This is in accordance with a somewhat higher stereo-
selectivity for the minor regioisomer 8a (Table 1, entry 1),
which is formed by a 1,5 induction. The best substrates for
a stereoselective photooxygenation would be the 2-cyclo-
hexene ketals 5, since the double bond is located closer to
the chiral auxiliaries. Indeed, alkene 5a exhibits a higher
stereoselectivity in cyclopropanations than the correspond-
ing isomer 6a.13,14 Unfortunately, the 2-cyclohexene ketal
5a does not undergo a singlet-oxygen ene reaction, due to
the pseudo-equatorial allylic hydrogen atoms (Fig. 1).

To compare steric and polar interactions in the oxidation of
3-cyclohexene ketal 6a, we became interested in the epoxi-
dation with m-chloroperbenzoic acid (MCPBA). The reac-
tion proceeded smoothly at 0 �C and the epoxides 10a
were isolated in high yield (Scheme 3). However, both dia-
stereomers were obtained in a ratio of almost 1:1. Thus,
the photooxygenation of ketal 6a proceeds with a higher
selectivity, although MCPBA is sterically more demanding
than singlet oxygen. This interesting result is a further proof
of the importance of polar interactions in the perepoxide
intermediates 9, leading to stereoselectivities of up to 57:43
for a 1,6 induction.

10a (dr = 51:49)
95%

O
O O

O

O

CO2Me
CO2Me

MeO2C
MeO2C

6a

CH2Cl2, 0 °C
MCPBA

Scheme 3. Epoxidation of the 3-cyclohexene acetal 6a.

From the synthetic point of view, it was important that the
major allylic alcohols 7 could be conveniently separated
by column chromatography and were isolated in diastereo-
merically and analytically pure form. The absolute configu-
ration of the newly formed stereogenic center could not be
established by the coupling constants or NOE effects. There-
fore, we examined the cleavage of the chiral auxiliary from
the ketal 7a (Table 2), to afford 4-hydroxy-2-cyclohexen-1-
one (11), which is literature-known.16 However, the lability
of the desired product under the acidic reaction conditions
was problematic. Thus, cleavage with diluted hydrochloric
acid led to the elimination of water and formation of phenol
(12) as the main product (entry 1). After optimization of the
reaction conditions, the best results were obtained with buff-
ered clay, which afforded 4-(S)-hydroxy-2-cyclohexen-1-
one (11) in high yield (Table 2, entry 3). The S configuration
was unequivocally determined by comparison of the optical
rotations and thus the major diastereomers 7 have the same
absolute configuration. Finally, from 2-cyclohexenone, the
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auxiliary controlled singlet-oxygen ene reaction offers an
easy access to the enantiomerically pure ketone 11, which
can serve as a precursor for natural product synthesis.16

3. Conclusions

Homochiral cyclohexene ketals were conveniently synthe-
sized from 2-cyclohexenone and L-tartrates. Under the acidic
reaction conditions an isomerization of the double bond was
observed, which afforded 3-cyclohexene ketals regioselec-
tively. The singlet-oxygen ene reactions proceeded smoothly
at �30 �C and the corresponding allylic alcohols were iso-
lated in good yields after reduction. All reactions exhibited
a high degree of regioselectivity, which can be rationalized
by electronic repulsions in a perepoxide intermediate and
gives evidence for unfavorable 1,3 dipolar interactions
with a dioxolane oxygen atom. On the other hand, the photo-
oxygenations proceeded with low stereoselectivities, due to
the flexibility of the cyclohexene ring. However, compared
with the epoxidation of the homochiral cyclohexene ketals,
the singlet-oxygen ene reaction provided higher stereoselec-
tivities by a 1,6 induction. The isomeric allylic alcohols
could be separated by column chromatography and the
major diastereomers were isolated in analytically pure form.
Finally, the S configuration of the newly formed stereogenic
center was unequivocally established by cleavage of the
chiral auxiliary with clay in high yield. In summary, starting
from 2-cyclohexenone, the auxiliary controlled singlet-
oxygen ene reaction offers an easy access to an enantio-
merically pure hydroxycyclohexenone, which can serve as
a precursor for natural product synthesis.

4. Experimental

4.1. General

Commercially available compounds were used without fur-
ther purification; solvents were dried according to standard
procedures. Flash chromatography was performed using
Merck Kieselgel 60 silica. TLC analysis was carried out
on Alugram silica gel 60 F254 plates (Macherey-Nagel).
Molybdatophosphate was used as developing reagent. NMR
spectra were measured on a Bruker AC 300 (300 MHz)
and AC 500 (500 MHz) spectrometers using deuterochloro-
form (CDCl3), deuterodimethylsulfoxide (DMSO-d6) or

Table 2. Cleavage of the chiral auxiliary from ketal S-7a

12

+

(S)-7a (S)-11

conditions

OO

CO2MeMeO2C

OH OH

O OH

Entry Conditions Conv. (%) 11 (%) 12 (%)

1 MeOH, dil HCl >98 32 64
2 Montmorillonite >98 70 18
3 Montmorillonite, NaOAc 76 74 (97)a —

a Yield based on reisolated starting material.
deuteromethanol (CD3OD) as internal standard. IR spectra
were recorded on a Perkin–Elmer 1600 FT-IR and optical ro-
tations on a JASCO P-1020 polarimeter. Elemental analyses
were performed on a Vario El 3 instrument (Elementar).

4.2. General procedure for the ketalizations

A solution of 2-cyclohexenone (3) (4 g, 42 mmol), the diol
(42 mmol), and p-toluenesulfonic acid (0.5 g, 2.9 mmol,
0.07 equiv) in dry toluene (200 mL) was refluxed by using
a Dean–Stark trap for 8 h. After cooling the reaction mixture
was washed with a saturated aqueous solution of NaHCO3

(100 mL) followed by washing with water (100 mL). After
drying (MgSO4) the solvent was evaporated and the crude
product was purified by flash chromatography.

4.2.1. Dimethyl 1,4-dioxa-spiro[4,5]dec-7-ene-2(R),3(R)-
dicarboxylate (6a). The ketalization was carried out as
described above using dimethyl L-tartrate (4a) (7.4 g,
42 mmol) to afford after chromatography (hexane/ethyl
acetate¼3:1, Rf¼0.43) a colorless oil (6.65 g, 63%).

1H NMR (300 MHz, CDCl3) d 1.84 (t, J¼6.3 Hz, 1H, 10-H),
2.26–2.50 (m, 4H, 6-H, 9-H), 3.82 (s, 6H, Me), 4.84 (d,
J¼5.0 Hz, 1H, 2-H), 4.88 (d, J¼5.0 Hz, 1H, 3-H), 5.58–
5.62, 5.69–5.74 (2dm, J¼10 Hz, 2H, 7-H, 8-H); 13C NMR
(75 MHz, CDCl3) d 24.4 (t, C-10), 31.6 (t, C-6), 36.2 (t,
C-9), 52.8, 52.8 (2q, Me), 76.9, 77.1 (2d, C-2, C-3), 113.6
(s, C-5), 123.6 (d, C-7), 126.4 (d, C-8), 170.1, 170.4 (2s,
COOMe); IR (film) 3034, 2976, 2945, 1765, 1478, 1372,
1237, 1047, 857, 759, 662 cm�1; [a]D

20 �43.2 (c 1.02,
CHCl3). Anal. Calcd for C12H16O6: C, 56.25; H, 6.29.
Found: C, 56.58; H, 6.61.

4.2.2. Diethyl 1,4-dioxa-spiro[4,5]dec-7-ene-2(R),3(R)-
dicarboxylate (6b). The ketalization was carried out as de-
scribed above using diethyl L-tartrate (4b) (8.6 g, 42 mmol)
to afford after chromatography (hexane/ethyl acetate¼3:1,
Rf¼0.51) a colorless oil (6.2 g, 53%).

1H NMR (300 MHz, CDCl3) d 1.33 (t, J¼7.1 Hz, 6H, CH3),
1.86 (t, J¼6.2 Hz, 1H, 10-H), 2.26–2.48 (m, 4H, 6-H, 9-H),
4.28 (q, J¼7.1 Hz, 4H, CH2CH3), 4.80 (d, J¼5.0 Hz, 1H, 2-
H), 4.85 (d, J¼5.0 Hz, 1H, 3-H), 5.61, 5.72 (2dm, J¼10 Hz,
2H, 7-H, 8-H); 13C NMR (75 MHz, CDCl3) d 14.1, 14.1 (2q,
CH3), 24.4 (t, C-10), 31.6 (t, C-6), 36.3 (t, C-9), 61.8, 61.9
(2t, CH2CH3), 77.0, 77.2 (2d, C-2, C-3), 113.4 (s, C-5),
123.6 (d, C-7), 126.4 (d, C-8), 169.7, 169.9 (2s, COOEt);
IR (film) 3030, 2981, 2934, 1759, 1448, 1371, 1218, 1137,
1047, 943, 857, 753, 662 cm�1; [a]D

20 �44.9 (c 1.07,
CHCl3). Anal. Calcd for C14H20O6: C, 59.14; H, 7.09.
Found: C, 59.33; H, 7.27.

4.2.3. Diisopropyl 1,4-dioxa-spiro[4,5]dec-7-ene-2(R),
3(R)-dicarboxylate (6c). The ketalization was carried out
as described above using diisopropyl L-tartrate (4c) (9.8 g,
42 mmol) to afford after chromatography (hexane/ethyl
acetate¼3:1, Rf¼0.67) a colorless oil (7.3 g, 56%).

1H NMR (300 MHz, CDCl3) d 1.29 (d, J¼6.2 Hz, 12H,
CH3), 1.83 (m, 1H, 10-H), 2.24–2.53 (m, 4H, 6-H, 9-H),
4.71 (d, J¼5.2 Hz, 1H, 2-H), 4.78 (d, J¼5.2 Hz, 1H,
3-H), 5.12 (sept, J¼6.2 Hz, 2H, CH(CH3)2), 5.56, 5.64
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(2dm, J¼9.9 Hz, 2H, 7-H, 8-H); 13C NMR (75 MHz,
CDCl3) d 21.6, 21.6, 21.7, 21.7 (4q, CH3), 24.5 (t, C-10),
31.7 (t, C-6), 36.4 (t, C-9), 69.6, 69.7 (2d, CH(CH3)2),
77.2, 78.0 (2d, C-2, C-3), 113.4 (s, C-5), 123.7 (d, C-7),
126.4 (d, C-8), 169.3, 169.5 (2s, COOi-Pr); IR (film)
3030, 2981, 2935, 1753, 1467, 1376, 1220, 1107,
751, 657 cm�1; [a]D

20 �38.0 (c 0.98, CHCl3). Anal.
Calcd for C16H24O6: C, 61.52; H, 7.74. Found: C, 61.77;
H, 7.68.

4.2.4. 1,4-Dioxa-spiro[4,5]dec-7-ene (6d). The ketalization
was carried out as described above using ethylene glycol
(4d) (2.6 g, 42 mmol) to afford after chromatography (hex-
ane/ethyl acetate¼3:1, Rf¼0.60) a colorless oil (2.1 g, 35%).

1H NMR (300 MHz, CDCl3) d 1.51 (t, J¼6.4 Hz, 2H, 10-H),
1.98–2.06 (m, 4H, 6-H, 9-H), 3.72–3.75 (m, 4H, 2-H, 3-H),
5.36, 5.47 (2dm, J¼9.7 Hz, 2H, 7-H, 8-H); 13C NMR
(75 MHz, CDCl3) d 24.7 (t, C-10), 31.2 (t, C-6), 35.9 (t,
C-9), 64.4 (2t, C-2, C-3), 107.8 (s, C-5), 124.4 (d, C-7),
126.4 (d, C-8). IR (KBr) 3026, 2925, 1653, 1476, 1432,
1388, 1361, 1335, 1262, 1221, 1172, 1114, 1058, 1027,
948, 850 cm�1. Anal. Calcd for C8H12O2: C, 68.55; H,
8.63. Found: C, 68.03; H, 9.16.

4.2.5. 1,4-Dioxa-spiro[4,5]dec-7-ene-2(R),3(R)-dicarbox-
ylic acid (6e). To a solution of the methylester 6a
(300 mg, 1.1 mmol) in methanol (10 mL) was added
NaOH (360 mg, 9 mmol) dissolved in water (2 mL). After
refluxing for 6 h the solvent was evaporated and water
(20 mL) and diethyl ether (20 mL) were added. After sepa-
ration the aqueous phase was acidified with 1 M aqueous
HCl and extracted three times with diethyl ether. The
combined ether extracts were washed with water,
dried (MgSO4), and the solvent was removed to afford the
carboxylic acid 6e as a yellow solid (240 mg, 95%); mp
114 �C.

1H NMR (500 MHz, DMSO-d6) d 1.79–1.88 (m, 2H, 10-H),
2.16–2.51 (m, 4H, 6-H, 9-H), 4.81, 4.82 (2d, J¼9.2 Hz, 2H,
2-H, 3-H), 5.45–5.50 (m, J¼11.6 Hz, 1H, 8-H), 5.65–5.7 (m,
J¼11.6 Hz, 1H, 7-H); 13C NMR (125 MHz, DMSO-d6)
d 25.1 (t, C-9), 32.3 (t, C-10), 37.1 (t, C-6), 77.4, 77.6 (2d,
C-2, C-3), 112.8 (s, C-5), 124.4 (d, C-7), 127.1 (d, C-8),
172.0, 172.4 (2s, COOH); IR (film) 3038, 2934, 1737,
1425, 1361, 1271, 1142, 1042, 944 cm�1; [a]D

20 �2.6 (c
1.0, MeOH). Anal. Calcd for C10H12O6: C, 52.63; H, 5.26.
Found: C, 52.54; H, 4.97.

4.2.6. Dimethyl 1,4-dioxa-spiro[4,5]dec-6-ene-2(R),3(R)-
dicarboxylate (5a). The ene ketal was prepared via trans-
ketalization of 1,1-dimethoxy-2-cyclohexene.14

1H NMR (300 MHz, CDCl3) d 1.75–1.84 (m, 2H, 9-H),
1.87–1.97 (m, 2H, 10-H), 1.98–2.07 (m, 2H, 8-H), 3.80 (s,
6H, CH3), 4.83 (s, 2H, 2-H, 3-H), 5.65 (d, J¼10.0 Hz, 1H,
6-H), 6.02 (dt, J¼3.5, 10.0 Hz, 1H, 7-H); 13C NMR
(75 MHz, CDCl3) d 20.7 (t, C-9), 24.9 (t, C-10), 34.4 (t,
C-8), 53.2, 53.1 (2s, Me), 77.4, 77.2 (2d, C-2, C-3), 111.4
(s, C-5), 127.1 (d, C-6), 134.8 (d, C-7), 170.4, 170.5 (2s,
COOMe); IR (film) 3033, 2978, 2945, 1764, 1478, 1371,
1237, 1045, 857, 759, 662 cm�1; [a]D

20 �7.3 (c 1.0,
CHCl3), lit.:14 [a]D

24 �8.5 (c 3.5, CHCl3).
4.3. General procedures for the photooxygenations

4.3.1. Procedure A. The ketals 6a–d (2 mmol) and tetraphe-
nylporphin (1 mg) were dissolved in CHCl3 (4 mL) and
CCl4 (12 mL) in a glass tube. The tube was irradiated at
�30 �C with two sodium lamps (250 W) for 2–4 d. During
the irradiation a slow stream of oxygen was bubbled through
the solution and additional portions of the sensitizer were
added, when the color of the solution faded. After comple-
tion, dimethylsulfide (1 mL) was added and the reaction so-
lution was kept for 24 h. The solvent was evaporated and the
ratio of the isomers was determined from the NMR spectra
(500 MHz).

4.3.2. Procedure B. The ketal 6e (100 mg, 0.4 mmol) was
dissolved in 2 mL CD3OD in a glass tube. After addition
of rose bengal (1 mg) and sodium (40 mg, 1.7 mmol) the
tube was irradiated under the same conditions as described
for the general procedure for a period of 7 d. After comple-
tion, dimethylsulfide (1 mL) was added and the reaction so-
lution was kept for 24 h. The solvent was evaporated and the
ratio of the isomers was determined from the NMR spectra
(500 MHz) in CD3OD.

4.3.3. Photooxygenation of ketal 6a. Following procedure
A, compound 6a was irradiated for 4 d and the allylic
alcohols were isolated as colorless oils. The ratio 7a/8a
(82:18) and the diastereomeric ratios for 7a (57:43) and
8a (62:38) were determined from the crude spectra by
NMR spectroscopy (500 MHz). Chromatography (hexane/
ethyl acetate¼1:2, Rf¼0.42–0.50) afforded first the major
diastereomer of 8a, followed by the minor diastereomer
of 8a, the minor diastereomer of isomer 7a, and finally,
the major diastereomer of 7a (overall yield: 410 mg,
75%).

4.3.3.1. Dimethyl 8(S)-hydroxy-1,4-dioxa-spiro[4,5]-
dec-6-ene-2(R),3(R)-dicarboxylate (S-7a) (main product).
1H NMR (300 MHz, CDCl3) d 1.72–1.92 (m, 2H, 9-H),
2.08–2.2 (m, 2H, 10-H), 3.82, 3.83 (2s, 6H, CH3),
4.21 (m, 1H, 4-H), 4.81, 4.83 (2d, J¼4.5 Hz, 2H, 2-H,
3-H), 5.69 (d, J¼10.5 Hz, 1H, 6-H), 5.97–6.04 (dm,
J¼10.5 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3)
d 30.6 (t, C-9), 32.0 (t, C-10), 53.2, 53.3 (2q, Me),
66.4 (d, C-8), 77.8, 77.9 (2d, C-2, C-3), 111.0 (s, C-5),
129.0 (d, C-6), 137.5 (d, C-7), 170.8 (2s, CO2Me); IR
(KBr) 3425, 2975, 2920, 1738, 1402, 1234, 1156, 1042,
931, 745 cm�1; [a]D

25 �54.9 (c 0.25, CHCl3). Anal. Calcd
for C12H16O7: C, 52.94; H, 5.88. Found: C, 52.66; H,
5.88.

4.3.3.2. Dimethyl 8(R)-hydroxy-1,4-dioxa-spiro[4,5]-
dec-6-ene-2(R),3(R)-dicarboxylate (R-7a) (minor diaste-
reomer). 1H NMR (300 MHz, CDCl3) d 1.75–1.89 (m,
2H, 9-H), 2.09–2.19 (m, 2H, 10-H), 3.83, 3.84 (2s, 6H,
CH3), 4.27 (m, 1H, 8-H), 4.85, 4.87 (2d, J¼4.5 Hz, 2H,
2-H, 3-H), 5.73 (d, J¼10.4 Hz, 1H, 6-H), 5.99–6.03 (dm,
J¼10.4 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3) d 30.6
(t, C-9), 31.8 (t, C-10), 55.2, 55.3 (2q, Me), 66.0 (d, C-8),
77.2, 77.3 (2d, C-2, C-3), 110.8 (s, C-5), 128.8 (d, C-6),
136.8 (d, C-7), 170.3 (2s, CO2Me); IR (KBr) 3425, 2975,
2920, 1738, 1402, 1234, 1156, 1042, 931, 745 cm�1; [a]D

20

+2.3 (c 1.0, CHCl3).
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4.3.3.3. Dimethyl 7-hydroxy-1,4-dioxa-spiro[4,5]dec-
8-ene-2(R),3(R)-dicarboxylate (8a) (major diastereo-
mer). 1H NMR (300 MHz, CDCl3) d 1.95–2.14 (m, 2H,
10-H), 2.25–2.46 (m, 2H, 6-H), 3.76, 3.77 (2s, 6H, CH3),
4.29 (m, 1H, 7-H), 4.79, 4.84 (2d, J¼4.7 Hz, 2H, 2-H,
3-H), 5.64–5.71 (dm, J¼9.7 Hz, 1H, 9-H), 5.8–5.87 (dm,
J¼9.7 Hz, 1H, 8-H); 13C NMR (75 MHz, CDCl3) d 36.8
(t, C-10), 40.1 (t, C-6), 53.3, 53.4 (2q, Me), 66.4 (d, C-7),
77.0, 77.1 (2d, C-2, C-3), 113.7 (s, C-5), 125.5 (d, C-9),
129.9 (d, C-8), 170.0, 170.5 (2s, CO2Me); [a]D

20 +14.8 (c
0.96, CHCl3).

4.3.3.4. Dimethyl 7-hydroxy-1,4-dioxa-spiro[4,5]dec-
8-ene-2(R),3(R)-dicarboxylate (8a) (minor diastereo-
mer). 1H NMR (300 MHz, CDCl3) d 2.05–2.22 (m, 2H,
10-H), 2.32–2.52 (m, 2H, 6-H), 3.84, 3.85 (2s, 6H, CH3),
4.37 (m, 1H, 8-H), 4.86, 4.92 (2d, J¼4.7 Hz, 2H, 2-H,
3-H), 5.72–5.8 (dm, J¼9.7 Hz, 1H, 9-H), 5.89–5.97 (dm,
J¼9.7 Hz, 1H, 8-H); 13C NMR (75 MHz, CDCl3) d 36.8
(t, C-10), 39.9 (t, C-6), 53.3, 53.4 (2q, Me), 66.4 (d, C-7),
77.1, 77.6 (2d, C-2, C-3), 113.2 (s, C-5), 125.8 (d, C-9),
129.6 (d, C-8), 170.2, 170.5 (2s, CO2Me).

4.3.4. Photooxygenation of ketal 6b. Following procedure
A, compound 6b was irradiated for 4 d and the allylic alco-
hols were isolated as colorless oils. The ratio 7b/8b (81:19)
and the diastereomeric ratios for 7b (53:47) and 8b (55:45)
were determined from the crude spectra by NMR spec-
troscopy (500 MHz). Chromatography (hexane/ethyl
acetate¼1:2, Rf¼0.50–0.58) afforded first the major diaste-
reomer of 8b, followed by the minor diastereomer of 8b, the
minor diastereomer of isomer 7b, and finally, the major
diastereomer of 7b (overall yield: 450 mg, 75%).

4.3.4.1. Diethyl 8(S)-hydroxy-1,4-dioxa-spiro[4,5]dec-
6-ene-2(R),3(R)-dicarboxylate (S-7b) (major diastereo-
mer). 1H NMR (300 MHz, CDCl3) d 1.33 (t, J¼6.6 Hz,
6H, CH3), 1.73–1.92 (m, 2H, 9-H), 2.0–2.17 (m, 2H, 10-
H), 4.21 (m, 1H, 8-H), 4.25 (t, J¼6.6 Hz, 4H, CH2), 4.76
(m, 2H, 2-H, 3-H), 5.69 (d, J¼10.1 Hz, 1H, 6-H), 5.94
(dm, J¼10.1 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3)
d 13.6 (q, CH3), 29.3 (t, C-9), 30.7 (t, C-10), 61.1 (2t,
OCH2), 64.6 (d, C-8), 76.1 (d, C-2, C-3), 109.1 (s, C-5),
127.4 (d, C-6), 135.3 (d, C-7), 168.6 (2s, CO2Et); IR
(KBr) 3420, 2982, 2940, 1740, 1445, 1395, 1221, 1127,
1022, 939 cm�1. Anal. Calcd for C14H20O7: C, 55.99; H,
6.71. Found: C, 55.85; H, 6.72.

4.3.4.2. Diethyl 8(R)-hydroxy-1,4-dioxa-spiro[4,5]dec-
6-ene-2(R),3(R)-dicarboxylate (R-7b) (minor diastereo-
mer). 1H NMR (300 MHz, CDCl3) d 1.33 (t, J¼6.6 Hz,
6H, CH3), 1.73–1.92 (m, 2H, 9-H), 2.0–2.17 (m, 2H, 10-H),
4.21 (m, 1H, 8-H), 4.25 (t, J¼6.6 Hz, 4H, CH2), 4.78, 4.82
(2d, J¼4.7 Hz, 2H, 2-H, 3-H), 5.66 (d, J¼10.1 Hz, 1H,
6-H), 5.94 (dm, J¼10.1 Hz, 1H, 7-H); 13C NMR (75 MHz,
CDCl3) d 13.6 (q, CH3), 29.2 (t, C-9), 30.5 (t, C-10), 61.0
(2t, OCH2), 64.6 (d, C-8), 76.2 (d, C-2, C-3), 109.3 (s,
C-5), 127.5 (d, C-6), 135.4 (d, C-7), 168.4 (2s, CO2Et).

4.3.4.3. Diethyl 7-hydroxy-1,4-dioxa-spiro[4,5]dec-8-
ene-2(R),3(R)-dicarboxylate (8b) (major diastereomer).
1H NMR (300 MHz, CDCl3) d 1.33 (t, J¼7.1 Hz, 6H,
CH3), 2.05–2.22 (m, 2H, 10-H), 2.32–2.56 (m, 2H, 6-H),
4.30 (q, J¼7.1 Hz, 4H, OCH2), 4.35 (m, 1H, 7-H), 4.8–
4.91 (m, 2H, 2-H, 3-H), 5.76–5.80 (dm, J¼9.89 Hz, 2H,
9-H), 5.89–5.97 (dm, J¼9.89 Hz, 1H, 8-H); 13C NMR
(75 MHz, CDCl3) d 13.6 (2q, CH3), 35.5 (t, C-10), 39.7 (t,
C-6), 62.2, 62.3 (2t, OCH2), 70.1 (d, C-7), 75.9, 76.1 (2d,
C-2, C-3), 112.2 (s, C-1), 124.5 (d, C-9), 128.3 (C-8),
168.6, 168.7 (CO2Et).

4.3.4.4. Diethyl 7-hydroxy-1,4-dioxa-spiro[4,5]dec-8-
ene-2(R),3(R)-dicarboxylate (8b) (minor diastereomer).
1H NMR (300 MHz, CDCl3) d 1.33 (t, J¼7.1 Hz, 6H,
CH3), 2.05–2.22 (m, 2H, 10-H), 2.32–2.56 (m, 2H, 6-H),
4.30 (q, J¼7.1 Hz, 4H, OCH2), 4.29 (m, 1H, 7-H), 4.83–
4.96 (m, 2H, 2-H, 3-H), 5.76–5.80 (dm, J¼9.9 Hz, 2H,
9-H), 5.82–5.91 (dm, J¼9.9 Hz, 1H, 8-H); 13C NMR
(75 MHz, CDCl3) d 13.6 (2q, CH3), 35.7 (t, C-10), 39.3 (t,
C-6), 65.1, 65.2 (2t, OCH2), 70.9 (d, C-7), 75.9, 76.1 (2d,
C-2, C-3), 112.3 (s, C-1), 124.2 (d, C-9), 128.5 (C-8),
168.6, 168.7 (CO2Et).

4.3.5. Photooxygenation of ketal 6c. Following procedure
A, compound 6c was irradiated for 4 d and the allylic alco-
hols were isolated as colorless oils. The ratio 7c/8c (89:11)
and the diastereomeric ratio for 7c (54:46) were determined
from the crude spectra by NMR spectroscopy (500 MHz).
Chromatography (hexane/ethyl acetate¼1:2, Rf¼0.65–
0.72) afforded first the major diastereomer of 8c, followed
by the minor diastereomer of isomer 7c, and finally, the
major diastereomer of 7c. The minor diastereomer of 8c
could not be isolated (overall yield: 480 mg, 73%).

4.3.5.1. Diisopropyl 8(S)-hydroxy-1,4-dioxa-spiro[4,5]-
dec-6-ene-2(R),3(R)-dicarboxylate (S-7c) (major dia-
stereomer). 1H NMR (300 MHz, CDCl3) d 1.23 (d,
J¼6.1 Hz, 12H, CH3), 1.50–2.14 (m, 4H, 10-H, 12-H),
4.14 (m, 1H, 8-H), 4.59 (m, 2H, 2-H, 3-H), 5.06 (sept,
J¼6.1 Hz, 2H, CH), 5.62–5.72 (d, J¼10.0 Hz, 1H, 6-H),
5.89–5.96 (d, J¼10.0 Hz, 1H, 7-H); 13C NMR (75 MHz,
CDCl3) d 21.8 (q, CH3), 30.3 (t, C-9), 32.0 (t, C-10), 65.7
(d, C-8), 70.1 (2d, CHMe2), 77.7, 78.1 (2d, C-2, C-3),
110.6 (s, C-5), 128.5 (d, C-6), 137.0 (d, C-7), 169.4, 169.5
(2s, COOi-Pr). Anal. Calcd for C16H24O7: C, 58.53; H,
7.37. Found: C, 58.26; H, 7.29.

4.3.5.2. Diisopropyl 8(R)-hydroxy-1,4-dioxa-spiro-
[4,5]dec-6-ene-2(R),3(R)-dicarboxylate (R-7c) (minor dia-
stereomer). 1H NMR (300 MHz, CDCl3) d 1.21 (d,
J¼6.1 Hz, 12H, CH3), 1.62–2.19 (m, 4H, 10-H, 12-H),
4.11 (m, 1H, 8-H), 4.61–5.13 (m, 2H, 2-H, 3-H), 5.06
(sept, J¼6.1 Hz, 2H, CH), 5.62–5.72 (d, J¼10.0 Hz, 1H,
6-H), 5.89–5.96 (d, J¼10.0 Hz, 1H, 7-H); 13C NMR
(75 MHz, CDCl3) d 21.9 (q, CH3), 30.3 (t, C-9), 31.9 (t,
C-10), 65.6 (d, C-8), 70.0 (2d, CHMe2), 77.2, 77.6 (2d,
C-2, C-3), 110.4 (s, C-5), 128.3 (d, C-6), 136.9 (d, C-7),
169.3, 169.4 (2s, COOi-Pr).

4.3.5.3. Diisopropyl 7-hydroxy-1,4-dioxa-spiro[4,5]-
dec-8-ene-2(R),3(R)-dicarboxylate (8c) (major diastereo-
mer). 1H NMR (300 MHz, CDCl3) d 1.29, 1.31 (2d,
J¼6.1 Hz, 12-H, CH3), 2.05–2.25 (m, 2H, 10-H), 2.25–
2.61 (m, 2H, 6-H), 4.41 (m, 1H, 7-H), 4.71, 4.80 (2d,
J¼5.2 Hz, 2H, 2-H, 3-H), 5.12 (sept, J¼6.2 Hz, 2H,
OCH), 5.70–5.79 (m, 1H, 9-H), 5.85–5.92 (m, 1H, 8-H);
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13C NMR (75 MHz, CDCl3) d 22.0 (q, CH3), 36.6 (t, C-10),
40.1 (t, C-6), 66.3 (d, C-7), 70.3, 70.7 (2d, CHMe2), 77.7 (2d,
C-2, C-3), 113.4 (s, C-5), 125.5 (d, C-9), 129.9 (d, C-8),
169.6, 169.1 (2s, COOi-Pr); IR (KBr) 3415, 2980, 2957,
1738, 1365, 1245, 1098, 1024, 754 cm�1; [a]D

20 �4.8 (c
1.02, CHCl3). Anal. Calcd for C16H24O7: C, 58.53; H,
7.37. Found: C, 58.96; H, 6.89.

4.3.6. Photooxygenation of ketal 6d. Following procedure
A, compound 6d (200 mg, 1.4 mmol) was irradiated for
2 d and the allylic alcohols were isolated as colorless oils.
The ratio 7d/8d (87:13) was determined from the crude spec-
tra by NMR spectroscopy (500 MHz). Chromatography
(hexane/ethyl acetate¼1:2, Rf¼0.35) afforded 8d in the first
fractions, followed by 7d (overall yield: 170 mg, 77%).

4.3.6.1. 8-Hydroxy-1,4-dioxa-spiro[4,5]dec-6-ene (7d).
1H NMR (300 MHz, CDCl3) d 1.69–1.80 (m, 2H, 10-H),
1.91–2.18 (m, 2H, 9-H), 3.89–4.04 (m, 4H, 2-H, 3-H),
4.22 (br, 1H, 8-H), 5.63 (dt, J¼1.4, 10.0 Hz, 1H, 6-H),
5.95 (dd, J¼1.1, 10.0 Hz, 1H, 7-H); 13C NMR (75 MHz,
CDCl3) d 31.0 (t, C-10), 31.3 (t, C-9), 64.9, 65.0 (2d, C-2,
C-3), 66.3 (d, C-8), 105.4 (s, C-1), 129.5 (d, C-6), 135.3
(d, C-7). IR (KBr) 3032, 2948, 2883, 1675, 1396, 1346,
1272, 1066, 1012, 939, 863 cm�1.

4.3.6.2. 7-Hydroxy-1,4-dioxa-spiro[4,5]dec-8-ene (8d).
1H NMR (300 MHz, CDCl3) d 1.96 (d, J¼4.4 Hz, 2H, 10-H),
2.23 (br, 2H, 6-H), 2.71 (d, J¼10.3 Hz, 1H, OH), 3.85–3.98
(m, 4H, 2-H, 3-H), 4.24 (m, 1H, 7-H), 5.69 (dt, J¼3.6,
9.8 Hz, 1H, 8-H), 5.79–5.89 (m, 1H, 9-H); 13C NMR
(75 MHz, CDCl3) d 36.1 (t, C-10), 39.4 (t, C-6), 64.7 (t,
C-2, C-3), 66.7 (d, C-7), 108.4 (s, C-1), 126.5 (d, C-8),
127.7 (d, C-9).

4.3.7. Photooxygenation of ketal 6e. Following procedure
B, compound 6e was irradiated for 7 d. The NMR spectrum
(500 MHz) of the crude product showed exclusively
regioisomer 7e in a diastereomeric ratio of 56:44. The con-
figuration of the main diastereomer was established by sa-
ponification of the corresponding methylester 8a (MeOH/
H2O, catalytic amount of NaOH) and comparison of their
NMR spectra.

4.3.7.1. 8(S)-Hydroxy-1,4-dioxa-spiro[4,5]dec-6-ene-
2(R),3(R)-dicarboxylic acid (7e) (major diastereomer).
1H NMR (300 MHz, CD3OD) d 1.69–2.0 (m, 2H, 10-H),
2.02–2.30 (m, 2H, 9-H), 4.15 (m, 1H, 8-H), 4.54, 4.56 (2d,
J¼6.6 Hz, 2H, 2-H, 3-H), 5.77 (d, J¼10 Hz, 1H, 6-H),
5.87 (d, J¼10 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3)
d 30.3 (t, C-9), 32.0 (t, C-10), 65.7 (d, C-8), 80.4, 80.7
(2d, C-2, C-3), 107.4 (s, C-5), 129.9 (d, C-6), 135.1 (d,
C-7), 176.7, 176.8 (2s, COOH).

4.3.7.2. 7(R)-Hydroxy-1,4-dioxa-spiro[4,5]dec-8-ene-
2(R),3(R)-dicarboxylic acid (7e) (minor diastereomer).
1H NMR (300 MHz, CD3OD) d 1.69–2.0 (m, 2H, 10-H),
2.02–2.30 (m, 2H, 9-H), 4.15 (m, 1H, 8-H), 4.48, 4.50 (2d,
J¼6.2 Hz, 2H, 2-H, 3-H), 5.77 (d, J¼10 Hz, 1H, 6-H),
5.87 (d, J¼10 Hz, 1H, 7-H); 13C NMR (75 MHz, CDCl3)
d 30.2 (t, C-9), 31.7 (t, C-10), 65.7 (d, C-8), 80.4, 80.7
(2d, C-2, C-3), 107.6 (s, C-5), 130.0 (d, C-6), 134.7 (d,
C-7), 177.0, 177.1 (2s, COOH).
4.4. Epoxidation of the ketal 6a

The cyclohexene ketal 6a (420 mg, 1.6 mmol) was dissolved
in dichloromethane (30 mL) and m-chloroperbenzoic acid
(440 mg, 1.9 mmol) was added at 0 �C in several portions.
The course of the reaction was followed by TLC (hexane/
ethyl acetate¼3:1). After completion (4 h) a saturated solu-
tion of NaHCO3 (100 mL) was added. After separation, the
aqueous phase was washed with diethyl ether (100 mL), and
the combined organic extracts were washed with water,
dried (NaSO4), and the solvent was evaporated. The dia-
stereomeric ratio (51:49) was determined from the crude
spectra by NMR spectroscopy (500 MHz). The product
was purified by column chromatography (hexane/ethyl
acetate¼1:1, Rf¼0.19) to afford the epoxides 10 as white
solids (415 mg, 95%).

4.4.1. Dimethyl 7,8-epoxy-1,4-dioxa-spiro[4,5]decane-
2(R),3(R)-dicarboxylate (10) (major diastereomer). Mp
56.5 �C; 1H NMR (300 MHz, CDCl3) d 1.47–1.56, 1.65–
1.77 (2m, 2H, 10-H), 2.10–2.32 (m, 4H, 6-H, 9-H), 3.12–
3.20 (m, 2H, 7-H, 8-H), 3.80, 3.81 (2s, 6H, Me), 4.75, 4.79
(2d, J¼5.1 Hz, 2H, 2-H, 3-H); 13C NMR (75 MHz,
CDCl3) d 22.8 (t, C-10), 28.1 (t, C-9), 35.8 (t, C-6), 51.1
(d, C-8), 52.1 (d, C-7), 53.1, 53.2 (2s, Me), 77.1, 77.2 (2d,
C-2, C-3), 112.5 (s, C-1), 170.1, 170.3 (2s, COOMe); [a]D

20

�29.3 (c 0.98, CHCl3); IR (KBr) 3015, 2959, 1761, 1436,
1373, 1344, 1254, 1217, 1164, 1125, 1086, 992, 933 cm�1.
Anal. Calcd for C12H16O7: C, 52.94; H, 5.88. Found: C,
52.85; H, 6.24.

4.4.2. Dimethyl 7,8-epoxy-1,4-dioxa-spiro[4,5]decane-
2(R),3(R)-dicarboxylate (10) (minor diastereomer). 1H
NMR (300 MHz, CDCl3) d 1.44–1.56, 1.63–1.78 (2m, 2H,
10-H), 2.0–2.30 (m, 4H, 7-H, 8-H), 3.41 (br, 2H, 7-H, 8-
H), 3.77, 3.78 (2s, 6H, Me), 4.74 (m, 2H, 2-H, 3-H); 13C
NMR (75 MHz, CDCl3) d 23.5 (t, C-10), 29.2 (t, C-9),
36.3 (t, C-6), 52.0 (d, C-8), 52.8 (d, C-7), 53.1, 53.2 (s,
Me), 78.0, 78.1 (2d, C-2, C-3), 113.5 (s, C-1), 171.2, 171.3
(2s, COOMe).

4.5. Cleavage of the chiral auxiliary from ketal 7a

4.5.1. Cleavage with HCl. The ketal (S)-7a (100 mg,
0.36 mmol) was dissolved in methanol (10 mL). Hydrochlo-
ric acid (1 N, 0.5 mL) was added dropwise at 0 �C. After
12 h diethyl ether (20 mL) and water (10 mL) were added,
the organic phase was separated, dried (MgSO4), and the sol-
vent was evaporated. NMR analysis of the residue resulted in
a 1:2 mixture of the ketone 11 and phenol (12).

4.5.2. Cleavage with montmorillonite K-10. The ketal (S)-
7a (100 mg, 0.36 mmol) was dissolved in dichloromethane
(10 mL). Montmorillonite K-10 (800 mg) was added at
0 �C and the mixture was stirred at room temperature for
24 h. After filtration and evaporation of the solvent NMR
analysis of the residue resulted in a 4:1 mixture of the ketone
11 and phenol (12).

4.5.3. Cleavage with buffered montmorillonite K-10. The
ketal (S)-7a (100 mg, 0.36 mmol) was dissolved in dichloro-
methane (10 mL). Sodium acetate (45 mg, 0.4 mmol) and
montmorillonite K-10 (800 mg) were added at 0 �C and
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the mixture was stirred at room temperature for 24 h. The
conversion was followed by TLC but was not complete
even after longer reaction times. However, no phenol could
be detected. After filtration and evaporation of the solvent,
flash chromatography (hexane/ethyl acetate¼1:2, Rf¼0.3)
afforded the ketone 11 as a colorless oil (30 mg, 74%,
97% based on the conversion). In addition, unreacted ketal
(S)-7a was recovered (24 mg, 24%).

4.5.3.1. 4(S)-Hydroxy-2-cyclohexen-1-one (11). 1H
NMR (300 MHz, CDCl3) d 1.85–2.09 (m, 1H, 5-H), 2.22–
2.45 (m, 2H, 6-H), 2.55–2.68 (m, 1H, 5-H), 4.60 (br, 1H,
4-H), 5.99 (d, J¼10.2 Hz, 1H, 2-H), 6.95 (dt, J¼2.0,
10.2 Hz, 1H, H-3); 13C NMR (75 MHz, CDCl3) d 32.8 (t,
C-5), 35.7 (t, C-6), 66.7 (d, C-4), 129.6 (d, C-2), 153.0 (d,
C-3), 199.1 (s, CO); [a]D

25 �85.3 (c 0.16, CHCl3), lit.:16

[a]D
20 �90.0 (c 0.2, CHCl3).
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Abstract—The stereoselectivity in the reactions of the E/Z enecarbamates 1, equipped with the oxazolidinone chiral auxiliary, has been
examined for singlet oxygen (1O2), ozone (O3), and 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) in a variety of solvents as a function of tem-
perature. The oxidative cleavage of the alkenyl functionality by 1O2 and O3 releases the enantiomerically enriched methyldesoxybenzoin
(MDB) product. The extent (% ee) as well as the sense (R vs S) of the stereoselectivity in the MDB formation depends on the electronic nature
of the oxidant. A high stereoselectivity, substantially dependent on solvent and temperature, is displayed for the reactions with 1O2, whereas
the ground-state reactants O3 and PTAD are rather unaffected by solvent and temperature variations. The present comparative analysis clearly
substantiates our hypothesis of stereoselective vibrational quenching of the attacking 1O2, whereas O3 and PTAD are only subject to steric
impositions. The electronically excited 1O2 is sensitive to all three stereochemically relevant structural characteristics embodied in the chiral
enecarbamates, namely the R/S configuration at the C4 position of the oxazolidinone chiral auxiliary, the Z/E geometry of the ‘alkene’
functionality, and R/S configuration at the C30 position of the enecarbamate side chain.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

High enantioselectivity in photochemical reactions1–3 de-
pends on effective manipulation of chiral/prochiral faces of
the reactant within the short lifetimes of the excited states.4

To imprint stereocontrol in the photoproduct, confined
media5–10 has been employed with considerable success;
however, to obtain a high enantioselectivity in solution still
constitutes a formidable challenge.1–3 In this regard, a novel
concept, which we have explored in the stereoselective pho-
tooxidative cleavage of chiral enecarbamates, involves selec-
tive deactivation (quenching) of one of the diastereomers in
a pair of chiral excited states.11–13 To demonstrate this
concept, we have compared the reaction of enecarbamates 1

Keywords: Kinetic resolution; Ozonolysis; Photooxygenation; Substituent;
Solvent and temperature effects; Vibrational quenching.
* Corresponding author. Tel.: +1 212 854 2175; fax: +1 212 932 1289;

e-mail: njt3@columbia.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.105
(Scheme 1) with related reactive species viz. singlet oxygen
(1O2),14–17 ozone (O3),18 and 4-phenyl-1,2,4-triazoline-3,5-
dione (PTAD).19–23 Indeed, the high stereoselectivity was
observed in the formation of the product MDB 3 (Scheme 1)
in the reactions with 1O2. The observed high stereoselectivity
was hypothesized to result from a combination of steric inter-
actions and selective deactivations of the excited state
(Scheme 1).11,24

Previously we have shown24–26 that the photooxidation of
enecarbamates by 1O2 leads to diastereomerically pure
dioxetanes (complete conversion), as exemplified for the
chiral Z-configured enecarbamate 10Z,4R(iPr),30(R/S)-1
(Fig. 1).

The salient reactivity feature in the exposed snapshot in
Figure 1 is the approach of 1O2 on to the double bond, where
in addition to the steric hindrance imposed on the 1O2, the
possible synergistic stereoselective vibrational quenching

mailto:njt3@columbia.edu
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Scheme 1. Reactions of oxazolidinone-functionalized Z/E-enecarbamates 1 with (A) 1O2, (B) O3, and (C) PTAD.
of the 1O2 from the bottom face could dictate the observed
high diastereoselectivity. Moreover, the stereoselection in
the dioxetane formation is independent from the configura-
tion of the alkyl side chain at the C30 position and the size
of the alkyl substituent at the C4 position (Me, iPr, Ph) of
the oxazolidinone chiral auxiliary.24–26 For example, the dia-
stereomer 10Z,4R(iPr),30R-1 (Fig. 1) that possesses the R
configuration at the C4 position affords the corresponding
[10S,20S] dioxetane with complete stereocontrol [diastereo-
meric ratios (d.r.) of >95:5]. Further, the stereoselection in
the MDB product 3 (Scheme 1) upon photooxidative cleav-
age of these oxazolidinone-functionalized enecarbamates by
1O2 depends not only on the alkene geometry (Z/E), the size
of the C4 alkyl substituent (H, Me, iPr) in the oxazolidinone
ring, and the configuration (R/S) at the C30 stereogenic center
of the phenethyl side chain, but also on the nature of the sol-
vent and the reaction temperature.11,27 The stereoselectivity
of oxidation of the conformationally more flexible E dia-
stereomer responds sensitively to such reaction conditions
(ee values of up to 97%), whereas the conformationally
more rigid Z diastereomer behaves less sensitively to such
manipulation (ee values of up to 30%).11,27 We proposed
that conformational effects (entropy control) are responsible
for stereoselective quenching of 1O2 by vibrational deactiva-
tion (a new concept!), in concert with the steric interactions
leading to stereoselective oxidative cleavage of the double-
bond by the attacking 1O2.11,27
In the present work, we compare the reactivity of singlet
oxygen (1O2, Scheme 1A) for both E and Z diastereomers
of the enecarbamates (Chart 1) with O3, an electrophilic
oxidant akin to 1O2 (Scheme 1B) and PTAD, a ground-state
analogue of 1O2 (Scheme 1C). If, indeed, our hypothesis of
stereoselective vibrational quenching in the photooxidative
cleavage of the enecarbamates by 1O2 proves to be correct,
then PTAD would constitute a good test reagent, as it is con-
sidered analogous19–23 in its chemical reactivity to 1O2, but
as a ground-state molecule PTAD, is not subject to vibra-
tional deactivation.28 Moreover, in view of its much larger
size than 1O2, this bulkier species would be more sensitive
to steric effects. Similarly, the highly reactive O3 oxidant
is also a ground-state species and is not subjected to vibra-
tional quenching as in the case of 1O2. Thus, the electrophilic
O3, a highly reactive ground-state oxidant would provide an
opportunity to probe the importance of the excited-state
character in the photooxygenation process. An additional
advantage of O3 over PTAD is the fact that like 1O2, oxida-
tion of both Z and E enecarbamates 1 by O3 affords the same
MDB product 3,29 which should facilitate the direct compar-
ison of the stereoselection of these two oxidants.

In the present work, analogous to previous reports,11,27 we
shall employ both E and Z oxazolidinone-functionalized
enecarbamates as 50:50 diastereomeric mixtures of the R/S
isomers at the C30 position. Thus, for the purpose of this
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study, stereoselectivity will be defined as selective consump-
tion (kinetic resolution) of enecarbamaes (upon reaction
with 1O2, O3, and PTAD) based upon the C30 stereochemis-
try.11 The chemical reactivity of 1O2, O3, and PTAD toward
the diastereomeric enecarbamates shall be examined as
a function of (i) E/Z alkene geometry, (ii) the R/S configura-
tion at the C4 position of the oxazolidinone chiral auxiliary,
(iii) the R/S configuration of the alkyl substituent at the C30

position of the oxazolidinone chiral auxiliary, (iv) the sol-
vent, and (v) the reaction temperature. The stereoselectivity
for the reactions with PTAD19–23 (vs 1O2) is based on the
comparison of diastereomeric composition of the enecarba-
mates 1 before and after the reaction. On the other hand, for
the comparison of 1O2 with O3, the enantiomeric excess in
the MDB product 3 was examined (Scheme 1).29

Herein we report the results of an extensive investigation,
which for the first time compares the stereochemical behav-
ior of such chemically diverse reactive species (1O2, O3, and
PTAD), whose reactivity are analogous in their reaction with
the diastereomeric E and Z enecarbamates 1. Evidently, the
observed difference in the stereocontrol of these reactive
species validates our hypothesis of significant vibrational de-
activation (physical quenching) of the electronically excited
1O2 as a factor for the observed stereoselectivity in the for-
mation of the MDB product. Such selective quenching of
diastereomeric excited states constitute a promising stereo-
chemical tool to effect enantioselective photoreactions.

2. Experimental

2.1. Materials

All regular solvents were purchased from Aldrich and the
deuterated solvents from Cambridge Isotope Labs and
used as received. CDCl3 was stored over sodium bicarbonate
prior to use. Flash chromatography was carried out on silica
gel, while 2-mm thick silica-gel plates (EMD 60F) were em-
ployed for preparative TLC. Commercially available com-
pounds were purified by standard procedures. The Z and E
enecarbamates were synthesized by previously published
methods.11,12,24–26 The Z and E enecarbamates 1 were
used as 50:50 mixture of R and S enantiomers at the C30 po-
sition (Chart 1), but the epimeric pair is optically pure at the
C4 stereogenic center of the oxazolidinone chiral auxiliary.
O3 was generated by means of an OL100 Ozone Generator.

2.2. Instrumentation

GC analyses were carried out on a Varian 3900 gas chromato-
graph, equipped with an auto-sampler. A Varian Factor-4
VG-1ms column (l¼25 m, id¼0.25 mm, df¼0.25 mm) was
employed for the separation on the achiral stationary phase,
with a program of 50 �C for 4 min, raised to 225 �C at
10 �C/min, and kept at 225 �C for 10 min. A Varian CP-
Chirasil-DEX CB column (l¼25 m, id¼0.25 mm, df¼
0.25 mm) was used for the separations on the chiral stationary
phase, with a program of 135 �C for 70 min, raised to 200 �C
at 15 �C/min, and kept at 200 �C for 30 min. The 1H NMR
and 13C NMR spectra were recorded on BRUKER spectro-
meters (Model DPX300 or DRX300). For the reaction with
PTAD, all 1H NMR spectra were obtained in CDCl3 on an
AC360 Bruker spectrometer, supplied with NTNMR soft-
ware version 1.3 and processed with Mestre-C 4.1.1.0.

2.3. Photooxygenation of Z and E enecarbamates

The appropriate Z or E enecarbamate epimeric pair 1 (see
Chart 1) and the methylene blue sensitizer were dissolved
in 0.7 mL of the desired deuterated solvent (the enecarba-
mate concentration was 3.0�10�3 M and that of methylene
blue 3.7�10�4 M), placed into the NMR tube, sealed with
a rubber septum, fitted with a gas delivery needle, and
a vent needle. Dry O2 gas was purged through the sample
for 20 min, while irradiating with a 500-W halogen lamp,
equipped with a cutoff filter (<500 nm). After irradiation,
the samples were submitted to 1H NMR spectroscopy to de-
termine the conversion (kept below 50%). The mass balance
(based on unreacted enecarbamate and formed MDB prod-
uct) and the conversion (based on unreacted enecarbamate)
were determined by GC analysis on an achiral stationary
phase, with 4,40-di-tert-butylbiphenyl as calibration stan-
dard. The enantioselectivity (% ee) of the MDB product
was determined by GC analysis on a chiral stationary phase.

2.4. Reaction of enecarbamates with PTAD

The respective enecarbamate pair (0.013 mmol) in CDCl3
was placed in the NMR tube followed by the addition of
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0.003 mmol of the PTAD dissolved in chloroform-d. The
amount of PTAD was chosen to give a maximum of 25%
conversion. The reaction was allowed to proceed at 24, 7,
or �20 �C until the disappearance of the characteristic
red color of the PTAD indicated that the reaction had
terminated. The samples were then subjected to 1H NMR
spectroscopy to record the conversion and diastereomeric
excess.

2.5. General procedure for the ozone oxidation of the
enecarbamates

An aliquot of the appropriate enecarbamate epimeric pair
was taken from a standard solution in dichloromethane
and transferred to a NMR tube. Most of the solvent was
removed by means of a gentle stream of N2, the residual
solvent removed by placing the open NMR tube into a
vacuum (w12 in. Hg) oven at room temperature for at least
2 h. To each NMR tube was added 0.7 mL of the desired
deuterated solvent. The NMR tube with the enecarbamate
was kept in a cooling bath at the required temperature. A
separate test tube with the deuterated solvent of interest
was placed into the cooling bath at the required tempera-
ture, and saturated with O3 (generated by OL100 Ozone
Generator) by purging with O3 gas for a minimum of
15–20 min. The required amount of an O3-saturated solu-
tion was added to the NMR tube and the conversion
monitored by 1H NMR spectroscopy (conversion <20%).
The amounts of O3-saturated solution used in the case of
CD2Cl2/CDCl3 were 50 mL at +20 �C, 40 mL at �15 �C,
30 mL at �45 �C, and 25 mL at �70 �C. For CD3OD, the
amounts of O3-saturated solution were 90 mL at +20 �C,
50 mL at �15 �C, 40 mL at �45 �C, and 35 mL at �70 �C.
Because of the lower solubility of ozone in CD3OD,30 larger
amounts of O3-saturated solution were used in the CD3OD
experiments. After addition of the O3, the reaction was
allowed to proceed at the desired temperature for 15 min,
and then analyzed by 1H NMR spectroscopy, with conver-
sion calculated by integration of the aldehyde (decompo-
sition product) and the unreacted enecarbamates signals.
The samples were then subjected to GC analysis on a chiral
stationary phase.

2.6. General procedure for the oxidation of the enecar-
bamates by triphenyl phosphite ozonide

A 0.5 mL aliquot of triphenyl phosphite (1.72�10�6 M) in
dichloromethane was pipetted into a colorless 1-dram vial,
and placed into a cooling bath kept at �70 �C. The O3 gas
was bubbled through the chilled solution for a minimum of
10 min until the solution acquired the characteristic purple
color of O3 saturation (O3 generated by OL100 Ozone
Generator), followed by N2 gas to remove excess O3 (ca.
5 min). To the colorless triphenyl phosphite ozonide solu-
tion was added a pre-cooled solution (kept in the same
cooling bath) of Z(R)-1 in dichloromethane, and the mix-
ture was allowed to react for 40 min in the cooling bath
at �70 �C. After 40 min, the vial was removed from the
cooling bath and the contents allowed to warm up to
room temperature (ca. 20 �C). The reaction mixture was
concentrated and submitted to GC analysis on a chiral
and an achiral stationary phase, with di-tert-butylbiphenyl
as calibration standard.
3. Results

The reaction between the chiral enecarbamates 1 and the
three different reactive species 1O2, O3, and PTAD was
carried out to assess the difference in their reactivity and
stereoselectivity. The Evans chiral auxiliary31–33 in the ene-
carbamate diastereomer Z-1 serves as the essential stereo-
chemical director, whereas the 1-phenylethyl substituent at
the C30 position of the double bond minimizes the ene reac-
tion during photooxygenation24–26 as the required coplanar
alignment of the only allylic hydrogen atom is encumbered.
The E-1 enecarbamate was prepared from the Z-1 diastereo-
mer by direct or sensitized photochemical isomerization,34

followed by chromatographic separation. Photooxygenation
of the enecarbamate 1 gave quantitatively the expected oxa-
zolidinone aldehyde 2 and the chiral methyldesoxybenzoin
(MDB) 3 on complete conversion of the substrate. In previ-
ous experiments,24–26 the thermally labile dioxetane was de-
tected at �35 �C and shown to decompose readily at room
temperature (ca. 20 �C) into aldehyde 2 and MDB 3
(Scheme 1, Chart 1).

The reactivity of chiral Z and E enecarbamates 1 with 1O2,
O3, and PTAD, was compared by examining the selectivity
observed with the three different reactants. The product stud-
ies for the reactions of Z and E enecarbamates 1 with
PTAD19–23 are presented in Table 1. The comparable results
for reactions with O3

29 and 1O2,11,27 which have been previ-
ously published are summarized in Tables 2 and 3, respec-
tively. The reactions with PTAD as with the previous
work, employed a 50:50 mixture of C30 epimers and were
conducted to conversions less than 25% to minimize forma-
tion of side products.

Examination of Table 1 shows that there is no significant
effect of the alkene geometry in the PTAD reaction with
the chiral Z and E enecarbamates 1. As exemplified in Entry
1 of Table 1, the addition of PTAD to E(R)-1 in CDCl3 at
24 �C accumulated a 14% diastereomeric excess of the

Table 1. Diastereomeric excess in enecarbamate 1 after reaction with PTAD
in CDCl3

Entry Enecarbamatea Temp (�C) % de enecarbamateb–d % Convnc

1 E(R)-1 24 14 [C30S] 17
2 7 8 [C30S] 20
3 �20 11 [C30S] 16

4 E(S)-1 24 13 [C30R] 13
5 7 10 [C30R] 11

6 Z(R)-1 24 10 [C30S] 19
7 7 13 [C30S] 13
8 �20 14 [C30S] 19

9 Z(S)-1 24 0 16
10 7 4 [C30R] 13
11 �20 4 [C30R] 18

a A ca. 50:50 mixture of diastereomers (total concentration 0.1 M) was
used.

b Average of three runs (error �4%).
c Conversion was monitored by 1H NMR spectroscopy; the conversion

(error �3%) was kept low to prevent side reactions.19–23

d It is important to note that the C30 isomer of the enecarbamate substrate is
observed in excess in the product mixture, since it is the less reactive
epimer of the starting enecarbamate pair; for example, in entry 1,
PTAD is relatively more reactive with the C30(R) epimer and, hence, the
C30(S) epimer of E(R)-1 accumulates.
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Table 2. Determination of the stereoselectivity factor (s) for the formation of (R/S)-MDB product in the oxidationa of 1 by O3 as a function of solvent and
temperature29

Entry Enecarbamatea Solvent Temp (�C) % ee MDBb % Convnc sd DDHz (kcal mol�1)d DDSz (cal mol�1 K�1)d

1 E(R)-1 CD2Cl2 20 22 (S) 6 1.6 0.16 1.49
2 �15 24 (S) 15 1.7
3 �45 16 (S) 18 1.4
4 �70 18 (S) 27 1.5

5 E(R)-1 CDCl3 20 18 (S) 12 1.5 �0.48 �0.97
6 �15 20 (S) 17 1.6
7 �70 29 (S) 25 2.0

8 E(R)-1 CD3OD 20 4 (S) 4 1.1 0.12 0.16
9 �15 2 (S) 6 1.1
10 �45 0 4 1.0
11 �70 4 (S) 5 1.1

12 Z(R)-1 CD2Cl2 20 31 (R) 10 2.0 �0.14 0.79
13 �15 30 (R) 12 1.9
14 �78 36 (R) 9 2.2

15 Z(S)-1 CD2Cl2 20 33 (S) 6 2.0 0.6 2.98
16 20 27 (S) 9 1.8
17 �15 38 (S) 7 2.3
18 �15 12 (S) 20 1.3
19 �45 6 (S) 27 1.2
20 �70 36 (S) 9 2.2
21 �70 4 (S) 36 1.1

22 Z(S)-1 CDCl3 20 20 (S) 16 1.6 0.08 1.03
23 �15 16 (S) 17 1.4
24 �70 18 (S) 14 1.5

25 Z(S)-1 CD3OD 20 20 (S) 3 1.5 �0.05 0.62
26 �15 21 (S) 4 1.5
27 �45 22 (S) 16 1.6
28 �70 22 (S) 7 1.6

a A 50:50 mixture of diastereomers (total concentration 2.3�10�3 M) was used.
b Average of three runs (error �6%).
c Conversion monitored by 1H NMR spectroscopy the conversion was kept low to prevent side reactions.18

d Calculated from Eqs. 1–3.

Table 3. Determination of the stereoselectivity factor (s) for the formation of (R/S)-MDB product in the photooxygenationa of 1 as a function of solvent and
temperature11,27

Entry Enecarbamatea Solvent Temp (�C) MDBb (% ee) Convnc (%) sd DDHz (kcal mol�1)d DDSz (cal mol�1 K�1)d

1 E(R)-1 CDCl3 50 8 (S) 5 1.2 �4.5 �14
2 18 63 (R) 17 5
3 �15 78 (R) 37 13
4 �40 88 (R) 43 31

5 E(R)-1 CD2Cl2 20 34 (S) 25 2.3 �4.0 �15
6 �20 27 (R) 65 2.7
7 �60 82 (R) 54 40

8 E(R)-1 CD3CN 50 64 (S) 23 5.5 �4.5 �17
9 18 30 (S) 34 2.1
10 �15 0 28 1.0
11 �40 58 (R) 37 5.2

12 E(R)-1 CD3OD 50 70 (R) 30 7.6 �2.5 �4.9
13 18 85 (R) 34 19
14 �15 90 (R) 17 23
15 �40 94 (R) 12 37
16 �70 97 (R) 8 72

17 E(S)-1 CD2Cl2 20 28 (R) 29 2.0 5.3 19.0
18 �20 36 (S) 59 3.4
19 �60 88 (S) 56 45

20 Z(R)-1 CD2Cl2 20 22 (R) 29 1.7 �0.7 1.2
21 �20 22 (R) 59 2.1
22 �60 30 (R) 56 2.6

a The E enecarbamate concentration is 3.0�10�3 M and that for the methylene blue sensitizer is 3.7�10�4 M.
b Determined by GC analysis on a chiral stationary phase.
c Conversion (convn) of enecarbamates determined by GC analysis on an achiral stationary phase with 4,40-di-tert-butylbiphenyl as calibration standard, and by

1H NMR spectroscopy; averages of three runs, within 5% error of the stated values.
d Calculated from Eqs. 1–3.
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C30(S)-epimer of E(R)-1 after the reaction; thus, the C30(R)-
epimer of E(R)-1 is more reactive. By changing the alkene
geometry to the Z enecarbamate, the C30(S)-epimer of
Z(R)-1 accumulated in a 10% diastereomeric excess under
identical conditions (Entry 6), which indicates that the
C30(R)-epimer of Z(R)-1 is more reactive. Thus, when the
R configuration at the C4 position of the oxazolidinone chiral
auxiliary was used, the C30(R)-epimer was more reactive ir-
respective of the alkene Z/E geometry. For example (Table 1;
Entries 1–3), PTAD is more reactive for the C30(R)-epimer of
E(R)-1 and, hence, the C30(S)-epimer of E(R)-1 was observed
in excess after the reaction. Similarly, PTAD is more reactive
for the C30(R)-epimer of Z(R)-1 and, thus, the C30(S)-epimer
of Z(R)-1 results in excess (Table 1; Entries 6–8). The low
selectivity observed in the reaction (<15%) indicates that
the C30 stereocenter is not playing a dominant role. Since the
sense in the stereoselection was reversed upon changing
the configuration at the C4 position of the oxazolidinone
chiral auxiliary from R to S (Table 1; Entries 4,5 and
9–11), the PTAD reaction is well behaved.

The enantiomeric excesses in the MDB product upon oxida-
tive cleavage of the epimeric pairs of oxazolidinone-derived
E and Z enecarbamates by O3 are given in Table 2 for three
different solvents (CD2Cl2, CDCl3, and CD3OD) and at
various temperatures. The conversion was kept low to avoid
side reactions18 and the enantiomeric excess (ee) was ob-
tained by GC analysis of the methyldesoxybenzoin (MDB)
product on a chiral stationary phase. Inspection of Table 2
reveals the following features: (i) The same MDB enantio-
mer is formed preferentially irrespective of the solvent,
that is, employed, but the ee values for both E and Z enecar-
bamates change notably, when compared at the same
temperature; for example, the ee value for the O3 oxidation
of E(R)-1 in CD2Cl2 is 18% (Entry 4), in CDCl3 it is 29%
(Entry 7), and in CD3OD it is 4% (Entry 11) at �70 �C.
(ii) The sense of the preferentially generated MDB enantio-
mer depends on the configuration at the C4 position of the
oxazolidinone ring, as well as the alkene Z/E geometry;
for example, E(R)-1 substrate gave the S-MDB product in
excess, whereas the corresponding Z(R)-1 enecarbamate
afforded R-MDB in excess. (iii) The same MDB enantiomer
is produced irrespective of the temperature. (iv) The change
in the configuration at the C4 position of the oxazolidinone
reverses the sense of the MDB enantiomer to the same
extent, which indicates that the O3 oxidation is also well
behaved. (v) The observed ee values depend on the extent
of conversion; thus, the ee values were moderate at low
conversions and small at high conversions.

The stereoselectivity factor (s), which represents the ratio of
the rates of formation (kR/kS) of the enantiomeric products,
may be computed from the observed ee values at a given
conversion by means of Eqs. 1 and 2.35–38 The computed
s values for the O3 oxidation are given in Table 2, and are
quite low, i.e., at best w2. Consequently, the stereocontrol
in the ozonolysis reaction is relatively poor.

s¼ kR

kS

¼ ln½1�Cð1þ eeMDBÞ�
ln½1�Cð1� eeMDBÞ�

ð1Þ

where C is the conversion and eeMDB the ee value of the
MDB product
lnðkR=kSÞ ¼ ln½ð100þ% eeÞ=ð100�% eeÞ� ð2Þ

�DDGzR�S=RT ¼ lnðkR=kSÞ
¼ DDSzR�S=R�DDHzR�S=RT ð3Þ

The effect of the solvent type and polarity was examined
by conducting the ozonolysis in the polar, protic solvent
CD3OD, and the low-polarity halogenated solvents CD2Cl2
and CDCl3. For the oxidative cleavage of the E(R)-1 sub-
strate by O3, the solvent dependence of the stereoselectivity
follows the order (the ee values are given in parentheses)
CD3OD (4%)<CDCl3 (18%)<CD2Cl2 (22%) at the com-
mon temperature of about 20 �C (Table 2; Entries 8, 5, and
1). Similarly, for the O3 cleavage of the Z isomer [Z(S)-1],
the solvent dependence of the stereoselectivity follows the
order CD3OD (20%)zCDCl3 (20%)<CD2Cl2 (33%), also
at about 20 �C (Table 2; Entries 25, 22, and 15). Evidently,
the best diastereoselectivity is obtained for CD2Cl2, whereas
the lowest stereocontrol is displayed by the hydrogen-
bonded solvent methanol at the same temperature. Since
the stereoselectivity in CDCl3 and CD3OD is similar (Table
2; compare Entries 22–24 and 25–28), the solvent polarity
alone cannot be the responsible factor for the stereocontrol
in the oxidative cleavage of the Z(S)-1 enecarbamates by O3.

In contrast, the ozonolysis of the E(R)-1 diastereomer in
CDCl3 and CD3OD displays significant differences in the
observed stereoselectivity (Table 2; compare Entries 5–7
and 8–11). Although not as dramatic as observed for the
1O2 oxidation, the effect is attributed to the differing alkene
geometry (Z vs E enecarbamate) and the various confor-
mations that these diastereomers may adopt in the two
solvents.11,27,29 To be noted is the comparatively high ee
values for the Z versus the E enecarbamates. Mechanistically
most revealing is the finding that the R-MDB enantiomer is the
favored product for Z(R)-1 (Table 2; Entries 12–14), but the S-
MDB isomer dominates for E(R)-1 (Table 2; Entries 1–11).
For example, in CD2Cl2 at 20 �C E(R)-1 favors the S-MDB
product (Table 2; Entry 1), whereas Z(R)-1 prefers the
R-MDB (Table 2; Entry 12) under the identical conditions.

Our previous results on the photooxygenation of Z and E
enecarbamate (Table 3) showed that there is negligible effect
of the alkyl substituent (methyl or isopropyl group) at the
oxazolidinone C4 position.11–13,24–27 Further, upon employ-
ing R or S antipodes at the C4 position (Table 3), the sense of
the enantioselectivity in the MDB product is reversed, while
the extent of the stereocontrol in the photooxidative cleavage
of the E enecarbamates is the same (within the experimental
error). This is clearly displayed by the % ee data for the
E(R)-1 and E(S)-1 diastereomers, as exemplified by their
photooxygenation in CD2Cl2 at 20 �C (s factor ca. 2 for
both; Entries 5 and 17 in Table 3). Thus, E(R)-1 (Table 3; En-
tries 5–7) favors the S-MDB enantiomer (34% ee at 25%
convn), whereas E(S)-1 (Entries 17–19) favors the R-MDB
(28% ee at 29% convn) enantiomer as the final oxidation
products; the reversal in the enantioselectivity sense is
expected.

The effect of the solvent type and polarity was examined
by conducting the photooxygenation in the polar, aprotic
solvent CD3CN, the polar, protic solvent CD3OD, and the
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low-polarity halogenated solvents CD2Cl2 and CDCl3. For
the photooxidative cleavage of the E-1 substrate, the solvent
dependence of the diastereoselectivity follows the order
CD3CN (30%)wCD2Cl2 (34%)<CDCl3 (63%)<CD3OD
(85%) at the common temperature of about 18–20 �C (Table
3; Entries 9, 5, 2, and 13); the ee values are given in parenthe-
ses. Evidently, the best stereoselectivity is obtained for the
hydrogen-bonding solvent methanol (Table 3; Entry 13),
whereas the lowest stereoselectivity is displayed by the apro-
tic acetonitrile (Table 3; Entry 9) at the same temperature of
18 �C. To be noted is the relatively high ee value in chloro-
form-d (Table 3; Entries 1–4). Again, mechanistically most
revealing is the finding that the R-MDB enantiomer is the
favored product in CDCl3 and CD3OD (Table 3; Entries 2
and 13), but the S-MDB isomer dominates in CD2Cl2 and
CD3CN (Table 3; Entries 5 and 9). Thus, also for the photo-
oxidative cleavage of the E(R)-1 enecarbamates, the stereo-
selectivity cannot be attributed to the solvent polarity alone.

Still more intriguing for mechanistic considerations is the
temperature dependence of the ee values upon photooxyge-
nation of the E(R)-1 substrate (Table 3). Only in methanol
is the extent of the diastereoselectivity relatively constant
(note the high ee value of 97% at�70 �C, i.e., nearly perfect
stereocontrol!); moreover, the same enantiomer, namely
R-MDB, is formed over the entire temperature range
from �70 to +50 �C (Table 3; Entries 12–16). In the other
solvents, a temperature-dependent change in the sense of
stereoselection is observed from the usual R-MDB to the S-
MDB isomer. For example, very good stereocontrol (ee value
of 88%) in favor of R-MDB is found in chloroform-d at
�40 �C (Table 3; Entry 4), but the S-MDB isomer is favored
with only poor diastereoselectivity (ee value of only 8%) at
+50 �C (Table 3; Entry 1). This inflection in the enantioselec-
tivity sense (R to S isomer) occurs in CDCl3 above +18 �C
(Table 3; Entries 1 and 2), whereas in CD2Cl2 it takes place
between +20 and �20 �C (Table 3; Entries 5 and 6). In the
case of CD3CN, the change in the sense takes place at
�15 �C (Table 3; Entry 10), as indicated by the 0% ee value
in the MDB product.

The present stereoselectivity data indicate that the solvent
and temperature effects are just confined to the reaction of
1O2 with E-1. Both the O3 and PTAD reactions do not
show any noticeable dependence of the stereocontrol on
either temperature or solvent. These remarkable stereoselec-
tivity trends require careful mechanistic scrutiny, to under-
stand the details of the enecarbamate oxidation. To enable
a detailed comparative mechanistic rationalization of these
trends for the three oxidants 1O2, O3, and PTAD, we will
rely on the previously published structural details of the
chiral Z24 and E27 enecarbamates.

4. Discussion

Before entering into a mechanistic analysis of the stereo-
chemical control exercised by 1O2, O3, and PTAD with
Z/E enecarbamates 1, the established reaction pathways
must be recalled. Both 1O2 and PTAD approach the alkene
double bond (on the XY-plane) perpendicularly (Z-axis),
as shown in Figure 2 for the transition structures A (1O2)
and C (PTAD),19–23 whereas O3

18 adds to the double bond
laterally, as displayed by the transition structure B in
Figure 2. Additionally, the major differences and similarities
between the three reagents are:

(i) Both O3 and PTAD are ground-state molecules and will
not experience any excited-state vibrational deactiva-
tion as observed for the electronically excited 1O2; their
stereoselectivity is expected to be controlled mainly by
steric effects, whereas for 1O2 also physical quenching
may play a role.28

(ii) PTAD19–23 is a much larger enophile than 1O2 and if
steric control at the C30 position is the deciding factor,
then a higher stereoselectivity should be expected for
PTAD compared to 1O2.14–17

(iii) O3
18 is similar in size to 1O2 and should be subject to

similar steric interactions,29 but differences may arise
from its lateral attack on the double bond versus the
perpendicular one for 1O2.

Based on this mechanistic background, we shall now analyze
the factors that underlay the stereoselectivity in the oxida-
tion of both Z and E enecarbamates with O3 and PTAD,
and compare the present results with our previously pub-
lished ones11,24–27 for 1O2. A brief summary of the salient
features of our experimental data is given below:

(i) A high stereoselectivity is observed in the formation of
MDB for the 1O2 oxidation of E-1; whereas a low
stereoselectivity is observed for both O3 and PTAD
reactions with E-1.

(ii) 1O2 is sensitive to all the stereochemical structural fea-
tures inherent with the chiral enecarbamate substrate
(the alkene Z/E geometry, the R/S configuration at the
C4 position in the oxazolidinone chiral auxiliary, and
the R/S configuration at the C30 position of the
Figure 2. Plausible transition structures for the reactions of 1O2 (A), O3 (B), and PTAD (C) with the chiral enecarbamates Z-1.
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phenethyl side chain), as reflected in the vastly different
stereoselectivities (Table 3) observed for the Z and E
enecarbamates. This is highlighted by the observation
that the photooxidative cleavage of the E-1 isomer
affords the MDB product in high (up to 97%) enantio-
selectivity (Table 3), whereas the ee value for the Z-1
isomer is low (only 30% at best) under comparable
reaction conditions.11,24–27 In contrast, both PTAD
(Table 1) and O3 (Table 2), display a very low stereo-
selectivity for both Z and E enecarbamates.

(iii) The sensitivity of the three different reactive species
towards C30 stereochemistry follows the order 1O2>>
O3>PTAD; thus, PTAD reacts preferentially with the
C30(R)-epimer irrespective of the alkene Z/E geometry,
whereas the C30(S)-epimer of the E enecarbamate and
the C30(R)-epimer of the Z enecarbamate are more reac-
tive for O3.

(iv) The enantiomeric excess in the MDB product for the
1O2 oxidation of the E-1 diastereomer depends substan-
tially on the employed solvent and the temperature con-
ditions, but not for the corresponding Z-1 enecarbamate
(Table 3);11,24–27 no significant solvent and temperature
effects are evident for the reaction of PTAD (Table 1)
and O3 (Table 2) with both Z and E enecarbamates.

(v) Not only does the extent of stereoselection (% ee value)
for the E-1 diastereomer vary extensively as a function
of solvent and temperature (Table 3), but the favored
configuration (R vs S enantiomers of MDB) changes,
i.e., there is an inversion in the sense of the stereoselec-
tivity for the 1O2 oxidation (Table 3), but not for PTAD
(Table 1) or O3 (Table 2).

This divergent behavior in the stereochemical control dis-
played by 1O2, O3, and PTAD in their reactivity towards 1
needs to be mechanistically rationalized in terms of the tra-
jectory for the attack on the double bond of the chiral enecar-
bamate substrate. The configuration at the C30 position is of
particular interest in regard to steric blocking (ground-state
reactivity) versus vibrational deactivation (excited-state re-
activity) by the methyl versus phenyl substituents for attack
of the reagent on the double bond.
Since we have employed a 50:50 diastereomeric mixture of
enecarbamates E-1 (actually, R/S epimers at the C30 stereo-
genic site of the alkyl side chain), the stereoselection in
the present case entails kinetic resolution.11,27 Thus, the
enantiomeric excess in the MDB product 3, which is formed
in the double-bond cleavage by 1O2 and O3, reflects the dif-
ferentiation in the relative reaction rates of the enecarbamate
oxidation (Fig. 3). For such kinetic resolution, the so-called
selectivity factor (s),35–38 which is a quantitative measure
(corrected for the extent of conversion) of the relative reac-
tion rates for the two stereoisomers in question (Eqs. 1 and 2)
come to prominence. In the present case, the s factor may be
computed for the two-epimeric enecarbamates [C30(R) and
C30(S) epimers] from the substrate conversion and the
MDB enantiomeric excess by using Eqs. 1 and 2. A large
s value translates to high enantiomeric excess in the MDB
product (see Figs. 3 and 4).

For illustration purposes, under identical conditions, the
oxidation of E(R)-1 by 1O2 gave an ee value of 97%

100

80

60

40

20

0

e
e
(
%

,
 
p

r
o

d
u

c
t
 
M

D
B

)

100806040200
Conversion (%)

s=1.08

s=2.0

s=72.0

Figure 4. The dependence of the enantiomeric excess of the MDB product
on the conversion of the chiral oxazolidinone-functionalized enecarbamates
to illustrate the consequences of the difference in the s factor.35–38
PhNO

O

Ph CH3

3'(R/S)

1O2

O3E(R)-1
Conversion = 5%
ee = 4% (S-MDB)

s factor = 1.1

(A)

Conversion = 8%
ee = 97% (R-MDB)

s factor = 72

(B)

4R

E

CD3OD

-70°C

PhO

CH3Ph
3'(R/S)

NO

O H

O

2 3

+
R

PhO

CH3Ph
3'(R/S)

NO

O H

O

2 3

+
R

Figure 3. The GC traces of the MDB product for the oxidation of E(R)-1 by 1O2 (A) and O3 (B) at �70 �C in CD3OD.



10655J. Sivaguru et al. / Tetrahedron 62 (2006) 10647–10659
with a s factor of 72, compared to only 4% for the O3

oxidation with an s factor of about 1.1 (compare Entry
16 in Table 3 and Entry 11 in Table 2). As a practical uti-
lization of such a high s factor in a kinetic resolution, we
previously demonstrated11 that we may photochemically
resolve the two epimers with 1O2 by running the photo-
oxygenation of E(R)-1 in CD3OD at �70 �C to nearly
50% conversion. The R-MDB product was separated from
the reaction mixture by chromatography and an ee value of
97% was obtained. The unreacted 10E,4R(iPr),30S-1 ene-
carbamate was then quantitatively photooxidized at room
temperature to afford the S-MDB product with an ee value
of 97%. This remarkable case of stereoselection for 1O2

was previously coined as photochemical Pasteur-type
kinetic resolution.11

The plot of % ee versus conversion in Figure 4 displays that
the dependence of the enantioselectivity as a function of
conversion for various s factors, as observed for the O3 oxi-
dation (Table 2), for which the ee values are moderate at low
and small at high conversions. For example, 36% ee was ob-
served at 9% conversion and only 4% ee at 36% conversion
(Table 2; Entries 20 and 21) for the oxidation of Z(S)-1 by O3

in CD2Cl2 at �70 �C. The consequence of the difference in
the s factors is best illustrated in Figure 3, where an ee value
of 97% was obtained for 1O2 (s factor of 72) compared to an
ee value of only 4% for O3 (s factor of 1.1) in CD3OD. When
stereoselectivity results are rationalized mechanistically in
the kinetic-resolution studies, instead of the ee values the s
factor should be employed.35–38 The reason for this is that
the ee value refers to the amount of the enhanced MDB enan-
tiomer uncorrected for the extent of conversion, whereas the
s factor reflects the variation in the ee value corrected for
the extent of conversion (Eq. 1; Fig. 4).35–38 For example,
in the case of the O3 oxidation of Z(S)-1 at �70 �C, in
CD2Cl2 the ee value is 4% S-MDB at 36% conversion and
the s factor 1.1 (Table 2; Entry 21), while for CD3OD the
ee value is 22% S-MDB at 7% conversion and the s factor
1.6 (Table 2; Entry 28); clearly, there is a large difference
in the ee values, but the s factors are almost the same. In
the case of the 1O2 oxidation of the E enecarbamate, there
is a significant variation in the s factor upon changing the
solvent from CD2Cl2 (the s factor varies from 2.3 to 40) to
CD3OD (the s factor varies from 7.6 to 72), but not for the
Z isomer. Comparison of the stereoselectivity of PTAD,
O3, and 1O2 in the various solvents at different temperatures,
it is clear that PTAD (Table 1) and O3 (Table 2), exhibits es-
sentially no temperature effect or solvent effect for both Z/E
enecarbamates, whereas 1O2 (Table 3) displays a substantial
temperature effect and solvent effect for the E enecarba-
mates and not for the Z enecarbamates. The differential
activation parameters (DDSz and DDHz) were determined
for the reactivity of O3 and 1O2. Since the temperature profile
of the stereoselectivity for PTAD is quite similar to that of
O3, we shall consider only the O3 and 1O2 oxidants, but infer
for PTAD from the O3 results. The DDSz and DDHz values
for the 1O2 and O3 oxidation of E(R)-1 diastereomer in
CDCl3, CD2Cl2, and CD3OD were computed with the help
of the Eyring relation (Eq. 3) and the data are given in Table
2 for O3 and in Table 3 for 1O2.2,27,39,40 The DDSz and DDHz

values for the O3 oxidation of the enecarbamate 1 Z/E dia-
stereomers reveal a negligible temperature effect in the
MDB enantiomeric excess; e.g., the DDHz values range
between �0.5 to +0.6 kcal mol�1 and the DDSz values be-
tween�1.0 and +3.0 cal mol�1 K�1 over the entire variation
of reaction conditions (Table 2). In contrast, a pronounced
temperature dependence is displayed for the 1O2 oxidation,
since the DDHz term varies between �5.0 and
+5.0 kcal mol�1 and the DDSz term between �17 and
+19 cal mol�1 K�1 (Table 3). Clearly, the major contribution
derived from the differential activation entropy term (DDSz),
in comparison with the differential activation enthalpy term
(DDHz), cannot be ignored.

The experimental trends in the temperature dependence of
the enantioselectivity for the O3 and 1O2 oxidations of the
enecarbamates as a function of the solvent nature is given
in the Eyring plots for the E(R)-1 diastereomer in Figure 5.
The slope of nearly zero in the Eyring plot for the O3 oxida-
tion in the investigated solvents indicates that this reaction is
insensitive to solvent and temperature variations, since the
differential activation enthalphy (DDHz) contributes negligi-
bly.41,42 Since the behavior of PTAD parallels that of O3, we
presume that PTAD also exhibits similar Eyring plots. Also
note the nearly parallel lines (similar slopes) for the 1O2

oxidation, which indicate that the enthalpic contribution
(DDHz) is about the same in the diverse solvents; thus, the
stereoselectivity is controlled by the entropic term (DDSz).
Most significant is the crossing of the zero % ee line, which
constitutes the inversion point in the sense of the enantio-
selectivity, i.e., opposite configurations are selected as the
favored MDB enantiomer.

The contrasting temperature and solvent dependence of the
stereoselectivity observed for the 1O2 and O3 reactants (by
inference, PTAD is similar to O3) in their oxidation of the
chiral enecarbamate substrates is convincingly exposed by
the DDSz and DDHz parameters.2,39,40 Thus, the stereoselec-
tion is a critical balance of the enthalpy and entropy, which
are interrelated by Eqs. 1 and 2. Consequently, the large con-
tribution from the differential activation parameters for the
1O2 oxidation (Table 3) suggests that the transition state is
conformationally flexible and its solvation–desolvation
behavior is crucial. Expectedly, the temperature and solvent
variations influence the stereo-differentiating step.2,39,40

Such entropy effects are indicative of conformational fac-
tors,2,39,40 which in the present case are dictated, presum-
ably, by the stereogenic center at the C30 position of the
phenethyl side chain. In contrast, the low contribution
from the differential activation parameters for the O3 oxida-
tion indicates that the transition state is more rigid and not
affected by the variation of the external factors of the system.
As expected, there is no significant temperature and solvent
dependence in the sense of the stereoselectivity for the O3

and PTAD oxidations.

These conspicuously complex temperature and solvent ef-
fects in the stereoselectivity observed for the oxidation of
the E and Z enecarbamates by 1O2, O3, and PTAD can be
mechanistically rationalized in terms of the structural fea-
tures inherent within the chiral substrate and the electronic
nature of the oxidants. We previously proposed11,24–27 that
the high stereocontrol in the photooxidative cleavage of the
enecarbamates by the electronically excited 1O2 is the conse-
quence of selective p-facial quenching by the enecarbamate
substrate. In this context, it is well known that the lifetime of
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Figure 5. Eyring plots for the stereoselective photooxygenation of E(R)-1 by O3 (left) and 1O2 (right) in a variety of solvents.
1O2 in deuterated solvents is much longer than non-deuter-
ated ones,14–17 since C–H bond vibrations deactivate 1O2

to its triplet ground state.28 In view of the higher flexibility
of enecarbamates, conformations may be populated, in
which one p face of the double bond exposes a larger number
of C–H bonds for selective quenching28 of the incoming elec-
tronically excited 1O2 (see Panel A in Fig. 6). Further, deute-
rium substitution (CD3 vs CH3) at the alkene geometry
(cis- vs trans-) in the ene-reaction involving 1O2 shows a sub-
stantial isotope-effect (kH/kD for cis-: 1.04–1.09 and kH/kD

for trans-: 1.38–1.41).43 If this hypothesis is valid, the
ground-state reactive species like PTAD and O3 will not be
vibrationally deactivated like 1O2. Thus, for O3 and PTAD
only steric hindrance reflects the observed selectivity. Our
analyses of O3 and PTAD reactivity with the Z(R)-1 empha-
sizes this aspect. As shown in Panel B (O3) and Panel C
(PTAD) of Figure 6, the approach of reactant onto the double
bond is hindered from the bottom by the isopropyl group,
such that O3 as well as PTAD are forced to attack from the
top. Additionally, kinetic resolution by the stereogenic center
at the C30 position of the phenethyl side chain plays a role in
enriching one of the MDB enantiomers (Fig. 6).27 For exam-
ple, in the O3 oxidation of the 50:50 mixture of the 30R/S di-
astereomers of Z(R)-1, the C30(R)-epimer is more reactive
than C30(S)-epimer, such that the R-MDB enantiomer is
formed in excess and the C30(S)-epimer of the Z enecarba-
mate accumulates (see Panel B in Fig. 6). Similar arguments
apply also to the reactivity of PTAD with the 50:50 mixture
of the 30R/S diastereomers of Z(R)-1 (see Panel C in Fig. 6),
which is corroborated in the observed selectivity (Table 1).

Indeed, if steric effects play a dominant role in the O3 oxi-
dation, then the observed ee values should be higher when
a bulkier ozone-like oxidant is employed in the kinetic
resolution of the R/S epimers at the C30 position. This ex-
pectation was tested with the triphenyl phosphite ozonide
(Scheme 2), which is reported44–46 to add at �70 �C
directly to alkenes through a perepoxide-like transition
state, i.e., it displays 1O2 reactivity, but does not involve
genuine 1O2.

As shown in Scheme 2, an ee value of 83% (R-MDB) was
observed for the triphenyl phosphite ozonide [(PhO)3PO3]
oxidation of Z(R)-1,29,45,46 compared to only 36% (R-
MDB) for O3. Due to the bulkiness of the (PhO)3PO3 oxidant
and its ground-state character, the stereoselectivity dis-
played in the O3 (and by inference also PTAD) reactions
may be attributed to the steric interference experienced by
these reactants with the enecarbamate substrate. Evidently,
the much higher stereoselection exhibited by 1O2 than for
O3 and PTAD suggests that factors other than steric imped-
iments control the stereoselectivity of the 1O2 oxidations,
possibily quenching of the exited state nature of 1O2 by
vibrational interactions.

To understand the intricacies of the complex stereoselectiv-
ity trends observed for the 1O2, O3, and PTAD, the structural
characteristics in regard to the stereochemical aspects of the
chiral enecarbamates needs to be considered in detail. As
shown in Figure 7, the oxazolidinone-functionalized enecar-
bamate are composed of three distinct stereochemically per-
tinent structural features, namely the R/S configuration at the
C4 position in the oxazolidinone chiral auxiliary, the Z/E
geometry of the alkenyl double bond (labeled alkene), and
the R/S configuration at the C30 position of the alkyl side
chain on the double bond. The following implications on
the control of the stereoselectivity imposed by these struc-
tural features on the attacking oxidants may be anticipated:

(i) The reactant may be sterically sensitive to the C4

position and distinguish between its R/S configurations
but unable to sense any differences for the Z/E
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Figure 7. The stereochemically relevant structural composition of the chiral oxazolidinone-functionalized enecarbamates and their implications in regard to
stereocontrol.
configurations of the alkene geometry nor the R/S con-
figurations of the C30 position; a low stereoselectivity
should be expected, as displayed by PTAD.

(ii) The reactant may be sensitive to the C4 position and the
alkene geometry, but insensitive to the C30 position; up
to a moderate stereoselectivity should be expected, as
observed O3.

(iii) The reactant may be sensitive to all three stereo-
chemical features, namely the C4 position, the alkene
geometry, and the C30 position; a high stereoselectivity
should result, as found for 1O2.

From the above analysis of the stereochemically relevant
structural characteristics of the chiral enecarbamate sub-
strate and the electronic nature of the three reactants, we
speculate that the vibrational deactivation (physical quench-
ing) is responsible for the high stereocontrol exhibited by
electronically excited 1O2 (w97% ee at �70 �C; CD3OD,
Table 2).28 In contrast, the ground-state O3 and PTAD oxi-
dants are only subject to classical steric effects, which are
relatively ineffective for stereoselection. Thus, the prod-
uct-generating chemical pathway competes with the physi-
cal quenching process through vibrational deactivation by
C–H bonds.28,47 In the vibrational deactivation scenario,
the isopropyl group at the C4 position of the oxazolidinone
chiral auxiliary is apparently responsible for the excited-
state deactivation of 1O2. To compare directly the influence
of vibrational deactivation encountered in [2+2] cycloaddi-
tion with that of ene reaction should be of pertinent mecha-
nistic interest. In our case, such comparison with the same
substrates will not be possible as the phenethyl side chain
exclusively gives the [2+2] cycloaddition product. The phen-
ethyl group would need to be replaced with a methyl group,
to study the influence of vibrational deactivation for the ene
reaction. Previously we have demonstrated that the oxazoli-
dinone chiral auxiliary provides high p-facial selectivity
through the C4 substituent for both the ene and the [2+2] re-
action in the case of substrates that have the methyl instead
of the phenethyl group.25 It was also shown that the mode se-
lectivity (ene vs [2+2]) depends on the alkene E versus Z ge-
ometry, which was explained in terms of an orbital-directing
effect of the enamine-type functionality.25 Again, deuterated
substrates would be necessary to examine the influence of
vibrational deactivation in the ene reaction. A promising
mechanistic probe to validate this novel phenomenon of
stereoselective quenching of 1O2, involves the deuteration
of the alkyl substituents at the C4 and C30 stereogenic centers.
Such studies are in progress in our laboratory.
5. Conclusion

The current comparative study involving 1O2, O3, and PTAD
with enecarbamates 1 provides detailed insights into the
intricate nature of the steric and electronic interactions re-
quired to achieve a high selectivity in the photooxygenation
of chiral alkenes. The extensive stereochemically relevant
structural properties embodied in the chiral oxazolidinone-
substituted enecarbamates (i.e., the chiral centers at the C4

position of the oxazolidinone ring and at the C30 position
of the phenethyl side chain, as well as the E/Z configurations
of the alkene functionality) make these substrates informa-
tive molecular probes to explore the mechanistic intricacies
of the oxidative cleavage of alkenyl double bonds. The
stereoselection depends not only on the alkene geometry
(Z/E), the size of the C4 alkyl substituent (H, Me, iPr) in
the oxazolidinone ring, the configuration (R/S) at the C30

stereogenic center of the phenethyl side chain, the solvent,
and temperature, but also on the electronic nature (excited
vs ground state) of the oxidant. The most dramatic effects
on the stereocontrol have been seen for the conformationally
more flexible E diastereomer, which responds to the
electronic characteristics of the reactive species, possibly
through the selective vibrational quenching by the substitu-
ents at the C30 position of the chiral enecarbamates as a func-
tion of their configuration. The stereochemical consequence
of this novel phenomenon deserves further exploration in
photochemical transformations.
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Abstract—The factors that control the stereochemistry of sensitized photooxygenation of alkenes via singlet oxygen (ene reaction) are
selectively reported. We also introduce our most recent stereoelectronic effects on the singlet oxygen–ene reaction. The origin of site selec-
tivity and solvent-dependent stereoselectivity in this classical ene reaction with simple as well as functionalized alkenes is highlighted. These
studies and other similar studies have enhanced substantially the utility of singlet oxygen in the synthesis of natural and non-natural products.
� 2006 Published by Elsevier Ltd.
1. Introduction

Molecular oxygen was discovered by Scheele and Priestly
more than two centuries ago.1 Later on, the fall of the power-
ful theory of phlogiston was followed by a period of exciting
discovery of the role of oxygen in life processes. Photo-
sensitized oxidations have been of interest to chemists and
biologists since Raab’s discovery that microorganisms are
killed by light in the presence of oxygen and sensitizers.2

These conditions cause pathological effects, referred as
‘photodynamic action’.

In the period between 1928 and 1935, Mulliken3 interpreted
the paramagnetic nature of molecular oxygen as a result of
two outer electrons with parallel spins. Childe and Mecke4

spectroscopically identified the 1Sg+ (37.5 kcal mol�1)
higher-energy electronic state and Herzberg5 discovered
another singlet excited state 1Dg (22.5 kcal mol�1). The 1Dg
state is long-lived and survives at least for 108 collisions
with methanol in vapor phase, whereas the 1Sg+ state survives
for not more than 10 collisions under the same conditions.6

Although singlet oxygen was discovered more than 70 years
ago,5,7 until the early 1960s it was considered to be of rather
limited as a research subject. It was the pioneer work of
Foote8,9 and Wexler that demonstrated the photosensitized
oxidations of organic compounds in solution and brought
the singlet oxygen back into the mainstream of chemical
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effects; Solvent effects.
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research. The chemical and photochemical generations of
singlet oxygen, its ready detection, and its unusual but stereo-
controlled10 chemical reactivity have made this research sub-
ject remarkably attractive.11–16 Most of the photosensitized
oxygenations are now well established to involve 1Dg excited
singlet state of molecular oxygen. The most convenient way
of generating singlet oxygen is the dye photosensitization,
as shown in Eqs. 1–3. These photooxygenations represent
one of the most important hydrocarbon functionalization
reactions available to the synthetic organic chemists.17,18

Sens/
Visible light

Sens� ð1Þ

Sens�/
O2 Sensþ 1O2 ð2Þ

1O2þ Substrate/Oxygenated products ð3Þ

Singlet oxygen studies have been reported to such diverse
areas, as chemiluminescence,19 photocarcinogenity,20 ozo-
nolysis,21 photodynamic action,9 photosynthesis,19 polymer
degradation,15 environmental,15,22,23 and biological signifi-
cance.24–26 The reaction of singlet oxygen with carbon–
carbon double bonds, can be classified into three categories:
(1) the [4+2] cycloaddition to conjugated dienes or anthra-
cenes to yield endoperoxides; (2) the reaction with enol
ethers, enamines, and electron-rich alkenes, without allylic
hydrogens of proper orientation to yield 1,2-dioxetanes;
and finally (3) the ene or ‘Schenck reaction’ with alkenes
to form allylic hydroperoxides (Scheme 1). These reactions
are very smooth and preparatively useful because of their
high yields and specificity.

mailto:orfanop@chemistry.uoc.gr
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[4 + 2]

1O2

1O2
OOH

O O
PhPh

Ph Ph

[2 + 2]

1O2 O O

ene

Scheme 1. [4+2], [2+2], and ene addition reactions of singlet molecular
oxygen to alkenes.

The ene reaction was originally discovered27 by Schenck in
1943 and it was revived after the pioneering work of Foote in
the early 1960s. A great deal of work has focused on whether
the ene reaction proceeds through a concerted or a stepwise
mechanism. The initially proposed synchronous pathway28

was challenged by a biradical,29 zwitterionic,30 or a perep-
oxide31 intermediate. Kinetic isotope effects on the photo-
oxygenation of tetrasubstituted,32 trisubstituted,33 and cis-
disubstituted34 alkenes supported the irreversible formation
of an intermediate perepoxide, while for trans-disubstituted
alkenes35 a partial equilibration of the intermediate with
the reactants was postulated. Consistent with the perepoxide
intermediate is also the observation that the ene reaction
proceeds as a highly suprafacial process, in which the con-
formational arrangement of the allylic hydrogen controls
the stereochemistry of the product allylic hydroperoxides.36

Trapping of the intermediate with sulfoxides,37 phosphites,38

and sulfenates or sulfinate esters39 in the photooxygenation
of adamantylidenoadamantane, and theoretical calcula-
tions40–44 as well, support the perepoxide as the most possi-
ble intermediate. Many authors consider an intermediate
exciplex45–47 instead of the polar perepoxide. Since the
geometry of the intermediate is well defined from the isotope
effects and the stereochemical studies, if an intermediate
exciplex is formed, its geometrical features must resemble
those of a perepoxide. Recent theoretical and experimental
works by Singleton and co-workers,48 however, proposed
a two-step no-intermediate mechanism, with a rate-limiting
transition state resembling that for the formation of a perep-
oxide in the initially proposed stepwise process. Neverthe-
less, the mechanistic features of the 1O2 ene reaction
continue to challenge the scientific community, and it is
likely that the mechanism debate will continue in the years
to come.

The purpose of this article is to provide a brief overview
mainly about our work, both past and current, concentrating
on the factors that control the stereoselectivity of the 1O2-
alkene ene reaction.

2. Stereoselectivity

2.1. Site selectivity (‘cis-effect’)

The site selectivity of the singlet oxygen–alkene reactions
went unrecognized throughout more than 20 years of mech-
anistic study. It was generally recognized that methyl and
methylene hydrogens are reactive and that the isopropyl
C–H and certain conformationally inaccessible hydrogen
atoms are not. The equal amounts of photooxidized products
1a and 1b obtained from trimethylethylene, as shown in
Eq. 4, led to the conclusion that the ene reaction proceeds
without any site selectivity. Since product 1a results from
H-abstraction from either methyl group a or b of 1, Eq. 4,
the relative reactivity of these groups was not known.

H3C

H3Ca

b

1

1O2 OOH
+

1a  50%

OOH

1b  50%

ð4Þ

The stereospecific deuterium labeling and subsequent photo-
oxygenation of olefins 2, 3, and 4 revealed the hidden site
selectivity of the singlet oxygen–ene reaction (Scheme 2).
A strong preference for H-abstraction from the more
substituted side of the double bond was found.49 This sur-
prising selectivity is referred to as the ‘cis-effect’. Selected
examples are represented in Scheme 2. Both experimental
and theoretical chemists have offered explanations for the
‘cis-effect’.50 Generally, most of the proposed explanations
are consonant with the existence of an interaction between
the incoming oxygen and two allylic hydrogens that highly
stabilizes the transition state TS1, versus TS2, of perepoxide
formation (inset, Scheme 2).

2.2. anti ‘cis-Effect’ selectivity

The proposal that there is a stabilizing effect by the simulta-
neous interaction of 1O2 with two allylic hydrogens on the
same side of the olefin during the formation of the perepox-
ide, suffices to explain the rare cases where anti ‘cis-effect’
selectivity has been observed in the photooxygenation of the
series of acyclic trisubstituted alkenes shown in Scheme 3.51

Examination of the possible transition states leading to the
major (anti) and minor (syn) allylic hydroperoxides, provides
CD3
CD3CD3

65

42

14

86

7

4053

85

15

68

7

4350

3

32 OMe86

14

7

H

H

O
O

O

O

H

δ-

δ+δ+
δ-

TS1 TS2

Minor
 ene product

Major
 ene product

Scheme 2. Site selectivity of the photooxygenation of trisubstituted alkenes (‘cis-effect’). Numerical values represent percentage of hydrogen abstraction.
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reasonable mechanistic rational into the anti selectivity. For
example, inTS1 leading to the minor (syn) product (Scheme 3),
the non-bonded interactions involving the large tert-butyl
group and the incoming oxygen are expected to be stronger
than those in TS2, where this steric interaction is less signif-
icant (inset, Scheme 3). In general, the anti ‘cis-effect’ selec-
tivity is related: (a) to the degree of crowdedness on the more
substituted side of the olefin; (b) to the non-bonded inter-
actions during the formation of the new double bond; and
(c) most importantly, to the lack of simultaneous interaction
of the incoming oxygen with two allylic hydrogens.

TS2

O

O
H

O
H

O

TS1

CH3

CD3

CD3

CH3

less favourable more favourable

34

66
>97

74

26

8 9

10-E 10-Z

δ-

δ-

δ+
δ+

Scheme 3. anti ‘cis-Effect’ selectivity of the photooxygenation of certain
trisubstituted alkenes.

2.3. The large group non-bonded effect

2.3.1. cis- and trans-Disubstituted alkenes. In the reaction
of singlet oxygen with non-symmetrical cis- or trans-disub-
stituted alkenes, an unexpected regioselectivity was found.52

The allylic hydrogens next to the large alkyl substituent
are more reactive than those next to the small group. The
regioselective photooxygenation reaction, some representa-
tive disubstituted alkenes, and their regio-limitations are
shown in Scheme 4. The site selectivity was explained by ex-
amining the possible transition states leading to the allylic
hydroperoxides with a general example, where L¼large sub-
stituent and S¼small substituent (inset, Scheme 4). In the
transition state TS2 leading to the major product, the non-
bonded interactions involving the large group are smaller
than those of the transition state TS1 leading to the minor
product, since TS2 is expected to have lower energy than
TS1. Considering that the formation of perepoxide in the
photooxygenation of trans-alkenes is reversible,35b the 1,3-
non-bonded interactions in the product forming transition
states between the oxygen and the alkyl substituents appear
to control the site selectivity in a similar fashion to those
shown in the inset of Scheme 4.

2.3.2. Dimethyl and diethyl trisubstituted alkenes. The
regioselectivity trend in the photooxygenation of geminal di-
methyl and diethyl trisubstituted olefins is similar to that ob-
served in cis- or trans-disubstituted alkenes, with the allylic
hydrogens next to the bulky alkyl substituent being more
reactive.52 The results of some representative alkenes are
summarized in Scheme 5. The transition states in the hydro-
gen abstraction step, as seen earlier in the inset of Scheme 4,
help to explain the observed change in site selectivity. In
a transition state where there is a strengthening of the C–O
bond on the tertiary carbon, a release of the 1,3-non-bonded
interactions between the oxygen and the L group (L¼large
substituent) with respect to the intermediate perepoxide
occurs. Therefore, transition state TS2 is expected to be
lower in energy than the transition state TS1 where the
non-bonded interactions exist (inset, Scheme 5).
sL

HOO

sL

O

O
H

TS1

minor productPh

Ph

Ph
Ph

Ph

70 30

73 27 76 24

70

49 51 75 25

95 5
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17-cis

15

Ph
69

31

17- trans
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16

69

31 sL

OOH

sL

O

O
H
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major product
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11- trans L=large substituent and S=small substituent

Scheme 4. Site selectivity of the photooxygenation of cis- and trans-alkenes 11–17.
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Scheme 5. Regioselectivity of the photooxygenation of alkenes 18–23. Numerical values represent percentage of hydrogen abstraction.
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2.4. Geminal selectivity

2.4.1. Geminal selectivity with respect to allylic function-
ality. Replacement of an allylic hydrogen in tetramethyl-
ethylene (TME-X) with a series of functional groups
(sulfides, sulfoxides, sulfones, halides; Eq. 5) undergo selec-
tive photooxygenations with a surprising geminal selectivity
with respect to the allylic functionality X.53 This selectivity
is represented by Eq. 5. Three possible explanations were
proposed to account for the observed regioselectivity: (a)
anchimeric assistance by the allylic substituent leading to re-
gioselective opening of the possible perepoxide intermediate
by an SN2 mechanism; (b) electronic repulsions between the
lone pairs of the heteroatoms and the negatively charged
oxygen of the perepoxide; and (c) different barriers to rota-
tion of methyl groups of the substrate. Similar explanation
was earlier reported by Houk and co-workers50c in an effort
to rationalize the site selectivity of singlet oxygen–ene reac-
tion with trisubstituted alkenes.

2.4.2. Geminal selectivity with respect to a bulky allyl or
vinyl substituent. In order to examine comprehensively the
factors affecting geminal selectivity, we synthesized a series
of alkyl or phenyl substituted alkenes at the allylic or at the
vinylic position.54 Photooxygenation of these olefins shows
a strong preference for hydrogen abstraction from the methyl
group that is geminal to the larger substituent of the alkene.
In Scheme 6, selective substrates are represented. Disubsti-
tuted olefin 24 impressively illustrates this point; the same
trend was also noted in cyclic alkenes 27–29.54b Examina-
tion of the possible transition states leading to the major
and the minor products in the reaction of 1O2 with L-allylic
substituted trimethylethylene, helps to explain the observed
regioselectivity (inset, Scheme 6). The transition state TS1,
leading to the major product, is expected to have lower
energy than TS2 and TS4, because of 1,3-non-bonded inter-
actions. Furthermore, in transition state TS3, leading to the
minor product or absence of product, the non-bonded
interactions involving the large alkyl group and the methyl

more reactive
geminal selectivity

less reactive

X = SO2C6H4Me-p, SCH4NO2-p, Br, SOC6H4Y-p (Y = NO2, H, Me, MeO)

X

(5)
group, which are placed in a cis configuration, are expected
to be stronger than those in the transition states TS1, TS2,
and TS4, where this steric interaction is absent. Similar ex-
amination was provided for the observed regiochemistry in
1O2–ene reaction for vinyl substituted tetramethylethylenes.

Previous work,55 based on the theoretical model of Houk
(MM2 calculations),50c gave an alternative rationalization
for the geminal selectivity. This model predicts that the lower
the barrier to rotation the higher the hydrogen abstraction
from the perepoxide. For example, they found, according
to this model, that for some alkyl substituted tetramethyl-
ethylenes there is a surprising correlation between the rota-
tional barriers and their reactivity toward 1O2. Some
numerical values in kcal mol�1 are depicted in Scheme 7
for substrates 25 and 1. In 2,3,5,5-tetramethyl-2-hexene
(25), for example, the more reactive methyl group (geminal,
78%) has the lowest barrier to rotation (0.85 kcal mol�1)
with respect to the other two methyls. Similar trends hold
with 2-methyl-2-butene (1).

0.851.5

1.3

25 1

0.850.99

2.09

Scheme 7. Calculated rotational barriers in kcal mol�1 by MM2.

However, the barrier to rotation does not always predict the
regioselectivity of the ene reaction of 1O2 with alkenes. In an
earlier work, we calculated the rotational barrier values, with
the HF/STO-3G method, for the allylic methyl groups in a
series of trisubstituted alkenes, and compared them with
the observed experimental ene regioselectivity.56 Selective
results are represented in Table 1. For alkene 4 there was
a correlation between rotational barriers and ene reactivity.
However, for alkenes 10-Z and 10-E, the syn methyl groups
have lower rotational barriers than the corresponding anti
by 0.5 kcal mol�1. The observed ene reactivity of 10-Z and
10-E was in the opposite direction to the proposed theoreti-
cal model. Furthermore, for alkene 8 the exo methyl group
has higher rotational barrier than the corresponding syn
by 2 kcal mol�1. In contrast again to the predictions of the
proposed theoretical model, this methyl group was found
to be more reactive in 1O2–ene reaction than the syn. These
>97

b
a

>97
24

78

25

22

>97

>97
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H
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Scheme 6. Geminal selectivity in the ene reaction of 1O2 with di-, tri-, and tetra-substituted alkenes.
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results indicate that there is not always a correlation between
the reactivity of the methyl groups and their rotational bar-
riers. More importantly, according to the Curtin–Hammett
principle, the rotational barriers are irrelevant to the product
distribution since their values are too small (0.5–2.0 kcal
mol�1) compared to the activation energies of the reactions
(6–13 kcal mol�1).

2.5. Electron withdrawing group at the a- and b-position

For alkenes bearing an electron withdrawing group at the
a-position, such as aldehyde,57 carboxylic acid,58 ester,59

ketone,60 imine,61 sulfoxide,62 and cyano,63 a high degree of
geminal selectivity has been demonstrated. In Scheme 8,
selective results are represented. Numerical values represent
percentage of hydrogen abstraction. The 1,3-non-bonded
interactions, which control the site selectivity in the photo-
oxygenation of non-functionalized alkenes (see Sections
2.3–2.4.2), do not contribute significantly to the geminal
selectivity of alkenes bearing at the a-position an electron
withdrawing group. It was proposed that, in the hydrogen
abstraction step, the perepoxide opens preferentially at the
C–O bond next to the unsaturated moiety. Due to the forth-
coming conjugation in the adduct, the corresponding transi-
tion state is favorable.

N Bu-t

COMe

COOHCHO

COOMe

SOPh CN

12
95

5

>97<3

88

>97<3

>97<3>97
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35
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Scheme 8. Geminal site selectivity in the photooxygenation of alkenes bear-
ing an electron withdrawing group at a-position. (a) See Ref. 57, (b) see
Ref. 58, (c) see Ref. 60, (d) see Ref. 61, (e) see Ref. 62, and (f) see Ref. 63.

Table 1. Relative yields of ene products and rotational barriers of methyl
groups

Substrate % Ene products
with 1O2

Rotational barriers
HF/STO-3G (kcal mol�1)

CD3

4

14 1.64

86 0.40

8

66 2.91

34 0.91

CH3

CD3

10-Z

74 1.63

26 1.11

CD3

CH3

10-E

76 1.63

24 1.11
When the electron withdrawing substituent is at the
b-position with respect to the double bond, various trends
in site selectivity are observed (Scheme 9).64 For substrates
41–44, the observed site selectivity is identical to the site
selectivity observed for the alkyl substituted alkene 18,
which shows approximately similar substituent stereo
demand. In substrates 45–47, where the substituents are sulf-
oxide, phosphonate, or phosphine oxide, the double bond
formation on the side of the alkene, which is away from
the functionality increases significantly. This behavior was
attributed to the electronic repulsions between the highly
polarized oxygen atoms of the S–O and P–O bonds and
the negative oxygen atom of the perepoxide, which directs
the intermediate to abstract hydrogen from the methyl group.
The results observed in the case of the disubstituted unsatu-
rated ester 48 and acid 49 are similar to that of the trisubsti-
tuted substrates 43 and 42, respectively. This reveals that any
unfavorable interactions between oxygen and carbonyl in
the more substituted side of the double bond probably do
not force formation of the intermediate in the less substituted
side of the double bond (anti ‘cis-effect’ selectivity, see
Section 2.2). We conclude that there are three competing fac-
tors, which can affect the regiochemistry in the ene reaction
of 1O2 with alkenes bearing an electron withdrawing
group at b-position: (1) the driving force to form the new
double bond in conjugation with the functionality in the
allylic hydroperoxide product; (2) the 1,3-non-bonded inter-
actions between the positively charged oxygen of perepoxide
and the allylic functionality, which favor again the conju-
gated product; and (3) the electronic repulsions between
perepoxide and the allylic functionality favoring the uncon-
jugated product. We believe that in the series of substrates
examined here, the last factor is the most important and
dictates the ene products distribution.

P

O
COOH COOMe

O

N
SOPh P(OEt)2
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Scheme 9. Geminal selectivity in the photooxygenation of alkenes bearing
an electron withdrawing group at b-position. (a) See Ref. 65.

2.6. Solvent and electronic effects on the stereoselectivity
of singlet oxygen–ene reaction

2.6.1. a,b-Unsaturated esters and E/Z-2,4-dimethylpent-
3-en-2-ol-5,5,5-d3. Previous studies have shown that the rate
of the 1O2 ene reaction with alkenes shows negligible depen-
dence on solvent polarity.66 Product distribution depends
substantially on solvent polarity and reaction temperature,
only in substrates where both ene and dioxetane products
are produced.67 Furthermore, extensive mechanistic work
has shown that there is a negligible solvent effect on the
reaction of 1O2 with a,b-unsaturated ketones,60a olefins, and
dienes.68
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In the reaction of 1O2 with a,b-unsaturated esters there is
a small but significant solvent effect on the variation of the
ene products.69 As seen from Table 2, the hydrogen abstrac-
tion from the methyl group, which is geminal to the ester
functionality in compound 50, producing adduct 50a, de-
creases substantially as the solvent polarity increases. For
example, the ratio of ene products 50a/50b decreases by
a factor of 5 on going from carbon tetrachloride to the
more polar solvent DMSO. It was found that there is a sur-
prising correlation between the dielectric constant (3, Table
2) of the solvent and the distribution of the ene products. By
increasing the dielectric constant of the solvent, the percent-
age of 50b increases.

Transition state TS2, where the oxygen atom is added to the
same side of the ester functionality to form the syn perep-
oxide PE2, is favored in polar solvents because its dipole
moment is higher than that of the transition state TS1, where
the oxygen adds to the other side of the olefin to form the anti
perepoxide PE1 (Scheme 10).

Scheme 10. Proposed mechanism for the solvent-dependent photooxygena-
tion of a,b-unsaturated esters.

Table 2. Solvent effect on the regioselectivity of the photooxygenation of 50

COOEt 1O2 COOEt
+

OOH COOEt

OOH
50 50b50a

Solvent 50a/50b 3
a (20 �C)

CCl4 95/5 2.24
Benzene 94/6 2.283
Acetone 88/12 20.7
CH3CN 85/15 36.64
DMSO 80/20 47.24

a See Ref. 70.
To verify this mechanistic possibility, the solvent depen-
dence of the ene products derived from the photooxygena-
tion of the isomeric a,b-unsaturated esters 51-Z and 51-E
was examined (Scheme 11). For the isomer 51-Z, both prod-
ucts are formed from the same intermediate (the perepoxide
oxygen is placed anti to the ester functionality), and no
solvent dependence on the ene products was found (inset,
Scheme 11). On the other hand, for 51-E the two ene prod-
ucts are formed from two different perepoxides. When the
oxygen atom of the perepoxide intermediate is placed syn
to the ester group, 51b is produced, whereas 51a is formed
from the anti position. For isomer 51-E, the expected solvent
effect was found: 51a/51b¼85/15 in CCl4; 83/17 in benzene;
and 70/30 in DMSO (inset, Scheme 11). These results are
consonant with the proposed syn (polar) and anti (less polar)
perepoxide-like transition states similar to TS1 and TS2

whose relative stabilities change with solvent polarity. It is
constructive to note that the ene product distribution is not
affected by solvent polarity when the two sides of the double
bond do not compete for the ene product. This is demon-
strated with the substrate 51-Z, where the two methyls are
in cis position.

Significant solvent effects on the regioselectivity of the ene
reaction have also been observed with allylic alcohols 52-E
and 52-Z.71 It is worth mentioning that for 52-E and 52-Z,
singlet oxygen can interact with only one allylic hydrogen
or deuterium on each side of the alkene. No ‘cis-effect’
would be expected with these substrates. The results are
summarized in Table 3. We define as syn the adducts formed
by allylic hydrogen abstraction, which is on the same side of
the double bond as the hydroxyl. For the case of 52-E, the
syn adduct is formed by hydrogen abstraction, while for
the case of 52-Z by deuterium abstraction. In fact, adducts
52-E-syn and 52-Z-anti are identical, and 52-E-anti and
52-Z-syn are also identical. As seen from Table 3, photo-
oxygenation of 52-E and 52-Z in CCl4 and CH3CN showed
similar syn selectivity. This result indicates that the syn/anti
product selectivity is independent on the specific labeling of
the methyl groups. For the case of 52-E, the ratio of syn/anti
decreases by a factor of 6 on going from carbon tetrachloride
to the polar solvent methanol.

Adam and co-workers, observed high diastereoselectivity
(de w90%) in the photooxygenation of chiral allylic alco-
hols72 and amines.73 This result was rationalized in terms
of hydroxyl or amino group coordination with the incoming
oxygen. The synergy of oxygen–hydroxyl coordination, as
well as the 1,3-allylic strain, provides, in non-polar solvents,
high selectivity for the threo allylic hydroperoxides. This
effect controls the syn/anti stereoselectivity in the photo-
oxygenation of allylic alcohols 52-E and 52-Z. Examination
of the possible transition states in Scheme 12 helps to under-
stand the observed stereoselectivity. In TS1 (applied to
52-E), where the electrophile approaches the olefin from
the more crowded side to form PE1, the oxygen interacts
simultaneously with the hydroxyl and one allylic hydrogen.
This interaction stabilizes the transition state. Polar solvents
interact with the hydroxyl group through hydrogen bonding
and reduce its ability to interact with the oxygen. Thus, the
activation energy of TS1 increases significantly and leads
to a reversal of selectivity, which is now controlled by steric
factors.
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Scheme 11. Solvent effect on stereoselectivity of 1O2 addition to 51-Z and 51-E.
Stensaas and co-workers,74a investigated the photooxygena-
tions of tiglic acid, angelic acid, 2,3-dimethyl-2-butenoic
acid, and their corresponding methyl esters, using singlet
oxygen in methanol and methanol/water solvent mixtures
and compared with non-hydrogen-bonding solvents with dif-
ferent dielectric constants. They concluded that principally
four factors dictate the site selectivity of singlet oxygen–
ene reactions of these substrates in hydrogen-bonding
solvents: the ‘cis-effect’, the polarity of the solvent and
substrate, and the most important hydrogen-bonding inter-
actions between the solvent and substrate. Recently, they
studied74b the aqueous photooxygenations of some a-substi-
tuted alkene salts and the major factor dictating the product
distribution of ene products is hydrogen-bonding inter-
actions between the water and the substrate.

2.6.2. syn Selectivity of b,b-dimethylstyrene. Surprisingly,
in the reaction of 1O2 with b,b-dimethylstyrene,75 the ene
products, which are formed, apart from dioxetane and

Table 3. Solvent effect on the stereoselectivity of the photooxygenation of
52-E and 52-Z

CD3HO

CD3

HO

52-E

52-Z

CD2HO
CD3HO

OOHOOH

or

1O2

52-E-anti
52-Z-syn

+

52-E-syn
52-Z-anti

Substrate Solvent syn/anti selectivity

52-E CCl4 75/25
52-Z CCl4 72/28
52-E CHCl3 66/34
52-Z CHCl3 65/35
52-E CH3CN 41/59
52-Z CH3CN 40/60
52-E MeOH 33/67
diendoperoxides,76 exhibit an unexpected solvent-depen-
dent syn selectivity. Considering that in the more substituted
side of the olefin, oxygen is capable of interacting with only
one allylic hydrogen, anti ‘cis-effect’ selectivity would be
expected. In order to study the syn/anti selectivity of the ene
products, the stereospecific labeling of the anti methyl by
deuterium in b,b-dimethylstyrene to produce substrate 53
was required. The photooxygenation of 53 in several sol-
vents revealed that there is a strong selectivity for attack
on the methyl syn to the phenyl group. The magnitude of
this selectivity depends on solvent polarity. By increasing
the dielectric constant of the solvent, a substantial increase
in the amount of hydrogen abstraction from the syn methyl
group occurs. For instance, the ratio of syn/anti ene products
increases by a factor of 3.4 on going from CCl4 to methanol
(Table 4).

A mechanistic possibility that accounts for the observed syn
selectivity is shown in Scheme 13. In TS1, the incoming
oxygen is oriented toward the more substituted side of the
double bond. There is only one allylic hydrogen interaction
with singlet oxygen and TS1 leading to the major ene prod-
uct. In TS2, leading to the minor anti product, singlet oxygen

Table 4. Regioselectivity of the photooxygenation of 53 in a variety of
solvents

CD3
1O2

ene mode

CD

+

3HOO CD2HOO

53 53-syn 53-anti

Solvent syn/anti 3
a (Temp �C)

CCl4 56/44 2.24 (20)
Benzene 57/43 2.283 (20)
CHCl3 63/37 4.87 (25)
CH3CN 71/29 36.64 (20)
CH3OH 82/18 33.0 (20)

a See Ref. 70.
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TS3 TS4
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Scheme 12. Proposed mechanism for the solvent-dependent photooxygenation of 52-E.
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Scheme 13. Proposed mechanism for the photooxygenation of 53.
again interacts with only one allylic hydrogen. Therefore,
the extra stabilization of TS1 versus TS2 must arise from
‘positive’ interactions of singlet oxygen with the phenyl
ring. In TS1, which leads to perepoxide PE1, the benzylic
carbon is slightly electron-deficient, which is stabilized by
electron donation from the phenyl group. Interaction of the
negatively charged oxygen of perepoxide with the phenyl
ring, which has lost part of its electronic density, results in
significant stabilization. Thus, the overall effect stabilizes
better the syn transition state TS1 than the anti TS2 where
this effect is absent. On increasing the polarity of the solvent,
this stabilization becomes more significant because the tran-
sition state becomes more polar.

3. Electronic effect

3.1. On site selectivity

In light of the unexpected syn selectivity75 of the photooxy-
genation of b,b-dimethylstyrenes 53, in a variety of solvents
(Section 2.6.2), the electronic effect of the reaction of singlet
oxygen with para-substituted b,b-dimethylstyrenes was
studied.77 For this purpose, a series of para-substituted
aryl alkenes 58a–e were synthesized (Scheme 14). The
stereoselective deuterium labeling of the trans-methyl group
of the para-substituted b,b-dimethylstyrenes allows the
syn/anti hydrogen abstraction determination.

Ar CH3

COOCH3

55a-e

1. LiAlD4/AlCl3
2. H2O Ar CH3

CD2OH

56a-e

2,6-Lutidine
CH3SO2Cl/LiCl Ar CH3

CD2Cl

57a-e

LiAlD4

Ar CH3

CD3

58a-e

(a) Ar = p-OMePh 
(b) Ar = p-CF3Ph
(c) Ar = p-FPh
(d) Ar = p-MePh
(e) Ar = Mesityl

1. NaH
2. ArCHO, 54a-e

3. H+
(EtO)2PCHCOOCH3

O

CH3

Scheme 14. Synthesis of labeled trisubstituted alkenes 58a–e.

The preparation of alkenes 58a–e in 93–98% isomeric purity
with the E configuration was accomplished through the
stereoselective formation of 55a–e, by a Wittig–Horner re-
action78 with aldehydes 54a–e, followed by LiAlD4/AlCl3
reduction79 and subsequent chlorination80 of the resulting
allylic alcohols 56a–e, followed by LiAlD4 reduction81 of
the allylic chlorides 57a–e (Scheme 14). The conversion of
the allylic alcohols 56a–e to the allylic chlorides 57a–e
proceeds by retention of stereochemistry at least to 95%
for Z-isomer.

The photooxygenation of alkenes 58a–d in several solvents,
apart from the ene adducts, affords a great amount (w80%
relative yield) of oxygenated products arising from [4+2]
or [2+2] addition.76 The isolation of the ene adducts was
accomplished by column chromatography, using methylene
chloride as eluent. The ratio of syn/anti selectivity was deter-
mined by 1H NMR spectroscopy. The photooxygenation
results for alkenes 53 and 58a–e are summarized in Table 5.

For the singlet oxygen–ene reaction of 53 and 58a–d in
chloroform, a distinguishable trend is recognized. Electron
withdrawing substituents, such as –CF3 (74% syn selectivity)
and –F (68% syn selectivity), favor in about 40% hydrogen
abstraction from the syn methyl group of the double bond.
In the case of a donating substituent such as –OMe, 58a,

Table 5. Site selectivity of the photooxygenation of 53 and 58a–e

Ar CH3

CD3

53, 58a-e

1O2

ene mode
Ar CH3

CD2DOO

anti

Ar CH2

CD
+

3HOO

syn

Substrate Ar syn/anti selectivitya

CHCl3 CH3CN

53 63/37b 71/29b

58a MeO 46/54 54/46

58b F3C 74/26 76/24

58c F 68/32 70/30

58d H3C 55/45 57/43

58e

CH3

CH3

H3C 86/14 86/14

a Determined by 1H NMR integration of the proper hydrogen signals. The
error was �4%.

b Taken from Ref. 75.
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the reactivity of the anti methyl group is slightly in favor than
that of the syn methyl. In substrates 53 and 58d, an interme-
diate syn selectivity was observed, compared to the other sub-
strates. Therefore, the relative stability of transition state TS1

(Scheme 13), as controlled by the electron density of the aryl
ring, affects the syn/anti selectivity in the ene products.

The proposed mechanism that accounts for the observed
selectivity, which is due to the electronic effects of the aryl
rings, is shown in Scheme 15.

H
D

O
O

TSOMeTSCF3

OMe

H
D

O
Oδ+ δ+

δ-

δ+ δ+

δ-

CF3

Scheme 15. Transition states for the photooxygenation of 58a and 58b aryl
alkenes.

In transition state TSCF3 the syn approach of 1O2 to the
double bond is better stabilized by the partial positive charge
on the phenyl ring, due to the electron withdrawing character
of –CF3, than in TSOMe (Scheme 15), where the positive
charge is reduced because of the electron donating ability of
the –OMe substituent. Consequently, transition state TSCF3

leads to higher, 74% syn selectivity, whereas TSOMe to the
lowest 46%.

Taking into account that steric interactions on the reaction
center due to the phenyl substituents are negligible, the order
of the magnitude of syn selectivity depends exclusively on
the charge density of each particular substituted phenyl
ring. For example, as the positive charge density from
–OMe to –CF3 increases, the hydrogen abstraction from the
crowded methyl group increases: dþCF3

ð74%Þ > dþF ð68%Þ >
dþH ð63%Þ > dþCH3

ð55%Þ > dþOMe ð46%Þ.

When the above photooxygenations were run in a polar
solvent, such as acetonitrile, similar trend for syn selectivity
was found (Table 5).
In the case of alkene 58e, bearing a trimethyl substituted
phenyl ring (Ar¼mesityl) an abnormal high reactivity for
the syn methyl group (86% relative yield) was found either
in non-polar or polar solvent (Table 5, last entry). Unlike
the para-substituted aryl alkenes, 58a–d and 53, where
the syn selectivity was attributed to electronic effects of the
phenyl ring, the high syn selectivity of 1O2 with alkene 58e,
must be attributed to steric reasons. If the electronic effect
would be the case, lower syn selectivity would have been ex-
pected, due to a lower positive charge density on the phenyl
ring, arising from the inductive effect of the three methyl
groups. It is expected that the two ortho methyl substituents
will force the phenyl ring out of the plane of the alkene
double bond. We assume that the favorable conformation
of the phenyl ring would be the one, which places the ring
almost perpendicular to the plane of the double bond. This
assumption is in a good agreement with the following experi-
mental results: although in all the cases of para-substituted
aryl alkenes, 58a–d and 53, the reaction with 1O2 gave mostly
[4+2], [2+2], and diendoperoxides in more than 80% relative
yields,76 in the case of aryl alkene 58e, this reaction gave
mostly the ene adduct in more than 80% and minor amounts
of [4+2] and [2+2] adducts. This result supports the perpen-
dicular phenyl ring conformation, where the alkene double
bond and one phenyl double bond are not properly aligned
to an s-cis conformation, required for a [4+2] cycloaddition.

This remarkable syn selectivity can be attributed to the fact
that in transition state TS2, leading to the minor ene adduct,
the substantial non-bonded interactions involving the ortho
methyl substituents and the incoming singlet oxygen are
much larger than those in TS1, where these interactions are
diminished, Scheme 16.

3.2. ‘Push–pull’ electronic effect

To this end, the ‘push–pull’ electronic effect was tested for
the site selectivity of this reaction. For this purpose the
1-(p-methoxyphenyl)-1-[(p-trifluoromethyl)phenyl]-2-methyl-
prop-1-ene-3,3,3-d3 (Z-63-d3, Scheme 17) alkene was
designed. This alkene has three distinctive characteristics:
(a) two geminal para-substituted phenyl rings with an
TS
2

O

O
D

H

O

D

H

O

TS
1

58e

1O2 Solvent

58e-anti58e-syn

86% 14%

favourable less favourable

H3C

CH3D3C
H3C H3C

Scheme 16. Proposed mechanism for the photooxygenation of 58e.
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electron donating (–OMe) and an electron withdrawing
(–CF3) group, respectively (push–pull effect), (b) sterically
equivalent sites of the alkene double bond, assuming that
variation of para-substitution is far enough to sterically
influence the double bond reaction center, and (c) stereo-
selective deuterium labeling such that the two reactive
methyl groups are distinguishable on the ene products.

CF3

CHO

1. MeO MgBr

2. H2O

Jones reagent

O

MeO CF3

CH3CHBrCO2CH3

Zn/I2 CO2CH3

CH3
OH

H

F3C

MeO

OH

MeO CF3

1. Dehydration
2. Flash Column

CO2CH3

CH3

MeO

F3C

59

60 61

Z-62

98% Isomeric 
purity

1. LiAlD4/AlCl3
2. 2,6-Lutidine/LiCl/CH3SO2Cl

3. LiAlD4

CD3

CH3

MeO

F3C Z-63-d3
95% Isomeric 

purity

Scheme 17. Synthesis of (Z)-1-(p-methoxy-phenyl)-1-[(p-trifluoromethyl)-
phenyl]-2-methyl-prop-1-ene-3,3,3-d3 (Z-63-d3).

The stereoselective formation of tetrasubstituted alkenes82 is
an important and challenging task for the synthesis of many
natural products.83 In this case, the successful pathway for
the synthesis of Z-63-d3 is depicted in Scheme 17. Alcohol
59 was derived from the Grignard coupling of (p-trifluoro-
methyl)benzaldehyde with p-methoxy-benzyl magnesium
bromide.84 Jones oxidation of the secondary alcohol 59
afforded ketone 60, in good yield.85 The key step for the syn-
thesis of Z-63-d3 was the Reformatsky reaction between
ketone 60 and 2-bromo-propionate in the presence of ‘acti-
vated’ zinc and catalytic amount of I2.86 It is worth mention-
ing that ketones and b-bromo-esters, with increasing steric
demands, gave very low yields of the title reaction and in
some cases the desired product was hardly detected. Im-
provements by metals other than zinc and high-intensity
ultrasound techniques, promoted successfully Reformatsky
reactions with these substrates.87 In our case, we managed
to isolate 61, as a mixture of threo/erythro stereoisomers,
in 80% overall yield (see Section 5.4.3). Dehydration of
61 with catalytic amount of p-toluenesulfonic acid afforded
a mixture of E/Z-62 a,b-unsaturated methyl esters. Separa-
tion of E/Z-62 methyl esters was accomplished by flash
column chromatography, using hexane/EtOAc, v/v, 9:1 as
eluent. For E- and Z-a,b-unsaturated methyl esters the
isomeric purities were 90 and 98%, respectively. The Z-62
isomer was used for the last two steps of the synthesis.
The labeled alkene Z-63-d3 was prepared according to the
previously described procedure for the synthesis of 58a–e
(see Section 5.3). Reduction of Z-62 with LiAlD4 to the cor-
responding allylic alcohol, subsequent conversion of the
latter to the allylic chloride followed by reduction with
LiAlD4, afforded the desired alkene in 95% isomeric purity.
The unlabeled alkene 63-d0 was also prepared by LiAlH4

reduction of the crude mixture of E/Z-62, followed by chlo-
rination and LiAlH4 reduction of the allylic alcohol-d0.

The 1H NMR spectrum of substrate 63-d0 in the aromatic
region revealed two AB systems: one at 7.52 and 7.23 ppm
with a coupling constant 8.1 Hz, and the other at 7.02 and
6.83 ppm with a coupling constant 8.6 Hz. The former cor-
responds to the aromatic protons of the F3C-substituted
phenyl ring and the latter corresponds to the aromatic pro-
tons of the MeO-substituted phenyl ring.88 Nuclear Over-
hauser effect (NOE) experiments with deuterium unlabeled
63-d0 alkene confirmed the stereochemistry of Z-63-d3.
Upon irradiation of protons of F3C-substituted phenyl ring
at 7.23 ppm, two positive NOEs were recorded: (a) hydro-
gens belonging to this aryl ring at 7.52 ppm and (b) the
methyl group at 1.78 ppm. Furthermore, upon irradiation
of protons of MeO-substituted phenyl ring at 7.02 ppm,
two positive NOEs were recorded: (a) hydrogens belonging
to this aryl ring at 6.83 ppm and (b) the methyl group at
1.82 ppm (Scheme 18).

CH3

CH3

MeO

F3C
1.78 ppm

1.82 ppm

63-d0

Scheme 18. NOE experiments for 63-d0 revealed the chemical shifts for the
methyl groups.

Substrate Z-63-d3 reacts smoothly with singlet oxygen
generated by a 300-W Xenon lamp irradiation of TPP as sen-
sitizer (10�4 M) in CCl4, at 0 �C, under an oxygen atmo-
sphere. A catalytic amount of galvinoxyl radical was also
added to the reaction mixture, as a free radical scavenger.
A solution of 0.05 M K2Cr2O7 was used as a light filter dur-
ing the photooxygenation. The irradiation time was ranged
between 2 and 10 min. The ene allylic hydroperoxides were
formed as the major adducts along with some unidentified
oxygenated products. The ene adducts were stable and
purified by flash column chromatography over silica gel,
prewashed with triethylamine using a mixture of hexane/
EtOAc, v/v, 9/1 as eluent. It is worth mentioning that a recov-
ered small amount of the starting material was not isomer-
ized. Determination of the ratio 63a/63b was achieved by
1H NMR spectroscopy before and after the reduction of
allylic hydroperoxides. These results are presented in Table 6.
The photooxygenation reactions of substrate Z-63-d3 were
run in various solvents such as carbon tetrachloride, chloro-
form, acetone, acetonitrile as well as in protic such as MeOH.

As shown from Table 6, a small but persistent preference on
the order of 2–10% for hydrogen abstraction from the methyl
group, which is cis to the CF3-substituted phenyl ring was
observed in non-protic solvents. However, in protic solvents,
this preference increases to the range between 15 and 20%.
Since the steric effect is identical to both sites of the double
bond, the selectivity must be due to the variation of the
electron density on the two sites of the double bond. This
small but noticeable site selectivity may be rationalized by
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a similar mechanism proposed above for the case of aryl
alkenes (Scheme 13). It is expected that the geminal phenyl
groups, for steric reasons, will be out of the plane of the
alkene double bond. Therefore, their electronic effects,
through resonance, are not fully developed to the benzylic
carbon of the double bond during the addition of singlet
oxygen. In TS1 the relative positive interaction of the CF3-
phenyl ring with the incoming oxygen is slightly higher
than in TS2 for similar reasons mentioned previously
(Scheme 19). However, the difference in the electronic inter-
actions between singlet oxygen and the two para-substituted
phenyl rings in Z-63-d3 must be relatively smaller than those
between singlet oxygen and para-substituted alkenes 58a
and 58b (Scheme 13), where the phenyl rings are more con-
jugated with the alkene double bond, compared to Z-63-d3.
This may be the reason for a much smaller site selectivity
for hydrogen abstraction for Z-63-d3. It is not obvious why
in this case (substrate Z-63-d3) the site selectivity increases
from 2–5% in aprotic solvents to 15–20% in protic solvents.
A number of additional factors may contribute to this result,
such as (a) hydrogen bonding, (b) better stabilization of the

Table 6. Site selectivity of the photooxygenation of Z-63-d3 in a variety of
solvents

CD3

CH3

MeO

F3C Z-63-d3

1O2

ene mode CH3

F3C 63a

OOD
CD

+
2

MeO

F3C 63b

OOH
CD3

MeO

CH2

Solvent 3
a (Temp �C) Sensitizer 63a/63bb

CCl4 2.24 (20) TPP 46/54
CHCl3 4.87 (25) TPP 48/52
(CH3)2CO 20.7 (20) RB 49/51
CH3CN 36.64 (20) RB 49/51
CF3CH2OH 27.68 (20) MB 40/60
MeOH 33.0 (20) MB 42/58
MeOH/D2O¼4:1 42.44 (20) MB 42/58

a See Ref. 70.
b Determined by 1H NMR integration of the proper hydrogen signals.

The error was �3%.
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Scheme 19. Proposed mechanism for the photooxygenation of Z-63-d3.
more polar transition state, and (c) conformational variations
of the phenyl rings in protic solvents.

4. Conclusion

Stereoselective singlet oxygen allylic photooxygenations of
alkenes have received remarkable attention over the last few
years and will continue to play an important role in the
synthesis of natural and non-natural products. In this report,
a number of factors, such as solvents, electronic effects, and
non-bonded interactions that dictate the ene product selec-
tivity as well as the various mechanisms of this reaction
are highlighted. This brief overview constitutes mainly
examples taken from previous and recent works from our
laboratory.

We have no doubts that the diversity of singlet oxygen will
continue to fascinate researchers in chemistry, biology, and
medicine, and to make reactions of this species a favored
area for the development of new methods and ideas.

5. Experimental

5.1. General

1H NMR and 13C NMR spectra were recorded on 500 and
300 MHz spectrometers, in CDCl3 solutions. Chemical
shifts are reported in parts per million downfield from
Me4Si, by using the residual solvent peak as internal stan-
dard. Isomeric purities were determined by 1H NMR, 13C
NMR, and by analytical gas chromatography equipped
with a 50%–50% phenyl methyl silicone capillary column
and a 5971A MS detector. Photooxygenations were achieved
with a Xenon Variac Eimac Cermax 300 W lamp. TLC was
carried out on SiO2 (silica gel F254). Chromatography refers
to flash chromatography and was carried out on SiO2 (silica
gel 60, SDS, 230–400 mesh ASTM). Drying of organic
extracts during work-up of reactions was performed over
anhydrous MgSO4. Evaporation of the solvents was accom-
plished with a rotary evaporator. Preparation of the labeled
alkenylarenes 5375 and 58a89 has been described in earlier
studies from our lab. UV–vis spectrum for compound 62-d0

was performed on a Hitachi U-2001 spectrophotometer, with
bandwidth 200–900 nm.

5.2. General procedure for the preparation of labeled
isobutenylarenes 58b–e

5.2.1. Synthesis of esters 55b–e. In a flame-dried flask were
placed 2 g of NaH (60% in paraffin oil, 54.0 mmol) and
60 mL of dry DME. The flask was cooled to 0 �C, and
then a solution of methyl diethyl-2-phosphonopropionate
(11.2 g, 50.0 mmol) in dry DME (40 mL) was added drop-
wise under N2 atmosphere. A vigorous evolution of hydro-
gen gas was observed. After 1 h of stirring at room
temperature, a solution of arylaldehyde (46.0 mmol) in dry
DME was injected. Stirring was continued for 2–3 h, and the
reaction mixture was quenched with MeOH, poured into
H2O, and extracted with Et2O. The combined ether layers
were dried over MgSO4 and concentrated, affording exclu-
sively the desired E-ester (60% overall yield).
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The spectroscopic data for esters 55b–e are as follows. Com-
pound 55b: 1H NMR (CDCl3, 500 MHz) d: 7.69 (s, 1H), 7.64
(d, 2H, J¼8.0 Hz), 7.47 (d, 2H, J¼8.0 Hz), 3.84 (s, 3H), 2.11
(s, 3H) ppm; MS m/z¼244 (100, m/z¼115). Compound 55c:
1H NMR (CDCl3, 500 MHz) d: 7.64 (s, 1H), 7.37 (dd, 2H,
JHH¼8.5 Hz, JHF¼5.7 Hz), 7.08 (dd, 2H, JHH¼8.5 Hz,
JHF¼8.5 Hz), 3.82 (s, 3H), 2.10 (s, 3H) ppm. Compound
55d: 1H NMR (CDCl3, 500 MHz) d: 7.69 (s, 1H), 7.34 (d,
2H, J¼7.8 Hz), 7.16 (d, 2H, J¼7.8 Hz), 3.81 (s, 3H), 2.37
(s, 3H), 2.08 (s, 3H) ppm; MS m/z¼190 (100, m/z¼130).
Compound 55e: 1H NMR (CDCl3, 500 MHz) d: 7.61 (s,
1H), 6.85 (s, 2H), 3.82 (s, 3H), 2.59 (s, 3H), 2.29 (s, 6H),
2.12 (s, 3H) ppm; MS m/z¼232 (100, m/z¼187).

5.2.2. Synthesis of allylic alcohols-d2 56b–e. A solution
of the E-ester (32 mmol) in dry Et2O (20 mL) was added
dropwise to a cooled (0 �C) mixture of LiAlD4 (0.734 g,
17.5 mmol) and AlCl3 (0.773 g, 5.8 mmol) in dry Et2O
(40 mL), under N2 atmosphere. The AlCl3 had been added
in portions to the LiAlD4 at 0 �C over a 15 min period. After
1 h of stirring at room temperature, the reaction mixture was
quenched at 0 �C with a 2 N solution of HCl and filtered. The
filtrate was washed with brine, dried over MgSO4, and con-
centrated to give the corresponding E-alcohol (80% overall
yield).

The spectroscopic data for allylic alcohols-d2 56b–e are
as follows. Compound 56b: 1H NMR (CDCl3, 500 MHz)
d: 7.58 (d, 2H, J¼8.2 Hz), 7.37 (d, 2H, J¼8.2 Hz), 6.54
(s, 1H), 1.89 (s, 3H) ppm; MS m/z¼199 (100, m/z¼43).
Compound 56c: 1H NMR (CDCl3, 500 MHz) d: 7.23 (dd,
2H, JHH¼8.5 Hz, JHF¼5.7 Hz), 7.02 (dd, 2H, JHH¼8.5 Hz,
JHF¼8.5 Hz), 6.48 (s, 1H), 1.86 (s, 3H) ppm. Compound
56d: 1H NMR (CDCl3, 500 MHz) d: 7.23 (br s, 4H), 6.48
(s, 1H), 2.35 (s, 3H), 1.86 (s, 3H) ppm; MS m/z¼146 (100,
m/z¼106). Compound 56e: 1H NMR (CDCl3, 500 MHz)
d: 6.93 (s, 2H), 6.31 (s, 1H), 2.63 (s, 3H), 2.26 (s, 6H),
1.61 (s, 3H) ppm; MS m/z¼192 (100, m/z¼133).

5.2.3. Synthesis of allylic chlorides-d2 57b–e. To a stirred
mixture of the E-allylic alcohol (25 mmol) and 3.2 mL
(27.6 mmol) of 2,6-lutidine, under N2 atmosphere was added
1.18 g (27.8 mmol) of LiCl dissolved in a minimum amount
of anhydrous dimethylformamide (DMF). On cooling to
0 �C, a suspension was formed, which was treated dropwise
with MeSO2Cl (2.14 mL, 27.6 mmol). After 10–12 h of stir-
ring at room temperature, the reaction mixture was poured
into a saturated solution of CuSO4 to remove 2,6-lutidine
and extracted with Et2O. The organic extracts were dried
over MgSO4 and concentrated to afford the allylic chloride
in 93–98% geometrical purity (85% overall yield).

The spectroscopic data for allylic chlorides 57b–e are as fol-
lows. Compound 57b: 1H NMR (CDCl3, 500 MHz) d: 7.59
(d, 2H, J¼8.0 Hz), 7.37 (d, 2H, J¼8.0 Hz), 6.61 (s, 1H),
1.98 (s, 3H) ppm; MS m/z¼236 (100, m/z¼201). Compound
57c: 1H NMR (CDCl3, 500 MHz) d: 7.25 (dd, 2H,
JHH¼8.5 Hz, JHF¼5.7 Hz), 7.03 (dd, 2H, JHH¼8.5 Hz,
JHF¼8.5 Hz), 6.54 (s, 1H), 1.97 (s, 3H) ppm. Compound
57d: 1H NMR (CDCl3, 500 MHz) d: 7.31 (d, 2H,
J¼7.7 Hz), 7.09 (d, 2H, J¼7.7 Hz), 6.54 (s, 1H), 2.33 (s,
3H), 1.99 (s, 3H) ppm; MS m/z¼182 (100, m/z¼147). Com-
pound 57e: 1H NMR (CDCl3, 500 MHz) d: 6.98 (s, 2H), 6.45
(s, 1H), 2.67 (s, 3H), 2.21 (s, 6H), 1.75 (s, 3H) ppm; MS
m/z¼210 (100, m/z¼175).

5.2.4. Synthesis of deuterated alkenes 58b–e. To a cooled
(0 �C) mixture of LiAlD4 (0.44 g, 10.5 mmol) in dry THF
(40 mL), under N2 atmosphere, was added dropwise a solu-
tion of allylic chloride (21 mmol) in dry THF (20 mL). After
3–4 h of stirring at room temperature, the reaction mixture
was quenched at 0 �C by addition of 1 mL of H2O, 1 mL
of 15% NaOH solution, and 2.5 mL of H2O, and then fil-
tered. The organic layer was washed with a 5% solution of
NaHCO3, dried over MgSO4, and concentrated. The residue
was purified by flash column chromatography (petroleum
ether) to afford trans-58-d3 in 93–98% geometrical purity.

The spectroscopic data for labeled alkenes 58b–e are as
follows. Compound 58b (isomeric purity 93%): 1H NMR
(CDCl3, 500 MHz) d: 7.56 (d, 2H, J¼8.2 Hz), 7.32 (d, 2H,
J¼8.2 Hz), 6.29 (s, 1H), 1.88 (s, 3H) ppm; 13C NMR
(CDCl3, 125 MHz) d: 142.30, 137.84, 128.88, 127.76 (q,
JCF¼31.9 Hz), 124.94 (q, JCF¼3.5 Hz), 124.40 (q, JCF¼
270 Hz), 124.08, 26.03 (septet, JCD¼19 Hz), 19.34 ppm;
MS m/z¼203 (100, m/z¼163). Compound 58c (isomeric
purity 98%): 1H NMR (CDCl3, 500 MHz) d: 7.20 (dd, 2H,
JHH¼8.5 Hz, JHF¼5.9 Hz), 7.03 (dd, 2H, JHH¼8.5 Hz,
JHF¼8.5 Hz), 6.26 (s, 1H), 1.86 (s, 3H) ppm; 13C NMR
(CDCl3, 125 MHz) d: 161.06 (d, JCF¼243 Hz), 135.25,
134.67 (d, JCF¼3.3 Hz), 130.15 (d, JCF¼7.6 Hz), 124.05,
114.80 (d, JCF¼21 Hz), 25.81 (septet, JCD¼19 Hz),
19.14 ppm; MS m/z¼153 (100, m/z¼135). Compound 58d
(isomeric purity 95%): 1H NMR (CDCl3, 500 MHz) d: 7.18
(br s, 4H), 6.30 (s, 1H), 2.40 (s, 3H), 1.91 (s, 3H) ppm;
13C NMR (CDCl3, 125 MHz) d: 135.79, 135.28, 134.60,
128.71, 128.60, 124.96, 25.97 (septet, JCD¼19 Hz), 21.08,
19.29 ppm; MS m/z¼149 (100, m/z¼134). Compound 58e
(isomeric purity 98%): 1H NMR (CDCl3, 500 MHz) d: 6.96
(s, 2H), 6.13 (s, 1H), 2.74 (s, 3H), 2.25 (s, 6H), 1.54 (s,
3H) ppm; 13C NMR (CDCl3, 125 MHz) d: 136.35, 135.46,
134.87, 134.82, 127.73, 123.16, 24.14 (septet, JCD¼19 Hz),
20.92, 20.16, 18.95 ppm; MS m/z¼177 (100, m/z¼162).

5.3. Photooxygenation of deuterated alkenes 58a–e

A solution of 25–30 mg of isobutenylarene-d3, in 8–10 mL
of CHCl3 and TPP as sensitizer (1�10�4 M) was bubbled
gently with oxygen and irradiated for 30–40 min at 0 �C.
Rose bengal was the sensitizer in acetonitrile and methylene
blue in methanol. The photooxygenation of those substrates
gave complex mixtures of oxygenated adducts. The ene
adducts were purified by flash column chromatography over
silica gel prewashed with triethylamine, using CH2Cl2 as
eluent. The 1H NMR spectroscopic data of the ene allylic
hydroperoxides of the isobutenylarenes 58a–e (d0) are the
following. Ene product from 58a-d0: (CDCl3, 500 MHz)
d: 7.99 (s, 1H, OOH), 7.29 (d, J¼8.5 Hz, 2H), 6.90 (d,
J¼8.5 Hz, 2H), 5.33 (s, 1H), 5.14 (br s, 1H), 5.08 (br s,
1H), 3.81 (s, 3H), 1.70 (s, 3H) ppm. Ene product from
58b-d0: (CDCl3, 500 MHz) d: 8.09 (s, 1H, OOH), 7.64 (d,
J¼8.1 Hz, 2H), 7.49 (d, J¼8.1 Hz, 2H), 5.44 (s, 1H), 5.12
(br s, 1H), 5.11 (br s, 1H), 1.70 (s, 3H) ppm. Ene product
from 58c-d0: (CDCl3, 500 MHz) d: 8.05 (s, 1H, OOH),
7.33 (dd, JHH¼8.0 Hz, JHF¼5.5 Hz, 2H), 7.06 (dd, JHH¼
8.0 Hz, JHF¼8.0 Hz, 2H), 5.36 (s, 1H), 5.13 (br s, 1H),
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5.10 (br s, 1H), 1.69 (s, 3H) ppm. Ene product from 58d-d0:
(CDCl3, 500 MHz) d: 7.98 (s, 1H, OOH), 7.25 (d, 2H,
J¼7.9 Hz), 7.18 (d, 2H, J¼7.9 Hz), 5.35 (s, 1H), 5.13 (br
s, 1H), 5.07 (br s, 1H), 2.36 (s, 3H), 1.70 (s, 3H) ppm. Ene
product from 58e-d0: (CDCl3, 500 MHz) d: 7.81 (s, 1H,
OOH), 6.85 (s, 2H), 5.86 (d, 1H), 4.96 (br s, 1H), 4.79
(br s, 1H), 2.32 (s, 6H), 2.27 (s, 3H), 1.54 (s, 3H) ppm.

5.4. Synthesis of (Z)-1-(p-methoxyphenyl)-1-[(p-trifluoro-
methyl)phenyl]-2-methylprop-1-ene-3,3,3-d3 (63-d3)

This compound was prepared according to the procedure
shown in Scheme 17.

5.4.1. (p-Methoxyphenyl)-[(p-trifluoromethyl)phenyl]-
methanol (59). The title compound was prepared by a
Grignard reaction between (p-trifluoromethyl)benzaldehyde
and p-methoxybenzylmagnesium bromide. To a solution of
Mg (1.46 g, 60 mmol) and catalytic amount of I2 in 60 mL
dry Et2O was added dropwise 4-bromoanisole (9.35 g,
50 mmol) in 40 mL dry Et2O. The mixture was refluxed for
2 h. After the solution was cooled to 0 �C (p-trifluoro-
methyl)benzaldehyde (8.36 g, 48 mmol) was added drop-
wise. After 30 min the mixture was warmed to room
temperature and then refluxed for 2–3 h. The solution was
worked up with NH4Cl solution and extracted three times
with Et2O. The organic layers were combined, dried
(MgSO4), filtered, and concentrated to afford 59 as an oil in
75% overall yield. 1H NMR (CDCl3, 500 MHz) d: 7.53 (d,
2H, J¼8.0 Hz), 7.44 (d, 2H, J¼8.0 Hz), 7.24 (d, 2H,
J¼8.6 Hz), 6.86 (d, 2H, J¼8.6 Hz), 5.83 (br s, 1H), 3.81 (s,
3H), 2.23 (br s, 1H, OH) ppm; MS m/z¼282 (100, m/z¼109).

5.4.2. 4-Trifluoromethyl-40-methoxybenzophenone (60).
Jones reagent was added dropwise to a solution of 59
(10.15 g, 36 mmol) in acetone (40 mL) at 0 �C. The addition
was continued until the orange color of the reagent persisted.
The solution was stirred at 0 �C for an additional 5 min. The
solution was poured into water (200 mL) and extracted with
ether. The ether extracts were washed with brine and dried
over MgSO4, and the solvent was removed under reduced
pressure. The crude product was chromatographed on silica
gel (hexanes/EtOAc¼2:1) to give 60 as a yellow solid in 70%
overall yield. 1H NMR (CDCl3, 500 MHz) d: 7.83 (m, 4H),
7.75 (d, 2H, J¼8.1 Hz), 6.98 (d, 2H, J¼8.7 Hz), 6.86 (d, 2H,
J¼8.6 Hz), 3.90 (s, 3H) ppm; MS m/z¼280 (100, m/z¼135).

5.4.3. 3-(p-Methoxyphenyl)-3-[(p-trifluoromethyl)-
phenyl]-3-hydroxy-2-methylpropionate (61). The title
compound was prepared by a Reformatsky reaction between
60 and 2-bromopropionate in the presence of activated Zn
and catalytic amount of I2. The granular Zn was activated
in a mixture of H2SO4/HNO3¼9/1 for 30 min. Then it was
filtered and washed several times with H2O and finally
with acetone. Zn was dried before using. In a flame-dried
flask were placed activated Zn (9.9 g, 0.151 mol), 2-bromo-
propionate (5.62 mL, 50.4 mmol), carbonyl compound 60
(7.06 g, 25.2 mmol), catalytic amount of I2, and dry benzene/
Et2O¼2/1 (80/40 mL). The mixture was refluxed for 2 days.
The solution was poured into a solution of 4 N H2SO4

(50 mL) and extracted once with H2O and two times with
brine. The organic layers were combined, dried (MgSO4), fil-
tered, and concentrated. The residue was passed through a
short pad of silica, prewashed with triethylamine (hexane/
EtOAc¼9:1), to afford 61 (80% overall yield) as a 1:1
mixture of stereoisomers (please note that before column
chromatography b-hydroxy-methylester 61 existed as a 3:2
mixture of stereoisomers). 1H NMR (mixture of two stereo-
isomers) (CDCl3, 500 MHz) d: 7.63 (d, 2H, J¼7.9 Hz),
7.53 (m, 6H), 7.44 (d, 2H, J¼8.8 Hz), 7.33 (d, 2H,
J¼8.8 Hz), 6.82 (d, 4H, J¼7.9 Hz), 4.74 (br s, 1H, OH),
4.71 (br s, 1H, OH), 3.76 (s, 3H), 3.73 (s, 3H), 3.64 (s, 3H),
3.61 (s, 3H), 2.58 (m, 2H), 1.39 (s, 1H), 1.35 (s, 1H), 1.18
(d, 3H, J¼6.9 Hz), 1.12 (d, 3H, J¼6.9 Hz) ppm.

5.4.4. Methyl 3-[(p-trifluoromethyl)phenyl]-2-methyl-
p-methoxycinnamate (62). A solution of 61 (7.44 g,
20.16 mmol) in benzene (100 mL) containing catalytic
amount of p-toluenesulfonic acid was heated at 70 �C for
2–3 h. The solution was dried (MgSO4), filtered, and
concentrated to afford substituted a,b-unsaturated methyl-
ester (95% overall yield) as a 1:1 mixture of E/Z-isomers.
The residue passed through a long pad of silica (hexane/
EtOAc¼9:1) and the two isomers were separated success-
fully. 1H NMR (E-62, isomeric purity 90%) (CDCl3,
500 MHz) d: 7.52 (d, 2H, J¼8.1 Hz), 7.22 (d, 2H, J¼
8.1 Hz), 7.06 (d, 2H, J¼8.8 Hz), 6.87 (d, 2H, J¼8.8 Hz),
3.82 (s, 3H), 3.48 (s, 3H), 2.09 (s, 3H) ppm; 13C NMR
(E-62, isomeric purity 90%) (CDCl3, 125 MHz) d: 170.70,
163.57, 146.43, 145.41, 132.16, 130.80, 130.68, 129.85
(q, JCF¼34.9 Hz), 128.87, 125.63 (q, JCF¼3.8 Hz), 124.53
(q, JCF¼271 Hz), 113.60, 54.88, 51.25, 18.31 ppm; MS
m/z¼350 (100, m/z¼350). 1H NMR (Z-62, isomeric purity
98%) (CDCl3, 500 MHz) d: 7.60 (d, 2H, J¼8.1 Hz), 7.29
(d, 2H, J¼8.1 Hz), 7.02 (d, 2H, J¼8.7 Hz), 6.81 (d, 2H,
J¼8.7 Hz), 3.78 (s, 3H), 3.54 (s, 3H), 2.00 (s, 3H) ppm;
13C NMR (Z-62, isomeric purity 98%) (CDCl3, 125 MHz)
d: 171.50, 159.38, 144.86, 144.64, 133.90, 130.28,
130.04, 129.75 (q, JCF¼34.8 Hz), 128.36, 125.24 (q,
JCF¼3.5 Hz), 124.14 (q, JCF¼270.5 Hz), 113.63, 55.20,
51.76, 18.57 ppm; MS m/z¼350 (100, m/z¼350).

5.4.5. (Z)-3-(p-Methoxyphenyl)-3-[(p-trifluoromethyl)-
phenyl]-2-methylprop-2-en-1-ol-1,1-d2. This compound
was prepared according to the previously described proce-
dure for the synthesis of allylic alcohols-d2 56b–e (Section
5.2.2). 1H NMR (Z, isomeric purity 98%) (CDCl3,
500 MHz) d: 7.55 (d, 2H, J¼8.1 Hz), 7.25 (d, 2H, J¼
8.1 Hz), 7.03 (d, 2H, J¼8.7 Hz), 6.83 (d, 2H, J¼8.7 Hz),
3.78 (s, 3H), 1.88 (s, 3H), 1.57 (br s, 1H, OH) ppm; MS
m/z¼306 (100, m/z¼306).

5.4.6. (Z)-3-(p-Methoxyphenyl)-3-[(p-trifluoromethyl)-
phenyl]-2-methylprop-2-en-1-yl-1,1-d2 chloride. This com-
pound was prepared according to the previously described
procedure for the synthesis of allylic chlorides-d2 57b–e
(Section 5.2.3). 1H NMR (Z, isomeric purity 95%) (CDCl3,
500 MHz) d: 7.56 (d, 2H, J¼8.4 Hz), 7.25 (d, 2H,
J¼6.9 Hz), 7.12 (d, 2H, J¼6.9 Hz), 6.86 (d, 2H, J¼8.4 Hz),
3.80 (s, 3H), 1.89 (s, 3H) ppm; MS m/z¼342 (100, m/z¼307).

5.4.7. (Z)-1-(p-Methoxyphenyl)-1-[(p-trifluoromethyl)-
phenyl]-2-methylprop-1-ene-3,3,3-d3 (Z-63-d3). This com-
pound was prepared according to the previously described
procedure for the synthesis of deuterated alkenes 58b–e
(Section 5.2.4). The crude product was chromatographed on
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silica gel (hexane) to give Z-63-d3 as a yellow oil. 1H NMR
(Z-63-d3, isomeric purity 95%) (CDCl3, 500 MHz) d: 7.59
(d, 2H, J¼7.7 Hz), 7.30 (d, 2H, J¼7.7 Hz), 7.10 (d, 2H,
J¼8.4 Hz), 6.90 (d, 2H, J¼8.4 Hz), 3.83 (s, 3H), 1.84 (s,
3H) ppm; 13C NMR (CDCl3, 125 MHz) d: 158.24, 147.47,
135.68, 135.11, 132.20, 131.09, 130.27, 128.22 (q, JCF¼
32.6 Hz), 124.96 (q, JCF¼3.75 Hz), 124.51 (q, JCF¼270.2 Hz),
113.56, 55.32, 22.54, 21.87 (septet, JCD¼19.05 Hz) ppm;
MS m/z¼309 (100, m/z¼309).

5.4.8. 1-(p-Methoxyphenyl)-1-[(p-trifluoromethyl)-
phenyl]-2-methylprop-1-ene (63-d0). The unlabeled olefin
63-d0 was prepared by reduction of methyl 3-[(p-trifluoro-
methyl)phenyl]-2-methyl-p-methoxycinnamate (crude mix-
ture 1:1 of E/Z-isomers) with LiAlH4 to the respective allylic
alcohol, subsequent conversion of the latter to the allylic
chloride, and further reduction with LiAlH4. The residue
was chromatographed on silica gel (hexane) to give 63-d0

as a yellow oil. 1H NMR (CDCl3, 500 MHz) d: 7.52 (d,
2H, J¼8.1 Hz), 7.23 (d, 2H, J¼8.1 Hz), 7.02 (d, 2H,
J¼8.6 Hz), 6.83 (d, 2H, J¼8.6 Hz), 3.79 (s, 3H), 1.82 (s,
3H), 1.78 (s, 3H) ppm; 13C NMR (CDCl3, 125 MHz) d:
158.24, 147.48, 135.65, 135.11, 132.30, 131.09, 130.27,
128.41 (q, JCF¼31.8 Hz), 124.96 (q, JCF¼3.75 Hz), 124.57
(q, JCF¼270.1 Hz), 113.56, 55.34, 22.71, 22.61 ppm; MS
m/z¼306 (100, m/z¼306). UV–vis spectra of 63-d0 in CHCl3
have characteristic maximum absorption at lmax¼245 nm.

5.5. Photooxygenation of Z-63-d3

A solution of 15 mg of Z-63-d3 in 8 mL of CCl4 containing
a catalytic amount of galvinoxyl as free radical scavenger
(TPP, 1�10�4 M as sensitizer) was bubbled gently with
oxygen and irradiated with a 300-W Xenon lamp, through
a 0.05 M K2Cr2O7 filter solution, for 2 min at 0 �C. The
same procedure was followed in several solvents. TPP was
the sensitizer in CHCl3. Rose bengal was the sensitizer in
acetonitrile and acetone. Methylene blue was the sensitizer
in isopropanol, 2,2,2-trifluoroethanol, MeOH, and MeOH/
D2O¼4:1. The photooxygenation gave complex mixtures
of oxygenated adducts. The ene adducts were purified by
flash column chromatography over silica gel prewashed
with triethylamine, using a mixture of hexane/EtOAc¼9:1
as eluent. The 1H NMR spectroscopic data of the ene allylic
hydroperoxide of 63-d0 are the following. 1H NMR (CDCl3,
500 MHz) d: 7.61 (s, 4H), 7.32 (d, 2H, J¼8.8 Hz), 7.24
(s, 1H, OOH), 6.90 (d, 2H, J¼8.8 Hz), 5.22 (s, 1H), 5.09
(s, 1H), 3.83 (s, 3H), 1.71 (s, 3H) ppm.
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Abstract—An unusual peroxide base-promoted isomerization is uncovered. Saturated endoperoxides derived from fulvenes give rise to
2-vinyl-2-cyclopentenones upon treatment with DBU in CH2Cl2 in a one-pot reaction. This methodology is applied to a convenient synthesis
of dihydrojasmone. Moreover, functional groups placed on the side chain at C-6 participate in the base-catalyzed isomerizations via conjugate
attack at the enone moiety to give 2-cyclopentenones carrying oxygen heterocycles at C-2.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Endoperoxides, readily available in most cases from 1,3-di-
enes by way of a Diels–Alder reaction with singlet oxygen,1

are sensitive to thermal, photochemical, and reductive con-
ditions.2 In particular, base-catalyzed rearrangements, also
known as Kornblum–De la Mare reactions are well-known.3

Treatment of bridged bicyclic endoperoxides typically result
in the formation of hydroxyketones. The mechanism of
these reactions have been thoroughly studied. In particular,
the base-catalyzed disproportionation of 2,3-dioxabicy-
clo[2.2.1]heptane (1) to 3-hydroxycyclopentanone (3) and
levulinaldehyde (5) by amine catalysis has been reported
by Salomon and Zagorski in an elegant study.4 Isotope label-
ing studies show that the most likely mechanism for the dis-
proportionation involves initial abstraction of the bridgehead
proton in the rate-determining step (Scheme 1).
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Scheme 1.
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Previously, we studied the singlet oxygenations of fulvenes
and low-temperature diazene reduction of the unstable endo-
peroxides5 and reported on some novel mechanisms encoun-
tered during the thermal isomerizations of saturated fulvene
endoperoxide, e.g., 23, 32, 42, and 46.6,7 We have explored
the synthetic utility of the allene oxides/cyclopropanones8

to prepare functionalized cyclopentenones derived from
saturated fulvene endoperoxides, e.g., 6/7/89 and also
disclosed the first aliphatic examples of [3,4]-sigmatropic
shifts on suitably substituted cyclopropanones derived from
the corresponding endoperoxides by thermolysis (9/10/
11) (Scheme 2).10
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Scheme 2.

2. Results and discussion

We here report a new and synthetically useful facet of base-
catalyzed endoperoxide isomerizations that we observed in
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saturated fulvene endoperoxides. The outcome of these reac-
tions has proved particular to the nature of the base. Thus,
treatment of fulvene endoperoxides with triethylamine at
0 �C to rt in CH2Cl2 results in the formation of the corre-
sponding hydroxyketone as expected.5 However, the use
of the stronger base, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), gave 2-vinyl-2-cyclopentenones, e.g., 14, in high
yields (Scheme 3).

O O

CH3RCH3R

DBU
O R

12 13 14

1. 1O2

2. HN=NH

, -78

Scheme 3.

The mechanism presumably commences with initial proton
abstraction at the bridgehead. However, the resulting hy-
droxyketone is prone to further proton abstraction at the al-
lylic position. The timing of the proton elimination is subject
to discussion and further studies, and two alternative mech-
anisms may be advanced for the dehydration step. One pos-
sible dehydration pathway would involve deprotonation of
the g-H, enolate formation, followed by hydroxide elimina-
tion (presumably via initial protonation by BH+), an E1Cb
mechanism (Scheme 4). However, the fact that the reaction
proceeds in CH2Cl2, an aprotic solvent that does not encour-
age ionic species, points to a concerted 1,4-elimination (E2).
Regardless of the mechanism of the dehydration step, the
resulting compounds from this tandem isomerization–
dehydration process are 2-vinylcyclopentenones, a substance
class for which there are very few synthetic methods.11–15

The ease with which the 2-vinylcyclopentenones can be
constructed from the readily available fulvenes in a one-
pot reaction makes this approach particularly attractive.
Table 1 depicts some selected systems we have prepared
so far.

H
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O OH
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Scheme 4.

In one case, where the starting fulvene carried a 6-vinyl
group, the reaction with DBU led to a mixture of the ex-
pected hydroxyketone 47 (50%) and a mixture of the two
isomers 48 and 49 (9%). It appears that the protons at the re-
mote methyl group are just acidic enough to permit abstrac-
tion, resulting in the formation of a highly conjugated system
(Scheme 5).

In another example, we subjected the hydroxyketone 52, ob-
tained from 51 by treatment with DBU, to the reaction with
catalytic trifluoroacetic acid, in hopes of affecting dehydra-
tion. The product from this reaction was the alcohol 53,
obviously stemming from a process involving dehydration,
double bond shift, and rehydration (Scheme 6).

The presence of functionality on side chain of the exocyclic
double bond was tested in the case of 37 (entry 6). The treat-
ment of the endoperoxide 35 with DBU delivered a 3:2 mix-
ture of the dehydration products 36 and 37 (Scheme 7).
Obviously the hydroxyl group in the side chain did not suffer
elimination. The two products were identified in the mixture
by means of their 1H and 13C NMR spectra.

When the hydroxyl group was placed at C-3 on the side
chain of the exocyclic double bond in the starting fulvene
(entry 7), treatment of the saturated endoperoxides 42 with
DBU furnished the tetrahydrofuran derivative 40 exclu-
sively. Compound 40 appears to be a suitable precursor of
the hypotensive drug oudenone,16 and this approach is cur-
rently being explored (Scheme 8).

Finally, the fulvene endoperoxide–DBU isomerization–
dehydration methodology was implemented in a short
synthesis of the naturally occurring fragrant compound di-
hydrojasmone.17 Starting with fulvene 22 (entry 2), readily
available from valeraldehyde in 77% yield by photooxyge-
nation in CH2Cl2 at �78 �C followed by diazene reduction,
(generated in situ from azodicarboxylate and acetic acid at
low temperatures), endoperoxide 23 was obtained, which
without isolation was treated with DBU to give the cyclo-
pentenone 24 in 83% yield. The conversion of 24 to dihydro-
jasmone was achieved by the well-documented protocol18,19

involving methyllithium addition to the carbonyl group and
subsequent treatment with PCC in CH2Cl2 to furnish 56 in
50% overall yield from 24 (Scheme 9).

Compound 30 (entry 4) can also be obtained in this manner
in a very short sequence from the readily available fulvene.
The former represents an important precursor of certain
prostaglandins and related compounds. These aspects are
currently being explored.

It is noteworthy that the respective unsaturated fulvene endo-
peroxides do not suffer dehydration after base-catalyzed
isomerization with DBU, presumably owing to the unstable
nature of the products (cyclopentadienones). Endoperoxide
57, derived from 6,6-dimethylfulvene for instance, gave
a mixture of the hydroxyketones 58 and 59 in a ratio of
5:1 (Scheme 10).20

Compound 58 is the expected primary isomerization prod-
uct, however, 59 is a secondary product that most likely

O O

O O O O
DBU

+ +

46 47 48 49

50% 9%

Scheme 5.
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Table 1. DBU-catalyzed isomerizations–dehydrations of fulvene endoperoxides

Entry Fulvene Endoperoxide Cyclopentenone Yield (%)
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H
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forms by further isomerization of 58 by a mechanism out-
lined in Scheme 11.

It is interesting to note that the base-catalyzed decomposi-
tion of unsaturated fulvene endoperoxides appears to be
entirely analogous to those of the saturated counterparts,
except for the dehydration step in the latter. Intermediates
16 (Scheme 2) and 61 (Scheme 11) differ only in the nature
of the leaving groups (alcohol vs epoxide). The epoxide
suffers ring opening to the allyllic alcohol, whereas the
hydroxyl group is eliminated in 16.

3. Conclusion

In summary, we have uncovered a new useful facet of
base-catalyzed endoperoxide rearrangements that result in a
Kornblum–De la Mare isomerization followed by dehydra-
tion to give 2-vinyl-2-cyclopentenones, which are highly
desirable synthetic intermediates. In cases where there are
oxygen nucleophiles on the side chain, conjugate attack at
the b-carbon of the exocyclic double bond occurs to give
2-cyclopentenones that carry a heterocycle at C-2. Imple-
mentation of this methodology in the synthesis of a variety
of targets is underway.
4. Experimental

4.1. General

1H and 13C NMR spectra were recorded on a General Elec-
tric QE-Plus 300 MHz and Bruker Avance DRX 300 MHz
spectrometers, using CDCl3 as solvent and TMS as internal
standard, unless specified otherwise. IR spectra were ob-
tained on a Nicolet Avance 370 DTGS FT-IR spectrometer.
Column chromatographic separations were carried out with
Davison 6–200 mesh silica gel. For preparative TLC, Merck
silica gel (grade 60 PF254) was used. All reactions were
conducted under an atmosphere of dry nitrogen or argon.
Fulvenes were stored under argon in the freezer at �30 �C.
Non-deuterated solvents were dried and distilled prior to
use. All fulvenes in this study were prepared according to
published procedures.21,22 Signal multiplicities in the NMR
spectra are reported as follows: s-singlet, d-doublet, t-triplet,
dd-doublet of doublets, dt-doublet of triplets, q-quartet,
quin-quintuplet, sext-sextet, m-multiplet, br-broad.

Spectroscopic data for the synthesis of those fulvenes not
found in literature are described below.

4.1.1. Fulvene 25. It was prepared from 38 (vide infra) by
stirring with acetic anhydride in the presence of pyridine
O n-Pr

MeLi

n-PrMe OH

PCC

O n-Pr

H2/PtO2

O n-Pr

MeOH

24 5554 56

Scheme 9.
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for 48 h followed by aqueous work-up in 86% yield. 1H
NMR (CDCl3, TMS): d 6.55 (m, 1H), 6.46 (m, 2H),
6.37 (t, J¼8.0 Hz, 1H), 6.12 (dt, 1H), 4.95 (m, 1H),
2.55 (m, 2H), 2.02 (s, 3H), 1.8 (m, 2H), 1.55 (m, 2H),
1.33 (m, 2H), 0.9 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3,
TMS): d 170.8, 146.2, 141.5, 133.4, 131.1, 125.6,
118.9, 73.5, 36.3, 33.9, 27.1, 21.2, 18.7, 14.0 ppm. Anal.
Calcd for C14H20O2: C, 76.33; H, 9.15. Found: C, 76.28;
H, 9.13.

4.1.2. Fulvene 28. Yield 78%. 1H NMR (CDCl3, TMS):
d 6.6–6.4 (m, 4H), 6.2 (m, 1H), 4.1 (q, J¼7.5 Hz, 2H),
2.54 (q, J¼7.5 Hz, 2H), 2.30 (t, J¼7.2 Hz, 2H), 1.65 (m,
2H), 1.50 (m, 2H), 1.4 (m, 2H), 1.25 (t, J¼7.5 Hz, 3H);
13C NMR (CDCl3, TMS): d 173.7, 146.1, 142.8, 133.1,
130.8, 125.6, 119.1, 60.2, 34.2, 30.9, 29.1, 28.8, 24.8,
14.3 ppm. Anal. Calcd for C14H20O2: C, 76.33; H, 9.15.
Found: C, 76.31; H, 9.15.

4.1.3. Fulvene 38. Yield 49%. 1H NMR (CDCl3, TMS):
d 6.53 (m, 2H), 6.45 (m, 1H), 6.40 (t, J¼7.5 Hz, 1H), 6.2
(m, 1H), 3.63 (m, 1H), 2.65 (q, J¼7.5 Hz, 2H), 1.67 (m,
2H), 1.44 (m, 2H), 1.30 (m, 4H), 0.9 (t, J¼7.5 Hz, 3H);
13C NMR (CDCl3, TMS): d 146.2, 142.6, 133.2, 130.8,
125.6, 119.1, 71.3, 37.6, 36.9, 31.9, 27.5, 25.3, 22.7,
14.1 ppm. Anal. Calcd for C12H18O: C, 80.85; H, 10.18.
Found: C, 80.82; H, 10.23.

4.1.4. Fulvene 50. Yield 39%. 1H NMR (CDCl3, TMS):
d 6.75 (m, 2H), 6.5–6.2 (m, 5H), 5.4 (m, 2H), 2.3 (m, 2H),
2.2 (m, 2H), 2.05 (m, 2H), 1.0 (t, J¼7.5 Hz, 3H) ppm.
Anal. Calcd for C14H18: C, 90.26; H, 9.74. Found: C,
90.25; H, 9.73.

4.2. Typical procedure for the preparation of the
saturated endoperoxides

A solution of 6,6-dimethylfulvene (1.06 g, 10 mmol) and
5 mg of TPP (meso-tetraphenylporphyrin) in 200 mL
CH2Cl2 was cooled to �78 �C in a flat Dewar containing
dry ice–acteone. The mixture was stirred while being irradi-
ated with a 250 W high-pressure sodium lamp for 3 h under
an oxygen atmosphere (a ballon filled with oxygen served
this purpose). Then the lamp was turned off, 8.7 g
(45 mmol) of potassium azodicarboxylate was added to the
mixture in small portions, a pressure-equalizing dropping
funnel fitted with a drying tube containing Drierite was at-
tached to the flask. A solution of 5.1 g (85 mmol) of acetic
acid in 20 mL CH2Cl2 was added dropwise to the stirred
slurry at �78 �C, and the mixture was slowly warmed up
to �35 �C and stirred at this temperature for 1 h. The mix-
ture was then slowly warmed up to 0 �C for an additional
30 min. Then the salt was filtered by suction, the filtercake
washed with cold CH2Cl2, while keeping the filter flask in
an ice bath. The filtrate was washed with saturated aqueous
NaHCO3, dried over MgSO4, filtered into a 250 mL round-
bottomed flask. An aliquot was concentrated at reduced
pressure (caution: saturated fulvene endoperoxides—
when neat—are potentially explosive!), and dissolved in
CDCl3 for NMR spectroscopy. The product was practically
pure according to its 1H NMR spectrum.5 For the DBU-
catalyzed isomerizations, the endoperoxides need not be
isolated.
4.3. Typical procedure for the DBU-catalyzed
isomerizations

Three drops of DBU were added to a solution of endoper-
oxide 57, obtained as described above, in 250 mL CH2Cl2
at 0 �C, and the solution was stirred at room temperature
for 12–15 h. Then the mixture was concentrated at reduced
pressure, and the residue chromatographed on SiO2, eluting
with hexane/ether (3:1).

4.3.1. 2-Isopropenyl-2-cyclopentenone (21). 1H NMR
(CDCl3, TMS): d 7.5 (t, J¼3.0 Hz, 1H), 6.07 (s, 1H), 5.16
(s, 1H), 2.60 (m, 2H), 2.47 (m, 2H), 1.94 (s, 3H); 13C
NMR (CDCl3, TMS): d 208.5, 158.5, 143.7, 135.1, 117.3,
36.7, 26.3, 22.0 ppm. FTIR (film): 2973, 2927, 2855,
1710, 1453, 1387, 1262, 1177, 1038, 913, 802 cm�1. Anal.
Calcd for C8H10O: C, 78.65; H, 8.25. Found: C, 78.61; H,
8.24.

4.3.2. (E)-(2)-Pent-1-enyl-2-cyclopentenone (24). 1H
NMR (CDCl3, TMS): d 7.4 (t, J¼3.0 Hz, 1H), 6.6 (dt,
J¼16.0, 7.0 Hz, 1H), 6.1 (d, J¼16.0 Hz, 1H), 2.6 (m, 2H),
2.45 (m, 2H), 2.1 (q, J¼7.0 Hz, 2H), 1.50 (sext, J¼7.0 Hz,
2H), 0.94 (t, J¼7.0 Hz, 3H); 13C NMR (CDCl3, TMS):
d 208.3, 156.5, 141.2, 135.7, 119.8, 35.57, 35.52, 26.2,
22.2, 13.7 ppm. Anal. Calcd for C10H14O: C, 79.96; H,
9.39. Found: C, 79.95; H, 9.38.

4.3.3. (E)-1-(5-Oxocylopent-1-enyl)hept-1-en-4-yl ace-
tate (27). 1H NMR (CDCl3, TMS): d 7.3 (br s, 1H), 6.45
(dt, J¼15.6, 7.2 Hz, 1H), 6.0 (d, J¼15.6 Hz, 1H), 4.85
(quin, J¼6.0 Hz, 1H), 2.5 (m, 2H), 2.35 (m, 2H), 2.26 (m,
2H), 1.94 (s, 3H), 1.45 (m, 2H), 1.24 (m, 2H), 0.82 (t,
J¼7.2 Hz, 3H); 13C NMR (CDCl3, TMS): d 207.8, 170.4,
157.4, 157.2, 140.6, 129.9, 122.3, 72.9, 38.0, 35.3, 26.0,
20.1, 18.3, 13.7, 13.5 ppm. Anal. Calcd for C14H23O3: C,
70.20; H, 9.69. Found: C, 70.17; H, 9.66.

4.3.4. (E)-Ethyl 7-(5-oxocyclopent-1-enyl)hept-6-enoate
(30). 1H NMR (CDCl3, TMS): d 7.3 (t, J¼3 Hz, 1H), 6.5
(dt, J¼16.0, 7.2 Hz, 1H), 4.0 (q, J¼7.2 Hz, 2H), 2.5 (m,
2H), 2.35 (m, 2H), 2.2 (m, 2H), 2.05 (m, 2H), 1.60 (m,
2H), 1.35 (m, 2H), 1.7 (t, J¼7.2 Hz, 3H); 13C NMR
(CDCl3, TMS): d 208.4, 173.6, 157.0, 141.0, 135.1, 120.1,
60.2, 35.6, 34.1, 33.1, 28.4, 26.3, 24.5, 14.2 ppm. Anal.
Calcd for C14H20O3: C, 70.20; H, 9.69. Found: C, 70.19;
H, 9.66.

4.3.5. 2-Cycloheptenylcyclopent-2-enone (33). 1H NMR
(CDCl3, TMS): d 7.4 (t, J¼3.0 Hz, 1H), 6.7 (t, J¼6.6 Hz,
1H), 2.56 (m, 2H), 2.45 (m, 2H), 2.37 (m, 2H), 2.25 (m,
2H), 1.8 (m, 2H), 1.55 (m, 4H); 13C NMR (CDCl3, TMS):
d 208.2, 155.5, 145.0, 135.8, 133.0, 36.0, 32.2, 31.1, 28.4,
26.4, 26.3, 25.3 ppm. Anal. Calcd for C12H16O: C, 81.77;
H, 9.15. Found: C, 81.77; H, 9.14.

4.3.6. (E)-5-(3-Hydroxybutan-2-ylidene)cyclopent-2-
enone (36). 1H NMR (CDCl3, TMS): d 7.54 (m, 1H), 6.30
(m, 1H), 5.2 (br s, 1H, OH), 5.05 (q, J¼7.0 Hz, 1H), 3.2
(s, 2H), 1.32 (d, J¼7.0 Hz, 3H) ppm.

4.3.7. 2-(3-Hydroxybut-1-en-2-yl)cyclopent-2-enone (37).
1H NMR (CDCl3, TMS): d 7.7 (t, J¼3.0 Hz, 1H), 5.65 (s,
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1H), 5.4 (s, 1H), 4.5 (q, J¼6.6 Hz, 1H), 3.9 (br s, 1H, OH),
2.7 (m, 2H), 2.5 (m, 2H), 1.26 (d, J¼6.6 Hz, 3H); 13C NMR
(CDCl3, TMS, 36+37): d 209.1, 197.4, 160.7, 156.0, 156.4,
143.5, 142.5, 137.0, 128.5, 114.7, 68.9, 68.2, 35.2, 35.0,
26.3, 22.0, 21.0, 18.2 ppm.

4.3.8. 2-(5-Propyltetrahydrofuran-2-yl)cyclopent-2-
enone (40, both epimers). 1H NMR (CDCl3, TMS): d 7.5
(t, J¼2.7 Hz, 1H), 4.7 and 4.61 (m, 1H), 4.1 and 3.8 (m,
1H), 2.6 (m, 2H), 2.42 (m, 2H), 2.3–1.9 (m, 2H), 1.2–1.8
(m, 6H), 0.9 (m, 3H); 13C NMR (CDCl3, TMS): d 208.7,
208.5, 157.8, 157.5, 148.4, 148.2, 79.7, 79.4, 74.1, 73.8,
38.25, 38.16, 35.6, 32.0, 31.9, 31.4, 26.63, 26.6, 19.5,
14.3 ppm. Anal. Calcd for C12H18O2: C, 74.19; H, 9.34.
Found: C, 74.14; H, 9.33.

4.3.9. (E)-(2-Buta-1,3-dienyl)cyclopent-2-enone (43). 1H
NMR (CDCl3, TMS): d 7.5 (t, J¼3.0 Hz, 1H), 7.16 (dd,
J¼17.0, 10.5 Hz, 1H), 6.2–6.5 (m, 2H), 5.35 (d,
J¼17.0 Hz, 1H), 5.17 (d, J¼10.5 Hz, 1H), 2.6 (m, 2H),
2.46 (m, 2H); 13C NMR (CDCl3, TMS): d 208.6, 159.0,
141.6, 138.0, 134.3, 123.0, 120.0, 36.3, 27.2 ppm. HRMS
m/z calcd for C9H10O: 134.0732. Found: 134.0733.

4.3.10. (5E,7E)-4-Oxonona-5,7-dienal (44). 1H NMR
(CDCl3, TMS): d 9.8 (s, 1H), 7.35 (m, 1H), 6.4 (t,
J¼11.1 Hz, 1H), 6.1 (m, 1H), 5.9 (d, J¼11.1 Hz, 1H), 2.75
(m, AA0BB0 pattern, 4H), 1.8 (dd, J¼6.6, 1.0 Hz, 3H); 13C
NMR (CDCl3, TMS): d 201.3, 198.7, 144.2, 141.5, 130.9,
127.8, 38.3, 33.2, 19.5 ppm. HRMS m/z calcd for
C8H10O2: 138.0681. Found: 138.0677.

4.3.11. (E)-3-Hydroxy-2-((E)-2-methylbut-2-enylidene)-
cyclopentanone (47). 1H NMR (CDCl3, TMS): d 7.0 (s,
1H), 6.2 (q, J¼7.2 Hz, 1H), 5.2 (d, J¼4.8 Hz, 1H), 2.6 (m,
2H), 3.3 (br s, 1H, OH), 2.23 (m, 2H), 2.0 (s, 3H), 1.8 (d,
J¼7.2 Hz, 3H) ppm. Anal. Calcd for C10H14O2: C, 72.26;
H, 8.49. Found: C, 72.35; H, 8.50.

4.3.12. (E)- and (Z)-2-(2-Methylbuta-1,3-dienyl)cyclo-
pent-2-enone (48 and 49). 1H NMR (CDCl3, TMS): d 7.6
(t, J¼3.0 Hz, 1H), 7.5 (t, J¼3.0 Hz, 1H), 6.8 (dd, J¼17.1,
10.8 Hz, 1H), 6.5 (dd, J¼17.4, 10.8 Hz, 1H), 6.2 (s, 1H),
6.13 (s, 1H), 5.4 (dd, J¼17.4, 10.8 Hz, 1H), 5.2 (dd,
J¼17.1, 10.8 Hz, 1H), 2.7 (m, 2H), 2.4 (m, 2H), 1.97 (s,
3H), 1.95 (s, 3H) ppm.

4.3.13. (E)-3-Hydroxy-2-((2E,6Z)-octa-2,6-dienylidene)-
cyclopentanone (52). 1H NMR (CDCl3, TMS): d 7.0 (d,
J¼11.4 Hz, 1H), 6.5 (m, 1H), 6.3 (m, 1H), 5.3 (m, 2H),
5.1 (m, 1H), 2.6 (m, 2H), 1.9–2.4 (m, 8H), 0.9 (t,
J¼7.5 Hz, 3H) ppm; 13C NMR (CDCl3, TMS): d 206.8,
149.4, 137.3, 137.2, 133.5, 128.0, 126.8, 70.2, 36.4, 34.3,
31.0, 26.9, 21.2, 15.0 ppm. Anal. Calcd for C14H20O2: C,
76.33; H, 9.15. Found: C, 76.36; H, 9.12.

4.3.14. 2-((1E,6Z)-3-Hydroxyocta-1,6-dienyl)cyclopent-
2-enone (53). 1H NMR (CDCl3, TMS): d 7.5 (t,
J¼3.0 Hz, 1H), 6.8 (dd, J¼16.0, 8.0 Hz, 1H), 6.4 (d,
J¼16 Hz, 1H), 5.4 (m, 2H), 5.3 (m, 1H), 2.64 (m, 2H),
2.5 (m, 2H), 1.7–2.2 (m, 6H), 0.9 (t, J¼7.5 Hz, 3H).
Anal. Calcd for C14H20O2: C, 76.33; H, 9.15. Found: C,
76.29; H, 9.14.

4.4. (E)-1-Methyl-2-(pent-1-enyl)cyclopent-2-enol (54)

To a stirred solution of 1.00 g (6.66 mmol) of 24 in 50 mL of
dry ether at �78 �C was added dropwise through a syringe
5.23 mL of an ethereal solution of methyllithium (1.4 M).
The reaction mixture was allowed to warm up to room tem-
perature and stirred for 1 h. A saturated aqueous solution of
NH4Cl solution (10 mL) was added dropwise, the layers
separated, and the aqueous layers extracted twice with
10 mL portions of ether. The combined organic layers
were washed twice with 10 mL of brine each, and the
organic layer dried over anhydrous MgSO4. The solvent
was removed at reduced pressure and the residue chromato-
graphed on SiO2 (3:1 hexanes/EtOAc), providing 0.8 g
(72% yield) of 54. 1H NMR (CDCl3, TMS): d 6.15 (dt,
J¼16.2, 6.6 Hz, 1H), 5.95 (d, J¼16.2 Hz, 1H), 5.6 (narrow
m, 1H), 2.4–1.9 (m, 6H), 1.45 (sext, J¼7.2 Hz, 2H), 1.40
(s, 3H), 0.91 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3, TMS)
d 146.6, 132.1, 127.5, 123.2, 83.2, 42.5, 35.5, 28.5, 25.8,
22.5, 13.7 ppm.

4.5. (E)-3-Methyl-(2-pent-1-enyl)cyclopent-2-enone (55)

A solution of 1.0 g (6 mmol) of the tertiary alcohol 54 in
5 mL of CH2Cl2 was added dropwise to a stirred suspension
of 2.58 g (12.0 mmol) of pyridinium chlorochromate (PCC)
in 20 mL CH2Cl2 at 0 �C. The mixture was stirred at room
temperature for 1 h, and was diluted with 25 mL of ether.
The ethereal solution was decanted from the solid, which
was washed with three 20 mL portions of ether. The com-
bined ethereal phases were washed successively with two
25 mL portions of 5% NaOH, 5% HCl, and two 10 mL por-
tions of saturated aqueous NaHCO3, and dried over MgSO4.
The solvent was removed at reduced pressure and the residue
purified by column chromatography on SiO2, eluting with
3:1 hexanes/EtOAc, to give 0.74 g (69% yield) of 55 as
a pale yellow oil. 1H NMR (CDCl3, TMS): d 6.7 (dt,
J¼16.0, 7.2 Hz, 1H), 6.06 (d, J¼16 Hz, 1H), 2.55 (m, 2H),
2.35 (m, 2H), 2.12 (s, 3H), 2.0 (m, 2H), 1.5 (m, 2H), 0.9
(t, J¼7.2 Hz, 3H). These data are almost identical to those
reported for 55.13

4.5.1. 4-Hydroxy-2-(propen-1-en-2-yl)cyclopent-2-enone
(59). 1H NMR (CDCl3, TMS): d 7.3 (d, 1H), 6.1 (s, 1H),
5.2 (s, 1H), 4.9 (m, 1H), 3.4 (br, OH), 2.9 (dd, B part of an
ABX system, 2J¼18.6 Hz, 1H), 2.38 (d, 2J¼18.6 Hz, 1H),
1.93 (s, 3H); 13C NMR (CDCl3, TMS): d 204.9, 156.2,
144.3, 134.4, 119.9, 68.0, 48.9, 22.5 ppm.

4.6. 3-Methyl-2-pentylcyclopent-2-enone (dihydro-
jasmone, 56)

Ketone 55 (0.5 g, 3.0 mmol) was dissolved in 10 mL of
methanol, 2% PtO2 was added, and the mixture was hydro-
genated at atmospheric pressure at room temperature.
Hydrogenation was interrupted after the uptake of 1 equiv of
H2, and the catalyst filtered off, the residue concentrated at
reduced pressure to give 56 in quantitative yield. Its physical
and spectroscopic data were identical in all respects with the
reported values in literature.
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Abstract—The singlet oxygen (1Dg) photooxidations of 2-methyl-3-phenylthio-2-butene (1a), 1-[(4-nitrophenyl)thio]-2,3-dimethyl-2-
butene (2c), 2-methyl-3-phenylsulfinyl-2-butene (3), 2-methyl-3-phenylsulfonyl-2-butene (6), and 1-[(4-nitrophenyl)sulfonyl]-2,3-dimethyl-
2-butene (7c) were conducted in the following deuterated solvents: acetonitrile, benzene, chloroform, methanol, or methanol/water mixture.
In each case the ene allylic hydroperoxide products and/or the [2+2] cycloaddition products were quantified and inspected for possible
hydrogen bonding induced differences in product selectivity and regiochemistry. After comparison to literature values for related substrates,
the results indicate that only photooxidations of vinyl sulfides are susceptible to hydrogen bonding solvent effects.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen bonding and specifically aqueous solvent effects
have recently been reported1,2 for the singlet oxygen ene
reactions of a,b-unsaturated esters, acids, and sodium salts.
As part of our continued interest in hydrogen bonding solvent
effects on the singlet oxygen reactions of substituted alkenes,
we have conducted a comparative study of the effects of
hydrogen bonding solvents on the photooxidations of
2-methyl-3-phenylthio-2-butene (1a), 1-[(4-nitrophenyl)-
thio]-2,3-dimethyl-2-butene (2c), 2-methyl-3-phenylsul-
finyl-2-butene (3), 2-methyl-3-phenylsulfonyl-2-butene (6),
and 1-[(4-nitrophenyl)sulfonyl]-2,3-dimethyl-2-butene (7c).
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The possible reaction modes available to sulfides 1 and 2 cer-
tainly make these substituted substrates interesting to study.
Vinyl sulfide 1 can conceivably undergo reaction with singlet
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Sulfoxides; Sulfones.
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oxygen at the alkene double bond via the ene reaction3 to
form regioisomeric allylic hydroperoxides 1G and 1ct or
a [2+2] cycloaddition to form the dioxetane product
(Scheme 1).4 Oxidation at sulfur to form a sulfoxide is also
a possibility. In conjunction with literature values for previ-
ous photooxidations of vinyl sulfides,4 allyl sulfides,5,6 allyl
sulfoxides,5,6,14 and allyl sulfones6 conducted in a variety of
solvents, we will systematically investigate the possibility of
hydrogen bonding induced changes in product formation,
product distributions, and implications for the mechanisms
of these reactions.
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Scheme 1. Possible modes for the singlet oxygen reaction with vinyl sulfide 1.

2. Results and discussion

2.1. Singlet oxygen photooxidations of vinyl and allyl
sulfides

In a typical experiment, 2-methyl-3-phenylthio-2-butene
(1a, 0.5 M) in benzene-d6 was irradiated at 0 �C with a
500 W tungsten–halogen lamp. Tetraphenylporphine (TPP,
2�10�4 M) was used as the photosensitizer and dry oxygen

mailto:stenskl@millsaps.edu
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was continuously purged through the system. The photo-
oxidation products and their distributions were determined
using 1H NMR. Table 1 lists the quantified products of vinyl
sulfides 1a–c and allyl sulfides 2a–c in various deuterated
solvents.

The results indicate that for 1a reaction at 0 �C occurs at the
alkene double bond producing exclusively [2+2] cycloaddi-
tion products in CD3OD and a mixture of ene product and
[2+2] product in benzene-d6. Clearly a solvent effect is oc-
curring, but initially it was unclear whether hydrogen bond-
ing was involved because Adam4 and co-workers previously
reported that in CDCl3 at �25 �C only [2+2] products were
formed with 1a and 1b (Table 1). Furthermore, they reported
that the electronic character of the p-substituent influences
the mode selectivity for vinyl sulfides. Photooxidation of
1c containing the electron-withdrawing NO2 group resulted
in 70% ene reaction and 30% [2+2] products.

Ando7 and co-workers previously suggested that the mode
selectivity for vinyl sulfides depends on several factors
including solvent and temperature. Protic solvents and low
temperatures appear to accelerate the dioxetane mode for
vinyl sulfides. Ando indicated that protic solvents would sta-
bilize the proposed perepoxide intermediate (PE Scheme 2)
by hydrogen bonding with the negatively charged pendant
oxygen, thereby allowing the sulfur to attack and form the
zwitterion intermediate, which would lead to the [2+2] prod-
uct. Aprotic solvents would not stabilize PE and therefore
the ene mode would be expected to predominate.

The different mode selectivity observed in benzene-d6 and
CDCl3 for 1a could be attributed to the different temperatures
utilized to run these reactions, 0 �C in benzene-d6 and
�25 �C in CDCl3. Again, lower temperatures have been
shown7 to favor the dioxetane mode. However, as a reviewer
indicated, the fact that such a substantial temperature
dependence is observed in aprotic solvents indicates that
the structure of the transition state leading to products is
also important.8 Therefore, another contributing factor to
the mode selectivity could be the activation entropy leading
to a transition state, which resembles the perepoxide. Clearly
the structure and subsequent stabilization of the perepoxide is
very important in determining the reaction mode with vinyl
sulfides.
It is interesting to note that when the ene mode does operate
with 1 the well-established phenomenon of geminal9,10

selectivity, preferential abstraction of the allylic hydrogen
geminal to the sulfur group, does not determine the regio-
chemistry. In benzene-d6, 44% cis+trans hydrogen abstrac-
tion was observed with 1a and in CDCl3 Adam and
co-workers reported 60% cis+trans hydrogen abstraction
with 1c. Perhaps this regiochemistry can be explained by a
favorable interaction between the incoming electrophilic
singlet oxygen and the electron rich sulfur. Frimer et al.11

suggested the importance of an initial interaction between
the incoming oxygen and the enol ether in their study of
the photooxidations of 2,3-dihydro-g-pyrans. Sulfur may
be inducing the same type of directing ‘cis’ effect with vinyl
sulfides 1.

Geminal selectivity is slightly favored with allyl sulfides 2.
These substrates appear to be unaffected by polarity or
hydrogen bonding solvent effects as the ene product dis-
tributions are fairly stable over a wide range of dielectric
constants. Under our conditions, neither the [2+2] cyclo-
addition nor sulfide oxidation was competitive with the
ene reaction for 2c. Methylene hydrogen abstraction was
not observed either. Clennan12 previously reported that
only at temperatures below �29 �C does the oxidation at
sulfur become important for 2b.

Geminal selectivity has been reported5 as preferential for the
ene reactions of allylic sulfides, sulfoxides, and sulfones.
Several reasons have been suggested for this preference
including: (1) electronic repulsions between the lone pairs
on the sulfur substituent and the negatively charged pendant
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Scheme 2. Proposed hydrogen bonding stabilization of perepoxide PE.
Table 1. Ene product ratios resulting from geminal (G)/cis+trans (ct) hydrogen abstraction or [2+2] cycloaddition products for vinyl sulfides 1a–c and allylic
sulfides 2a–c where X¼H (a), CH3 (b), and NO2 (c)
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CH3

S

G

c
X

t 1

H3C

H3C

CH3

H2C S X
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t 2

H (1a) CH3 (1b) NO2 (1c) H (2a) CH3 (2b) NO2 (2c)

Benzene-d6 0/44, 56 — — — — —
CDCl3 100a 100a 10/60, 30a — — 56/44
Acetone-d6 — — — d 52/48b,c 52/48b

CD3OD 100 — — — — 54/46
CD3CN — — — — — 54/46

a Ref. 4.
b Ref. 5.
c Ref. 6.
d Ref. 6. Note only ene products form.
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oxygen, which favor the perepoxide intermediate A (Fig. 1)
that places these groups on opposite sides, and (2) substituted
tetramethylethylenes exist in conformations where the
geminal hydrogens achieve the perpendicular geometry
necessary for abstraction easier than the cis/trans allylic
hydrogens.

2.2. Singlet oxygen photooxidations of vinyl and allyl
sulfoxides

The photooxidation products of vinyl sulfoxide 3, allyl sulf-
oxides 4a–c, and the related a,b-unsaturated ester 5d and
acid 5e are reported in Table 2. Under our conditions only
the geminal ene product was formed during photooxidation
of 3 in benzene-d6

13 and CD3OD. Solvent effects have pre-
viously2 been reported for 5d and 5e; specifically, as the
polarity of the solvent increases, geminal selectivity de-
creases. It has been suggested that the perepoxide leading
to 5G is somewhat less stabilized in a polar solvent. There-
fore, we were surprised to discover that vinyl sulfoxide 3
only forms geminal product, regardless of solvent polarity.
Clearly perepoxide I leading to 3G is more stabilized than
the perepoxide intermediate leading to 5G (Fig. 2). These
results appear to indicate that hydrogen bonding with the
solvent is not important in determining the ene product ratio
for 3 because only one ene product is formed regardless of
solvent choice.

Clennan6 and Chen previously reported that the ene product
distribution of allyl sulfoxides 4a–c did not show solvent
effects or electronic effects due to the p-substituent, and
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Figure 1. Perepoxide A is preferred for allyl sufides, sulfoxides, and
sulfones.
only minimal temperature effects were noted with 4b; at
�77 �C a 75/25 ratio of G/ct was reported but at 20 �C a
67/33 ratio of G/ct resulted. It is clear that geminal selectiv-
ity is overwhelming with all of these substrates.

2.3. Singlet oxygen photooxidations of vinyl and allyl
sulfones

Table 3 lists the photooxidation products for vinyl sulfone 6
and allyl sulfones 7a–c. Under our conditions only ene
products were formed from photooxidation of 6 and 7c.
Again, overwhelming geminal selectivity was observed.
Neither the p-substituent nor choice of solvent affected
the product ratios for 7a–c. Clennan5 suggested that the
conformational arrangement of the geminal hydrogens in
the allylic substrates favors the abstraction of the geminal
hydrogens.
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CH3Ph
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O
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δ+ δ–

I II
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Figure 2. Perepoxide I is preferred for vinyl sulfoxides.

Table 3. Ene product ratios resulting from geminal (G)/cis+trans (ct) hydro-
gen abstraction for vinyl sulfone 6 and allylic sulfones 7a–c where X¼H (a),
CH3 (b), and NO2 (c)

Solvent

H3C

H3C

CH3

S

G

c O O

t 6

H3C

H3C

CH3

H2C S X
O O

G

c

t 7

H (7a) CH3 (7b) NO2 (7c)

CDCl3 — — — 81/19
Acetone-d6 — 83/17b 83/17b —
CD3OD 100/0 — — 73/27
CD3OD/D2Oa 100/0 — — —

a Solvent mixtures of CD3OD/D2O (95/5 and 90/10) were used.
b Ref. 6.
Table 2. Ene product ratios resulting from geminal (G)/cis+trans (ct) hydrogen abstraction for vinyl sulfoxide 3, allylic sulfoxides 4a–c where X¼H (a),
CH3 (b), and NO2 (c), and 5d,e where Y¼OCH3 (d) and OH (e)

Solvent 3
a

H3C

H3C

CH3

S Ph
O

G

c

t 3
H3C

H3C

CH3

H2C S X
O

G

c

t 4

H3C

H3C

CH3

C Y
O

Gt

c

5

H (4a) CH3 (4b) NO2 (4c) OCH3 (5d) OH (5e)

Benzene-d6 2.3 100/0 — — — 89/11f 100/0f

CDCl3 4.8 — — 75/25d — — —
Acetone-d6 20.7 — 74/26c 75/25e 75/25c — —
CD3OD 33 100/0 — 75/25d — 85/15f 91/9f

CD3CN 36.6 — — — — 83/17f 86/14f

CD3OD/D2Ob 51.8 — — — — 82/18f 90/10f

a Dielectric constants (3) were taken from Ref. 16.
b A mixture of 90% CD3OD and 10% D2O.
c Ref. 5.
d Ref. 6.
e Ref. 14.
f Ref. 1.
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3. Conclusions

Several interesting conclusions can be drawn from this work:

(1) The singlet oxygen mode selectivity for vinyl sulfides
are susceptible to a combination of factors including
the solvent, reaction temperature, and the electronic
character of the p-substituent. In particular, hydrogen
bonding stabilization of the perepoxide by a protic sol-
vent favors formation of the dioxetane.

(2) The overall trend for geminal selectivity in allyl sulfides,
sulfoxides, and sulfones increases with increasing size
of the allyl substituent; allyl sulfide 2b produced 52%,
allyl sulfoxide 4b produced 75%, and allyl sulfone 7b
produced 83% of the ene hydroperoxide resulting from
geminal hydrogen abstraction.

(3) Vinyl sulfoxides and sulfones show no solvent effects,
which is unexpected when compared to their solvent
dependent a,b-unsaturated ester and acid counterparts.

4. Experimental

4.1. General

1H NMR spectra were recorded on a 60 MHz Varian EM
360-L spectrometer and referenced internally to tetramethyl-
silane. Melting points were taken in open capillaries on
a Mel-Temp II apparatus and are uncorrected. Thin layer
chromatography was carried out on 250 mm layer silica gel
flexible plates and column chromatography was carried
out with SilicAR CC-4 silica gel obtained from Mallinck-
rodt. Methyl isopropyl ketone and thiophenol were obtained
from Eastman and used as received. Anhydrous HCl,
m-chloroperoxybenzoic acid, 2,3-dimethyl-2-butene, N-bro-
mosuccinimide, benzoyl peroxide, and p-nitrothiophenol
were purchased from Aldrich and used without further puri-
fication. Hydrogen peroxide (30%) and dichloromethane
were obtained from Fisher and used as received. Sodium
methoxide from Mallinckrodt and formic acid from JT
Baker were also used without further purification. Deuter-
ated solvents (benzene, methanol, chloroform, acetonitrile,
and deuterium oxide) and photosensitizers (rose bengal,
methylene blue, and tetraphenylporphine) were used as
received.

4.1.1. 2-Methyl-3-phenylthio-2-butene (1a). It was synthe-
sized according to literature procedures15 from the reaction
of methyl isopropyl ketone (6.55 g, 0.076 mol) and thiophe-
nol (6.06 g, 0.055 mol). After the reaction was cooled to
0 �C, anhydrous HCl was bubbled through the system as
thiophenol (10.69 g, 0.097 mol) was added from an addition
funnel dropwise for 40 min. After the solution warmed to
room temperature, the excess ketone was distilled off at at-
mospheric pressure (bp 94–95 �C). The crude product then
underwent reduced pressure distillation to yield 6 mL of dis-
tillate; this was then dissolved in ether, extracted with 2 M
NaOH to remove excess thiophenol, and dried with NaSO4.
Lit. bp: 49.5–50 �C (0.03 mm Hg), 1H NMR (C6D6): d 1.6
(s, 3H), 1.95 (s, 3H), 2.01 (s, 3H), 7.05–7.35 (m, 5H).

4.1.2. 2-Methyl-3-phenylsulfinyl-2-butene (3). Compound
1a (1.77 g, 0.0099 mol) was oxidized with 30% hydrogen
peroxide (1.127 g, 0.0374 mol) by literature procedures15

in methanol (39.76 mL) with a formic acid catalyst
(0.994 mL). The reaction mixture was extracted with
50 mL of distilled water and 35 mL fractions of ethyl ether,
and the organic layer was dried with MgSO4. Compound 3
was recrystallized with petroleum ether. Lit. mp: 75–
76.5 �C, 1H NMR (CDCl3) d 1.6 (s, 3H), 1.8 (s, 3H), 2.2
(s, 3H), 7.2–7.5 (m, 5H).

4.1.3. 2-Methyl-3-phenylsulfonyl-2-butene (6). It was syn-
thesized by the oxidation of 1a (1 g, 0.0056 mol) with
2.5 molar equiv of meta-chloroperoxybenzoic acid (2.42 g,
0.014 mol). Compound 1a was dissolved in dichloromethane
with 1 equiv of sodium bicarbonate. m-CPBA was dissolved
in dichloromethane in an addition funnel and added dropwise
to the sulfide solution for 15 min. The solution was then
stirred and cooled over ice for an additional 45 min. The
product was washed with 2�20 mL portions of distilled
water, 3�20 mL portions of 2 M NaOH, and 20 mL portions
of distilled water. The organic layer was dried over MgSO4

and purified on a silica gel column using 7:3 hexane/ethyl
acetate 1H NMR (CDCl3) d 1.93 (s, 3H), 2.08 (s, 3H), 2.28
(s, 3H), 7.4–8.0 (m, 5H).

4.1.4. 1-Bromo-2,3-dimethyl-2-butene. It was prepared
using literature procedures14 by the reaction of 2,3-dimethyl-
2-butene (40.4 mmol) and N-bromosuccinimide (41.1 mmol)
in a solution of carbon tetrachloride (25 mL) with benzoyl
peroxide (0.129 mol). The product mixture was distilled
under reduced pressure at 65 �C (24 mm Hg). 1H NMR
(CDCl3) d 1.7 (s, 3H), 1.77 (s, 6H), 4.08 (s, 2H).

4.1.5. 1-[(4-Nitrophenyl)thio]-2,3-dimethyl-2-butene
(2c). It was synthesized from the reaction6 of 1-bromo-2,3-
dimethyl-2-butene (1.0 g, 6.13 mmol) with p-nitrothiophe-
nol (1.18 g, 6.20 mmol) in a solution of absolute ethanol
(45 mL) and sodium methoxide (0.335 g, 6.22 mmol). The
product was extracted using diethyl ether and water, dried
with MgSO4, and purified through recrystallization from
hexanes. Mp: 67–69 �C (lit. mp: 67–68 �C), 1H NMR
(CD3OD) d 1.65–2.0 (m, 9H), 3.85 (s, 2H), 7.6 (d, 2H,
J¼9 Hz), 8.3 (d, 2H, J¼9 Hz).

4.1.6. 1-[(4-Nitrophenyl)sulfonyl]-2,3-dimethyl-2-butene
(7c). Compound 2c (0.217 mmol) was oxidized with 2 equiv
of m-chloroperoxybenzoic acid (0.434 mmol) in a solution
of dichloromethane (5 mL) as per literature procedure.14

The m-CPBA was extracted using saturated NaHCO3, the
products were washed with ether and a saturated NaCl solu-
tion, and dried with MgSO4 before undergoing reduced pres-
sure distillation to remove the solvent. 1H NMR (CD3OD)
d 1.2–1.65 (m, 9H), 3.9 (s, 2H), 8.05 (d, 2H, J¼6 Hz),
8.35 (d, 2H, J¼6 Hz).

4.2. Singlet oxygen photooxidation procedure for 1a

Samples of 1a (0.5 M) immersed in an ice bath were photo-
oxidized in benzene-d6 using 2�10�4 M tetraphenylpor-
phine (TPP) as the photosensitizer and a sodium nitrite
filter solution (75 g NaNO2/100 mL H2O). After 4 h of
photooxidation, all the starting material reacted to form either
1act [1H NMR (C6D6) d 1.63 (s, 3H), 1.77 (s, 3H), 5.35 (s,
1H, J¼8 Hz), 5.47 (s, 1H, J¼8 Hz), 6.92–7.57 (m, 5H)] or



10687K. L. Stensaas et al. / Tetrahedron 62 (2006) 10683–10687
the cleavage products (Scheme 1) of the dioxetane, the thio-
ester [1H NMR (C6D6) d 1.12 (s, 3H)] and acetone [1H NMR
(C6D6) d 1.93 (s, 6H)].

Compound 1a was completely converted in 12 h by the pho-
tooxidation in CD3OD using 2�10�4 M methylene blue as
the photosensitizer and a sodium dichromate filter solution
(50.25 g Na2Cr2O7/50 mL H2O). The only products ob-
served were the cleavage products of the dioxetane (Scheme
1) the thioester [1H NMR (CD3OD) d 1.32 (s, 3H)] and
acetone [1H NMR (CD3OD) d 2.5 (s, 6H)].

4.3. Singlet oxygen photooxidation procedure for 3

Samples of 3 (0.5 M) immersed in an ice bath were photo-
oxidized in both benzene-d6 using 2�10�4 M tetraphenyl-
porphine (TPP) photosensitizer and a sodium nitrite filter
solution (75 g NaNO2/100 mL H2O). After 2 h of reaction
time, 3G was the only product. 1H NMR (C6D6) d 1.0
(s, 3H), 1.32 (s, 3H), 5.39 (s, 1H), 5.77 (s, 1H), 7.0–7.7
(m, 5H), 9.67 (s, 1H).

For the photooxidation of 3 in CD3OD, a 2�10�4 M solution
of methylene blue photosensitizer and a sodium dichromate
filter solution (50.25 g Na2Cr2O7/50 mL H2O) were used.
After 6 h of photooxidation, the only product was 3G. 1H
NMR (CD3OD) d 1.02 (s, 3H), 1.42 (s, 3H), 6.04 (s, 1H),
6.25 (s, 1H), 7.23–7.8 (m, 5H).

4.4. Singlet oxygen photooxidation procedure for 6

Samples of 6 (0.25 M) immersed in an ice bath were photo-
oxidized in deuterated methanol and 95/5 and 90/10 mix-
tures of CD3OD and D2O using a 5�10�4 M solution of
rose bengal photosensitizer and a potassium dichromate fil-
ter solution (1.0001 g K2Cr2O7/200 mL H2O). After 18 h of
photooxidation, 6G formed as the only product. 1H NMR
(CD3OD) d 1.42 (s, 6H), 6.4 (s, 1H), 6.62 (s, 1H).

4.5. Singlet oxygen photooxidation procedures for 2c
and 7c

Compound 2c was photooxidized in deuterated chloroform,
acetonitrile, and methanol, while 7c was reacted in both
deuterated chloroform and methanol. A 2�10�4 M solution
of methylene blue photosensitizer and a 0.2% w/v filter solu-
tion of rhodamine B were used in these photooxidations and
all were conducted in an ice bath. Ratios of 2cG/2cct and 7cG/
7cct were produced for each reaction.

2cG: 1H NMR (CD3CN) d 1.40 (s, 6H), 3.9 (s, 2H), 5.3
(s, 1H), 5.4 (s, 1H), 7.5 (d, 2H), 8.2 (d, 2H), 9.3 (s, 1H).

2cct:
1H NMR (CD3CN) d 1.42 (s, 3H), 1.80 (s, 3H), 3.5

(s, 2H), 5.1 (s, 2H), 7.5 (d, 2H), 8.2 (d, 2H), 9.3 (s, 1H).
7cG: 1H NMR (CD3OD) d 1.26 (s, 6H), 4.18 (s, 2H), 5.5
(s, 2H), 8.1 (d, 2H), 8.4 (d, 2H).

7cct:
1H NMR (CD3OD) d 1.57 (s, 3H), 1.72 (s, 3H), 3.84

(s, 2H), 4.80 (s, 2H), 8.1 (d, 2H), 8.4 (d, 2H).
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Abstract—Several alkyl and aryl substituted 2,3-dihydrofurans 1a–1e were synthesized and their reactions with singlet oxygen were inves-
tigated. Photooxygenation of 1a–1e in carbon tetrachloride at ambient temperature exclusively yields allylic hydroperoxides 4a–4e. Treat-
ment of these hydroperoxides with aqueous ferrous sulfate solution affords the corresponding a,b-unsaturated g-lactones 6a–6e with high
yields. This work provides an efficient route to the preparation of butenolide moiety, an important functionality in the structures of many
natural products that exhibit biological properties.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

a,b-Unsaturated g-lactone moiety is an important function-
ality in the structures of many natural products that exhibit
interesting biological properties.1–3 For example, pyrani-
cin,4 cacospongionolide,5 lituarine,6 manoalide, rubrolide,
prunolide,7 and digitalis8 all are known to include this bute-
nolide subunit (Scheme 1). Furthermore, five-membered
lactones have a specific odoriferous impression, and a,b-
unsaturated g-lactones are advanced intermediates on the
way to naturally occurring flavoring materials such as
whisky lactone and cognac lactone (Scheme 2).9 In this
regard, the development of efficient strategies for the synthe-
sis of a,b-unsaturated g-lactones is greatly demanded, and
a number of methods have been developed.10 Among these
methods, selective oxidation of furans by singlet oxygen
holds special promise. For example, Schenck and co-
workers11 irradiated furan, 2-hydroxymethylfuran, furfural,
and 2-methylfuran in alcohol in the presence of a singlet
oxygen photosensitizer, and obtained 5-alkoxybutenolide.
The formation of butenolide was assumed to occur via the
1,4-cycloaddition of singlet oxygen to the 1,3-diene in furans
to yield ozonides, which then underwent solvolysis to give
the product. 5-Hydroxybutenolides were also synthesized
by singlet oxygen oxidation of furans.12 For 3-alkylfuran
the singlet oxygen oxidation generally produces the mixture

Keywords: a,b-Unsaturated g-lactones; Photooxygenation of 2,3-dihydro-
furans; Ferrous ion-catalyzed gem-dehydration of hydroperoxides.
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of the C-3 and C-4 isomers of 5-hydroxybutenolides. To
increase the regioselectivity of this reaction, Kernan and
Faulkner13 carried out the oxidation in the presence of a
hindered base such as 2,2,6,6-tetramethylpiperidine and
selectively obtained the C-4 isomer (Scheme 3). Lee
et al.14 introduced a trimethylsilyl group into the 5-position
of 3-alkylfurans, then performed the singlet oxygen oxi-
dation. They also obtained the regioisomer, 4-alkyl-5-
hydroxy-butenolides (Scheme 4). Recently, Snapper and
co-workers5 synthesized the 5-hydroxybutenolide function-
ality in cacospongionolides B and E via photooxygenation of
furan moiety in the presence of a hindered base. Vassiliko-
giannakis et al.7 synthesized the spirocyclic core of the
prunolides by using a double photooxygenation of a 1,2-
di-[2-(5-trimethylsilyl) furyl]-alkene (Scheme 5).

The photosensitized oxidation of 2,3-dihydrofurans also
has been extensively investigated.15 These substrates can
undergo [2+2] cycloadditions and ene reaction with singlet
oxygen to give 1,2-dioxetane 2 and allylic hydroperoxides 4,
respectively16 (Scheme 6). It has been established15 that in
addition to the structure details of the substrates, the nature
of the solvent (aprotic/protic solvents; polarity) and the reac-
tion temperature may affect the extent to which the two
reaction modes compete with each other for singlet oxygen.
Generally, polar solvents and low temperature favor [2+2]
cycloaddition products over ene products. On heating, the
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dioxetanes 2 decompose to yield the dicarbonyl compounds
3, while the allylic hydroperoxides 4 can eliminate H2O2 to
give the corresponding furans 5 if the 2-position of the 2,3-
dihydrofuran is unsubstituted or monosubstituted. Although
the photooxygenation of 2,3-dihydrofurans has been exten-
sively investigated,15,16 utilization of this photooxidation
as a route to synthesize a,b-unsaturated g-lactones has not
been reported. In the present work we describe a versatile
route to butenolides. Our approach involves the singlet oxy-
gen oxidation of 2,3-dihydrofurans 1 in non-polar solvents at
room temperature to give exclusively the allylic hydroper-
oxides 4 followed by ferrous ion-catalyzed gem-dehydration
of these hydroperoxides. a,b-Unsaturated g-lactones 6 are
generally produced with excellent yields.
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Scheme 6. Photooxygenation of 2,3-dihydrofurans.

2. Results and discussion

2.1. Photooxygenation of 2,3-dihydrofuran (1a)

As mentioned above, 2,3-dihydrofuran can undergo ene re-
action and [2+2] cycloaddition with singlet oxygen to yield
allylic hydroperoxide 4 and 1,2-dioxetane 2, respectively,
and polar solvents and low temperature favor the formation
of 2 over 4. Thus, we performed the photooxygenation of
2,3-dihydrofuran in a non-polar solvent, carbon tetrachlo-
ride, at ambient temperature in order to generate the allylic
hydroperoxide in high yield. Tetraphenylporphyrin (TPP)
was used as the sensitizer, and a 450 W Hanovia high-
pressure lamp was used as the light source. A glass filter was
employed to cut off the light with l<400 nm, thus only
the sensitizer in the irradiation sample absorbed the light.
Irradiation of oxygen-bubbling solution of 1a in carbon
tetrachloride in the presence of 10�5 M TPP exclusively
resulted in the formation of 5-hydroperoxy-2,5-dihydrofuran
4a (Scheme 6). Generally, after 30 min irradiation the
conversion of 1a was close to 100%. The assignment of the
structure of 4a mainly relies on its 1H and 13C NMR spectra,
which were extracted from those of the crude reaction mix-
ture. The 13C NMR spectrum showed four signals at d 74.6
(t), 112.0 (d), 122.8 (d), and 134.2 (d) ppm. These chemical
shifts are attributed to carbon atoms C-2, C-5, C-3, and C-4
of 4a, respectively. The 1H NMR spectrum exhibited four
multiplets at d 4.72 (H-2), 5.58 (H-3), 6.13 (H-4), and 6.37
(H-5) and a broad singlet at 8.39 (OOH) ppm in a ratio of
2:1:1:1:1 attributed to protons H-2 through H-5 and OOH
of 4a as indicated in brackets. These 13C and 1H NMR data
are consistent with those reported in the literature.15

With the allylic hydroperoxide 4a in hand, then we con-
ducted the transformation of 4a into butenolide 6a. It has



10690 Y.-Z. Chen et al. / Tetrahedron 62 (2006) 10688–10693
been established17 that a-alkoxybenzyl hydroperoxides can
be converted into corresponding arylcarboxylate esters via
ferrous ion-catalyzed gem-dehydration. This prompted us
to investigate the possibility of the ferrous ion-catalyzed de-
hydration of 4. To the solution of 4a in carbon tetrachloride
immediately obtained by photooxygenation described above
was added a solution of ferrous sulfate (1 equiv) in water,
and the mixture was stirred at room temperature overnight.
a,b-Unsaturated g-lactone 6a was isolated by dichloro-
methane extraction in an overall yield of 95% based on the
consumed 1a (Table 1). This product was characterized by
1H NMR spectrum that is consistent with the literature.15 It
is suggested that this ferrous ion-catalyzed gem-dehydration
proceeds via the oxy radical generated by homolytic frag-
mentation of the O–O bond of the allylic hydroperoxide in
the presence of ferrous ion (Scheme 7).17,18

O H
OOHR1

R2
4

O OR
H2O

Fe2+

O-O fragmentation O H

OR1

R2
OH

Scheme 7. Ferrous ion-catalyzed gem-dehydration.

In the efforts to transform allylic hydroperoxide 4 into bu-
tenolide 6, we also tested another method that involves the
treatment of 4 with a triethylamine.17 Addition of equivalent
amount of triethylamine to the solution of 4a in carbon tet-
rachloride immediately obtain by photooxygenation and
stirring the solution overnight led to complete conversion
of 4a into 6a, as evidenced by 1H NMR spectrum changes.
Compound 6a was isolated by chromatograph on silica in
the yield greater than 90% (Table 1).

Gollnick and co-workers15 performed the photooxygenation
of 1a under similar reaction condition described above, but
at low temperatures (�78 to 13 �C). In contrast to our result,
a large amount of [2+2] cycloaddition product 2a (24% of
the products) was obtained. Compound 2a transformed

Table 1. The yield of a,b-unsaturated g-lactones produced by photooxyge-
nation of 2,3-dihydrofurans followed by ferrous ion-catalyzed or triethyl-
amine-catalyzed gem-dehydration

Substrate Treatment of the
oxidation product

Product Yield (%)

O
1a

FeSO4
O O

6a

>95
Et3N 90

O
1b

Pentyl FeSO4
O O

6b

Pentyl 84
Et3N 81

O
1c

Ph FeSO4 OPh O
6c

60

O
1d

p-H3CPh FeSO4 O
6d

p-H3CPh O 67

O
1e

Ph
Me

FeSO4 O
Me
Ph O

6e

76
into 3-(formyloxy) propanal 3a at elevated temperature
(Scheme 6). In our study since we isolated 6a in 95% yield
after the ferrous ion-catalyzed dehydration, the formation of
2a, if any, must not be significant. Evidently, temperature is
an important factor determining the pathway in the reaction
of olefins with singlet oxygen. Furthermore, Gollnick15 re-
ported that allylic hydroperoxide 4a undergoes elimination
of hydrogen peroxide to give furan 5a rather than dehydra-
tion to give the lactone 6a. Indeed, we kept the solution of
4a in carbon tetrachloride at 50 �C for 4 h, and found that
quantitative furan 5a was produced.

2.2. Photooxygenation of 2-pentyl-2,3-dihydrofuran
(1b), 2-phenyl-2,3-dihydrofuran (1c), and 2-p-tolyl-2,3-
dihydrofuran (1d)

a,b-Unsaturated g-lactone moiety is often connected to nat-
ural products at its 5-position. To exploit the possibility of
utilization of the above mentioned photooxygenation of
2,3-dihydrofurans as a tool for the synthesis of natural
products, we have investigated the ene reaction and the
subsequent ferrous ion-catalyzed dehydration of several
2,3-dihydrofurans with alkyl or aryl at its 2-position. Photo-
irradiation of oxygen-bubbling 0.1 M solution of 1b in
carbon tetrachloride at room temperature in the presence of
10�5 M TPP led to the formation of 2-pentyl-5-hydroper-
oxy-2,5-dihydrofuran 4b as evidenced by 1H NMR spectrum
of the reaction mixture. No corresponding 1,2-dioxetane 2b
was detected. After 30 min irradiation the conversion of 1b
is completed. Addition of aqueous solution of ferrous sulfate
to the reaction mixture and stirring the mixture overnight re-
sulted in the formation of 5-pentyl-substituted butenolide 6b.
The isolated yield of this product was ca. 84% based on the
consumed 1b (Table 1). As in the case of 1a, when the photo-
oxygenation mixture was treated with triethylamine, the
allylic hydroperoxide 4b transformed into the 5-pentyl-
substituted butenolide 6b with the yield of 81% (Table 1).

The 2-aryl-substituted 2,3-dihydrofurans 1c and 1d also can
be used as starting materials to produce the corresponding
5-aryl-substituted butenolides via photooxygenation in non-
polar solvents at ambient temperature, followed by ferrous
ion-catalyzed gem-dehydration. Under the conditions men-
tioned above, the 5-aryl-butenolides 6c and 6d were isolated
in 60 and 67% yields, respectively (Table 1). Interestingly,
the efficiency of the photooxygenation of substrates 1c and
1d is remarkably larger than those for 1a and 1b. Generally,
irradiation of the solutions of the former substrates under
above conditions for several minutes led to complete conver-
sion to the corresponding allylic hydroperoxides.

2.3. Photooxygenation of 2-methyl-2-phenyl-2,3-di-
hydrofuran (1e)

In order to elucidate the feasibility of the synthesis of 5,5-di-
substituted butenolide by the above methods, we investigated
the photooxygenation of 2-methyl-2-phenyl-2,3-dihydro-
furan 1e. As expected, TPP-sensitized photooxygenation of
1e in carbon tetrachloride at room temperature yielded the
allylic hydroperoxide 4e exclusively. No [2+2] cycloaddition
product was detected from the 1H NMR spectrum of the
reaction mixture. Treatment of the reaction mixture with
aqueous ferrous sulfate solution resulted in the conversion
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of 4e to 5-methyl-5-phenyl butenolide 6e. The isolated yield
of 6e was ca. 76% (Table 1).

3. Conclusion

Photosensitized oxidation of 2,3-dihydrofuran and its deriv-
atives with alkyl and/or aryl substituent(s) at its 2-position in
a non-polar solvent at ambient temperature exclusively yield
the corresponding allylic hydroperoxides. 1,2-Dioxetanes
were not detected. Treatment of the photooxygenation solu-
tions with ferrous sulfate aqueous solution or triethylamine
quantitatively resulted in the conversion of the allylic hydro-
peroxides into a,b-unsaturated g-lactones. The overall
yields of the a,b-unsaturated g-lactones were in the region
of 60–95% based on the consumed 2,3-dihydrofurans. The
high product yield, mild conditions under which the reac-
tions occur, and the low cost of the reagents used make
this reaction sequence to be an efficient strategy for the
synthesis of a,b-unsaturated g-lactones.

4. Experimental

4.1. Materials

Solvents of reagent grade from Beijing Chemical Works and
2,3-dihydrofuran of analytical grade from Acros Co. were
used without further purification. 2-Pentyl-2,3-dihydrofuran
1b, 2-phenyl-2,3-dihydrofuran 1c, 2-p-tolyl-2,3-dihydro-
furan 1d, and 2-methyl-2-phenyl-2,3-dihydrofuran 1e were
synthesized according to the literatures19 as shown in
Scheme 8.

R1

O

R2

C3H3MgBr

Et2O, -30°C

R2
R1

HO Et3N Mo(CO)5
Et2O, r.t.

OR1

R2

8 17

7b: R1=H,     R2=pentyl
7c: R1=H,     R2=phenyl
7d: R1=H,     R2=p-tolyl
7e: R1=CH3, R2=phenyl

Scheme 8. Preparation of 2,3-dihydrofurans.

4.1.1. Preparation of alkynols (8). In a typical experiment
a solution of Grignard reagent, C3H3MgBr in Et2O was pre-
pared by a literature procedure.20 This solution was cooled
to �30 �C and a solution of the corresponding aldehyde or
ketone 7 in Et2O was added dropwise. The mixture was
slowly warmed to room temperature and stirred for 1 h. It
was then poured into ice water. Saturated aqueous NH4Cl so-
lution was added to dissolve the precipitate and the organic
layer was separated. The aqueous layer was extracted with
ether and the extracts were combined with the above organic
layer. The combined solution was dried over MgSO4. After
evaporation of the solvent the residue was purified by distil-
lation at reduced pressure.

Compound 8b: 1H NMR (400 MHz, CDCl3): d¼3.75 (1H,
m, CHOH), 2.43 (1H, ddd, J¼16.5, 4.9, 2.6 Hz, CH2–Csp),
2.31 (1H, ddd, J¼16.5, 6.6, 2.6 Hz, CH2–Csp), 2.05 (1H, t,
J¼2.6 Hz, Csp–H), 2.05 (1H, br, OH), 1.60–1.20 (8H, m,
(CH2)4), 0.89 (3H, t, J¼6.6 Hz, CH3).
Compound 8c: 1H NMR (400 MHz, CDCl3): d¼7.40–7.10
(5H, m, Ph), 4.75 (1H, m, CHOH), 2.61 (1H, d, J¼3.3 Hz,
OH), 2.51 (2H, dd, J¼6.6, 2.6 Hz, CH2), 1.96 (1H, t,
J¼2.6 Hz, CspH).

Compound 8d: 1H NMR (400 MHz, CDCl3): d¼7.29 (2H, d,
J¼7.9 Hz, Ph), 7.18 (2H, d, J¼7.9 Hz, Ph), 4.84 (1H, t,
J¼6.3 Hz, CHOH), 2.63 (2H, dd, J¼6.2, 2.6 Hz, CH2),
2.46 (1H, br, OH), 2.37 (3H, s, –CH3), 2.07 (1H, t,
J¼2.1 Hz, CspH).

Compound 8e: 1H NMR (400 MHz, CDCl3): d¼7.50–7.20
(5H, m, Ph), 2.78 (2H, dd, J¼15.4, 2.6 Hz, CH2), 2.62
(1H, s, OH), 2.06 (1H, t, J¼2.6 Hz, CspH), 1.66 (3H, s,
–CH3).

4.1.2. Preparation of 2,3-dihydrofurans (1). In a typical
experiment, to 0.21 g (0.78 mmol) of molybdenum hexacar-
bonyl was added 14 mL of dry triethylamine under nitrogen
atmosphere, then 12 mL of dry ether was added. The mixture
was stirred for 10–15 min until the molybdenum hexa-
carbonyl had dissolved. The solution was irradiated with
350 nm light for 1 h. To the yielded yellow solution of
Et3N$Mo(CO)5 was added the solution of alkynol (8,
6 mmol) in ether, and the mixture was stirred for 72 h at
room temperature under nitrogen. The solvent was then
removed by rotary evaporation. The remaining liquid was
chromatographed on silica with n-hexane and ether mixture
(10:1, v:v) as eluent and 2,3-dihydrofurans were obtained.

Compound 1b: 1H NMR (400 MHz, CDCl3): d¼6.28 (1H,
dd, J¼4.9, 2.3 Hz, OCH]), 4.85 (1H, dd, J¼4.9, 2.2 Hz,
OCH]CH), 4.52 (1H, m, –OCH–), 2.68 (1H, m, ]CH–
CH2), 2.21 (1H, ddt, J¼15.1, 7.7, 2.2 Hz, ]CH–CH2),
1.8–1.2 (8H, m, (CH2)4), 0.9 (3H, t, J¼6.6 Hz, CH3).

Compound 1c: 1H NMR (400 MHz, CDCl3): d¼7.40–7.20
(5H, m, Ph), 6.43 (1H, dd, J¼4.9, 2.3 Hz, OCH]), 5.49
(1H, dd, J¼10.7, 8.5 Hz, CHPh), 4.92 (1H, dd, J¼4.9,
2.4 Hz, –OCH]CH), 3.05 (1H, ddt, J¼15.4, 10.7, 2.4 Hz,
CH2, H-trans), 2.58 (1H, ddt, J¼15.4, 8.4, 2.4 Hz, CH2,
H-cis).

Compound 1d: 1H NMR (400 MHz, CDCl3): d¼7.40–7.10
(4H, m, Ph), 6.45 (1H, dd, J¼4.9, 2.3 Hz, OCH]), 5.50
(1H, dd, J¼10.6, 8.6 Hz, CH3Ph–CH), 4.96 (1H, m,
OCH]CH), 3.06 (1H, m, CH2, H-trans), 2.62 (1H, m,
CH2, H-cis), 2.36 (3H, s, –CH3).

Compound 1e: 1H NMR (400 MHz, CDCl3): d¼7.50–7.20
(5H, m, Ph), 6.40 (1H, dd, J¼4.9, 2.4 Hz, OCH]), 4.86
(1H, m, –OCH]CH), 2.87 (1H, dt, J¼15.0, 2.3 Hz,
]CH–CH2), 2.80 (1H, dt, J¼15.0, 2.3 Hz, ]CH–CH2),
1.67 (3H, s, –CH3).

4.1.3. Photooxygenation and ferrous ion-catalyzed gem-
dehydration. The photooxidation of 2,3-dihydrofurans 1
was carried out in carbon tetrachloride in a Pyrex reactor
with tetraphenylporphyrin (TPP) as the sensitizer. The light
source was a 450 W Hanovia high-pressure mercury lamp
with a glass filter to cut off the light with wavelength below
400 nm, thus to ensure the absence of direct excitation of
the substrates. During irradiation, oxygen was bubbled
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through the solution. The photooxygenation process was
followed by 1H NMR of the reaction mixture. After the
oxidation was completed, to the reaction mixture was added
equivalent amount of ferrous sulfate aqueous solution (or
triethylamine). The mixture was stirred overnight, and
then the organic layer was separated and dried over
MgSO4. Evaporation of the solvent afforded a,b-unsatu-
rated g-lactones.

Compound 6a: 1H NMR (400 MHz, CDCl3): d¼7.60 (1H,
m, CH2–CH]), 6.21 (1H, m, CH2CH]CH), 4.93 (2H, m,
CH2).

Compound 6b: 1H NMR (400 MHz, CDCl3): d¼7.47 (1H,
dd, J¼5.7, 1.2 Hz, CHCH]CH), 6.13 (1H, dd, J¼5.7,
1.9 Hz, CHCH]CH), 5.06 (1H, m, CHCH]CH), 1.2–1.8
(8H, m, (CH2)4), 0.92 (3H, t, J¼6.7 Hz, CH3).

Compound 6c: 1H NMR (400 MHz, CDCl3): d¼7.2–7.5
(5H, m, Ph), 7.52 (1H, dd, J¼5.6, 1.7 Hz, CHCH]CH),
6.23 (1H, dd, J¼5.6, 2.1 Hz, CHCH]CH), 6.03 (1H, dd,
J¼2.0, 1.7 Hz, PhCH).

Compound 6d: 1H NMR (400 MHz, CDCl3): d¼7.1–7.4
(4H, m, Ph), 7.51 (1H, dd, J¼5.5, 1.5 Hz, CHCH]CH),
6.22 (1H, dd, J¼5.7, 2.0 Hz, CHCH]CH), 5.99 (1H, dd,
J¼2.0, 1.5 Hz, CHCH]CH), 2.37 (3H, s, –CH3).

Compound 6e: 1H NMR (400 MHz, CDCl3): d¼7.63 (1H, d,
J¼5.6 Hz, PhCCH]CH), 7.5–7.2 (5H, m, Ph–), 6.06 (1H, d,
J¼5.6 Hz, PhC–CH]CH), 1.83 (3H, s, –CH3).
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Abstract—The methylene blue-sensitized photooxygenation of b-ribofuranosyl furan 1e followed by in situ Et2S treatment afforded the con-
formationally stable b-ribofuranoside 4e almost quantitatively. The latter was converted to pyridazine C-nucleoside 6e by cyclization with
NH2NH2 and to pyrazoline 7e through a 1,3-dipolar cycloaddition with diazomethane. Attempts to epoxidize the double bond failed both
by dimethyldioxirane (DMDO), which left 4e unchanged, and by NEt3/t-BuOOH or NaOO-t-Bu which respectively afforded the new and
unexpected exo-glycals E,Z-8e and the novel furan derivative 9.
� 2006 Published by Elsevier Ltd.
1. Introduction and background

C-Glycoside synthesis represents a field of great interest due
to the potential biological relationships, which often charac-
terize these molecules.1 Many synthetic approaches have
been developed and others are being investigated for the pur-
pose of furnishing more efficient procedures.2 Two main
synthetic pathways provide C-nucleosides as well as glyco-
sides in general.3 The most common approach is based on
promoted coupling between a donor sugar and an acceptor,
the latter being the desired aglycone.2,3 The other approach
involves transforming a suitable pre-existent aglycone by
means of regio- and stereoselective reactions.3 Although
the first approach has wider applicability, it has definite
limitations including isomerization or decomposition of the
acceptor during the reaction due to the harsh conditions
required. When this approach fails, the second strategy could
represent the only possibility to achieve the target molecule.3

Furans are versatile and useful starting materials in the field
of organic synthesis. For example, they are good diene-type
compounds in [4+2] cycloaddition with singlet oxygen
(1O2).4 This excited state of oxygen can be easily produced
starting from atmospheric oxygen, solar light and a sensi-
tizer, which together constitute a reaction system of very
low environmental impact. On the other hand, pericyclic
reactions are known to proceed with very high regio- and
stereoselectivity, the first of which fails when singlet oxygen

Keywords: Photooxygenation; [4+2] Cycloadditions; C-Nucleosides; 1,3-
Dipolar cycloadditions.
* Corresponding author. E-mail: cermola@unina.it
0040–4020/$ - see front matter � 2006 Published by Elsevier Ltd.
doi:10.1016/j.tet.2006.07.109
is the dienophile,5 as well as with good yields.6 [4+2] Cyclo-
addition of singlet oxygen to furans has been applied
with success in approaching highly functionalized mole-
cules, which in turn can serve as building blocks in construc-
tions of more complicated organic structures.4 The reaction
quantitatively affords 2,3,7-trioxabicyclo[2.2.1]hept-5-enes,
usually named endoperoxides (Fig. 1),4,5 which are ther-
mally unstable. The rearrangement pathways strictly depend
on the electronic nature of the substituents on the furan ring,
providing useful approaches to a wide range of functional-
ized cyclic or acyclic compounds.4,5,7

Previous studies aimed at controlling dye-sensitized photo-
oxygenation of furans bearing a sugar and investigated the
reaction of glucosyl furans a-1a,b (Scheme 1).8 The results
showed that the sugar ring at the a-position of a furan
strongly influences the chemical behaviour of the corre-
sponding endoperoxides 2a,b; they thermally rearranged
into the corresponding a-O-glycosides 3a,b through a
Baeyer—Villiger-type mechanism (Scheme 1). This uncom-
mon C- to O-glycoside transposition is promoted by the elec-
trophilicity of the anomeric carbon and does not depend on
the ring-sugar size. Indeed, similar results were obtained
starting from the arabinosyl furans 1c,d, which led quantita-
tively to the O-furanosides 3c,d (Scheme 1).9 Moreover, the
use of the b-anomer of 1c confirmed that the observed

O O
O

Figure 1. 2,3,7-Trioxabicyclo[2.2.1]hept-5-ene.

mailto:cermola@unina.it
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stereoselectivity is due to retention of the configuration in
the sugar moiety from C- to O-migration (Scheme 1).9

O
R

2

1O2

CH2Cl2, -20 °C

-20 °C        r.t.

O

3

O O
R

Sugar
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O

OBnBnO
OBn

BnO

c (d); R = H (Me); Sugar =

1

OBnO

BnO OBn

Sugar O O
R

O

Scheme 1.

Although thermally unstable, the endoperoxides 2 could be
used in approaching novel and functionalized C-glycosides.
Indeed, when the photooxygenation mixtures of 2 were
treated with a precooled (�20 �C) solution of Et2S, the
C-glycosides 4 were formed almost quantitatively (Scheme
2).8,9 They were obtained with complete cis-stereoselectiv-
ity, owing to the bicyclic structure of the parent endoper-
oxides, but the use of chloroform or other slightly acid
conditions promoted a complete isomerization into trans-
derivatives 5 (Scheme 2).

Sugar

4

O
O

R

21

1O2

CH2Cl2, -20 °C

Et2S

CDCl3Sugar

5

O
R

O

Scheme 2.

The development of the one-pot procedure shown in
Scheme 3 is of considerable interest. It offers an easy
synthetic approach for b-C-glycosides such as the derivative
b-5b, starting from the corresponding a-glucosyl furans, for
example, a-1b, which can be more easily prepared than the
b-analogues.8

1b

Sugar O
R

Sugar

5b

O
R

O

1. 1O2

2. Et2S

3. SiO2

b; R = Me; Sugar =
O

OBnBnO
OBn

BnO

Scheme 3.
Subsequently, we decided to apply the photooxygenation
procedure to b-ribofuranosides in the hope of producing
novel C-nucleosides of pharmacological interest. Thus we
synthesized the b-ribofuranosyl furan 1e,9 previously un-
known, to obtain functionalized furanosides with configura-
tionally stable unsaturated aglycones as well as to avoid
the C- to O-rearrangement. The photooxygenation of b-1e
in dichloromethane at �20 �C was complete after 30 min
(TLC) and afforded the 6:1 diastereomeric mixture of the
endoperoxide 2e, which by Et2S reduction quantitatively
gave the cis-diketone 4e (Scheme 4). As expected, com-
pound 4e showed a configurational stability, and did not
isomerize at all into the corresponding trans-alkene.9 Here
we report some synthetic applications based on the use of the
b-ribofuranoside 4e as starting material for interesting new
C-nucleosides and exo-glycals. Compound 4e is easily pre-
pared by a one-pot procedure based on the dye photooxy-
genation of the furanosyl furan 1e followed by in situ Et2S
reduction (Scheme 4). Due to the high yield as well as the
stereoselectivity, compound 4e can be used without chroma-
tographic purification.

O
AcO

AcO OAc

1e

2e

O
Me

Me

1O2, CH2Cl2

O
AcO

AcO OAc

4e

O
O

Me

Me

Et2S

1. 1O2, MeOH
2. Et2S

(6:1 diastereomeric mixture)

70%

Scheme 4.

2. Results and discussion

The cis-relationship of the two carbonyl groups of b-ribofur-
anoside 4e and its configurational stability led us to carry out
a cyclization into a pyrimidine-base system by the addition
of hydrazine hydrochloride. The reaction was performed us-
ing dry methanol as the solvent and led to the new pyridazine
C-nucleoside b-6e (Scheme 5). A one-pot process starting

3. NH2NH2·HCl

1. 1O2, MeOH

2. Et2S

1e

70%

4e

O
AcO

AcO OAc

6e

N
N

Me

Me
NH2NH2. HCl

MeOH, rt

Scheme 5.
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from furan 1e was then developed and afforded compound
6e in 70% yield (based on furan 1e).9

The presence of the peracetylated sugar ring as well as of
two acetyl groups at the unsaturated carbons suggested the
use of 4e as a dipolarophile in [4+2] cycloadditions with
electron-rich diene compounds as well as in [3+2] reaction
with suitable 1,3-dipoles, providing six- and five-membered
cyclic compounds, respectively. As 1,3-dipoles, diazo-
alkanes are usually able to give cycloadditions, which are
HOMO-controlled by the dipole, the reactions proceeding
faster with electron-poor alkenes.10 Thus we chose diazo-
methane as the dipole and the reaction was carried out by
adding an excess of a freshly prepared ether solution of
CH2N2 to the ribofuranoside 4e (0.5 mmol), while stirring
at room temperature. After 30 min the reaction was com-
plete (TLC), and the 1H NMR spectrum showed the presence
of an unknown derivative as the main product. On the basis of
2D-NMR experiments, we assigned the C-pyrazoline struc-
ture 7e to the new product (Scheme 6).

4e

CH2N2

Et2O, rt

O
AcO

AcO OAc

N
N

Ac
Ac

cis-(RR)-7e

3. CH2N2, Et2O, rt

1. 1O2, CH2Cl2
2. Et2S

1e

40%

Scheme 6.

The correctness of the assigned regiochemistry was easily
established by the presence of the CH–CH2 system in
the 1H NMR spectrum, which has to be absent in the re-
gioisomer. The cis-facial relationship of the two acetyl
groups was given on the basis of the concerted mechanism,
which represents the usual pathway working in 1,3-dipolar
cycloaddition reactions.10 At present the configurations
of the two new chiral centres have still to be assigned.
Nevertheless, considering the cycloadducts similar to the
transition states, we tentatively assigned the 40R,50R config-
urations to 7e, on the basis of comparison of calculated
thermodynamical stabilities of the two isomers. Indeed,
a MM+ conformational analysis assigned a lower energy to
the cis-(RR)-7e of ca. 5 kcal/mol compared to the cis-(SS)-
pyrazoline isomer 7e0 (Fig. 2). All the spectroscopic data
were collected on the crude reaction mixture, and this shows
that the cycloaddition proceeds with very high yields and
with almost complete regio- and stereoselectivity.

We next tested the possibility of oxidizing the double bond
of 4e using diverse epoxidizing reagents in order to achieve
a new C-nucleoside characterized by an epoxidic aglycone.
Treatment at �20 �C of a crude glycoside 4e with freshly
prepared dimethyldioxirane (DMDO) did not work, even
after a week. This was only to be expected considering the
electron-poor character of the double bond together with
the electrophilicity of the oxidant.11 We then attempted to
epoxide the alkene moiety by using a t-BuOOH/NEt3 mix-
ture, a nucleophilic oxidizing system usually used in the
epoxidation of alkenes substituted with two or three electron-
withdrawing groups.12 Unlike DMDO, the hydroperoxide/
triethylamine solution generally leads to a mixture of cis-
and trans-epoxides, the mechanism involved not being con-
certed.12 The reaction was carried out by adding 6 equiv of
the epoxidizing system to a stirred dichloromethane solution
of 4e at room temperature. Surprisingly, the work-up of the
reaction after 12 h did not afford trace of any stereoisomeric
epoxide; instead it produced the diastereomeric exo-glycals
E,Z-8e in very high yields (Scheme 7). The molar ratio of
E- and Z-8e changed from an initial 9:1 to 3:2 in the course
of time.

The structure of exo-glycals for the two observed products
was assigned on the basis of spectral data. The stereochem-
istry was firstly assigned by correlating the large differences
in chemical shifts of the AB system protons of CH2CO group
to the different spacial closeness to the sugar chiral centres
(ca. 0.5 ppm in E-8e vs 1 ppm in Z-8e). The assigned stereo-
chemistry was then confirmed by 2D-NOESY experiments
run on the diastereomeric mixture. In particular, the 2D-
spectrum showed a strong NOE correlation between the
methylene protons with the larger AB system and the
Figure 2. Conformational analysis (MM+) for the cis-(RR)-7e and (SS)-7e0 pyrazolines.
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doublet at d 5.99 in agreement with the CH2CO group at the
same side of H-2, as occurs in the Z-configuration. Obvi-
ously, the same correlation was absent in the isomer E-8e.

This uncommon result shows that the acidity of the anomeric
proton in 4e is higher than that of the hydroperoxidic proton.
This explains how triethylamine promotes the anion 10e
shown in Scheme 8. Due to the high conjugation of the sys-
tem, subsequent re-protonation of the carbonyl oxygen
should afford the undetected enol E,Z-11e, which tautomer-
izes into Z-8e and E-8e, the latter being initially the major
isomer. The hypothesis was confirmed by control experi-
ments. Indeed, when only NEt3 was added to a solution of
4e, compounds Z-8e and E-8e were the only products in
the crude reaction mixture (1H NMR).
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AcO OAc
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Me
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Me
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9
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Scheme 8.

The higher acidity of H-1 compared to t-BuOOH was
demonstrated by the use of NaOO-t-Bu, freshly prepared
by adding 1 equiv of NaH to the hydroperoxide at 0 �C in
anhydrous THF.13 With this reagent, the epoxidation reac-
tion was still overcome by the acid–base reaction but surpris-
ingly the furan 9 was formed (Scheme 7). The explanation
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Scheme 7.
may be that, due to the absence of an acid–base equilibrium,
the fate of the anion 10e is different from that previously
observed in the presence of mild base NEt3. It undergoes
deacetylation of the sugar ring, the second elimination
being very fast owing to the aromatization of the intermediate
dihydrofuran system (Scheme 8).

It is noteworthy that deacetylation did not occur whether
starting from furan 1e or from 1,2,3,5-tetra-O-acetatyl-D-ri-
bofuranose. Thus the electron-poor aglycone in 4e should be
responsible for the two observed reactions in that it increases
the H-1 acidity, which represents the drawing force.

Although it was not possible to synthesize the planned epox-
ide, the above results illustrate the synthetic potential of the
photooxygenation procedure applied to the sugar-furans 1.
They also highlight the high reactivity of unsaturated ribo-
furanoside systems such as 4e, leading to a wide range of
differently functionalized compounds, which in turn can
be used as starting material for more complex glycosyl
derivatives.

The synthesis of the new functionalized exo-glycals 8e is of
interest both for the potential biological activity14 and for
their synthetic application in producing pharmacologically
active derivatives.15

Moreover, the work demonstrated the use of glycosides with
a,b-unsaturated systems, such as compound 4e, in [3+2]
dipolar cycloadditions towards suitable 1,3-dipoles. This
provides an easy access to C-nucleosides of pharmacolo-
gical interest. Indeed, the reaction of 4e with diazomethane
leads regio- and stereoselectively to the novel pyrazoline
C-nucleoside 7e, which is structurally related to pyrazole
C-nucleosides, compounds widely used for their pharmaco-
logical properties.16

3. Experimental

3.1. General

Nuclear magnetic resonance (NMR) spectra were recorded
at 500 MHz for [1H] and 125 MHz for [13C] on a Fourier
Transform NMR Varian 500 Unity Inova spectrometer.
The carbon multiplicity was evidenced by DEPT experi-
ments. The proton couplings were evidenced by 1H–1H
COSY experiments. The heteronuclear chemical shift cor-
relations were determined by HMQC and HMBC pulse
sequences. 1H–1H proximities through space within a mole-
cule were determined by NOESY. Analytical TLC was
performed on precoated silica gel plates (Macherey-Nagel)
with 0.2 mm film thickness. Column chromatography was
performed on silica gel (Macherey-Nagel). Reagent-grade
commercially available reagents and solvents were used.

3.1.1. Synthesis of 20,50-dimethyl-30-(2,3,5-tri-O-acetyl-D-
ribofuranosyl)furan b-1e. To a stirred solution of 2,3,5-
tri-O-acetyl-1-O-(acetyl)-D-ribofuranose (320 mg, 1 mmol)
in dry CH2Cl2 (10 mL) under argon and in the presence of
molecular sieves 2,5-dimethylfuran (96 mg, 1 mmol) and,
successively, a dichloromethane solution of SnCl4 (1 M,
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16 mL) were added. The resulting mixture was stirred at
room temperature for 3 h. The reaction was then quenched
by saturated solution of NaHCO3 (5 mL). The organic layer
was separated and the aqueous layer was extracted with
CHCl3 (3�10 mL). The combined organic extracts were
washed with brine and dried over anhydrous MgSO4. After
filtration the solvent was removed under reduced pressure.
1H NMR spectrum showed that glycosyl furan 1e was pres-
ent as a mixture of a and b-anomers in ca. 1:8 molar ratio.17

Silica gel chromatography using n-hexane/EtOAc (85:15,
v/v) as eluent afforded glycosyl furan b-1c in 35% yield:
1H NMR (CDCl3) d 2.04 (s, 3H, CH3CO2), 2.10 (s, 6H,
2CH3CO2), 2.20 (s, 3H, CH3-20), 2.24 (s, 3H, CH3-50),
4.21 (m, 2H, H-4 and H-5A), 4.31 (dd, J¼13.4, 4.6 Hz,
1H, H-5B), 4.81 (d, J¼7.0 Hz, 1H, H-1), 5.08 (dd, J¼7.0,
5.7 Hz, 1H, H-2), 5.27 (dd, J¼5.7, 4.1 Hz, 1H, H-3), 5.86
(s, 1H, H-40); 13C NMR (CDCl3) d 15.9 (q, CH3-20), 16.8
(q, CH3-50), 20.6 (q, CH3CO2), 20.7 (q, CH3CO2), 20.8 (q,
CH3CO2), 63.8 (t, C-5), 71.7 (d, C-3), 74.8 (d, C-2), 75.2
(d, C-1), 79.6 (d, C-4), 104.2 (d, C-40), 116.5 (s, C-30),
148.4 (s, C-20), 150.5 (s, C-50), 169.6, 169.7 and 170.5 (3s,
3CO2).

3.1.2. One-pot synthesis of b-furanoside 4e by MB-sensi-
tized photooxygenation of b-1e and Et2S reduction. A
0.02 M solution of b-1e (0.25 mmol) in dry CH2Cl2 was
irradiated at �20 �C with a halogen lamp (General Elec-
tric, 650 W) in the presence of methylene blue (MB,
1�10�3 mmol) while dry oxygen was bubbled through the
solution. The progress of the reaction was checked by peri-
odically monitoring the disappearance of 1e (TLC or 1H
NMR). When the reaction was complete (90 min), a pre-
cooled dichloromethane solution of Et2S (2 equiv) was
added to the photooxygenation mixture. The latter was
kept at �20 �C for 1 h and then transferred at room temper-
ature. When the reduction was complete (2 h, 1H NMR), the
solvent and unreacted Et2S were removed under reduced
pressure. The residue was taken up in Et2O, the suspension
filtered to remove the insoluble sensitizer (MB) and the fil-
trate evaporated to give crude cis-b-4e (yield>90%). Silica
gel chromatography on a short column gave pure compound
4e in 70% yield.9,18

Compound 4e: 1H NMR (CDCl3) d 2.07 (s, 3H, CH3CO2),
2.08 (s, 3H, CH3CO2), 2.13 (s, 3H, CH3CO2), 2.26 (s, 3H,
CH3CO), 2.29 (s, 3H, CH3CO), 4.14 (dd, J¼12.1, 3.7 Hz,
1H, H-5A), 4.20 (m, 1H, H-4), 4.35 (dd, J¼12.1, 3.0 Hz,
1H, H-5B), 4.60 (dd, J¼6.0, 1.2 Hz, 1H, H-1), 5.22 (m,
2H, H-2 and H-3), 6.31 (d, J¼1.2 Hz, 1H, H-30); 13C NMR
(CDCl3) d 20.4 (q, CH3CO2), 20.5 (q, CH3CO2), 20.8 (q,
CH3CO2), 30.5 (2q, 2CH3CO), 62.8 (t, C-5), 71.4 (d, C-3),
73.7 (d, C-2), 80.5 (d, C-4), 80.9 (d, C-1), 124.4 (d, C-30),
153.9 (s, C-20), 169.3 (s, CO2), 169.6 (s, CO2), 170.6 (s,
CO2), 196.5 (s, C-40), 200.4 (s, C-10).

In the subsequent reactions, crude cis-b-4e was used without
further purification since control experiments showed that
the presence of non-volatile Et2SO was irrelevant.

3.1.3. Treatment of 4e with diazomethane. To the crude ri-
bofuranoside 4e (0.25 mmol) in dry Et2O was added a diethyl
ether solution of freshly prepared CH2N2 (ca. 1 mmol) and
the resulting mixture was kept at room temperature under
stirring. After 1 h the reaction was complete and the 1H
NMR showed the presence of pyrazoline 7e as the only iden-
tifiable product (ca. 80%). After evaporation of the solvent,
TLC chromatography of the residue (n-hexane/Et2O, 1:4, v/v)
afforded pure 7e (50%; 40% based on starting furan 1e).

cis-(R,R)-7e: 1H NMR (CDCl3) d 2.06, 2.08, 2.14 (3s, 9H,
3CH3CO2), 2.25 and 2.41 (2s, 6H, 2CH3CO), 3.26 (dd,
J¼8.8, 3.8 Hz, 1H, H-50), 4.15 (m, 1H, H-4), 4.23 and 4.30
(2dd, J¼12.6, 4.4, 3.3 Hz, 2H, H2-5), 4.55 (dd, J¼18.1,
8.8 Hz, 1H, H-40A), 4.67 (d, J¼6.1 Hz, 1H, H-1), 4.76 (dd,
J¼18.1, 3.8 Hz, 1H, H-40B), 4.87 (t, J¼6.1 Hz, 1H, H-2),
5.05 (dd, J¼6.1, 5.5 Hz, 1H, H-3); 13C NMR (CDCl3)
d 20.5 (q, 2CH3CO2), 20.8 (q, CH3CO2), 31.1 (q, CH3CO),
32.4 (q, CH3CO), 46.2 (d, C-50), 62.5 (t, C-5), 70.5 (d,
C-2), 71.2 (d, C-3), 79.8 (d, C-4), 81.6 (t, C-40), 82.5 (d,
C-1), 110.9 (s, C-10), 169.1 (s, CO2), 169.3 (s, CO2), 173.4
(s, CO2), 203.9 (s, CO), 208.0 (s, CO).

No other isomer was detected either by careful NMR
analysis of the crude reaction mixture or by chromatography,
and only polymeric material was found in addition to
cis-(R,R)-7e.

3.1.4. Treatment of 4e with NEt3/t-BuOOH.12 Triethyl-
amine (6 equiv) and tert-butyl hydroperoxide (6 equiv)19

were added to a 0.1 M solution of crude ribofuranoside 4e
(1 mmol) in dry dichloromethane, and the resulting solution
was kept at room temperature under stirring. When the reac-
tion was complete (12 h, TLC), the mixture was partitioned
between water and dichloromethane and the aqueous layer
was extracted with further dichloromethane. The combined
organic layers were then dried over Na2SO4. After evapora-
tion of the solvents and unchanged reactants, the residue was
chromatographed on silica gel eluting with n-hexane/AcOEt
(2:3, v/v) and AcOEt, which afforded a mixture of E- and
Z-8e in ca. 9:1 molar ratio, respectively (35%; 23% based
on the starting furan). The 1H NMR recorded on the same
mixture kept at room temperature for 24 h showed that the
molar ratio was changed to 3(E):2(Z).

E-8e: 1H NMR (CDCl3) d 2.05, 2.08, 2.13, 2.16 and 2.20 (5s,
15H, 5CH3CO), 3.48 and 3.55 (2d, J¼17.5 Hz, CH2CO),
4.09 (m, 1H, H-5A), 4.54 (m, 2H, H-4 and H-5B), 5.37 (dd,
J¼8.2, 6.0 Hz, 1H, H-3), 6.31 (d, J¼6.0 Hz, 1H, H-2); 13C
NMR (CDCl3) d 20.4 (q, CH3CO2), 20.5 (q, CH3CO2),
20.8 (q, CH3CO2), 28.7 (q, CH3CO), 29.5 (q, CH3CO),
41.5 (t, CH2CO), 61.8 (t, C-5), 69.3 (d, C-2), 69.4 (d, C-3),
79.4 (d, C-4), 111.9 (s, C]), 162.3 (s, O–C]), 169.1 (s,
CO2), 169.3 (s, CO2), 170.4 (s, CO2), 196.7 (s, CO), 205.0
(s, CO).

Z-8e (in 2:3 mixture with E-8e): 1H NMR (CDCl3) d 2.41 (s,
3H, CH3CO), 3.22 and 3.33 (2d, J¼17.5 Hz, CH2CO), 4.25
(dd, J¼12.4, 4.4 Hz, 1H, H-5A), 4.54 (partially overlapped
to the signal of E-8e, H-5B), 4.75 (m, 1H, H-4), 5.26 (dd,
J¼8.1, 5.9 Hz, 1H, H-3), 5.99 (d, J¼6.0 Hz, 1H, H-2); 13C
NMR (CDCl3) d 29.6 (q, CH3CO), 31.9 (q, CH3CO), 41.4
(t, CH2CO), 61.1 (t, C-5), 69.0 (d, C-2), 70.3 (d, C-3), 81.7
(d, C-4), 111.7 (s, C]), 161.0 (s, O–C]), 169.2 (s, CO2),
169.4 (s, CO2), 170.3 (s, CO2), 197.2 (s, CO), 205.7
(s, CO). The signals not reported are overlapped to those
of E-8e.
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3.1.5. Treatment of 4e with NEt3. NEt3 (1 equiv) in CDCl3
(0.5 mL) was added to a solution of crude ribofuranoside 4e
in the same solvent (0.5 mL), and the resulting mixture was
monitored by 1H NMR. After 10 min, the spectrum showed
the presence of the E- and Z-8e mixture in ca. 9(E):1(Z)
molar ratio.

3.1.6. Treatment of 4e with NaOO-t-Bu.13 A suspension of
oil-free NaH (washed with hexane and dried) (50 mg,
2 mmol) in dry THF (20 mL) under the atmosphere of argon
was cooled to 0 �C and 1.2 mL (6 equiv) of t-BuOOH (solu-
tion 5.0 M in decane) was added. The resulting mixture was
warmed under stirring to 25 �C for 30 min, then cooled
to 0 �C and a solution of the crude ribofuranoside 4e,
previously dried on P2O5 (95 mg, 0.25 mmol) in dry THF
(10 mL), was added dropwise. The reaction mixture was
stirred at 0 �C until the disappearance of compound 4e
(16 h, by TLC). Then, the solvents were removed under re-
duced pressure and the crude mixture was chromatographed
on silica gel, using n-hexane/EtOAc (4:1) as eluent, to give
furan 9 (28%; 22% based on the starting furan): 1H NMR
(CDCl3) d 2.11 (3H, s, CH3CO2), 2.32 and 2.47 (6H, 2s,
2COCH3), 5.07 (2H, s, CH2), 6.48 (2H, br s, H-3 and
H-4), 6.61 (1H, s, CH); 13C NMR (CDCl3) d 20.5 (q,
CH3CO2), 30.1 (q, CH3CO), 30.9 (q, CH3CO), 67.2 (t,
CH2), 114.2 (d, C-3), 116.2 (d, C-4), 118.9 (d, CH), 148.5
and 148.5 (2s, C-5 and C]), 152.1 (s, C-2), 169.3 (s,
CO2), 197.4 (s, CO), 202.6 (s, CO).
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Abstract—Singlet oxygen adds to the imidazole ring of cis- and trans-methyl urocanate (MUC) to yield the corresponding 2,5-endoper-
oxides, which are modestly stable at low temperature but decompose upon warming to form complex reaction mixtures. MTAD, a singlet
oxygen mimic, reacts with cis- and trans-MUC to yield stereospecific [4+2] reaction products involving the olefinic side chain and the
C4–C5 double bond of the imidazole ring. trans-MUC forms a 1:2 MTAD adduct while the cis isomer yields only the 1:1 adduct at 25 �C. The
stereospecificity and absence of MeOH trapping adducts indicate that these reactions may not involve open or trappable dipolar intermediates.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

3-(1H-Imidazol-4(5)-yl)-2-propenoic acid commonly re-
ferred to as urocanic acid (UCA) is a metabolite of histidine
and is present in the stratum corneum of the human skin.
UCA, produced naturally as the trans isomer, accumulates in
the upper layers of the epidermis and isomerizes to c-UCA
upon absorption of UV light1,2 (Fig. 1). t-UCA was found
to absorb ultraviolet B light and thus considered to be a
natural sunscreen against harmful UV rays. This led to the
addition of UCA to sunscreens and skin lotions to help pre-
vent skin cancer and skin related diseases. However, subse-
quent studies indicated that t-UCA can act as an initiator of
immunosuppression, which may be critical to UV-induced
pathogenesis of skin cancer and other cutaneous diseases.3,4

It was recently reported that photoexcited t-UCA can lead to
the formation of reactive oxygen species, which are linked to
a number of diseases and disorders, i.e., enzyme inactivation,
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Figure 1. Photoisomerization of UCA.
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mutations, premature aging, DNA damage, and respiratory
problems.5 The oxidative products of UCA are proposed
to be responsible for UV-induced immune suppression. In
2002, Elton and Morrison confirmed that the irradiation of
UCA with monochromatic light at 351 nm produces singlet
oxygen.6 They concluded that UCA is a better scavenger
than generator of singlet oxygen and may play an important
role as an antioxidant. Colorimetric tests (EM Quant per-
oxide strip) on the reaction products of singlet oxygen with
UCA showed the presence of peroxides,6 but detailed prod-
uct studies have not been reported. UCA-singlet oxygen
products catalyze further photo-destruction of UCA and
UCA peroxides can be major contributors to photo-initiated
nicking of plasmid DNA.6

The reactions of singlet oxygen with imidazole ring contain-
ing systems, especially histidine and guanine analogs, have
received considerable attention. Early studies on the photo-
oxygenation of histidine demonstrated that complex reaction
mixtures are produced, i.e., the reaction of singlet oxygen
with N-benzoyl histidine leads to the formation of 17 prod-
ucts.7 Wasserman and Lipshutz conducted extensive studies
on the reactions of singlet oxygen with substituted imidaz-
oles, proposed the involvement of 2,5-endoperoxides, and
reported two main pathways of oxidation depending on the
substitution pattern of the imidazole ring.8 When the imida-
zole ring bears a hydrogen atom at the 2- and/or 5-position,
a carbonyl group is produced at that specific site. In the
absence of a proton at the 2- or 5-position the formation
of the dioxetane by [2+2] addition of singlet oxygen to the
C4–C5 bond in the imidazole appears to be operative. Ryang
and Foote later reported the direct observation of imidazole
2,5-endoperoxides as products of singlet oxygen.9

mailto:osheak@fiu.edu
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Singlet oxygenation of guanine and its nucleosides (guano-
sine) have received considerable attention because of the
implications on the function of DNA and its importance
during photodynamic therapy (PDT) used for the treatment
of malignant tumors.10,11 Because of the limited solubility
of guanine substrates, the instability of intermediates and
complexity of the product mixtures, the mechanism of pho-
tosensitized oxidation of guanine and its nucleosides was
unclear until recently.11 Foote and co-workers used a variety
of substituted guanosine adducts, isotopic labeling, and low
temperature NMR to suggest that singlet oxygenation of
guanosine involves a series of reactive intermediates, includ-
ing endoperoxides, hydroperoxides, and dioxiranes.11b,c The
reaction pathways are highly sensitive to solvent effects
and the substitution pattern, i.e., only the C-8 methylated
substrate reacts to form an observable endoperoxide, which
collapses to yield singlet oxygen and the starting substrate
(Fig. 2). Kang and Foote conducted detailed product studies
on isotopically labeled imidazole ring systems and demon-
strated that the reaction pathways are dramatically influ-
enced by N-alkylation of the parent compound12 (Fig. 2).

The photooxidation of UCA may be a main pathway for pre-
mature aging, UV-induced immune suppression, and skin
cancer,13,14 yet the mechanisms and products of photooxida-
tion have not been clearly established. While previous stud-
ies on the singlet oxygenation of imidazole ring systems
provide tremendous insight about the possible reaction
pathways of singlet oxygen with UCA, the presence of the
conjugated enone side chain in UCA may lead to different
singlet oxygen reactivities.

Because of the insoluble nature of UCA in organic solvents,
the methyl ester, MUC, was used as a model for UCA. MUC
is modestly soluble in the organic solvents required for low
temperature NMR studies. MUC is expected to exhibit the
same reactivity as UCA toward singlet oxygen. We report
herein singlet oxygenation of cis- and trans-MUC yields 2,5-
endoperoxides, which are modestly stable at low tempera-
ture but decompose at room temperature to afford complex
product mixtures. Given the unstable nature of the endo-
peroxides and the complexity of the reaction product mix-
tures we also studied the reactions of MUC with MTAD,
a singlet oxygen mimic. Surprisingly, MTAD and singlet
oxygen exhibit dramatically different reactivities toward
MUC.

2. Results and discussion

2.1. Reactions of singlet oxygen with MUC

Since the solubility of UCA in organic solvents is too low to
conduct detailed NMR studies, trans-UCA was converted
to the corresponding methyl, n-butyl, and tert-butyl esters,
using acid promoted esterification. t-MUC showed the best
solubility among the esters in the organic solvents com-
monly used for low temperature NMR. t-MUC is easily
isomerized to c-MUC by irradiation with 254 nm light under
argon-saturated conditions.15 The cis isomer was purified
using standard flash column chromatography.

For the typical experiment, MUC was dissolved in 0.5–1 mL
of the appropriate NMR solvent (CD2Cl2, acetone-d6,
CD3CN, or CDCl3) along with Rose bengal, the singlet
oxygen sensitizer. The solution was transferred to a 5 mm
NMR tube and placed in ice water in a windowed Dewar.
The sample was gently purged with oxygen and irradiated
using 200 W Hg–Xe lamp. Pyrex glass was employed to fil-
ter light �320 nm. Control experiments showed no conver-
sion of the cis- or trans-MUC in the absence of oxygen
(argon saturated) or by direct photolysis (in the absence of
Rose bengal). The photosensitized oxidation of t-MUC,
monitored by 1H NMR, was complete within 5 min and con-
tinued irradiation did not change the product distribution.

Likely pathways for the reaction of the MUC with singlet
oxygen are illustrated below (Fig. 3). They include [4+2]
cycloaddition to the imidazole ring to form a 2,5-endoper-
oxide 1, [4+2] across the double bond of the side chain
N

N

Ph

Ph

R

15

13

N

N

Ph

Ph

R

15

13

OO

H

N N

PhPh

HH
15 15

+
13CO2

15
15

N

N

Ph

Ph

R

15

13

15
+

R = H 

R = CH3

R = H 

R = CH3

HN HN

N N

N

H2N H2N

O

Sugar

R
1O2

1O2

1O2

-100 °C

1O2

-100 °C

N

N

O

R

O
ON

SugarGuanosine

Imidazole

Guanosine
+

Complex 
Product 
Mixture

Figure 2. Singlet oxygenation products of guanosine11 and labeled imidazole.12



10702 R. Roa, K. E. O’Shea / Tetrahedron 62 (2006) 10700–10708
NHN

O
OCH3

NH

N

O OCH3

NH

N

O
OCH3

1

43

2

O

O

NH

N

O OCH3

O

O

NH

N

O

OCH3O

O

H

H

H

+

[4+2]

1O
2

1O
2

[4+2]
1 O 2

1 O 2

[2+2] [2+2]

5 6

7

NHN

O

O

H3CO
O

O
O O

O

NH

N

O
OCH3

t-MUC

Figure 3. Likely pathways for the reaction of singlet oxygen with t-MUC.
and the C4–C5 double bond of the imidazole ring to yield
endoperoxide 2, and [2+2] cycloadditions to the side chain
to form dioxetane 3 or across the C4–C5 double bond of the
ring to form 6. Dioxetanes generally collapse to the corre-
sponding carbonyl compounds at room temperature.

The reaction products of singlet oxygen and t-MUC at room
temperature exhibit a nearly continuous series of overlap-
ping 1H NMR peaks between 6 and 8 ppm. The complex
nature of the 1H NMR spectrum indicates a considerable
number of products formed at room temperature. The
[2+2] addition to the side chain would result in the formation
of the dioxetane 3, which will collapse to 5 and 6. 1H NMR
and GC–MS analyses of the reaction solution show no
evidence of 5 or 6, thus indicating the [2+2] reaction does
not occur at the side chain of t-MUC under our experimental
conditions. The room temperature 1H NMR spectrum also
does not correspond to endoperoxide 1 in accordance with
chemical shifts reported for analogous compounds.12 To
test for the formation of endoperoxide 2 we subjected the
reaction mixture at low temperature to treatment with
cobalt(II) tetraphenylporphyrin, which is known to convert
endoperoxides to furans via loss of water.16 Subsequent
1H NMR and GC–MS analyses showed no evidence
that the corresponding furan was formed. These results indi-
cate that singlet oxygen does not react at the side chain of
t-MUC.
Given the complex nature of the product mixtures observed
at room temperature and the fact that endoperoxides and
dioxetanes often decompose at room temperature the photo-
oxygenation and 1H NMR characterization were conducted
at low temperature. The NMR tube containing the reaction
solution was kept at �78 �C throughout the photooxygena-
tion (dry ice/acetone bath in a windowed Dewar). The
NMR tube was transferred to a pre-cooled NMR magnet
and the proton spectrum collected at �78 �C. The solution
was gradually warmed within the NMR magnet and proton
spectra collected at�40,�20, 0, and 25 �C. Dramatic differ-
ences were observed in the spectra obtained at 0 and 25 �C.
The predominant peaks in the low temperature 1H NMR
spectrum are singlets at 8.02 and 4.90 ppm (1H/ea); a pair
of doublets at 6.80 (1H) and 6.51 ppm (1H) with
J¼16.1 Hz indicating the trans double bond is not oxidized;
and a methoxy resonance at 3.63 ppm. While solubility limi-
tations at low temperatures did not allow for acquisition of
a carbon NMR spectrum, the proton spectrum for the reac-
tion mixture at low temperature is consistent with 1 trans
based on the literature values for the endoperoxide of
1-methylimidazole (Fig. 4). There are no peaks indicating
the presence of dioxetane products down to �78 �C.

Singlet oxygenation of c-MUC was also conducted at
low temperature. The 1H NMR of the product is shown
below (Fig. 5). The characteristic 1H NMR peaks are as
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Figure 4. Comparison of the 1H NMR chemical shifts for the 2,5-endoperoxides of 1-methyl imidazole9 with 1 trans and cis.
follows: 8.19 (1H) and 6.38 (1H) ppm, a pair of doublets at
6.57 (1H) and 5.94 (1H) ppm with J¼11.6 Hz indicating the
cis double bond is not oxidized, and a singlet at 3.87 (3H)
corresponding to the methoxy resonance. The results are
consistent with the formation of the endoperoxide formed
by [4+2] addition of singlet oxygen to the imidazole ring.

A number of 2,5-endoperoxides decompose via retro Diels–
Alder reaction to yield starting material and singlet oxygen.
Tetramethylethylene singlet oxygen trapping experiments
indicate the endoperoxides of MUC do not decompose to
singlet oxygen upon warming from�78 �C to room temper-
ature. The formation of the endoperoxides can occur by con-
certed or non-concerted processes.17 To test for the possible
involvement of dipolar intermediates, 3 equiv of methanol
was added to the solvent prior to running the reaction. Under
these conditions the formation of methanol adducts indicates
the involvement of dipolar intermediates.18,19 The 1H NMR
spectra of the reaction run in the presence of MeOH did not
indicate the formation of MeOH adducts or any change in
the product distribution at�78 and 0 �C. While the presence
of MeOH adducts would clearly indicate the involvement of
dipolar intermediates, under our experimental conditions,
where MeOH (3 equiv) was added to a relatively non-polar
solvent a dipolar intermediate may be too short lived to be
trapped. There was also no significant change in the product
distribution using CD2Cl2, acetone-d6, CDCl3, or CD3CN as
solvents, suggesting that the polar intermediates may not
involve in the product forming reaction pathways.
2.2. Reactions of MTAD

Due to the instability of the endoperoxides and limited sol-
ubility of MUC we were unable to further characterize the
complex reaction mixtures produced from singlet oxygena-
tion. With this in mind we chose to study the reactions of
MUC with MTAD, a singlet oxygen mimic. MTAD, a power-
ful electrophile, undergoes the same type of reactions as
singlet oxygen, namely [4+2], [2+2], and the ene reactions.20

We expected analogous products for the reactions of MTAD
and singlet oxygen with MUC, but unlike the peroxide prod-
ucts formed from singlet oxygen, the expected [2+2] and
[4+2] products from MTAD (Fig. 6) should be stable at
room temperature and readily characterized using NMR.

t-MUC was dissolved in 0.5–1 mL of CDCl3 in an NMR tube
and 1 equiv of MTAD was added. Upon addition of MTAD
to the t-MUC solution, the color immediately turns from red
to deep purple, but quickly fades to a very light pink. Positive
mode APCI-MS established the molecular ion, MH+¼266,
indicating the addition of 1 equiv of MTAD. The proton
NMR spectrum of the product shows a clean set of three trip-
lets at 5.75, 5.49, and 5.24 ppm (1H each), with coupling
constants w3.4 Hz, as well as singlets at 7.45 (1H), 3.05
(3H), and 3.75 ppm (3H). The spectrum does not contain
peaks in the olefinic region with a characteristic trans cou-
pling constant. The absence of trans olefinic peaks rules out
the presence of 8 and 9. The diazetidine product, 11 would
exhibit a pair of doublets w5.0–6.0 ppm with characteristic
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trans coupling constants20c as well as singlets corresponding
to the imidazole ring hydrogens. The 1H NMR spectrum
does not possess peaks consistent with diazetidines. The
[4+2] addition of MTAD across the olefinic side chain and
the C4–C5 double bond of the imidazole ring yields 10.
While analogous [4+2] reactions of MTAD with styrenes
have been reported,21,22 the reaction product of MUC is
not expected to lead to the observed set of triplets in the
1H NMR spectrum. The H-shift product presented below
(Fig. 7) would lead to the re-aromatization of the imidazole
ring system possessing –CHH0–CH00– set protons and may
exhibit three triplets in the 1H NMR spectrum.

To test the presence of such a product, low temperature ex-
periments were monitored by 1H NMR at �30 �C. No rear-
rangement of the product was observed upon warming to
25 �C. The initial product, however, does slowly degrade
at room temperature. Carbon, DEPT, and 1H–13C HETCOR
NMR spectra were obtained at �30 �C. The DEPT spectra
indicate that the reaction product does not contain any meth-
ylene groups ruling out the presence of the H-shifted prod-
uct. Based on the NMR data summarized below (Figs. 8
and 9), we propose that the observed reaction product is 10.
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Figure 7. Potential H-shifted product of 10 cis.
The reaction of c-MUC with MTAD was run at �30 �C and
exhibits the same color changes as the reaction of t-MUC.
The proton NMR spectrum of the product contains three
doublets of doublets at 5.93, 5.88, and 5.29 ppm (1H each)
as shown in Figure 8. The spectrum indicates a single prod-
uct and is consistent with, 10 trans, the [4+2] cycloaddition
of MTAD across the double bond of the side chain and the
C4–C5 double bond of the imidazole ring.

The 1H NMR spectra of the MTAD products from the
cis- and trans-MUC indicate each isomer leads to a single
diastereomer (likely enantiotopic pairs). The observation
of three clean triplets in the proton NMR spectrum of the
t-MUC product and three doublets of doublets from
c-MUC product is rationalized in terms of long range and
different coupling constants due to geometrical differences.
The results are in accordance with the Woodward–Hoffmann
rules, with MTAD reacting in a disrotatory fashion to yield
the cis or trans product depending on the stereochemistry
of the starting material. One might expect 10 would be sus-
ceptible to a retro Diels–Alder transformation. However,
upon heating to 50 �C they decompose yielding complex
mixtures, which do not include MUC.

Addition of MTAD to a solution containing 10 cis results in
its disappearance with the clean formation of a secondary
product. The 1H NMR spectrum of the secondary product
has the following characteristics: a singlet at 7.93 ppm
(1H), a pair of doublets at 6.01 and 5.37 ppm (1H each, J¼
1.6 Hz), singlets at 3.80, 3.10, and 3.03 ppm (3H each). The
1H and 13C NMR spectra indicate a second equivalent of
MTAD reacts via an ene reaction to form a stable 2:1 adduct.
The reaction of MTAD with b,b-dimethyl-p-methoxy
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styrene yields an analogous 2:1 [4+2]/ene adduct, but via
trappable dipolar intermediates.21 Addition of MTAD to
the 10 trans did not result in the formation of a 2:1 adduct
at room temperature. While warming the solution to 50 �C
promotes the formation of the 2:1 adduct as a minor product,
the mixture readily decomposes.

Based on these results we propose the following mechanism
(Fig. 10) for the reactions of MTAD with MUC. The addition
of the first equivalent of MTAD to trans- and cis-MUC
occurs via a suprafacial disrotatory [4+2] cycloaddition
such that the relative stereochemistries of the homo-allylic
protons are cis and trans, respectively. The cis homo-allylic
protons in 10 cis are susceptible to the ene reaction with
MTAD to form a 2:1 [4+2]/ene adduct, where as the ene re-
action of MTAD with 10 trans is inhibited by steric factors
induced by the trans geometry. It is also possible that the
geometry of the allylic proton in 10 trans is not properly
aligned (co-planar with the p system) for the ene reaction
to occur.

To probe the involvement of dipolar intermediates in the
reaction of MTAD with MUC,23,24 3 equiv of MeOH was
added to the solvent prior to adding MTAD to MUC.
Detailed analysis of the 1H NMR spectrum from the MeOH
trapping studies did not indicate the formation of any meth-
anol adducts under our experimental conditions from either
the cis or the trans isomers at�30 and 0 �C. While the forma-
tion of MeOH adducts is strong evidence for the involvement
of dipolar intermediates the absence of such adducts suggest
that dipolar intermediates are not involved or too short lived
to be trapped.
Figure 9. Summary of the 13C, DEPT, and 1H–13C HETCOR NMR spectra for 10 cis.
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Singlet oxygen and MTAD exhibit different reactivities to-
ward MUC. One might expected that the imidazole ring sys-
tem is more electron rich than the diene, which includes the
enone side chain and C4–C5 double bond of the imidazole
ring. If the reaction was controlled primarily by electronic
factors, addition to the imidazole ring may be predominant
as was observed with singlet oxygen. On the other hand,
the observed [4+2] addition of MTAD involves the enone
side chain. The observed different reactivities may be due
to steric factors induced during secondary orbital interac-
tions of MTAD with MUC (Fig. 11). The endo transition
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state leading to addition of MTAD to the imidazole ring
will exhibit significant steric interactions between the
N-methyl group on MTAD and the lone pair of the pyridine
nitrogen atom of the imidazole ring. The [4+2] addition of
MTAD involving the enone side chain, the observed reaction
pathway, does not possess such steric interactions. Since
singlet oxygen is not subject to such secondary orbital inter-
actions or steric constraints a different reaction pathway is
observed compared to MTAD.

3. Conclusions

Singlet oxygen and MTAD exhibit dramatically different
reactivities toward cis- and trans-MUC. Singlet oxygen
undergoes [4+2] cycloaddition to the imidazole ring in
MUC, while MTAD undergoes [4+2] stereospecific cyclo-
addition involving the olefinic side chain and C4–C5 double
bond of the imidazole ring. The observed different reactiv-
ities may be due to secondary orbital interactions of MTAD
during the cycloaddition and/or steric factors not presented
by singlet oxygen. t-MUC forms a 1:2 MTAD [4+2]/ene
adduct while the cis isomer only yields the [4+2] adduct at
room temperature. While stereospecificity and absence of
MeOH trapping adducts indicate the reactions of MTAD
with MUC do not involve open or trappable dipolar inter-
mediates, the vivid short lived color changes during the pri-
mary stages of the reactions indicate a charge transfer
complex may be involved in the reaction process. The endo-
peroxides formed from the reaction of singlet oxygen with
MUC are modestly stable at low temperature and decompose
upon warming to form complex reaction mixtures. Studies
are underway to characterize the products formed from the
collapse of the MUC endoperoxides in an attempt to better
understand the antioxidant role of UCA.

4. Experimental

4.1. General

Acetone-d6, CDCl3, CD2Cl2, CD3CN, t-UCA, Rose bengal,
cobalt(II) tetraphenylporphyrin, and MTAD were purchased
from Aldrich and used as received. TLC analyses were per-
formed on 0.2 mm thick plates pre-coated with fluorescent
silica (Whatman), using short wavelength UV light to visu-
alize the spots. 1H and 13C NMR spectra were recorded on
a Bruker ARX-400 spectrometer equipped with a variable
temperature probe. Chemical shifts values are in parts per
million based on the chemical shift of the solvent.
13C NMR peak multiplicity was determined by DEPTexperi-
ments. MS measurements were made using a direct probe on
a Thermoquest Navigator Mass Spectrometer.

4.2. Reactions

4.2.1. Synthesis of trans-methyl, n-butyl, and tert-butyl
urocanate. trans-UCA (1.0 g, 7.2 mmol) and 11 mL of
10% v/v solution of concentrated sulfuric acid in the appro-
priate alcohol were placed into a 50 mL round bottom flask.
The solution was then heated to reflux forw20 h. The resul-
tant solution was allowed to cool to room temperature and
18 mL of the corresponding alcohol was added. The pH of
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the solution was adjusted to 8–8.5 by adding solid anhydrous
sodium carbonate. The basic solution was then gravity fil-
tered and the solvent was removed under vacuum. The crude
product was extracted with hot ethyl acetate. Evaporation of
the solvent gave the desired ester in 90–95% yield. TLC
analysis and column chromatography were performed using
a 4:1 mixture of CHCl3/EtOH. trans-Methyl urocanate:
400 MHz 1H NMR (CD3CN): d (ppm) 7.63 (s, 1H), 7.57
(d, J¼15.7 Hz, 1H), 7.33 (s, 1H), 6.41 (d, J¼15.7 Hz, 1H),
3.69 (s, 3H); 100 MHz 13C NMR: 167.3, 138.0, 136.4,
134.6, 123.8, 113.4, 51.3; trans n-butyl urocanate:
400 MHz 1H NMR (acetone-d6): d (ppm) 7.65 (s, 1H), 7.53
(d, J¼15.6 Hz, 1H), 7.30 (s, 1H), 6.39 (d, J¼15.6 Hz, 1H),
4.12 (t, 2H), 1.55 (m, 2H), 1.30 (m, 2H), 0.92 (t, 3H); trans
tert-butyl urocanate: 400 MHz 1H NMR (acetone-d6):
d (ppm) 7.64 (s, 1H), 7.55 (d, J¼15.7 Hz, 1H), 7.32 (s,
1H), 6.40 (d, J¼15.7 Hz, 1H), 1.38 (s, 9H).

4.2.2. Synthesis of cis-MUC. trans-MUC (0.760 g, 5 mmol)
was mixed with 250 mL of dichloromethane and purged
with argon for 2 min. The solution was prepared in a sealed
quartz reaction vessel and irradiated in a Rayonet photo-
chemical reactor equipped with sixteen 254 nm emitting
bulbs for w4 h at 34 �C. Analysis by 1H NMR indicates
a trans–cis ratio of 20:80. TLC analysis and column were
performed using CHCl3/EtOH in a ratio 9:1. 1H NMR indi-
cates the purified sample was of high purity with no traces
of the trans isomer. 400 MHz 1H NMR (CD2Cl2): d (ppm)
7.70 (s, 1H), 7.34 (s, 1H), 6.88 (d, J¼12.5 Hz, 1H), 5.70
(d, J¼12.5 Hz, 1H), 3.78 (s, 3H); 100 MHz 13C NMR:
d (ppm) 168.7, 137.4, 136.7, 131.2, 127.4, 110.7, 51.7.

4.2.3. Reactions of cis- and trans-MUC with singlet oxy-
gen. MUC (2 mg, 13 mmol) was mixed with 1 mL of deuter-
ated solvent (CD2Cl2, acetone-d6, CD3CN, or CDCl3) in an
NMR tube. Rose bengal (10 mM) was used as the sensitizer.
A 200 W Hg–Xe lamp was used to irradiate the sample. A
water filter was placed in front of the lamp as a heat filter
and Pyrex glass was employed to filter light �320 nm. The
NMR tube containing the sample was placed inside a win-
dowed Dewar flask and oxygen was gently bubbled through
the solution during irradiation. 1H NMR spectra were taken
at 5-min intervals at the same temperature of irradiation. The
peaks in the 1H NMR spectrum at low temperature assigned
to endoperoxide, 1 trans are as follows: 400 MHz (CDCl3):
d (ppm) 8.02 (s, 1H), 6.80 (d, J¼16.1 Hz, 1H), 6.51 (d,
J¼16.1 Hz, 1H), 4.90 (s, 1H), 3.63 (s, 3H). The 1H NMR
signals for endoperoxide 1 cis are as follows: 400 MHz
(CDCl3): d (ppm) 8.19 (s, 1H), 6.57 (d, J¼11.6 Hz, 1H),
6.38 (s, 1H), 5.94 (d, J¼11.6 Hz, 1H), 3.87 (s, 3H).

4.2.4. Reactions of cis- and trans-MUC with MTAD. MUC
(2 mg, 13.1 mmol) was dissolved in 1 mL of deuterated
chloroform. The solution was then reacted with 1 equiv
of MTAD (1.5 mg, 13.1 mmol). The reactions of MTAD
were carried out at temperatures down to �30 �C in
a 5 mm NMR tube. NMR characterizations were run at the
same temperature as the reaction. A summary of the chem-
ical shift information for the major reaction products is pro-
vided below 400 MHz (CDCl3): d (ppm) 1:1 adduct, 10 cis;
7.45 (s, 1H), 5.75 (t, J¼3.4 Hz, 1H), 5.49 (t, J¼3.4 Hz, 1H),
5.24 (t, J¼3.4 Hz, 1H), 3.75 (s, 3H), 3.05 (s, 3H); 1:1 adduct,
10 trans; 7.51 (s, 1H), 5.93 (d of d, J¼7.7 and 3.4 Hz, 1H),
5.88 (d of d, J¼3.4 and 1.1 Hz, 1H), 5.29 (d of d, J¼7.7 and
1.1 Hz, 1H), 3.80 (s, 3H), 3.13 (s, 3H). 100 MHz (CD3CN):
d (ppm) 25.3, 54.1, 55.4, 73.3, 102.1, 131.3, 156.8, 157.1,
162.7, 164.6. Positive mode APCI-MS of the 10 cis and trans
yielded a molecular ion (MH+: 266) indicating 1:1 adducts.

1:2 t-MUC/MTAD adduct 7.93 (s, 1H), 6.01 (d, J¼1.6 Hz,
1H), 5.37 (d, J¼1.6 Hz, 1H), 3.80 (s, 3H), 3.10 (s, 3H), 3.03
(s, 3H). 100 MHz (CD3CN): d (ppm) 24.8, 25.1, 50.1, 53.2,
60.0, 123.1, 132.4, 139.9, 153.5, 155.1, 155.4, 157.3, 168.4.
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aLaboratoire ‘Lésions des Acides Nucléiques’, DRFMC/LCIB UMR-E n�3 CEA/UJF, CEA/Grenoble,
F-38054 Grenoble cedex 9, France

bDepartamento de Bioquı́mica e Biologia Molecular, Setor de Ciências Biol�ogicas, Universidade Federal do Paran�a,
Curitiba-PR, Brazil

cDepartamento de Bioquı́mica, Instituto de Quı́mica, Universidade de S~ao Paulo, CP 26077,
CEP 05513-970 S~ao Paulo, SP, Brazil

Received 7 July 2006; revised 9 August 2006; accepted 16 August 2006

Available online 25 September 2006

Abstract—Emphasis was placed in this work on the delineation of mechanistic aspects of the singlet oxygen-mediated oxidation reactions of
20-deoxyguanosine 1 used as a DNA model compound in aerated aqueous solution. For this purpose a thermolabile naphthalene endoperoxide
derivative was used allowing the generation of [18O]-labeled singlet oxygen for dedicated mechanistic studies. The analysis and char-
acterization of the oxidized nucleosides of the 1O2 reactions were achieved on the basis of accurate HPLC–tandem mass spectrometry
measurements. Thus it was found that primary oxidation products include, in addition to the previously identified 8-oxo-7,8-dihydro-20-
deoxyguanosine 5 and the two diastereomers of spiroiminodihydantoin 8, two relatively minor nucleosides, namely the two diastereomers
of 4-hydroxy-8-oxo-4,8-dihydro-20-deoxyguanosine 9.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Guanine is the only normal nucleic acid base that signifi-
cantly reacts with singlet oxygen (1O2) in the 1Dg state
(E¼22.4 kcal) at neutral pH.1 This is illustrated by the com-
parison of the values of the total rate constant (kT) of 1O2

with nucleic acid components that is the sum of chemical
quenching (kr) and physical quenching (kq). The reactivity
of the main DNA and RNA nucleosides toward 1O2 in or-
ganic solvents was found to decrease in the following order:
guanine[cytosine>adenine>uracil>thymine.2,3 Similar
observations were made in water in which the measured
value of kT for guanosine4 was established to be 5.3�
106 M�1 s�1, which is close to the value determined
for 20,30,50-O-tert-butyldimethylsilylguanosine in 1,1,2-tri-
chlorotrifluoroethane (kT¼3.0�106 M�1 s�1).2 It may be

Keywords: Singlet oxygen; Cycloaddition; Endoperoxide; Dioxetane;
8-Oxo-7,8-dihydroguanine; Spiroiminodihydantoin.
Abbreviations: dGuo, 20-deoxyguanosine; 8-oxodGuo, 8-oxo-7,8-dihydro-
20-deoxyguanosine; dSp, spiroiminodihydantoin 20-deoxyribonucleoside;
4-OH-8-oxodGuo, 4-hydroxy-8-oxo-4,8-dihydro-20-deoxyguanosine;
DHPNO2, N,N0-di(2,3-dihydroxypropyl)-1,4-naphthalenedipropanamide
endoperoxide.
* Corresponding author. Tel.: +33 4 38 78 49 87; fax: +33 4 38 78 50 90;

e-mail: jean.cadet@cea.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.097
pointed out that the contribution of the chemical quenching
to the overall kT value is rather low, in fact less than 2%
as inferred from the measurement of the kr rate constant of
guanosine with 1O2 in acetone-d6 that was found to be
1.36�105 M�1 s�1.5 Earliest experiments have shown that
guanine components including nucleosides and nucleotides
were highly susceptible to 1O2 generated by type II photo-
sensitizers, hydrogen peroxide–sodium hypochlorite reac-
tion, peroxochromate or microwave electric discharge.6–14

Several degradation products including 2-deoxy-D-erythro-
pentose and the 20-deoxyribonucleosides of urea, cyanuric
acid, and oxamide whose formation is not very informative
from a mechanistic point of view were isolated and charac-
terized.13,14 Almost 15 years were necessary to gain relevant
insights into the mechanism of 1O2 oxidation of guanine
components. The isolation and identification of the main
degradation products of guanine nucleosides have been
facilitated by the availability of highly resolutive HPLC
analytical tools. This has involved the use of suitable LC col-
umns such as those packed with an amino substituted silica
gel stationary phase that have been shown to be appropriate
to achieve the separation of the rather polar spiroiminodihy-
dantoin 20-deoxyribonucleoside diastereomers 8 (dSp).15–17

Major progress has been made in the measurement of analy-
tes at the output of the HPLC columns with the advent of

mailto:jean.cadet@cea.fr
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Scheme 1. Degradation pathway of 20-deoxyguanosine (1) mediated by singlet oxygen.
the tandem mass spectrometry detection technique involv-
ing an electrospray ionization source (EIS). This allows
accurate and sensitive quantitation of the stable primary
oxidation products of 20-deoxyguanosine (1) (dGuo) under
conditions where the formation of secondary decomposi-
tion compounds of 8-oxo-7,8-dihydro-20-deoxyguanosine
(5) (8-oxodGuo), which is a much better target for 1O2

than the precursor 1, is minimized.17 As discussed below
in more detail it was found that in addition to relatively
minor 8-oxodGuo 5, the two main 1O2 oxidation products
of dGuo 1 were the two diastereomers of dSp 818

(Scheme 1) and not the two diastereomeric forms of 4-hy-
droxy-8-oxo-4,8-dihydro-20-deoxyguanosine (9) as proposed
initially.15–19

In the present work, evidence is provided from tandem mass
spectrometry measurement that the pair of diastereomers 9 is
in fact generated as primary 1O2 oxidation products of dGuo
1. Efforts were also made, using the chemical precursor of
labeled singlet oxygen, to gain further insights into the
mechanism of formation of the two diastereomers of dSp 8
that involves either a direct oxidation of dGuo 1 or a second-
ary efficient reaction of 1O2 with 8-oxodGuo 5 initially
generated.

2. Results and discussion

2.1. Formation of the 4R* and 4S* diastereomers of
4-hydroxy-8-oxo-4,8-dihydro-20-deoxyguanosine (9)

Numerous investigations have been aimed at elucidating the
mechanism of 1O2 oxidation reactions of the guanine moiety
of nucleosides and other nucleic acid components in aqueous
solutions during the last twenty years in relation with the
known genotoxic effects of this reactive oxygen species. It
was found in earlier studies that UVA excited photosensi-
tizers including phthalocyanine and methylene blue, two
predominant type II (1O2) photosensitizers, are able to effi-
ciently degrade 20-deoxyguanosine (1) giving rise to two
main oxidized nucleosides.15–17 The structures of the two
compounds that were tentatively assigned as a pair of
(4R*)- and (4S*)-diastereomers of 4-hydroxy-8-oxo-4,8-
dihydro-20-deoxyguanosine (9)15–17 have been subsequently
revisited. Thus, it was reported that the base moiety of the
main 1O2 oxidation products of guanosine in aerated aque-
ous solution has the same spiroiminodihydantoin structure18

that the overwhelming modified nucleosides that arise from
one-electron oxidation of 8-oxo-7,8-dihydroguanosine19–21

(structure 8, Scheme 1). Further support for the spirocyclic
connectivity of related dSp 20-deoxyribonucleosides 8 was
provided from SELINQUATE 13C NMR measurements,
a method allowing assessment of carbon connectivity
through the consideration of 13C scalar couplings.22 It may
be also pointed out that relevant chemical and conforma-
tional features on dSp diastereomers 8 either as free nucleo-
sides or when inserted into DNA duplexes as inferred from
theoretical calculations are now available.23–25

Further investigation on the singlet oxygen oxidation
reactions of dGuo 1 was recently performed using N,N0-
di(2,3-dihydroxypropyl)-1,4-naphthalenedipropanamide
endoperoxide (DHPNO2) as a clean source of 1O2

26 and
HPLC–MS/MS as the analytical tool for the accurate detec-
tion of the degradation products. Thus, the presence of two
major peaks in the elution profile provided by HPLC analy-
sis on a graphite column was observed using the neutral loss
scan mode detection. This is based on the search of frag-
ments corresponding to a constant loss of 116 amu that is
characteristic of the fragmentation of most 20-deoxyribo-
nucleosides.27 It may be noted that the MS spectrum of the
targeted nucleosides exhibits a signal corresponding to the
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molecular ion [M+H]+ at m/z¼300 in agreement with the
dSp structure 8. As relevant fragments that were acquired
with the cone potential at 30 V we may note those of the pro-
tonated base [BH+H]+ at m/z¼184 and the 2-deoxyribose
residue [dR]+ at m/z¼117. Interestingly, two new oxidized
nucleosides that exhibit similar ESI-MS/MS fragmentation
than the predominant dSp diastereomers 8 were found to
be present in the reaction mixture (Fig. 1).

The detection of the two latter nucleosides was achieved by
using the specific transition 300/184 that was previously
applied to detect 8 by HPLC–MS/MS in the multiple reac-
tion monitoring (MRM) mode.28 The two new oxidized
nucleosides 9, which are produced in a relatively low yield
compared to dSp 8 were found to be less rapidly eluted on
the highly hydrophobic graphite HPLC column than the
two diastereomers of dSp (8) (Fig. 1). It may be noted that
these two compounds were not previously detected when
the amino substituted silica gel column was used for the sep-
arations of the 1O2 oxidation products of dGuo 1. This may
be explained by the fact that under these analytical condi-
tions the minor oxidation products co-elute with the over-
whelming 20-deoxyguanosine (1). It may be added that the
two latter products 9, together with dSp diastereomers 8
are not retained on the usual octadecylsilyl silica gel col-
umns even when water was used as the mobile phase. This
most likely explains why the two oxidized dGuo decompo-
sition compounds 9 were not detected so far despite exten-
sive investigations. Several pieces of information that were
inferred from complementary studies were considered for
the assignment of the nucleosides. First, it was found in con-
trast to what was observed for diastereomers 8 (vide infra)
that the two products are not formed upon incubation of
8-oxodGuo 5 in the presence of the chemical generator of
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1O2. This is strongly indicative that they are primary oxida-
tion products of singlet oxygen oxidation of dGuo 1. An-
other relevant piece of information was gained from the
experiments that have involved the reaction of dGuo 1
with isotopically labeled 1O2 generated from thermolabile
DHPN18O2. HPLC–MS/MS analysis indicates that both
nucleosides have incorporated two labeled oxygen atoms
(m/z¼304/188). On the basis of these observations and
taking into consideration the fact that only two diastereomers
of 8 are possible, the two newly isolated dGuo oxidation
products were assigned as the (4R*)- and (4S*)-diastereo-
mers of 4-hydroxy-8-oxo-4,8-dihydro-20-deoxyguanosine
(9). It may also be added that the third possible structure
that could exhibit similar MS features, namely 5-hydroxy-
8-oxo-7,8-dihydro-20-deoxyguanosine regioisomer 7, the
precursor of dSp 8, was ruled out due to its high instability
at room temperature.21 The ESI-MS patterns of 8 and 9
that are reported in Figure 2 show similar fragmentation pat-
terns that are dominated by the cleavage of the N-glycosidic
bond and further splitting of the 2-deoxyribose moiety as is
usually observed for 20-deoxyribonucleosides. However, we
note the presence of a specific fragment at m/z¼210.2 in the
mass spectrum of dSp 8, which has not yet been characterized.

The formation of 9 as already pointed out is a relatively mi-
nor process of the 1O2-mediated oxidation of dGuo 1. Inter-
estingly, this provides further support for the occurrence of
a second mode of degradation pathway of 1,4-endoperoxides
2 that was initially proposed and then discarded. It would be
of interest to check in forthcoming studies whether nucleo-
sides 9 are produced in DNA and oligonucleotides.

2.2. Mechanistic aspects on the formation of spiro-
iminodihydantoin nucleosides as the result of
primary and secondary oxidation reactions

The use of a clean source of 1O2 that can be isotopically la-
beled with 18O atoms has been shown to be particularly suit-
able for mechanistic studies dedicated to oxidation of 1 and 5
in aqueous solution.29 As already discussed it is well docu-
mented that 1O2 oxidation of dGuo 1 in water at neutral
pH gives rise to the predominant formation of a diastereo-
meric pair of 8.29–31 The HPLC–MS/MS analysis of the
two dSp nucleosides generated upon the incubation of
dGuo 1 with DHPN18O2, as a generator of 18[1O2], showed
the presence of two sets of molecules (Fig. 3).

One is labeled with two [18O]-labeled atoms whereas only
one 18O has been incorporated in the second molecule during
the 18[1O2] oxidation of dGuo 1. The formation of the latter
nucleosides 8 whose ESI-MS spectra exhibit a molecular ion
at m/z¼302 may be rationalized in terms of initial 1O2 cyclo-
addition across the 4,8-bond leading to the transient forma-
tion of an oxidized quinonoid 6 that upon reaction with
a water molecule gives rise to 8 as shown in Scheme 1. There
is another route leading to dSp 8 through the intermediacy of
5, which has been found to be a primary 1O2 oxidation prod-
uct of dGuo 1. The observation of a doubly [18O]-labeled
dSp molecule 8 as inferred from the presence of a pseudo-
molecular ion at m/z¼304 in the HPLC–mass spectrum is
fully supportive of the significant involvement of a secondary
oxidation process in the formation of 8. This is in agreement
with the fact that 8-oxodGuo 5, which is more susceptible
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Figure 2. Collision-induced dissociation mass spectra of ion m/z¼300 (positive mode) of either dSp 8 (upper panel) or 4-OH-8-oxodGuo 9 (lower panel).
than dGuo 1 to 18O oxidation almost by two orders of mag-
nitude,4 is gradually consumed as soon it is produced in a
reaction with 1O2.15 The secondary formation of 8 may be
accounted for by the initial formation of a diastereomeric
mixture of dioxetane 10 as the result of a [2+2] cycloaddition
of 1O2 across the 4,5-ethylenic bond of 5. In a subsequent
step, 10 is likely to rearrange giving rise to the 5-hydroper-
oxide 11, which upon reduction leads to the formation of
5-hydroxy-8-oxo-7,8-dihydro-20-deoxyguanosine (7), the
unstable regioisomer of 9. Subsequent acyl shift rearrange-
ment, which is favored at neutral and alkaline pHs, is likely
to explain the formation of 8. Strong support for this
pathway was provided by the observation of key intermedi-
ates including related ribonucleoside derivatives of dioxe-
tane 10 and 5-hydroperoxide 11 in the photosensitized
organic solution of the 20,30,50-tri-O-tert-butyl dimethylsilyl
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Figure 3. Mass spectra of dSp 8 generated upon incubation of dGuo 1 with DHPN18O2, a chemical generator of [18O]-labeled singlet oxygen.
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derivative of 8-oxo-7,8-dihydroguanosine.31,32 This was
achieved by both 13C NMR and 2-D HMBC measurements
performed at �60 �C. It may be added that support for
the assignment of the 13C chemical shifts was provided
by hybrid Hartree–Fock density functional theory cal-
culations.31 Evidence for the dimethylsulfide-mediated
reduction of 5-hydroperoxy-8-oxo-7,8-dihydro-20-deoxy-
guanosine (11) into the alcohol precursor 7 of spiroiminodi-
hydantoin nucleosides 8 was also gained from NMR
measurements carried out at �40 �C.31

The delineation of mechanistic aspects concerning the for-
mation of other 1O2 oxidation products of 8-oxodGuo 5
has been the subject of recent studies that have involved
the use of either unlabeled DHPNO2 or DHPN18O2.29 It ap-
pears that the oxidized nucleosides so far identified arise
from the initial formation of dioxetane precursors 10. In ad-
dition to the conversion of 10 into the linear 5-hydroperoxide
11, a second major degradation pathway was found to occur.
Thus the cleavage of the 1,2-bond of 10 was proposed to
generate the nine-membered ring intermediate 14, which
is converted into 1,3,5-triazine-1(2H)-carboximidamide,
3-(2-deoxy-b-D-erythro-pentofuranosyl)-tetrahydro-2,4,6-tri-
oxo- (15) upon intramolecular cyclization.33 Subsequent
slow hydrolysis of the six-membered ring nucleoside 15
leads to the formation of 1-(2-deoxy-b-D-erythro-pentofura-
nosyl)-cyanuric (16) that is accompanied by the release of
urea (Scheme 2).

Another degradation pathway whose mechanism remains to
be established gives rise to the imidazolone nucleoside 12,
the precursor of oxazolone nucleoside 13 that has been
shown previously to be the main one-electron oxidation
product of dGuo 1 in aqueous aerated solutions.34
2.3. Mechanism of 1O2 oxidation of 20-deoxyguanosine

The formation of the main primary 1O2 oxidation products
of dGuo 1 including the two diastereomers of dSp 8, 8-
oxodGuo 5, and the recently characterized (4R*)- and (4S*)-
4-OH-8-oxodGuo 9 may be rationalized in terms of a
Diels–Alder [4+2] cycloaddition of 1O2 across the 4,8-bond
of the imidazole ring of the guanine moiety of 1. This gives
rise to unstable 4,8-endoperoxides 2 whose characterization
has not been so far achieved even at temperature lower than
�80 �C. However, related endoperoxides that were gener-
ated by type II photosensitization of the 20,30,50-O-tert-butyl-
dimethylsilyl derivative of 8-methylguanosine in organic
solvents were found to be produced and their structures
assigned on the basis of NMR measurements at low tem-
perature.34,35 The endoperoxides 2 are likely to undergo in
aqueous solution a predominant rearrangement that leads
to putative 8-hydroperoxy-20-deoxyguanosine 3 for which
direct structural proofs are also lacking. In a subsequent
step, 3 may be reduced into 8-hydroxy-20-deoxyguanosine
(4), which is known to be in a dynamic equilibrium with
its 6,8-diketo tautomer namely 8-oxo-7,8-dihydro-20-deoxy-
guanosine (5) (Scheme 1). It may be mentioned that 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), a
degradation product that may be formed by hydration of gua-
nine radical cation followed by the opening of the imidazole
ring according to a reductive pathway,36,37 is not generated
at least in detectable amount within isolated DNA.38 This
was achieved using a thermolabile naphthalene endoperox-
ide derivative as a clean chemical source of 1O2.26 This
has led to rule out the possibility for 1O2 to act as a one-elec-
tron oxidant in contrast to a previous proposal.39 The main
degradation pathway of 3 involves dehydration, which leads
to the formation of oxidized quinonoid 6. In a subsequent
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step hydration would give rise to 5-hydroxy-8-oxo-7,8-di-
hydro-20-deoxyguanosine (7) that through an acyl shift,
which is favored at neutral pH, leads to the formation of
the two diastereomers of 8. It should be added that support
for a common precursor to both 8-oxodGuo 5 and dSp 8 is
provided by the fact that the presence of reducing agent
such as thiols or Fe2+ ions leads to a significant increase
in the yield of 8-oxodGuo 5 at the expense of 8.18,40 The
second degradation pathway is likely to involve the cleavage
of the peroxidic bond of 2 with subsequent formation of
4-hydroxy-8-oxo-4,8-dihydro-20-deoxyguanosine (9).

3. Conclusion

The use of a pure source of singlet oxygen, together with
the possibility of producing [18O]-labeled singlet oxygen, in
association with HPLC–MS/MS analysis allowed us to pro-
pose a coherent mechanism for the singlet oxygen-mediated
decomposition of dGuo 1 as a free nucleoside. Interestingly,
the formation of the two diastereomers of 4-hydroxy-8-
oxo-4,8-dihydro-20-deoxyguanosine (9) may be rationalized
in terms of cleavage of the peroxidic bond of 2, which con-
stitutes a minor reaction with respect to the predominant
rearrangement into the hydroperoxide 3. It may be noted
that the chemical reactions of 1O2 with the guanine moiety
of both isolated and cellular DNAs are partly different since
so far only 8-oxodGuo 5 has been shown to be produced in
detectable amount.41 Further efforts should be made to
check for the putative 1O2-mediated formation in DNA of
other oxidized nucleosides including 8 and 9 by taking
advantage of the recent availability of more sensitive HPLC–
MS/MS apparatus and optimized conditions of enzymatic
release of the targeted lesions.

4. Experimental

4.1. Chemicals

DHPNO2 and DHPN18O2 were prepared as previously de-
scribed.26 Nucleosides including dGuo 1 and 8-oxodGuo 5
were obtained from Sigma (St Quentin-Fallavier, France)
and used without further purification.

4.2. Incubation of 20-deoxyguanosine with the
chemical source of singlet oxygen

Incubation of dGuo 1 was performed using a 5 mM solution
of the nucleoside in a deuterated aqueous solution of either
DHPNO2 or DHPN18O2 at a 20 mM concentration. The
resulting solution was heated for 2.5 h at 37 �C to allow
the total decomposition of the endoperoxide.

4.3. HPLC–MS/MS analysis

The diastereomeric mixture of spiroiminodihydantoin 20-de-
oxyribonucleosides 8 (dSp) was analyzed using an HPLC
system that consisted of two Shimadzu LC-10AD/VP pumps
(Shimadzu, Tokyo, Japan) connected to a 7125 Rheodyne
injector valve (Rheodyne, Cotati, CA, USA). The separation
was performed either on a Supelcosil� (Supelco, Belle-
fonte, PA, USA) LC-NH2 column (5 mm, 250�4.6 mm),
using a mobile phase composed of 80% of acetonitrile and
20% of ammonium formate (25 mM) at a flow rate of
0.8 ml/min or using a 150�2.1 mm Hypercarb column
(Thermo Electron corporation, Cheshire, UK) using a linear
gradient (0–50% in 30 min) of acetonitrile in 2 mM ammo-
nium formate. Detection of the products was achieved using
a Shimadzu SPD-10Avp UV–visible detector (Shimadzu,
Tokyo, Japan) set at 230 nm. ESI-MS experiments were car-
ried out on a Quattro II instrument (Micromass, Manchester,
UK) or using an API3000 (Applied Biosystems, Toronto,
Canada) as described in detail elsewhere.28 The spectra
were obtained in the positive ion mode. The source temper-
ature was maintained at 100 �C. The optimal flow-rates of
the drying and nebulizing gas (nitrogen) were found to be
300 and 30 L/h, respectively. The capillary and HVelectrode
potentials were set at 3.50 and 0.5 kV, respectively. The cone
voltage was set at 15 and 30 V to the ESI-MS-scan mode and
60 V for the ESI-MS/MS analysis; besides, a pressure of
5.5�10�4 mbar was used in the gas cell and the collision
energy was set at 26 eV. The data were processed and
transformed into values in a mass/charge scale by means
of the Mass Lynx NT� data system 3.20 version (Micro-
mass, Manchester, UK).
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Abstract—Product distribution, total quenching rate (kT), and rate of chemical reaction (kr) with singlet oxygen have been determined for
some alkyl, benzyl, a-methylbenzyl, and cumyl sulfides. Their contributions depend on the steric hindering around the sulfur atom. In protic
solvents, the sulfoxide is the main product via a hydrogen-bonded persulfoxide. In apolar solvents, intramolecular a-H abstraction leads to
oxidative C–S bond cleavage, with varying efficiency. The behavior of sulfides is compared to that of alkenes and amines.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The fascinating chemistry of singlet oxygen remains an
appealing field of research and continues to reveal new
mechanistic facets and synthetic applications.1,2 This strong
electrophile attacks either a p nucleophile (alkenes, poly-
enes, electron-rich aromatics, and heterocycles) or a nucleo-
phile (organic sulfur or phosphorous derivatives). The
interaction with most nucleophiles (D:) leads to a weakly
bonded complex that evolves either toward the formation
of a stable product or toward the starting compound and trip-
let oxygen (Eqs. 1–3).3

D:þ 1O2/½D:/O2� ð1Þ

½D:/O2�/D:þ 3O2 ð2Þ

½D:/O2�/products ð3Þ

Thus, a single intermediate leads both to chemical reaction
and to physical quenching. Both the extent to which the ini-
tial complex is formed (in competition with singlet oxygen
decay) and the ratio between the ensuing processes vary
greatly depend on the structure of the nucleophile as well
as on the experimental conditions (solvent, temperature,
pressure, catalysis by various additives). As an example,

* Corresponding author. Tel.: +39 0382 987316; fax: +39 0382 987323;
e-mail: angelo.albini@unipv.it
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.110
chemical reaction is all important with alkenes, while both
aromatic and aliphatic amines mainly act as physical
quenchers and sulfides lie in between, with the portion of
chemical reaction varying from a few percent to almost
quantitative. The important role that oxygen and its excited
states have in chemical and biological reactions of sulfur-
containing compounds has stimulated a host of experimental
and computational studies aimed at the rationalization of the
mechanism(s) involved.4–10 Several years ago we initiated
a program to study the photooxygenation of sulfides, in par-
ticular benzyl sulfides.11–14 Presently, we report some new
results on related substrates and attempt to frame the find-
ings in the general picture of singlet oxygen reactions.

2. Results

The oxygenation of a series of benzyl sulfides was carried
out by visible light irradiation of a sensitizer (Rose Bengal
in alcohols and in acetonitrile, tetraphenylporphine in benz-
ene) in an oxygen saturated solution. The conversion was
limited to ca. 30%, in order to limit secondary photoreac-
tions, and the mass balance was good, except when noted.
The solvents used were apolar benzene, polar acetonitrile,
and protic methanol. The results are reported in Table 1. It
is well known that aliphatic sulfides yield the sulfoxides
with a small amount of the sulfones. We examined phenethyl
ethyl sulfide (1) and found that, while the sulfoxide is virtu-
ally the only product in methanol, in acetonitrile, and in benz-
ene a significant amount of phenylacetaldehyde (43% in the
last solvent) was formed (see Scheme 1, Table 1). Essentially
the same pattern was followed when using phenethyl phenyl
sulfide (2).

mailto:angelo.albini@unipv.it
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Table 1. Products from the photosensitized oxidation of some sulfidesa

Sulfide Solvent Products, %

S-Oxidation Cleavage

1, PhCH2CH2SEt MeOH PhCH2CH2SOEt, 74 —
MeCN PhCH2CH2SOEt, 61 PhCH2CHO, 15
C6H6 PhCH2CH2SOEt, 57 PhCH2CHO, 43

2, PhCH2CH2SPh MeOH PhCH2CH2SOPh, 100 —
MeCN PhCH2CH2SOPh, 80 PhCH2CHO, 20
C6H6 PhCH2CH2SOPh, 58 PhCH2CHO, 42

3, PhCH2SEt MeOH PhCH2SOEt, 63 PhCHO, 25
MeCN PhCH2SOEt, 6 PhCHO, 90
C6H6 PhCH2SOEt, 2 PhCHO, 89

4, PhCH2S-t-Bu MeOH PhCH2SO-t-Bu, 95 PhCHO, 5
MeCN PhCH2SO-t-Bu, 18 PhCHO, 45
C6H6 PhCH2SO-t-Bu, 27 PhCHO, 43

5, PhCH2SPh MeOH PhCH2SOPh, 65; PhCH2SO2Ph, 4 PhCHO, 27; (PhS)2, 4
MeCN PhCH2SOPh, 11 PhCHO, 77; (PhS)2, 17
C6H6 PhCH2SOPh, 13 PhCHO, 51; (PhS)2, 11

6, PhCHMeSEt MeOH PhCHMeSOEt, 51; PhCHMeSO2Et, 2 PhCOMe, 2
MeCN PhCHMeSOEt, 66; PhCHMeSO2Et, 1 PhCOMe, 6
C6H6 PhCHMeSOEt, 37; PhCHMeSO2Et, 15 PhCOMe, 7

7, PhCHMeSPh MeOH PhCHMeSOPh, 53; PhCHMeSO2Ph, 5 PhCOMe, 1
MeCN PhCHMeSOPh, 21 PhCOMe, 73; (PhS)2, 11
C6H6 PhCHMeSOPh, 36 PhCOMe, 37; (PhS)2, 13

8, PhCMe2SEt MeOH — PhCOMe, 16; (PhCMe2S)2, 1
MeCN — PhCOMe, 5; PhCMe]CH2, 1; (PhCMe2S)2, 8
C6H6 — PhCOMe, 15; PhCMe]CH2, 3; (PhCMe2S)2, 23

9, PhCMe2SPh All — —

a The dye-sensitized photooxidation of sulfides 3 and 6 has been previously reported (Ref. 14). The small differences in the product distribution depend on the
different irradiation time.
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Scheme 1.

With benzyl ethyl sulfide (3), as already known,13–15 cleav-
age to benzaldehyde is an important path, which predomi-
nates in nonprotic solvents. Similar results were obtained
with other benzyl derivatives, viz. the tert-butyl (4) and the
phenyl sulfides (5, see Scheme 1 and Table 1); some phenyl
disulfide was also obtained in the last case.

a-Methylbenzyl sulfides were next examined. With the ethyl
derivative (6) the sulfoxide was the main product in all of
the solvents tested, with acetophenone remaining below
7%. On the other hand, the corresponding phenyl derivative
(7) exhibited again a medium-depending oxygenation, with
a large predominance of the sulfoxide in methanol, but
acetophenone (accompanied by some phenyl disulfide)
was the main product in the other cases.

Finally, cumyl ethyl sulfide (8) was consumed under photo-
oxygenation conditions, but gave no sulfoxide. The products
formed were acetophenone and a-methylstyrene along with
some cumyl disulfide. The yields were low in this case,
possibly because the oxygenation was quite sluggish and
secondary photodecomposition was important. The corre-
sponding phenyl derivative (9) was virtually stable under
photooxygenation conditions.

The kinetics of these photooxygenations was then studied by
measuring the total rate constant for the quenching of singlet
oxygen (kT) through the change in the luminescence life-
time. As it appears in Table 2, the values varied considerably,
dropping by 3 orders of magnitude from ethyl sulfide to
cumyl phenyl sulfide. These values were measured in deutero-
chloroform in order to obtain meaningful data also for the
entire range of sulfides including the least reactive deriva-
tives, which would not be possible in solvents where the sin-
glet oxygen lifetime is shorter. On the other hand, previous
studies showed that kT changes very little with the solvent
characteristics, including polarity, for example, by <10%
with benzyl ethyl sulfide13 and by<20% for diethyl sulfide16

in solvents of different polarity, for example, when passing
from benzene to acetonitrile. Therefore, the reported values
should be reasonably valid also for the other solvents.

The rate for chemical reaction (kr), as opposed to physical
quenching, was then measured in competition experiments,
as previously done in the literature, by using the oxidation of
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Table 2. Rate of total quenching (kT) and rate of chemical reaction (kr) for the singlet oxygen reaction with some sulfides

Sulfide Solvent kr�107, M�1 s�1 S-Oxidation versus cleavage kr/kT kT�107, M�1 s�1 in CDCl3

Et2S MeOH 6.6�107a 1.8 3.0b

C6H6 0.39a 0.11

1, PhCH2CH2SEt MeOH 0.9 95:5 0.6 1.5
MeCN 0.24 80:20 0.16
C6H6 0.2 57:43 0.13

2, PhCH2CH2SPh MeOH 0.027 100:0 0.51 0.53
MeCN 0.004 80:20 0.08
C6H6 0.008 58:42 0.15

3, PhCH2SEt MeOH 1.2 72:28 1 1.2
MeCN 0.61 4:96 0.51
C6H6 0.55 2:98 0.46

4, PhCH2S-t-Bu MeOH 0.027 72:28 0.08 0.35
MeCN 0.085 29:71 0.24
C6H6 0.062 39:61 0.18

5, PhCH2SPh MeOH 0.026 72:28 0.45 0.058
MeCN 0.017 13:87 0.29
C6H6 0.016 20:80 0.28

6, PhCHMeSEt MeOH 0.11 96:4
MeCN 0.07 92:8
C6H6 0.03 84:16

7, PhCHMeSPh MeOH 0.018 98:2
MeCN 0.009 22:78
C6H6 0.001 50:50

8, PhCMe2SEt MeOH 0.026 z0:100 0.16 0.165
MeCN 0.12 z0:100 0.73
C6H6 0.17 z0.100 1.03

9, PhCMe2SPh All <0.001 <0.3 0.0034

a From Ref. 16.
b In benzene, from Ref. 16.
an alkene (octaline) under the same conditions as the stan-
dard.16,17 The values obtained are reported in Table 2.

3. Discussion

3.1. Physical and chemical quenching by sulfides:
dependence on the structure

All of the present reactions likely occur via a persulfoxide,18

generally accepted as the first intermediate in the reaction of
singlet oxygen with sulfides, and the extent of chemical ver-
sus physical quenching is determined by the relative impor-
tance of the different paths from this species. As for the
formation of this intermediate, the kT data in Table 2 support
earlier observations19 and show that the total quenching rate
is decreased when the sulfur atom is bonded to a phenyl
group (by a factor 20–50, see the pairs 1/2, 3/5, 8/9) or to
a tertiary carbon (by a factor 4–15, see the pairs 3/4, 3/8,
5/9). This correlates with steric hindrance, and thus with
nucleophilicity, rather than with oxidizability (see below).

As for the ensuing chemistry, two different reactions occur,
viz. sulfoxidation and C–S bond cleavage to yield carbonyl
derivatives. Table 2 shows that chemical reaction is the main
path (kr>0.5kT) for nonhindered sulfides (Et2S, 1–3, 5) in
methanol and in this case the product is the sulfoxide. This
is attributed to hydrogen bonding of the persulfoxide that
makes it a stronger electrophile and thus facilitates oxygen
transfer to a second sulfide molecule (the ‘single intermedi-
ate’ mechanism initially proposed by Foote,5 and known to
be promoted by acids).13,16 Accordingly, the limiting value
of kr is 2kT, as indeed observed with dialkyl sulfides (see
diethyl sulfide in Table 2). The presence of substituents in
a-position in the chain makes the reaction less effective, rea-
sonably because of the steric hindrance encountered by the
approaching sulfides makes oxygen transfer less competitive
with decay of the persulfoxide. The effect of inserting two
methyl groups in a is apparent: with both 4 and 8 kr is
<0.15kT and the reaction in methanol becomes slower than
that in aprotic solvents. A phenyl group likewise limits kr,
but in this case some effect is exerted also when the substit-
uent is in the b-position.

In aprotic solvent, however, chemical reaction is generally
less competitive with physical decay and may be dominated
by C–S bond cleavage. This process involves hydrogen
transfer to form an intermediate ylide (see below).20–23 Con-
trary to sulfoxide formation, this is scarcely affected by
bulky groups around the sulfur atoms (the efficiency moder-
ately changes in S-ethyl, phenyl, and tert-butyl derivatives,
see the series 3–5), while its role depends on the presence
of a weak a C–H bond. Thus, with diethyl and dibutyl sulfide
C–S cleavage has been detected as an inefficient process
(kr/kT�0.05), though this is more important for phenethyl
sulfides (kr/kTz0.1). With benzyl sulfides, however, the
value of kr increases up to 0.5kT. Furthermore, with the first
two sulfides cleavage is always accompanied by an equally
efficient sulfoxidation, while with benzyl derivatives sulfox-
idation is all but negligible in aprotic solvents (the sluggish
C–S cleavage in sulfide 8, lacking a a-H apparently involves
a different path).
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The dependence on the C–H bond strength suggests that, as
proposed earlier,13,24 this is a radical process and the ylide is
to be regarded as a diradical rather than as a zwitterion (with
anion stabilizing substituent the situation is different).24,25

However, stereoelectronic factors also operate. In low-
energy conformations the S+–O–O� moiety bisects the
angle between the S-bonded groups R–S–R0 and the outer
oxygen may be close to an a-CH.20,21 This determining
factor depends on the nature of both R and R0. Thus, the
inefficient C–S bond cleavage from the a-methylbenzyl
ethyl sulfide 5, as opposed to the high reactivity of the non-
methylated analogue 5 has been rationalized through PM3
calculations as due to a long O�/H distance in two out of
four of the low-energy conformations of the corresponding
persulfoxide.26 However, Table 1 shows that with the
S-phenyl analogue 7 C–S bond cleavage is restored as
the main process in aprotic solvents, reasonably because
the bulky phenyl group pushes the oxygen toward the
benzylic hydrogen.

In turn, the ylide rearranges to a a-hydroperoxy sulfide and
this intermediate gives the end product via either intramolec-
ular or intermolecular oxygen transfer, as suggested by
Clennan (Scheme 2).24 The first path (a in Scheme 2) gives
the carbonyl derivatives along with sulfinates or other
oxidized sulfurated products, the latter one (path b) equi-
molecular amounts of sulfoxide, carbonyl, and mercaptan
(the latter oxidized under these conditions to the disulfide).
Table 1 shows that path b is followed by the alkyl sulfides
1 and 2 in benzene. As for the benzyl sulfides, the reaction
in the same solvent shifts from path a exclusively for 3 to
increasing component of path b in 4 and 5 and path b ex-
clusively with 7. Apparently, sterical hindering at the sulfur
atom discourages formation of the thiaoxiranium ring more
than accepting an oxygen from a hydroperoxide.
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3.2. The oxidation of sulfides versus that of alkenes
and amines: the first intermediate

It may be useful to consider the mechanism in Scheme 2 in
the general frame of singlet oxygen reactions. A first-sight
comparison of the oxidation of sulfides via persulfoxide
and the ylide with the ene reaction of alkenes via a perepox-
ide as well as with the oxidation of amines via a complex and
a-deprotonation (Scheme 3) seems to imply an analogous
reaction course, involving transfer of an a-hydrogen after
electrophilic attack. One may wonder, how far can the anal-
ogy be carried; as an example, is there a similar structure
dependence? This is not the case: introducing a phenyl
ring onto the reacting moiety increases kT with amines
(PhNR2>R3N), but decreases it with sulfides and moderately
affects the kr/kT ratio in both cases; with alkenes, phenyl sub-
stitution induces only a partial regioselectivity.27a A phenyl
group in a greatly increases kr/kT in sulfides by making intra-
molecular hydrogen abstraction possible, but has little effect
with alkenes (attack at the benzylic hydrogen is not or mod-
erately preferred in benzyltrimethylethylene);27b,c kT does
not change in both cases. Below we consider in some detail
the three photooxygenations.
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Scheme 3.

Both with p (alkenes) and with n (sulfides or amines) donors,
the first intermediate is a more or less labile adduct where
one of the oxygen atom is engaged. Clearly the CT character
of such complexes is much stronger with good donors such
as amines with respect to the other cases, as evidenced, for
example, by the dramatic dependence of kTon the solvent po-
larity with these donors3,28–30 in contrast to the near indepen-
dence with alkenes and sulfides. However, singlet oxygen is
a relatively poor oxidant [E0(O2

��/1O2)¼0.11 V vs SCE]31

and even with amines [e.g. E0 (DABCO) 1.02 V, PhNMe2

0.71 V] ‘full’ electron transfer remains endothermic (Table
3). There is a dependence of kT on DGET and for various
families of donors the total quenching rate constants roughly
follow such dependence (notice however that with amines kT

changes over 2–4 orders of magnitude with solvent polarity;
therefore care is required in the evaluation of the results with
these substrates).3,32,33 This is illustrated in Figure 1, where a
plot of log (kT) versus E0 for sulfides, amines, alkenes, and
aromatics is presented (see Table 3 for details on the data
used). It is apparent that aromatic sulfides (like alkenes and
amines) show some dependence, while aliphatic sulfides do
not (points lie on an almost vertical line).
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Table 3. Total quenching rate of singlet oxygen and oxidation potential for
various donors used in Figure 1

k, M�1 s�1 log k E 0, V versus
SCE

Aliphatic aminesa

Et3N 6.5�107 7.80 1.53
n-Bu3N 5.8�107 7.76 1.34
N-Methylpiperidine 5.3�107 7.72 1.73
DABCO 5.2�107 7.71 1.02
(n-Pr)2NH 1.8�107 7.25 1.96
Et2NH 1.5�107 7.18 2.04
Piperidine 5.8�106 6.76 2.07
(i-Pr)2NH 1.8�106 6.25 1.83
i-BuNH2 4.1�105 5.61 2.66
n-PrNH2 2.3�105 5.36 2.75

Aromatic amines (in MeCN)b

TMPD 5.2�109 9.71 0.16
p-Phenylenediamine 2.8�1010 10.45 0.18
p-Aminodiphenylamine 1.1�109 9.04 0.27
N,N-Diphenyl-p-phenylenediamine 4.5�108 8.65 0.34
N,N,N0N0-Tetramethylbenzidine 1.8�109 9.25 0.43
o-Phenylenediamine 8.0�108 8.90 0.40
2-Aminoanthracene 2.3�108 8.36 0.44
1-Naphthylamine 2.7�108 8.43 0.54
N,N-Dimethyl-p-toluidine 1.0�109 9.00 0.65
N,N-Dimethylaniline 2.85�108 8.45 0.71
Diphenylamine 1.8�107 7.25 0.83
N-Methyl-N,N-diphenylamine 4.1�106 6.61 0.84
Aniline 1.06�107 7.02 0.87
p-Iodoaniline 5.1�106 6.70 0.88
p-Bromoaniline 7.1�106 6.85 0.89
p-Chloroaniline 7.6�106 6.88 0.90
Triphenylamine 4.1�107 7.61 0.92
N,N-Dimethyl-p-nitroaniline 1.1�106 6.04 1.19

Alkenes (in MeOH)c

Tetramethylethylene 4.35�107 7.64 1.78
1,2-Dimethylcyclohexene 7.35�106 6.87 1.64
2-Methyl-2-butene 2.45�106 6.39 2.21
1-Butene 1.2�104 4.08 2.50
1-Methylcyclopentene 7.3�105 5.86 2.06
1-Methylcyclohexene 1.2�105 5.08 2.00
Cyclopentene 8.7�104 4.94 2.49
Cyclohexene 5.4�103 3.73 2.33

Aromatics (in MeCN)b

1,2,4-Trimethoxybenzene 4.4�107 7.64 1.12
1,4-Dimethoxybenzene 6.4�106 6.81 1.34
1,2,3-Trimethoxybenzene 1.7�105 5.23 1.42
1,2-Dimethoxybenzene 7.4�105 5.87 1.45
Hexamethylbenzene 6.4�106 6.81 1.46
1,3-Dimethoxybenzene 2.2�105 5.34 1.49
1,3,5-Trimethoxybenzene 2.6�105 5.41 1.49
Pentamethylbenzene 1.2�106 6.08 1.58
1,2,4,5-Tetramethylbenzene 3.2�105 5.50 1.59
1,2,4-Trimethylbenzene 4.1�104 4.61 1.71

Aliphatic sulfides
EtSEtd 3.0�107 7.50 1.57i

t-BuS-t-Bue 4.7�104 4.67 1.59i

PhCH2CH2SEtf 1.5�107 7.18 1.65j

PhC(CH3)2SEtf 1.6�106 6.20 1.60k

PhCH2SEtg 1.0�107 7.00 1.60k

Aromatic sulfides
PhS-t-Bue 1.2�104 4.08 1.70l

PhSPhe 3.9�104 4.59 1.43i

PhSMeh 2.3�106 6.36 1.34h

p-MePhSMeh 4.6�106 6.66 1.24h

p-MeOPhSMeh 7.6�106 6.88 1.13h

p-BrPhSMeh 1.1�106 6.04 1.41h

p-CNPhSMeh 7.3�104 4.86 1.61h

p-NO2PhSMeh 8.7�104 4.94 1.70h

PhCH2CH2SPhf 5.3�105 5.72 1.21m

(continued)
When donors of the same family and similar bulk at the re-
acting site are compared, a good correlation with calculated
DGET is observed as is the case for 4-substituted thioani-
soles. As shown in Figure 1, a good correlation of kT with
E0 of the donor has been found (or with the substituent s
values, themselves proportional to E0).11 The correlation
with s is consistent with the strong electrophilic character
of singlet oxygen (when compared with the r value obtained
with other oxygen transfer reagents, r (1O2) is larger than
with negatively charged species, though smaller than with
the positive ones (see Table 4).

However, when donors with different steric hindrance are
considered the correlation with calculated DGET breaks

Table 3. (continued)

k, M�1 s�1 log k E 0, V versus
SCE

PhCH2SPhf 5.8�105 5.76 1.43n

PhC(CH3)2SPhf 3.4�104 4.53 1.64k

a Ref. 36.
b Ref. 33.
c Ref. 57.
d Ref. 16.
e Ref. 12.
f This work.
g Ref. 13.
h Ref. 11.
i Ref. 58.
j Assumed equal to that of diethyl sulfide.
k Ref. 59.
l Ref. 60.
m Ref. 61.
n Ref. 62.

Table 4. r Values from the oxidation of some thioanisoles

Reagent r Ref.

Me2B(OH)2(OOH)2� �0.65 53
Me2B(OH)3(OOH)� �1.5 53
1O2 �1.97 11
tert-Butylperoxyiodanes �3.32 54
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Figure 1. Rate constants for total quenching of singlet oxygen by sulfides
(circles) and amines (diamonds) (filled symbols, aliphatic; empty symbols,
aromatic derivatives) as well as alkenes (:) and electron-rich aromatics
(6) versus the nucleophile E0. See Table 3 for details.
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down.34 The order of reactivity of aliphatic sulfides depends
here on nucleophilicity, and thus on bulky substituents
(R2SzPhCH2SR>PhSR>Ph2S, the same order observed
in sulfoxidation by metal oxo complexes).35 The slowing
effect of substituents close to the moiety involved in the
interaction with singlet oxygen has been observed with
amines36,37 and sulfides.38 Indeed, Clennan showed that
log(kT) linearly correlated with the Taft steric parameter Ts

with hydrazines (slope 0.9)39 and sulfenamides (1.47),40

although this was not the case for disulfides.40

In the present case, we observed that the various families of
sulfides we considered (RSEt, RS-tert-Bu, RSPh) all had
a similar dependence on the Ts value of substituent R.
Indeed, when a single correlation with the parameters of
both substituents for sulfides RSR1 according to Eq. 2 was
attempted, a trend, if not a linear dependence was observed,
with a slope somewhat lower than those quoted above
(slope �0.72, r2 0.91, see Fig. 2, both the presently studied
substrates and other bulky aliphatic and aromatic sulfides are
included, see Table 5).

logðkTÞ ¼ constantþK
�
TsðRÞ þ Ts

�
R1
��

ð4Þ

Table 5. Total quenching rate of singlet oxygen and Taft parameters for
various sulfides used in Figure 2

Sulfide RSR1 log(kT)a Ts
b Summed up Ts for the

two substituents

EtSEt 7.48 Et, 0.07 0.14
t-BuSt-Bu 4.67 t-Bu, 1.54 3.08
PhSt-Bu 4.08 Ph, 2.31 3.85
PhSPh 4.59 4.62
PhCH2CH2SEt 7.18 PhCH2CH2, 0.38 0.42
PhCH2St-Bu 6.54 PhCH2, 0.38 1.92
PhC(CH3)2SEt 6.2 PhC(CH3)2, 2 2.07
PhCH2CH2SPh 5.72 2.67
PhCH2SPh 5.76 2.67
PhC(CH3)2SPh 4.53 4.31
PhCH2SEt 7.0 0.42

a For the kT values see previous12 and present work.
b The Ts parameters are taken from the compilations by Taft55 and

Dubois.56 The value for the PhCMe2 group is not available in these refer-
ences. It has been taken as 2.0 by correcting the value for the benzyl group
proportionally to the change observed in passing from Et to iso-Pr and
tert-Bu.
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Figure 2. Rate constants for total quenching of singlet oxygen by aliphatic
and aromatic sulfides versus the Taft steric parameters Ts.

55,56 See Table 5
for details.
We feel that this result is informative. Recent calculations
show that singlet oxygen, besides being a strong electro-
phile, has also some nucleophilic character due to the pres-
ence of a high energy HOMO geometrically orthogonal to
the LUMO.41,42 This has been recognized as the source of
the asynchronicity of the ene reaction, due to the tendency
for both the HOMO and the LUMO of the alkene to be in-
volved in an interaction with a single oxygen atom. Thus,
tendency toward 1,1 bond formation distinguishes the ene
reaction, ‘as opposed to the simultaneous 1,2-bond forma-
tion distinctive of synchronous, concerted transition states
of the Diels–Alder reaction’.42

On the other hand, with n donors such as sulfides and
amines the nucleophilic contribution scarcely operates
(and if it does, more with the former donors). The initial
adduct appears to be slightly less stable than the reagents
(by 6.6 kcal/mol, or at most isoenergetic depending on the
method used) with the sulfides20,21,43,44 and markedly less
stable with amines (8 to >20 kcal/mol).45 Notice that also
in the latter case a close proximity between nitrogen and
one of the oxygen atoms is required in the complex. Sum-
ming up, steric factors are important and kT depends on
the nucleophilicity of the quencher.

3.3. The chemical reaction

The comparison can be extended to the ensuing evolution of
the first intermediate, which determines the chemical or
physical nature of the quenching. The ene reaction with
alkenes is concerted and bonding of the second oxygen
atom occurs as the first intermediate evolves to the products
via a valley ridge with no barrier. As for sulfides, a path
involving bonding of the second oxygen atom would be
the formation of a thiadioxirane, which has been located
as a reasonably stable intermediate, but is separated from
the initial persulfoxide by an insurmountable barrier of
10–20 kcal/mol.20

The other intramolecular possibility is the above discussed
hydrogen (or proton) transfer from the position a to the het-
eroatom, a path that is indeed analogous to the perepoxide–
alkylhydroperoxide conversion with alkenes, but differs
from that case in that it is not barrierless. In the case of dime-
thylpersulfoxide, a 6–7 kcal/mol activation energy has been
calculated for this path, which is only 1/20th of physical
quenching in apolar, nonhydrogen bonding solvents, but is
made more effective by a-phenyl substitution (kr can be as
large as 50% of kT for some benzyl sulfides, provided that
conformational factors do not prevent it).

This path is even less efficient with amines (kr<0.1kT

with tertiary aliphatic amines, negligible with aromatic
tertiary amines).46 The role of this path increases both in
a nucleophilic solvent, which is able to accept the a-proton,
and when a better electrofugal group is present, as with a-tri-
methylsilyl derivatives.46

Finally, intermolecular activation of the first intermediate
is possible, provided that this is sufficiently long-lived.
With sulfides indeed activation by acids (or by nucleophiles)
is effective, so that a more active species is formed and trans-
fers oxygen to a second molecule of sulfide (see Scheme 1;
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this step, as mentioned above, is again subjected to steric
hindrance). This mechanism is followed in methanol and,
when intramolecular activation is slow, also in a polar apro-
tic solvent such as MeCN. However, this path is less impor-
tant with amines (the barely bonded CT complex is too
short-lived for activation) as well as, for the opposite reason,
with alkenes (the strength of the bonds formed leaves little
room for improvement).

In conclusion, the reaction of singlet oxygen with a series
of benzyl sulfides was examined. The total quenching rate
(kT) depends on the nucleophilicity of the sulfide, since the
persulfoxide is formed over an essentially flat surface and
bulky substituents tilt the balance against bonding with
singlet oxygen, drastically lowering kT. The strength of the
S–O bond formed with sulfides is intermediate between
the strong C–O bond formed with alkenes and the weak
N–O bond with amines, resulting in largely variable propor-
tion of chemical quenching (kr/kT). Two types of chemical
reactions contribute. The path leading to sulfoxide via the
protonated persulfoxide observed in a protic medium
depends again on the sulfide nucleophilicity (making the
overall dependence quadratic). The photocleavage reaction
observed in aprotic solvent depends on the strength of the
a-CH bond.

4. Experimental

4.1. Materials

Sulfides 1, 2,47 3–5,48 6, 7,49 8, and 950 were prepared
according to the published procedures. 5,10,15,20-Tetra-
phenyl-21H-porphine (Aldrich) and CDCl3 (Carlo Erba)
were used without further purification. Samples of sulf-
oxides and sulfones51 as well as of diphenyl disulfide52 for
the quantitative analysis of the photoproducts were prepared
according to the published procedures. The other photooxi-
dation products were commercially available.

4.2. Photoreactions

The photooxidations were carried out by using 0.01–0.1 M
solutions of the sulfides in the presence of Rose Bengal
(in methanol or acetonitrile) or of tetraphenylporphine in
benzene. The solutions were contained in rubber-stoppered
Pyrex tubes. These were exposed to four phosphor-coated
15 W lamps (Applied Photophysics) emitting from 350 to
700 nm while a steam of dry oxygen saturated with the
appropriate solvent was passed in the solution through a
needle.

The products formed were determined by capillary GC
(HP1) on the basis of calibration curves in the presence
of cyclododecene as the internal standard or by reverse
phase HPLC with MeCN–H2O mixture as the eluant, l
230 and 260 nm, respectively, with biphenyl as the internal
standard.

4.3. Rate of photoreactions

Rate constants for the quenching of singlet oxygen were ob-
tained from the shortening of the (O2)1Dg emission lifetime
at 1.27 mm in the presence of known amounts of sulfides in
aerated CDCl3. Singlet oxygen was generated by energy
transfer to O2 from the triplet state of TPP, populated by laser
excitation (Nd:YAG laser, 532 nm). The near-IR lumines-
cence of molecular oxygen was observed at 90� geometry
through a 5 mm thick AR coated silicon metal filter with
wavelength pass >1.1 mm and an interference filter at
1.27 mm by means of a preamplified (low-impedance) Ge-
photodiode cooled at 77 K (Applied Detector Corporation,
Model 403 HS, time resolution 300 ns). Single exponential
analysis of the emission decay was performed with the
exclusion of the initial part of the signal, affected by scat-
tered light, sensitizer fluorescence, and formation profile
of the emission signal itself. The rate of chemical reaction
was determined by comparing the oxidation of octaline
(kr¼1.83�106 M�1 s�1) under the same conditions.
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Abstract—An intramolecular isotope effect has been measured for the reaction of singlet oxygen with 2,2,8,8-tetradeuterio-1,5-dithia-
cyclooctane, 4d4. The magnitude of the isotope effect, 1.21�0.09, provides verification of removal of an a-hydrogen during the product
determining step to form a hydroperoxysulfonium ylide and ultimately the sulfoxide product. The absence of any special structural features
in 4d4 to enhance the propensity of hydrogen removal is used to suggest that the hydroperoxysulfonium ylide is a ubiquitous intermediate in
the reactions of sulfides with singlet oxygen.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The oxidation of a sulfide to a sulfoxide despite its apparent
simplicity is an extremely important process. A large num-
ber of different natural products contain the sulfoxide func-
tional group.1 It has been reported that oxidation of a single
methionine residue in amyloid b-peptide plays a key role in
the neurotoxicity responsible for Alzheimer’s disease.2 Al-
though many reagents are available for sulfide oxidation,
the oxygenation process with singlet oxygen is perhaps
one of the most convenient.

The ability of singlet oxygen (1Dg) at the time believed to be
a sensitizer oxygen complex to perform the transformation
shown in Eq. 1 was first demonstrated by Schenck and
Krauch in 1962.3 However, the mechanism of this singlet
oxygen reaction has proven to be surprisingly complex. The
gross features of the potential energy surface were delin-
eated in, what is now, a classic paper published by Foote
and co-workers in 1983.4 In this manuscript a kinetic study
using the ‘inert’ trapping agents, diphenylsulfide and di-
phenylsulfoxide, was used to convincingly demonstrate the
presence of two intermediates (Scheme 1). Subsequently,
the general applicability of this ‘two-intermediate’ mecha-
nism has been established5 for a wide range of sulfenyl

S S

O
(1)Ox
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e-mail: clennane@uwyo.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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derivatives including disulfides,6,7 sulfenamides,8–10 and
sulfenate esters.11
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S
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O
HO

1 2 3
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Scheme 1.

The first intermediate was characterized as a nucleophilic
oxidant capable of transferring an oxygen atom to an exo-
genous electrophilic acceptor. The structure of this interme-
diate was reasonably assigned the persulfoxide structure, 1.
A wide variety of selective chemical transformations of this
intermediate has served to solidify this assignment.12 The
second intermediate was characterized as an electrophilic
oxidant capable of donating a single oxygen atom to nucle-
ophilic acceptors. A thiadioxirane, 2, structure was assigned
to this intermediate. Unfortunately, the meta-stability of
these intermediates prevented direct spectroscopic charac-
terization.

In 1998, as a result of a detailed computational study,
we suggested that a more viable alternative for the second
intermediate was a hydroperoxysulfonium ylide, 3.13 This

mailto:clennane@uwyo.edu
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suggestion was based on the computational evidence that re-
vealed that the collapse of the persulfoxide to 3 occurs with
a barrier of approximately 6 kcal/mol in comparison to an
insurmountable barrier of 20 kcal/mol for its rearrangement
to 2. Experimental data to support this suggestion rapidly
following in 199914 with the report of substantial kinetic
isotope effects for the reactions of singlet oxygen with the
series of 1,3-dithianes shown in Scheme 2.15

S
S

H(D)

CH3

1.55 ± 0.06

S
S

CH3

H(D)

1.54 ± 0.16

S
S

H(D)

CO2CH3

1.62 ± 0.11

S
S

H(D)

H(D)

1.31 ± 0.05

Scheme 2.

Deprotonations of 1,3-dithianes and their derivatives are
well-established procedures for the generation of syntheti-
cally useful acyl anion equivalents.16 In order to alleviate
any concern that these 1,3-dithianes are ‘unique’ singlet
oxygen substrates as a result of the acidity of their 2-protons
(Scheme 2), we report here a kinetic isotope effect study of
the specifically deuterated 1,5-dithiacyclooctane, 4d4.

S
S

DD D
D

4d
4

2. Results and discussion

The deuterated 1,5-dithiacyclooctane, 4d4, was synthesized
as shown in Scheme 3. A high dilution technique was first
used to produce a modest yield of 1,5-dithiacyclooctane, 4,
which was converted to 4SO with sodium periodate in meth-
anol. Deuterium was washed into this sulfoxide by stirring it
at 100 �C in a solution of sodium deuterium oxide in D2O.
Finally, 4SOHg was reduced with sodium iodide in
perchloric acid followed by treatment with Na2S2O3 to give
a 74% yield of 4d4 with greater than 96% deuterium
incorporation.

The isotope effect studies with 4d4 were conducted under
the high concentration conditions (0.05–0.1 M) known to
convert 4 cleanly to the sulfoxide, 4SO. High conversions
(i.e., long irradiation times), which are known to convert
4SO to a 86:14 mixture of the cis- and trans-(bis)sulf-
oxides,17 and low concentrations,18 which are known to
promote formation of cleavage products, were avoided.
Under these carefully controlled conditions, two products,
4SOHa and 4SOHg, are exclusively formed in the singlet
oxygen reaction. The NMR spectra for the 6-spin system,
4SO, and the 4-spin system 4SOHg (Scheme 4), which
was available in pure form from the synthesis depicted in
Scheme 3, were fit using WINDNMR19 simulation software.
The derived spectral data for 4SO are given in Table 1. These
assignments were subsequently used to assist in the analysis
of the isotope effect experiment (vide infra).
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S
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Scheme 4.

The isotope effect, kH/kD, measured in this study is a product
isotope effect as depicted in Scheme 4. The isotope effect
(i.e., product ratio [4SOHa]/[4SOHg]) is also equal to
[OOH]/[OOD] since 4SOHa and 4SOHg can only form
via hydroperoxysulfonium ylides OOH and OOD, respec-
tively. The most stable conformation of the hydroperoxysul-
fonium ylide has the hydrogen of the OOH group directly
above the negatively charged a-carbon13 poised for re-delivery
back to this carbon upon reaction of the peroxy linkage
with a molecule of sulfide substrate to give two sulfoxide
products.

The isotope effect kH/kD¼[4SOHa]/[4SOHg]¼[OOH]/
[OOD]¼1.21�0.09 was measured by integration of the
a-hydrogen multiplet (H1 and H2) between 3.0 and 3.2 ppm
and the g-hydrogen multiplet (H5 and H6) between 2.5 and
2.7 ppm from five independent reactions. Figure 1 depicts
an example of a typical reaction mixture showing both the
multiplet between 2.5 and 2.7 ppm for the g-hydrogens in
4SOHg and the multiplet between 3.0 and 3.2 ppm for the
a-hydrogens in 4SOHa. This figure also illustrates the base-
line separation between these two multiplets and the large
residual peak for 4d4 in these low conversion reaction
mixtures.
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The observation of a significant isotope effect (1.21�0.09) is
consistent with formations of hydroperoxysulfonium ylides
from persulfoxides 4PSHa and 4PSHg as shown in Scheme
5. Previous studies with 4 have demonstrated that its dimin-
ished efficiency (w70%) in its reactions with singlet oxygen
is a result of decomposition of the persulfoxide intermediate
to starting material and triplet oxygen (path kq in Scheme
5).17 It is the competition between this physical deactivation
pathway and formation of the hydroperoxysulfonium ylide,
which is responsible for the observed isotope effect. Hydro-
gen abstraction in 4PSHa to form hydroperoxysulfonium
ylide OOH competes more effectively with physical quench-
ing, kq, than deuterium abstraction in 4PSHg to form OOD.

The hydrogen isotopes abstracted in 4PSHa and 4PSHg to
form their corresponding hydroperoxysulfonium ylides,
OOH and OOD, respectively, do not enjoy the electronic
environment found in 1,3-dithianes (Scheme 2) that lead to
enhanced acidity. An extensive search of persulfoxide, 4PS
conformational space with MP2/6-31G(d) computational
method located only two low energy conformations. (i.e.,
the global minimum and only one conformation within
3 kcal/mol of the global minimum; Scheme 6).20 The lowest
energy persulfoxide, PS1, adopts a boat–chair, and the

Table 1. Spectral Data for 4SOa,b

S
S

O

H5
H6

H3

H4

H2
H1

Spin d (Hz) J (Hz)

H1 1269.17 ddd; J12¼�13.08; J13¼3.59; J14¼7.89
H2 1246.56 ddd; J12¼�13.08; J23¼3.85; J24¼7.04
H3 876.18 ddddd; J13¼3.59; J23¼3.85;

J34¼�15.77; J35¼4.72; J36¼7.59
H4 924.31 ddddd; J14¼7.89; J24¼7.04;

J34¼�15.77; J45¼8.10; J46¼4.13
H5 1067.41 ddd; J35¼4.72; J45¼8.10; J56¼�14.7
H6 1031.39 ddd; J36¼7.59; J46¼4.13; J56¼�14.7

a The simulation assisted/derived spectral parameters for 4SOHg were used
as a guide to fit the spectral data for 4SO.

b Data collected at 400 MHz.
persulfoxide at 2.3 kcal/mol above the global minimum,
PS2, adopts a boat–boat conformation. Both conformations
have a-hydrogens accessible for abstraction (removed for
clarity from the structures in Scheme 6) by the persulfoxide
terminal oxygen atom. In addition, in both conformations,
the remote sulfur, the persulfoxide sulfur, and the oxygen at-
tached to the persulfoxide sulfur are collinear. This suggests
that the remote sulfur dissipates the positive charge on the
persulfoxide sulfur by donation of lone electron pair density.
This was confirmed in a natural bond orbital analysis of
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Figure 1. 1H NMR from 2.48 to 3.12 ppm of reaction mixture during photooxygenation of 4d4.
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persulfoxide conformations PS1 and PS2 that detected a
depletion of the electron density on the remote sulfur con-
sistent with delocalization of the positive charge in the
persulfoxide over both sulfur atoms.21 We argue that this
diminished charge on the persulfoxide sulfur should further
decrease the acidity of the a-hydrogens in comparison to
those found in simple dialkylpersulfoxides.

3. Conclusion

We have demonstrated that 2,2,8,8-tetradeuterio-1,5-dithia-
cyclooctane, 4d4, exhibits a significant (20%) isotope effect
for the site of product formation in its reaction with singlet
oxygen. Consequently, enhanced acidity of the a-hydrogens
is not a prerequisite for the observation of an isotope
effect and suggests that the hydroperoxysulfonium ylide is
a ubiquitous intermediate formed in a wide range of sulfide
photooxygenations.

4. Experimental

4.1. General

4.1.1. 1,5-Dithiacyclooctane (4). In a 1000 mL three-
necked flask equipped with an overhead stirrer, a condenser,
and an adaptor for a syringe pump, 6 g of freshly cut sodium
(0.261 mol) was added under nitrogen to 500 mL of rapidly
stirred absolute ethanol. After the Na reacted, the solution
was heated to 50 �C and 5.3 mL of 1,3-dibromopropane
(d¼1.989 g/mL, 10.54 g, 52.2 mmol) in 20 mL of absolute
ethanol and 5.25 mL of 1,3-propanedithiol (d¼1.078 g/mL,
5.66 g, 52.29 mol) in 20 mL of absolute ethanol were simul-
taneously added by a syringe pump at a rate of 0.17 mL/min
over a 2 h period. After addition of the reagents the cloudy
white solution was refluxed at 50 �C and then allowed to
cool to room temperature. It was then filtered to remove
the white precipitate. Excess ethanol was removed at re-
duced pressure by roto-evaporation that induces the forma-
tion of more precipitate. Water (200 mL) was added and
the solution was then extracted with 3�150 mL dichloro-
methane. The dichloromethane extract was dried with anhy-
drous MgSO4, filtered, and removed slowly under reduced
pressure. The crude product was purified by vacuum distilla-
tion with freshly cut Na to give a colorless liquid product
with a distinctive smell. Yield: 2 g (13.5 mmol, 26%). 1H
NMR (CDCl3) d 2.1 (m, 4H), 2.8 (m, 8H).

4.1.2. 1,5-Dithiacyclooctane-1-oxide (4SO). A solution of
0.35 g (1.77 mmol) of sodium periodate in 7.5 mL of water
was added to a solution of 0.26 g (1.76 mmol) of 4 in 20 mL
of methanol at room temperature over a 10-min period. This
mixture was stirred for 20 h then filtered, and the volatile
solvent removed. Water was added to the residue and then
extracted three times with chloroform. The combined chlo-
roform extracts were washed with sodium thiosulfate and
then dried over anhydrous MgSO4. Purification by column
chromatography was accomplished by increasing the eluting
solvent polarity from 20% methanol in ethyl acetate (EA) to
45% methanol in EA to give colorless crystals with a low
melting point. Yield: 220 mg (1.34 mmol, 76%). 1H NMR
(CDCl3) d 2.1–2.3 (m, 4H), 2.5–2.7 (m, 4H), 3.0–3.2 (m, 4H).
4.1.3. 2,2,8,8-Tetradeuterio-1,5-dithiacyclooctane 1-
oxide (4SOHg). A solution of 4SO (0.41 g, 2.50 mmol) in
2 mL deuterium oxide was added to a ca. 30% solution of
sodium deuterium oxide in 8 mL of deuterium oxide (D
content 99.8%). After stirring under an N2 atmosphere at
100 �C for 24 h, the solvent was concentrated under reduced
pressure and the mixture was then extracted with chloro-
form. The combined organic phase was dried over anhy-
drous MgSO4. After removal of the solvent, the mixture
was separated by column chromatography, using a mixture
of ethyl acetate and methanol (1:4). Yield: 209.6 mg
(1.25 mmol, 49.9%). The content of deuterium was 96%
as determined by 1H NMR spectroscopy.1H NMR (CDCl3)
d 3.12–3.16 (m, residual a-hydrogens), 2.55–2.70 (m, 4H),
2.16–2.35 (m, 4H).

4.1.4. 2,2,8,8-Tetradeuterio-1,5-dithiacyclooctane (4d4).
A solution of sodium iodide (0.536 g, 3.57 mmol) and
70% perchloric acid (0.239 g, 2.38 mmol) in 10 mL D2O
was added to a solution of 4SOHg (0.2 g, 1.19 mmol) in
2 mL D2O. The reaction immediately turned to a cloudy
orange color. The reaction was kept at room temperature for
4 h followed by addition of 30% Na2S2O3 to reduce the I3

�.
The mixture was extracted three times with chloroform and
the combined extracts were washed with NaHCO3. The
mixture was dried with anhydrous MgSO4 and then the
solvent was removed. The product was purified by column
chromatography, ethyl acetate/hexane¼1:4. Yield: 134 mg
(0.88 mmol, 74%). 1H NMR (CDCl3) d 2.63–3.00 (m, 4H),
1.87–2.22 (m, 4H). 13C NMR (CDCl3) d 30.23, 30.78,
29.47 (quintet, J¼21 Hz).

4.2. Photooxygenation reactions

The photooxygenation reactions were carried out by
irradiation of a CD3CN solution containing 6.25�10�4 M
methylene blue and 0.0125 M 4d4, under continuous oxygen
agitation with a 150 W tungsten/halogen lamp through 1 cm
of a saturated NaNO2 filter solution for 10 min. The reaction
mixtures were analyzed immediately by proton NMR and
the isotope effects determined by integration of the appropri-
ate regions.
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Abstract—The chemistry of singlet oxygen with a variety of arylphosphines has been studied. Rates of singlet oxygen removal by para-
substituted arylphosphines show good correlation with the Hammett s parameter (r¼�1.53 in CDCl3), and with the Tolman electronic
parameter. The only products for the reactions of these phosphines with singlet oxygen are the corresponding phosphine oxides. Conversely,
for ortho-substituted phosphines with electron-donating substituents, there are two products, namely a phosphinate formed by intramolecular
insertion and phosphine oxide. Kinetic analyses demonstrate that both products are formed from the same intermediate, and this allows
determination of the rate ratios for the competing pathways. Increasing the steric bulk of the phosphine leads to an increase in the amount
of insertion product. VT NMR experiments show that peroxidic intermediates can only be detected for very hindered and very electron-
rich arylphosphines.
� 2006 Published by Elsevier Ltd.
1. Introduction

The chemistry of singlet dioxygen with heteroatoms, i.e.,
organic sulfides1–5 and, more recently, phosphines5–9 has
been the subject of numerous papers, as these reactions
posses rather complicated mechanisms. Elucidation of the
nature of reactive intermediates, and, ideally, their direct
observation, have been a major goal of these studies. Such
intermediates are of fundamental interest, as they should
be even better oxidants than singlet dioxygen itself. In par-
ticular, many kinetic and trapping studies have been carried
out to determine the nature of the peroxidic intermediates
formed during the photooxidation of organic sulfides. The
oxidation of phosphines has attracted somewhat less atten-
tion. An early paper by Bolduc and Goe11 suggested an open
zwitterionic species formed as a primary intermediate, but
trapping studies by Sawaki and co-workers7 indicated that
the primary intermediate in the photooxidation of triphenyl
phosphines and tributyl phosphite is electrophilic. This is
in contrast with the nucleophilic behavior of the persulfoxide
intermediate in the photooxidation of organic sulfides.1 Ab
initio calculations by Foote and co-workers8 suggested a
cyclic phosphadioxirane intermediate, which would indeed
be expected to behave as an electrophile. Arylphosphines
have also been investigated as fuel-stabilizers for jet fuels,
and very recently Beaver and co-workers have provided
strong evidence that phosphadioxiranes may play a key
role during this antioxidant activity.12,13 Arylphosphines

Keywords: Singlet oxygen; Cone angle; Arylphosphine; Phosphadioxirane.
* Corresponding author. Tel.: +1 323 343 2347; fax: +1 323 343 6490;

e-mail: mselke@calstatela.edu
0040–4020/$ - see front matter � 2006 Published by Elsevier Ltd.
doi:10.1016/j.tet.2006.07.112
represent an interesting target for studying reactive interme-
diates and reaction channels, since their electronic and steric
parameters are well defined and can be varied in a systematic
manner. Electronic parameters that can be used to assess the
donor abilities of arylphosphines include Hammett constants
as well as the Tolman electronic parameter.14 The latter pa-
rameter is given by the CO stretching frequency of the car-
bonyl group trans to the phosphine in a Ni complex of the
type Ni(CO)3(PR3). The stronger the electron-donating abil-
ity of the phosphine, the stronger the backbonding to the trans
CO ligand, and hence the lower the CO stretching frequency.
Chemical properties of arylphosphines are also influenced by
the steric bulk of the aryl groups, and the cone angle of a phos-
phine ligand has long been used as a measure of its bulk.14

The cone angle is obtained by taking a space-filling model
of the MP(R3) group. The metal is the apex of the cone,
and the entire ligand forms the actual cone.4,5 We have re-
ported the special case of tris(ortho-methoxyphenyl)phos-
phine: the exceptionally large steric bulk of this phosphine
(cone angle of 205�)15 slows down the reactions of peroxidic
intermediate so that it can be directly observed at very low
temperatures by VT NMR. 31P and 17O NMR measurements
at �80� strongly suggest that the peroxidic intermediate is
a three-membered ring containing a phosphorus and two
oxygen atoms, that is, a phosphadioxirane.10 We report
herein, the products for the reaction of a variety of arylphos-
phines with singlet oxygen, kinetic data, as well as attempts
to observe and characterize products and peroxidic interme-
diates of these reactions. Electronic parameters for the differ-
ent arylphosphines were simply varied by using different
substituents in the para position; the cone angle is the same
for all of these para-substituted phosphines, namely 145�.

mailto:mselke@calstatela.edu
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Conversely, steric parameters were changed by employing
different substituents in the ortho position. All of these aryl-
phosphines are unreactive with triplet oxygen, thus allowing
kinetic investigations of their reactions with singlet oxygen.

2. Results and discussion

2.1. Photooxidation of para-substituted arylphosphines

Reaction of singlet oxygen at room temperature with para-
substituted arylphosphines 1–5 leads to the corresponding
phosphine oxides in quantitative yield (Eq. 1).

X P
3

2 X P
3

2
O1O2

1     X = MeO
2     X = H
3     X = F 
4     X = Cl
5     X = CF3

ð1Þ

Total rate constants of singlet oxygen removal (kT) by phos-
phines 1–5 have been measured by luminescence quenching
experiments in a deuterated benzene and chloroform. The kT

values and the corresponding s values as well as the Tolman
electronic parameters for various phosphines are summa-
rized in Table 1.

The logs of the kT values (kSubst/kH) yield a good correlation
with the Hammett s parameters; the Hammett plot gives
a negative slope of �1.53 in CDCl3 (Fig. 1), and �1.93 in
C6D6 (r2¼0.987). Since there are three aryl rings per phos-
phine, the actual r values for the electronic effect of one
aryl ring are �0.51 and �0.64, respectively. The reason
for the larger value in benzene is unclear at the moment,
although it may simply be caused by the smaller dielectric
constant of benzene, similar to what has recently been pre-
dicted by ab initio calculations for solvent effects on r values
in benzhydryl cations.16 The negative r value is in agreement
with the electrophilic character of the initial singlet oxygen
attack on the arylphosphine. The magnitude of r for one
arylphosphine is smaller than that for the corresponding
attack of singlet oxygen on aryl sulfides in thioanisoles.17

A plot of the kT values versus the Tolman electronic para-
meter also gives a good linear correlation (r2¼0.971) for
phosphines 1–4 (the Tolman electronic parameter for phos-
phine 5 has not been determined). Since the Tolman elec-
tronic parameter is a measure of the s-donating ability of
the phosphine, it is apparent that in the absence of steric
variation, the s-donation of the arylphosphine to the empty
degenerate p* MO of the singlet oxygen molecule deter-
mines the reaction rate of singlet oxygen with the para-
substituted arylphosphines.

In the absence of physical quenching, the value of kT is the
rate of formation of the peroxidic intermediate (i.e., the
phosphadioxirane). For all para-substituted arylphosphines,
the corresponding phosphine oxide was the only major
product observed by 31P NMR (other products such as the
corresponding phosphinates7 were 1% or less). In order to
determine whether or not all of the peroxidic intermediates
lead to the formation of the reaction products or whether
loss of dioxygen from the intermediate (indirect physical
quenching) is a major process, competition experiments
have been carried out. These competition experiments are
done under continuous irradiation of a solution containing
a singlet oxygen acceptor with a known chemical reaction
rate constant and the arylphosphine that is being studied.
Thus the two substrates compete for one reactive intermedi-
ate (i.e., singlet oxygen) that is produced under steady-state
conditions. 9,10-Dimethylanthracene (DMA) was used as
a singlet oxygen acceptor in these experiments. DMA is
known to interact with singlet oxygen by chemical reaction
only. As reference values, we have used kT values for the
reaction of DMA with singlet oxygen from the recent
literature,9 namely 2.5�0.1�107 M�1 s�1 in CDCl3 and
2.9�0.2�107 M�1 s�1 in deuterated benzene. Loss of
DMA and compounds 1–5 was monitored by 1H and 31P
NMR. The relative reaction rate ratio for the kr values of
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Figure 1. Hammett plot for the reaction of para-substituted arylphosphines
with singlet oxygen.
Table 1. Summary of kinetic data, electronic, and steric parameters for phosphines

Phosphine kT in CDCl3
(M�1 s�1)�106

kr in CDCl3
(M�1 s�1)�106

kT in C6D6

(M�1 s�1)�106
kr in C6D6

(M�1 s�1)�106
ko/ki in
CDCl3

sp Cone angle
(deg)d

Tolman electronic
parameter (cm�1)d

(p-CH3OC6H4)3Pa 14.9�1.6 32.4�1.2 33.1� 4.3 59.4�0.9 �0.27 145 2066.1
(C6H5)3Pb 8.1�0.3 16.2�1.6 10.5� 0.6 21.5�1.1 0 145 2068.9
(p-FC6H4)3Pb 4.9�0.2 11.0�1.0 5.5�0.2 11.0�0.8 0.06 145 2071.3
(p-ClC6H4)3Pb 3.1�0.2 7.1�0.7 3.3�0.3 8.0�0.8 0.23 145 2072.8
(p-CF3C6H4)3Pc 0.9�0.05 2.2�0.3 0.9�0.06 2.6�0.6 0.54 145
(o-CH3C6H4)3Pb 5.4�0.5 8.0�0.2 80�7 194 2066.6
(o-CF3C6H4)3Pc 0.1�0.01 Not measurable Not measurable 205
(o-CH3OC6H4)3

a 2.8�0.4 5.0�0.2 25�3 205 2058.3

a Ref. 9.
b This work.
c Ref. 10.
d Ref. 14.
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the phosphine and the singlet oxygen acceptor (i.e., DMA)
was obtained from the equation of Higgins and co-workers.18

log
n
½Arylphosphine�f=½Arylphosphine�0

o

log
n
½DMA�f=½DMA�0

o

¼ krðArylphosphineÞ
krðDMAÞ ð2Þ

For all of the para-substituted arylphosphines (compounds
1–5), the rate of formation of the corresponding phosphine
oxides (kr) is twice the rate of singlet oxygen removal kT,
both in benzene and chloroform. Thus indirect physical
quenching (loss of dioxygen from the periodic intermediate)
is not detectable, and all of the phosphadioxirane intermedi-
ates are converted to product. We also conducted competi-
tion experiments in benzene (Table 1), and found that the
reaction rates (i.e., kr values) follows the same trend, but
are somewhat larger than in chloroform. The reason for
this increase is unclear at this time.

2.2. ortho-Substituted arylphosphines

Generally, kT values are lower for these phosphines com-
pared to their para-substituted counterparts. It is particularly
instructive to compare the kT values for tris(ortho-methoxy-
phenyl)phosphine (6), tris(ortho-tolyl)phosphine (9), and
triphenylphosphine (2). Despite the fact that the electron
density at the phosphorus atom is decreasing from 6 to 9
to 2 (cf. the Tolman electronic parameters), the correspond-
ing kT values are increasing. This illustrates the strong sen-
sitivity of reactions of singlet oxygen with arylphosphines
to steric effects, similar to what has been observed for
organic sulfides.

We have recently reported an unusual intramolecular oxida-
tion pathway during the photooxidation of tris(ortho-
methoxyphenyl)phosphine (6). In addition to tris(ortho-
methoxyphenyl)phosphine oxide (7), significant amounts
of ortho methoxyphenyl di(ortho-methoxyphenyl)phosphi-
nate (8) are obtained. In fact, at low concentration, this intra-
molecular oxidation product becomes the major reaction
product. We have demonstrated that there exists a phosphine
cone angle dependence for this reactive channel of the
putative peroxidic intermediate by comparison with the
corresponding meta and para isomers, which do not form
the insertion product.9 We now report that the behavior of
the tris(ortho-tolyl)phosphine (9) is quite similar: reaction
of singlet oxygen with 9 leads to the formation of tris(ortho-
tolyl)phosphine oxide (10) and ortho tolyl di(ortho-tolyl)-
phosphinate (11).

If the phosphine oxides and phosphinates are formed from
the same intermediate (i.e., a phosphadioxirane), we can
use a simple steady-state treatment to obtain the rate ratio
for the intramolecular (ki) and intermolecular (ko) reaction
rates: according to Scheme 1, the rate of formation of the
phosphinates (compounds 7 and 10) is given by Eq. 3:

d½Phosphinate�=dt¼ ki½Phosphadioxirane� ð3Þ

Likewise, the rate of formation of the phosphine oxides
(compounds 8 and 11) can be expressed by Eq. 4:

d½Phosphine oxide�=dt¼ 2ko½Phosphadioxirane�½Phosphine�
ð4Þ

Assuming a steady-state concentration of the phosphadioxir-
ane, and working at low conversion of the starting phosphine,
we can combine Eqs. 3 and 4 to obtain an integrated expres-
sion for the rate ratio of intramolecular versus intermolecular
oxidation:

½Phosphine oxide�=½Phosphinate� ¼ ð2ko½Phosphine�Þ=ki

ð5Þ

According to Eq. 5, a plot of the product ratio versus starting
material concentration should be linear with a slope of twice
the rate ratio ko/ki. A plot of the photooxidation product ratio
(11/10) for tris(ortho-tolyl)phosphine versus starting concen-
tration of tris(ortho-tolyl)phosphine (in CDCl3) indeed gives
a good linear correlation with a slope of 161�14 (Fig. 2).

The rate ratio of intermolecular versus intramolecular
oxidation for tris(ortho-tolyl)phosphine is thus 80�7.
This ratio is considerably larger than that of the reaction of
phosphine 6 with singlet oxygen where ko/ki is 25�3 in
CDCl3. Intramolecular oxidation is thus less favorable for
P
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Scheme 1. Reaction of electron-rich ortho-substituted arylphosphines with singlet oxygen.



10732 D. Zhang et al. / Tetrahedron 62 (2006) 10729–10733
tris(ortho-tolyl)phosphine as compared to tris(ortho-
methoxyphenyl)phosphine (6). This could be due to the
smaller cone angle of this phosphine (194� compared to
205� for phosphine 6, see Table 1) or due to a combination
of the smaller cone angle and an electronic effect, i.e., de-
creased electron density at the phosphorus atom. The latter
effect can be quite drastic, as illustrated by the behavior of
tris(ortho-trifluoromethyl)phenyl phosphine (12). The cone
angle of phosphine 12 is similar to that of 6, but tris(ortho-
trifluoromethyl)phenyl phosphine obviously is highly elec-
tron deficient. Phosphine 12 does quench singlet oxygen
with a rather slow rate constant kT¼1�105 M�1 s�1, as
determined by a singlet oxygen luminescence quenching
experiment. However, we were unable to detect any products
either at room temperature or temperatures as low as
�80 �C. Phosphine 12, therefore, represents the first known
example of physical quenching of singlet oxygen by a phos-
phine. It is quite possible that the quenching mechanism
involves a transient dioxygen–phosphine complex, i.e., indi-
rect physical quenching.19 The lack of reactivity of 12 is not
merely an electronic effect, since the corresponding para
isomer tris(para-trifluoromethyl)phenyl phosphine (5) re-
acts with singlet oxygen to form phosphine oxide, albeit at
a low rate (kT¼9�105 M�1 s�1, see Table 1), and without
any concomitant physical quenching. It, therefore, appears
that electron-rich substituents in the ortho position are
needed for the intramolecular oxygen atom insertion reac-
tion to become a major pathway.

2.3. Low temperature photooxidation of arylphosphines

We were unsuccessful in detecting any peroxidic intermedi-
ates at temperatures as low as �80 �C for the para-
substituted phosphines 1–5. It appears that the cone angle
of these phosphines (145 �C) is simply too small to prevent
the reaction with starting material even at such low temper-
atures from being too fast to allow spectroscopic detection of
any peroxidic intermediate.

In contrast to the para-substituted arylphosphines 1–5, the
reaction of tris(ortho-methoxyphenyl)phosphine (6) and sin-
glet dioxygen at�80 �C in methylene chloride or methylene
chloride/toluene mixtures leads to the rapid formation of a
new phosphine species, namely tris(ortho-methoxyphenyl)-
phosphadioxirane.10 This phosphadioxirane can be identi-
fied by its 31P NMR signal at �45 ppm. The only other
peak observed in the 31P NMR spectrum during the low
temperature photooxidation of 6 is the signal for the corre-
sponding tris(ortho-methoxyphenyl)phosphine oxide (8)
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Figure 2. Product ratio of phosphine oxide (intermolecular product)/phos-
phinate (intramolecular product) versus starting phosphine concentration
for the reaction of tris(ortho-tolyl)phosphine with singlet oxygen.
(26 ppm at �80 �C).9 Compound 8 is formed due to the re-
action of phosphadioxirane with unreacted starting material.
Formation of 8 relative to phosphadioxirane is diminished in
CH2Cl2/toluene mixtures compared to neat CH2Cl2 solution.
In the present work, we noted that tris(ortho-tolyl)phos-
phine (9) shows similar behavior compared to 6 at room tem-
perature. We, therefore, reasoned that phosphine 9 might
also form a phosphadioxirane that can be directly detected
at low temperature. However, despite numerous attempts,
we were unable to observe any peroxidic intermediate for
phosphine 9 at �80 �C, and only the corresponding phos-
phine oxide 11 was obtained, regardless of solvent. It ap-
pears that the relatively small decrease in the cone angle
of 9 compared to 6 and possibly the decrease in the electron
density at the phosphorus atom are sufficient to make the
phosphadioxirane intermediate too short-lived for direct ob-
servation. Interestingly, formation of the phosphinates 7 and
10 is greatly diminished if the photooxidation is carried out
at low temperature and completely suppressed below
�60 �C. This appears to be in agreement with the very recent
observation by Beaver and co-workers13 who noted that the
phosphinate–phosphine oxide ratio is actually increased at
elevated temperatures.

3. Experimental

3.1. Materials

All solvents and materials were the purest commercially
available products and used as received, except for tris-
(ortho-trifluoromethylphenyl)phosphine, which was synthe-
sized according to a literature method.20

3.2. Instrumentation

1H and 31P NMR spectra were obtained on a Bruker AC300
and DRX400 instrument. Low temperature spectra were ob-
tained by standard VT NMR techniques. Absorption spectra
were recorded on a Carey 300 UV–vis spectrophotometer.

3.3. Time-resolved singlet oxygen measurements

A nanosecond Nd:YAG laser (model MiniLaseII/10 Hz;
New Wave Research Inc., USA) doubled (532 nm) or tripled
(355 nm) in frequency is used as an excitation source.
Singlet oxygen luminescence is monitored at right angle.
The detector is a cryogenic germanium photodiode detector
(model 403HS; Applied Detector Corp., USA) cooled by liq-
uid nitrogen and specialized for detection of near-infrared
radiation. Three different filters are used to remove unde-
sired radiation. A Schott color glass filter (model RG850;
cut-on 850 nm; Newport, USA) is taped to the sapphire en-
trance of the detector to block any additional ultraviolet and
visible light from entering. The port opening to the detector
contains the remaining filters. The long wave pass filter (sil-
icon filter model 10LWFw1000; Newport, USA) transmits in
the range of 1100–2220 nm and blocks in the range of 800–
954 nm. A band pass filter (model BP-1270-080-B*; CWL
1270 nm; Spectrogen, USA) blocks in the UV, visible, and
IR regions and only transmits in the range of 1200–
1310 nm with maximum transmission of 60% at 1270 nm.
Signals were digitized on a LeCroy 9350CM 500 MHz
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oscilloscope and analyzed using Origin software. Generally,
four to six runs were conducted per phosphine, and errors are
reported as one standard deviation.

3.4. General procedures for arylphosphines photo-
oxidation by singlet oxygen

Photooxidation reaction mixtures of 0.01–0.10 M in tris-
(ortho-methoxyphenyl)phosphine and singlet oxygen sensi-
tizers (tetraphenylporphyrin or C70, max absorption was
generally kept between 0.5 and 0.6) were prepared in test
tubes or NMR tubes. For NMR analyses, deuterated solvents
were employed during the photooxidation. The samples
were presaturated with oxygen for 1–2 min and then irradi-
ated under a constant stream of oxygen with a 250 W tung-
sten–halogen lamp. A 492 nm cutoff filter was used so that
the arylphosphines themselves were not irradiated.

3.5. Competition experiments between phosphines and
9,10-dimethylanthracene

The phosphine compounds were irradiated in the presence of
a singlet oxygen acceptor namely 9,10-dimethylanthracene
(DMA), which removes singlet oxygen by chemical reaction
only so that kT¼kr¼2.5�107 M�1 s�1 in CDCl3.9 We used
tetraphenylporphyrin (TPP) or C70 as sensitizers. Phosphine
concentration ranged from 0.0005 to 0.003 M, and DMA
concentration ranged from 0.0005 to 0.004 M. Irradiation
times ranged from 5 to 30 min (for compound 5). Conversion
of each compound was generally kept between 20 and 80%.
DMA concentrations were monitored by 1H NMR while
phosphine concentrations were monitored by 31P NMR.
All of the NMR peaks used to determine concentrations
are summarized below.

Phosphine 31P NMR in
CDCl3, ppm

1H NMR in CDCl3
(methyl) ppm

(p-CH3OC6H4)3P (1) �17.8 3.81
(p-CH3OC6H4)3PO 21.4 3.84
(C6H5)3P (2) �13.0
(C6H5)3PO 21.2
(p-FC6H4)3P (3) �16.6
(p-FC6H4)3PO 18.9
(p-ClC6H4)3P (4) �16.0
(p-ClC6H4)3PO 19.0
(p-CF3C6H4)3P (5) �13.7
(p-CF3C6H4)3PO 17.7
DMA 3.11
DMAO2 2.16
(o-CH3C6H4)3P (9) �37.2
(o-CH3C6H4)3PO (10) 29.1
(o-CH3C6H4)3PO2 (11) 22.2
(o-CH3OC6H4)3P (6) �39.2 3.76
(o-CH3OC6H4)3PO (7) 26.0 3.58
(o-CH3OC6H4)3PO2 (8) 27.0 3.60, 3.73

Generally, four to six runs were conducted per phosphine,
and errors are reported as one standard deviation. A control
experiment demonstrated that the DMA endoperoxide does
not oxidize the arylphosphines during the timeframe of the
competition experiments (i.e., 1 h or less).

3.6. Low temperature NMR studies

Samples were directly irradiated in NMR tubes placed
in a transparent Dewar flask. Acetone/liquid N2 and 80%
acetone–20% methylene chloride/liquid N2 were used
for controlling the irradiation temperatures at �80 and
�90 �C, respectively. After the photooxidation, the NMR
tubes were frozen in liquid N2 and subsequently placed
into the precooled NMR spectrometer.
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Abstract—The reaction of singlet molecular oxygen with a series of cyclic and acyclic a-diimines was studied. Time-resolved methods were
used to measure total reaction rate constants and steady-state methods were used to determine chemical reaction rate constants. GC–MS was
used to tentatively assign the reaction products. 5,6-Disubstituted cyclic a-diimines are singlet oxygen quenchers, but become more effective
in polar solvents. A reaction mechanism involving a perepoxide intermediate or transition state leading to a hydroperoxide seems to be a key
reaction path for product formation. A replacement of the phenyl substituent for a methyl substituent opens up an additional reaction involving
a perepoxide-like exciplex, which increases singlet oxygen quenching of the cyclic a-diimines. The reactivity of 5,6-disubstituted cyclic
a-diimines towards singlet oxygen is highly dependent on steric interactions arising from vicinal phenyl rings and from electronic effects.
1,4-Disubstituted acyclic a-diimines are, by comparison, moderate or poor singlet oxygen quenchers. Total rate constants are scarcely depen-
dent on solvent properties, but instead correlate with the Hildebrand parameter. These results are explained in terms of a mechanism involving
a dioxetane-like exciplex that gives rise to a charged intermediate leading to products.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The interaction of singlet oxygen (O2(1Dg)) with a target
molecule (Q) involves physical (deactivation) and/or chem-
ical (reactive) processes. This process can be represented in
Eqs. 1–3

1O2/
kd

O2 ð1Þ

1O2þQ/
kQ

QþO2 ð2Þ

1O2þQ/
kR

products ð3Þ

where kd is the solvent dependent decay rate of singlet oxy-
gen that determines its unperturbed lifetime (to¼1/kd), kQ

corresponds to a second-order rate constant of physical deac-
tivation and kR is the second-order rate constant of the reac-
tive pathway. Measurement of the lifetime of singlet oxygen
at different concentrations of Q permits one to obtain a kT

value, where kT¼kQ+kR. Evaluation of kR requires the mea-
surement of quantum yields of oxygen consumption and/or
product formation, where these values can be difficult to

* Corresponding author. Tel.: +56 2 9782877; fax: +56 2 9782868; e-mail:
elemp@ciq.uchile.cl
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.091
obtain. Values of kQ and kR can be solvent dependent, where
solvent may modify each to a similar extent, thus keeping kR/
kT constant. Such a similar behaviour can then be ascribed to
an analogous mechanism and/or a common transition state.
However, differences in the solvent effect between kQ and
kR would suggest dissimilar transition states for each pro-
cess. For example, a reaction containing different intermedi-
ates or different pathways may still follow from a common
intermediate. Thus, the analysis of solvent effect on kT

and/or kR provides valuable information regarding the nature
of the reaction process. Many singlet oxygen reaction rate
constants measured before 1999 have been compiled by
Wilkinson et al.1 Solvent effects on singlet oxygen reactions
have been reviewed,2–6 where rate constant differences
have been correlated with solvent dielectric constants,7–9

solvent hydrogen bonding (with the target molecule),10

and/or hydrophobic interactions.11 In the last decade, linear
solvation energy relationships (LSER) and theoretical linear
solvation energy relationships (TLSER) have been em-
ployed to interpret singlet oxygen reaction mechanisms with
amine,5,12–16 polycyclic aromatic compounds,11 furan,17

alkaloids5,18,19 and biologically active (polyfunctional) com-
pounds.14,17,18,20,21 Such LSER treatments allow a quan-
titative evaluation of solvent effect in terms of different
descriptors. The relative contribution of each descriptor in-
cluded in the correlation equation depends on the substrate.
Common features are observed for compounds belonging
to the same family reacting through the same mechanism.

mailto:elemp@ciq.uchile.cl
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The determination of a model compound correlation equa-
tion permits to calibrate and validate the linear free energy
relationship in a given solvent set, giving a basis for predic-
tions to the behaviour in other solvents. The formalism may
be used to determine the main reaction site in polyfunctional
compounds, to detect changes in the reaction mechanism
with solvent properties, and to evaluate the relative contribu-
tion of tautomers in equilibrium to the total reaction rate.
Also, the analysis could be extended to singlet oxygen
reactivity in microheterogeneous systems to predict relative
rate constants in such systems. However, when using
this formalism, several limitations should be considered.
First, this type of multilinear correlation is based on the
assumption that the various descriptors are orthogonal, i.e.,
for a given parameter there is no cross-correlation with the
other. Second, the barely reproducible rate constant values
reported by different laboratories must be carefully stated
to improve data reproducibility, which depends on various
experimental critical points—e.g., sensitizer stability and
reactivity, solvent purity, time of reaction and substrate
consumption fraction in steady-state experiments, laser
power and number of accumulated shots in time-resolved
techniques.

A large number of studies have focused on reactions of sin-
glet oxygen with molecules containing C]C double bonds.
On the contrary, little data is available on reactions of singlet
oxygen with molecules containing C]N double bonds.22–26

A product distribution may depend on temperature and sub-
stituents in reactions of O2(1Dg) with imino compounds and
may involve several intermediates (Scheme 1), i.e., dioxaze-
tidines (1) from [2+2] concerted cycloaddition to the
carbon–nitrogen double bond;23,24 peroxide ions (2) from
electrophilic attack on iminic carbon23 and hydroperoxides
(4) from rearrangement of pernitrones (3) in reactions with
substituted 2,3-dihydropyrazines.27 The involvement of
a pernitrone intermediate (3) may arise by the interaction
of 1O2 with the imine nitrogen lone pair.

Previous studies do not permit one to conclude whether the
reaction of singlet oxygen and the imino group is similar to
homologous alkenes or whether it departs significantly from
this chemistry due to the presence of the nitrogen atom. In
previous works,28 we reported the total rate constant values,
kT, and the chemical reaction rate constant values, kR, for
the reactions between two 5,6-disubstituted-2,3-dihydropyr-
azines and singlet oxygen in various solvents. Chemical
reaction rate constants, kR, for 5,6-dimethyl-2,3-dihydro-
pyrazine (5) were very close to kT in polar solvents such as
propylencarbonate, whereas the contribution of the chemical
channel to the total reaction is very low for methyl and
phenyl derivatives. Analysis of solvent effect on kT for the
dimethyl derivatives using the semiempirical solvatochro-
mic equation (LSER) of Taft, Kamlet et al.,29,30 reveals a
dependence on the solvent microscopic parameters a and
p*. When the phenyl group is replaced with a methyl group,
the dihydropyrazine ring reactivity increases towards singlet
oxygen and modifies the dependence of kT on solvent para-
meters. The importance with the Hildebrand parameter is
apparent.

In the present work, we study reactions of singlet oxygen
with cyclic and acyclic a-diimines that possess different sub-
stituents on the iminic carbon (Fig. 1). Our aim is to under-
stand the reaction mechanism based on product distributions
and kinetics, which includes measurements of rate constants
for chemical and physical reaction channels in several sol-
vents. Solvent effects are analyzed in terms of linear solva-
tion energy relationships (LSER).29–31 LSER relations are

N

N CH3

CH3CH3

CH3

CH3CH3

N

N

N

N

N

N

OMe

N

N

OMe

OMe

N

N

H3C H3C N OMe

NMeO

5 6 7

8 9

1110

Figure 1. Structures of cyclic a-diimines: 5,6-dimethyl-2,3-dihydropyra-
zine (5), 5-methyl-6-phenyl-2,3-dihydropyrazine (6), 5,6-diphenyl-2,3-
dihydropyrazine (7), 5-methyl-6-(p-methoxyphenyl)-2,3-dihydropyrazine
(8), 5,6-bis(p-methoxyphenyl)-2,3-dihydropyrazine (9), and acyclic a-di-
imines: 1,4-diaza-1,4-diphenyl-2,3-dimethyl-1,3-butadiene (10), 1,4-diaza-
1,4-bis(p-methoxyphenyl)-2,3-dimethyl-1,3-butadiene (11).
NC
R

R'
NHR''

NC
R

R'
NR''

O
O

NC
R

R'
NH

NC
R

R'
NH

O O

N

N CH3

CH3

N+

N CH3

CH3

O
O

N

N CH3

CH2

OOH

O2 (1 g)

2

1

3 4

Scheme 1.



10736 E. Lemp et al. / Tetrahedron 62 (2006) 10734–10746
of great value in interpreting mechanisms of singlet oxygen
reactions since they may permit a quantitative explanation of
solvent effects.5

2. Results

2.1. Total reaction of singlet oxygen with cyclic
a-diimines

The total quenching rate constant (physical and chemical),
kT, for reaction of O2(1Dg) with the 5,6-disubstituted-2,3-di-
hydropyrazines (Fig. 1) in several solvents was obtained
from the first-order decay of O2(1Dg) in the absence (to

�1)
and the presence of dihydropyrazine (t�1) according to
Eq. 4.

t�1 ¼ t�1
o þ kT

�
dihydropyrazine

�
ð4Þ

Linear plots of t�1 vs [dihydropyrazine] were obtained for
all solvents employed (Fig. 2). Intercepts of these plots
match closely with those reported20 and measured (in a large
number of experiments from our laboratory) for singlet
oxygen lifetimes in the identical solvents. Values of kT

calculated from slopes of these plots are given in Table 1.
The kT values were independent of the laser pulse energy
(between 2 and 5 mJ) allowing us to disregard secondary
processes involving O2(1Dg). Singlet oxygen decays after
dye laser excitation at 532 nm, with Rose Bengal as sensi-
tizer in acetone, in the absence and the presence of 5,6-di-
methyl-2,3-dihydropyrazine (5) are shown in the inset of
Figure 2. As can be observed, both traces have nearly the
same amplitude, indicating that the excited states of the sen-
sitizer were not deactivated by the addition of 5 at the
concentrations employed to quench O2(1Dg). The same be-
haviour was observed with TPP—the sensitizer employed
in most solvents—in the presence of the different dihydro-
pyrazines studied. The same kT values were obtained for
some solvents (data not shown) either by using competitive
steady-state methods, such as the inhibition of the autoxida-
tion rate of rubrene (lmax¼520 nm)32 or by following the
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Figure 2. Stern–Volmer plot for deactivation of singlet oxygen by DMD
in acetone. Inset (a) Singlet oxygen phosphorescence decay at 1270 nm,
following dye laser excitation at 532 nm, with Rose Bengal as sensitizer
in acetone. (b) as (a), but with 13.6 mM DMD.
consumption rate of 9,10-dimethylanthracene in the absence
and the presence of dihydropyrazine derivatives.18 Thus,
possible rapid chemical changes of samples during illumina-
tion or interference on O2(1Dg) luminescence with the
scattered laser light and the tail end of the sensitizer fluores-
cence33 can be dismissed.

A solvent dependence is observed in the total quenching rate
constants for all reactions of 5,6-disubstituted-2,3-dihydro-
pyrazines with singlet oxygen (Table 1). The largest effect
was found for 5, for which kT increases by more than 2 orders
of magnitude when the solvent was changed from hexa-
fluoro-2-propanol to N,N-dimethylacetamide. Similar trends
were observed for 6, 7, 8 and 9. The total rate constant value
increases by more than 1 order of magnitude when the sol-
vent is changed from protic to non-protic solvents, such as
trifluoroethanol vs N,N-dimethylformamide. In addition, in
all solvents the total rate constant for 6 was considerably
larger than those for the other cyclic a-diimines. Dihydro-
pyrazines exhibit similar results to those reported for di-
enes.1 Thus, the reactivity of the compounds towards
singlet oxygen depends both on dihydropyrazine structure
as well as solvent properties.

However, solvent effects observed here are larger than those
for dienes2 and cannot be associated merely with changes in
macroscopic solvent properties due to the existence of spe-
cific solute–solvent interactions.2,5,28 Thus, a deeper ration-
alization of solvent effects and interactions of singlet oxygen
with dihydropyrazines can be obtained from the analysis
of the quenching rate constant dependence on microscopic
solvent parameters. The semiempirical solvatochromic
equation (LSER) of Taft, Kamlet et al.29–31 (Eq. 5) was
employed.

log k ¼ log koþ sp� þ ddþ aaþ bbþ hr 2
H ð5Þ

In Eq. 5, p* accounts for polarizability and dipolarity of
solvent,31,34 d is a correction term for polarizability, a corre-
sponds to the hydrogen bond donor solvent ability, b indi-
cates solvent capability as a hydrogen bond acceptor, and
rH is the Hildebrand parameter, a measure of disruption of
solvent–solvent interactions in creating a cavity.35 The con-
stant term log ko in Eq. 5 arises from the method of multiple
linear regression and does not have a clear-cut physical
meaning. For correlation equations independent of the cavity
term, the constant term log ko is equal to log k in solvents such
as alkanes, in which all the other parameters are near to zero.

The coefficients in the LSER equation (Eq. 5), s, d, a, b and
h, are obtained by a multilinear correlation analysis on kT de-
pendence with solvent parameters (Table 2). This analysis is
supported on purely statistical criteria. Sample size N, prod-
uct correlation coefficient R, standard deviation SD, and the
Fisher index of equation reliability F, indicate the quality of
the overall correlation equation. The reliability of each term
is indicated by t-statistic t-stat, and the variance inflation
factor VIF. Suitable quality is indicated by large N, F, and
t-stat values; small SD values; and R and VIF close to one.36

Results in Table 2 show that not all descriptors are statisti-
cally reliable. Descriptor coefficients accepted in the corre-
lation equation were those having a significance level�0.95.
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Table 1. Values of kT for reactions of cyclic a-diimines with O2(1Dg) in different solvents

Solvent kT/105 M�1 s�1

5 6 7 8 9

Hexafluoro-2-propanol 0.26�0.01 — 0.28�0.01 — 0.44�0.02
Trifluoroethanol 1.52�0.16 5.74�0.25 1.75�0.08 3.54�0.18 0.87�0.04
Methanol 5.23�0.22 26.4�1.15 10.6�0.50 20.1�0.99 1.67�0.07
Ethanol 3.69�0.19 22.1�0.99 8.98�0.46 13.0�0.66 2.34�0.11
n-Propanol 8.60�0.38 25.5�1.09 7.20�0.32 12.7�0.64 2.83�0.12
n-Butanol 4.94�0.22 — — 19.1�0.96 3.36�0.18
n-Pentanol 5.44�0.19 — — — 3.06�0.17
Benzyl alcohol 4.48�0.21 23.3�0.09 7.56�0.35 12.7�0.67 3.11�0.17
n-Hexane 3.60�0.17 — — 10.7�0.56 —
n-Heptane 4.31�0.18 28.9�1.15 — 12.1�0.55 —
Chloroform 3.16�0.13 12.0�0.06 3.56�0.21 — 1.67�0.08
Benzene 5.34�0.21 49.5�1.98 5.66�0.29 18.5�0.89 2.78�0.15
Anisole 6.01�0.33 63.0�2.29 11.4�0.33 24.5�1.29 3.36�0.17
Diethyl ether 6.08�0.31 37.7�1.69 9.32�0.41 16.8�0.70 4.81�0.27
Benzonitrile 6.25�0.41 41.9�1.65 8.35�0.31 24.8�1.17 2.97�0.18
Methylene chloride 7.36�0.31 37.1�1.29 4.56�0.24 12.8�0.59 2.50�0.15
Acetonitrile 9.87�0.41 67.3�3.02 7.99�0.32 23.1�1.11 2.83�0.14
Tetrahydrofuran 12.9�0.48 50.6�2.85 11.7�0.51 25.5�1.15 4.63�0.28
Ethyl acetate 13.6�0.58 51.6�2.12 11.1�0.48 32.1�1.70 3.53�0.20
Acetone 13.7�0.43 60.4�2.63 11.2�0.31 31.1�1.59 3.95�0.19
Dioxane 14.6�0.55 60.8�3.00 11.7�0.37 42.7�2.01 2.99�0.17
N,N-Dimethylformamide 19.3�0.72 101.0�4.19 23.6�1.08 46.5�2.22 5.93�0.31
Propylencarbonate 20.3�0.89 68.1�3.27 18.4�0.90 45.9�2.30 4.70�0.24
Tributyl phosphate 56.8�2.34 159.0�4.38 12.6�0.65 — 3.03�0.17
N,N-dimethylacetamide 58.3�2.61 — — — —

Table 2. LSER correlation equations for the reaction of singlet oxygen with cyclic a-diimines

log k¼log ko+sp*+dd+aa+bb+hrH
2

5 log ko s D a b h
Coeff. 5.577 0.629 �0.406 �0.602 0.439 —
� 0.081 0.140 0.102 0.054 0.125 —
t-Stat. 68.802 4.500 �3.964 �11.053 3.507 —
P(2-tail) <0.0001 0.0002 0.0008 <0.0001 0.0024 —
VIF — 1.536 1.808 1.006 1.572 —

N¼24, R¼0.956, SD¼0.144, F¼50.029

6 log ko s D a b h
Coeff. 6.395 — — �0.692 0.203 0.003
� 0.056 — — 0.050 0.084 0.001
t-Stat. 114.69 — — �13.855 2.430 4.561
P(2-tail) <0.0001 — — <0.0001 0.0291 0.0004
VIF — — — 1.613 1.379 2.088

N¼18, R¼0.970, SD¼0.075, F¼74.475

7 log ko s D a b h
Coeff. 5.426 — — �0.596 0.595 0.004
� 0.072 — — 0.046 0.112 0.001
t-Stat. 75.320 — — �12.853 5.299 4.855
P(2-tail) <0.0001 — — <0.0001 <0.0001 0.0002
VIF — — — 1.300 1.449 1.587

N¼19, R¼0.976, SD¼0.101, F¼99.432

8 log ko s D a b h
Coeff. 5.959 — — �0.589 0.376 0.003
� 0.065 — — 0.060 0.093 0.001
t-Stat. 92.242 — — �9.873 4.048 4.198
P(2-tail) <0.0001 — — <0.0001 0.0011 0.0008
VIF — — — 1.585 1.402 2.036

N¼19, R¼0.943, SD¼0.094, F¼40.038

9 log ko s D a b h
Coeff. 5.381 — — �0.363 0.469 —
� 0.034 — — 0.029 0.060 —
t-Stat. 159.483 — — �12.458 7.803 —
P(2-tail) <0.0001 — — <0.0001 <0.0001 —
VIF — — — 1.000 1.000 —

N¼21, R¼0.961, SD¼0.074, F¼109.904
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For this reason rH was not included in LSER correlation for
5. Similarly, equations for 6, 7, 8 and 9 were independent of
p* parameter. According to the LSER coefficients in Table
2, kT values for 5 increase in solvents with larger capacity
to stabilize charges and dipoles and decrease in strong
HBD solvents.

Furthermore, for other compounds under study, the rate con-
stants increase in HBA solvents with high cohesive energy
and decrease in strong HBD solvents, although rate constant
for 9 does not depend on the Hildebrand parameter.

2.2. Chemical reaction of O2(1Dg) with
dihydropyrazines

Irradiation of aerated solutions of 5, 6 and 8 in the presence
of TPP or RB, at the wavelength where only the sensitizer
absorbs, decreases the concentration of these dihydropyra-
zine compounds. Plots of ln [dihydropyrazine] versus t indi-
cate that the photooxidation reaction follows a first-order
kinetics, Eq. 6.

r ¼ kR½1O2�½dihydropyrazine� ¼ kobs½dihydropyrazine� ð6Þ

A compound of known reactivity towards singlet oxygen,
such as dimethylanthracene (DMA) has been employed as
actinometer to evaluate the steady-state concentration of
O2(1Dg). The reactive rate constants for dihydropyrazines
can be evaluated from Eq. 7:

kdihydropyrazine
R ¼ kactinometer

R

kdihydropyrazine
obs

kactinometer
obs

ð7Þ

We previously reported the rate constant values, kR, for
chemical quenching of O2(1Dg) by 5 and 6, in various sol-
vents (for compound 5, kR (n-hexane)¼0.06�105 M�1 s�1;
kR (propylencarbonate)¼21.0�105 M�1 s�1; for compound
6, kR (benzene)¼2.18�105 M�1 s�1; kR (propylencarbonate)¼
1.53�105 M�1 s�1).28 For compound 8, we found values
of kR very close to those obtained for MPD (kR (benzene)¼
1.96�105 M�1 s�1). For 7 and 9, we found neither substrate
consumption nor product formation when monitoring the
photosensitized oxidation of these compounds up to 60 h
of irradiation—in ethanol or propylencarbonate as sol-
vent—according to gas chromatography with NPD detec-
tion. For 9 in acetonitrile as solvent and TPP as sensitizer,
we determined a consumption of 4% after 60 h irradia-
tion. With a careful control of experimental conditions
(photon flux, temperature and cell geometry) we measured
a singlet oxygen steady-state concentration to be equal to
(1.2�0.3)�10�10 M with DMA as actinometer. This result
implies that kR values for 7 and 9 would be �103 M�1 s�1,
and the chemical quenching of singlet oxygen is negligible.

Because of the low substrate concentrations employed and
the low conversion yields, no attempts were made to isolate
reaction products for spectroscopic characterization. Tenta-
tive evidence for product distribution was obtained by
GC–MS analysis. GC–MS analyses were carried out after
irradiation for 6 h, where 0.001 M substrate (w30 to 40%
conversion) was used in acetonitrile solution with TPP
as sensitizer. Chromatograms were obtained operating the
spectrometer in both the positive chemical ionization
(CI+) as well as the electron impact (EI+) modes. A chro-
matogram of 6 shows only three major peaks. Unreacted 6
is the main one. The CI+ and EI+ mass spectra correspond-
ing to peaks with largest retention times indicate that
1-isocyano-2-(benzoylamino)ethane (6a) and 1-isocyano-
4-phenyl-4-carboxaldehyde-3-aza-3-butene (6b) are the
probable main products of photooxidation of 6 (Scheme
2). Additionally, in separate experiments in benzene, we
confirmed the formation of formaldehyde (12) as one of
the photooxidation products by comparison with a chromato-
gram obtained for formaldehyde in benzene. For 5 we found
formaldehyde (12), 1-isocyano-2-(acylamino)ethane (5a)
and 1-isocyano-4-carboxaldehyde-3-aza-3-pentene (5b)
and for 8 we detected formaldehyde (12), 1-isocyano-2-(4-
methoxybenzoylamino)ethane (8a) and 1-isocyano-4-(4-
methoxyphenyl)-4-carboxaldehyde-3-aza-3-butene (8b) as
the probable main reaction products (Scheme 2). These
results show that the photooxidation of 5, 6 and 8 follows
the same reaction path.
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2.3. Total reaction of singlet oxygen with acyclic
a-diimines

The total quenching rate constant (physical and chemical),
kT, for reaction of O2(1Dg) with acyclic a-diimines (Fig. 1)
in several solvents was obtained from the first-order decay
of singlet oxygen luminescence as described for cyclic
compounds (Eq. 6). The values of kT obtained from these
experiments are summarized in Table 3.

The reactivity of acyclic a-diimines (10 and 11) towards sin-
glet oxygen is diminished compared to the cyclic homolo-
gous. The total quenching rate constants are 1–2 orders of
magnitude smaller compared to those for 5,6-disubstituted-
2,3-dihydropyrazines (Table 3).

1,4-Diaza-1,4-bis(p-methoxyphenyl)-2,3-dimethyl-1,3-buta-
diene (11) is the more reactive compared to 1,4-diaza-1,4-
diphenyl-2,3-dimethyl-1,3-butadiene (10) and is strongly
solvent dependent with respect to the total rate constant. For
11, kT increases by more than 1 order of magnitude when the
solvent is changed from trifluoroethanol (kT¼1.37�0.07�
105 M�1 s�1) to N,N-dimethylformamide (kT¼15.2�
0.80�105 M�1 s�1). The acyclic a-diimine 10 shows a
smaller reactivity with total rate constant values in the order
of 104 M�1 s�1 and sparingly solvent dependent. In Table 4
the equation coefficients obtained from the LSER analysis
for 11 are included. Our results show that kT increases in sol-
vents with a larger capacity to stabilize charges and dipoles,
high cohesive energy and decrease in strong HBD solvents.
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In all statistical tests performed for compound 10 including
simple linear regression, forward and backward ANOVA test
and multiple regression, only we found dependence with the
Hildebrand parameter. The correlation shows a coefficient h
equal to 0.003, with a regression coefficient between 0.6 and
0.75 (highly dependent on the number of data points consid-
ered) and a Fisher index near to 10. Although non-acceptable
statistical parameters are found, we believe that the total rate
constant for this compound depends primarily on the solvent
cohesive energy and the poor correlation is due to the narrow
range of kT values.

2.4. Chemical reaction of singlet oxygen
with acyclic a-diimines

Chemical rate constants for reactions of acyclic a-diimines
with singlet oxygen were determined in steady-state experi-
ments by irradiating 0.001 M substrate in benzene or propy-
lencarbonate solutions with TPP as the sensitizer. GC-NPD
was used to monitor the substrate consumption (up to 30%).
In these experiments, 9,10-dimethylanthracene (DMA, kR

(benzene)37¼2.1�107 M�1 s�1) was used as the actinometer.
The values for kR calculated with Eq. 7 are summarized in
Table 5.

The data in Table 5 show that chemical rate constant in-
creases when solvent is changed from benzene to propylen-
carbonate. Comparison of kR values with kT values shows

Table 3. Values of kT for reactions of acyclic a-diimines with O2(1Dg) in
different solvents

Solvent kT/105 M�1 s�1

10 11

Hexafluoro-2-propanol 0.14�0.01 —
Trifluoroethanol 0.26�0.01 1.37�0.07
Ethanol 0.49�0.02 3.39�0.15
n-Propanol 0.41�0.02 1.69�0.07
n-Butanol 0.48�0.02 2.40�0.13
n-Pentanol 0.35�0.02 2.15�0.12
Acetonitrile 0.16�0.01 10.1�0.49
Acetone 0.12�0.01 8.05�0.38
Ethyl acetate 0.12�0.01 4.71�0.25
N,N-Dimethylformamide 0.35�0.02 15.2�0.80
N,N-Dimethylacetamide 0.34�0.02 12.5�0.65
Benzene 0.37�0.02 6.48�0.35
n-Hexane 0.17�0.01 1.81�0.10
n-Heptane 0.14�0.01 2.19�0.11
Chloroform 0.42�0.02 3.70�0.17
Dioxane 0.24�0.01 6.25�0.32
Propylencarbonate 0.29�0.01 14.6�0.70
Benzonitrile 0.16�0.01 8.55�0.44
Tetrahydrofuran 0.15�0.01 4.51�0.20
Anisole 0.28�0.01 6.05�0.31
Diethyl ether 0.21�0.01 2.73�0.11

Table 4. LSER correlation equations for the reaction of singlet oxygen with
1,4-diaza-1,4-bis(p-methoxyphenyl)-2,3-dimethyl-1,3-butadiene (11)

log k¼log ko+sp*+dd+aa+bb+hrH
2

log ko s D a b h

Coeff. 5.114 0.592 — �0.597 — 0.003
� 0.058 0.085 — 0.050 — 0.001
t-Stat. 87.440 6.945 — �11.867 — 4.746
P(2-tail) <0.0001 <0.0001 — <0.0001 — 0.0002
VIF — 1.647 — 1.553 — 2.208

N¼20, R¼0.975, SD¼0.079, F¼103.392
that there is a small contribution (in the order of 20%) of
the chemical reaction to the total singlet oxygen quenching.
The physical quenching is the major deactivation process.

Similar to the dihydropyrazines (low substrate concentra-
tion, low conversion yields), we did not attempt to isolate
reaction products for spectroscopic characterization, al-
though evidence of product distribution was obtained by
GC–MS. For the acyclic a-diimines studied, 10 and 11,
the product distribution was independent of the solvent,
but not the relative concentrations. When 0.001 M 11 in
benzene was irradiated for 49 h in the presence of TPP,
the chromatogram shown in Figure 3a was obtained with
the mass spectrometer in the electron impact (EI+) opera-
tion mode. Two major peaks are observed, along with two
secondary reaction products. Unreacted 11 corresponds to
the main peak with a retention time of 22.79 min (Fig. 3b
shows the EI+ mass spectrum of 11).38 Analyses of the pos-
itive chemical ionization (CI+) (not included) and the EI+
mass spectra (Fig. 3e) corresponding to peak with retention
time of 25.03 min, indicate that the main photooxidation
product in benzene was N-(4-methoxyphenyl)-2-[(4-meth-
oxyphenyl)imino]propanamide (11c). The peaks at 8.54
and 15.22 min suggest that 1-isocyano-4-methoxybenzene
(11a) and N-(4-methoxyphenyl)acetamide (11b) are sec-
ondary products of the photooxidation of 11 in benzene
(Scheme 3).

Figure 3c and d shows mass spectra ionization patterns and
the corresponding proposed structures. In the same way that
we previously described, we determined the formation of
formaldehyde (12) as one of the photooxidation products.
The same experiment carried out in propylencarbonate
yields 1-isocyano-4-methoxybenzene (11a) and N-(4-
methoxyphenyl)acetamide (11b) as main products whereas
the product with retention time equal to 25.03 is the minor
product. A similar behaviour was observed for 10. Photo-
oxidation in benzene yields N-phenyl-2-(phenylimino)pro-
panamide (10c) as the main product. In propylencarbonate,
the main reaction products were the 1-isocyano (10a) and
acetamide derivatives (10b).

3. Discussion

3.1. Cyclic a-diimines

The quenching of singlet oxygen by 5 has been discussed
earlier by Gollnick et al.27 Product distribution was explained
in terms of a hydroperoxide intermediate resulting from the
rearrangement of a primary reaction intermediate, ‘perni-
trone’ or ‘nitrone oxide’ (13) (Scheme 4). Other possible
reaction pathways, involving interaction of singlet oxygen
with C-5 of the dihydropyrazine to give hydroperoxides

Table 5. Chemical reaction rate constants, kR, for reactions of 1,4-diaza-1,4-
diphenyl-2,3-dimethyl-1,3-butadiene (10) and 1,4-diaza-1,4-bis(p-methoxy-
phenyl)-2,3-dimethyl-1,3-butadiene (11) with O2(1Dg) in different solvents

Solvent kR/105 M�1 s�1

10 11

Benzene 0.035�0.002 0.216�0.012
Propylencarbonate 0.0686�0.038 2.120�0.090
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Figure 3. (a) GC–MS chromatogram of 1 mM 1,4-diaza-1,4-bis(p-methoxyphenyl)-2,3-dimethyl-1,3-butadiene (11) in benzene after 49 h of irradiation in the
presence of TPP; (b) EI+ mass spectrum of 11; (c) EI+ mass spectrum of compound with retention time 8.54 min; (d) EI+ mass spectrum of compound with
retention time 15.22 min; (e) EI+ mass spectrum of compound with retention time 25.03 min.
(15) or addition of O2(1Dg) to the C]N double bond giving
peroxaziridines (16) were disregarded on the basis of ob-
served products.

Kinetic results obtained in this work indicate that kT values
for singlet oxygen quenching by dihydropyrazines are
highly dependent on solvent properties (Table 1). A mean-
ingful interpretation of kT solvent dependence was obtained
by using LSER solvatochromic equation. LSER correlations
listed in Table 2 indicate that the singlet oxygen reaction
with 5 has a different solvent dependence compared to that
found for with other compounds. For 5, the reaction rate
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increases in solvents with higher capabilities to stabilize
charges and dipoles, and decreases in strong hydrogen bond
donor solvents. Data are compatible with an exciplex forma-
tion with considerable charge separation. This result could be
in agreement with the formation of both perepoxide (14) and
zwitterionic (13) intermediates as proposed by Gollnick
et al.27 Formation of these species as intermediates, in the
ene reaction of singlet oxygen with alkenes, prior to the prod-
uct determining step has been extensively discussed,39–49

although recent theoretical studies predict two adjacent
transition states without an intervening intermediate.50

Our results support the formation of a perepoxide as the pri-
mary intermediate arising from the interaction between sin-
glet oxygen and 5. The LSER equation for this compound
shows that the relative statistical weight of the coefficient as-
sociated with the a parameter is smaller than the generally
observed for electrophilic attack of singlet oxygen on a nitro-
gen lone pair in amino compounds. This result implies steric
hindrance as a factor, likely due to hydrogen bonding be-
tween solvent and the nitrogen atom, inhibiting the reaction
but not in the extent observed with tertiary amines.2,17 This
result could be understood if nitrogen is not the reactive cen-
tre but is close to it. In the same way, we also found that the
coefficient associated with the p* parameter is larger than
that of reactions of O2(1Dg) with amines. Solvent depen-
dence on kR for reaction of 5 with O2(1Dg) is more significant
than that observed for kT. The chemical rate constant

N

N CH3

CH3

N

N CH3

CH3O+

O

N+

N CH3

CH3
O

O

N

N CH3

CH3
O

O

N

N CH3

CH3
OOH

O2 (1
g)

5

13

14

15

16

Scheme 4.
increases by more than 2 orders of magnitude when the
solvent is changed from non-polar (e.g., hexane) to polar
(e.g., propylencarbonate).28 The contribution of the chemi-
cal reaction in non-polar solvents is negligible, whereas in
highly polar solvents it represents the main deactivation
channel. Solvent dependence of kR can be explained if inter-
mediates along the reaction coordinate have more localized
charge than the initial complex. This result is compatible
with involvement of ion pairs in controlling the final product
distribution as depicted in Scheme 5.

The kT value for reactions of 6 and 8 with singlet oxygen is
substantially larger compared to 5, in most solvents. The kT

value for 7 is comparable or slightly larger than that of 5.
Solvent effects for 6, 7 and 8 analyzed in terms of LSER
are characterized by Hildebrand parameter dependence of
kT. Dependence of rate constant on Hildebrand parameter
has been ascribed to O2(1Dg) reactions, which involve a con-
certed or partially concerted cycloaddition of singlet oxygen
to an activated diene.11 The dependence on the Hildebrand
parameter is explained in terms of formation of an encounter
complex of smaller molecular volume compared to the
parent compounds. Furthermore, these reactions are also
affected by solvent dipolarity–polarizability. Moreover,
examination of LSER equations for 6, 7 and 8 shows that
the reaction is also assisted by HBA and inhibited by HBD
solvents. These results can be explained if phenyl substitu-
tion opens a further reactive channel in which the perepoxide
is stabilized by interaction with the p system of a phenyl
group.28,51 A reaction mechanism compatible with our
results is depicted in Scheme 6.

Reaction path (a), leads only to physical quenching through
intersystem crossing to produce oxygen and the parent a-di-
imine. The geometry of the exciplex hinders intramolecular
hydrogen abstraction processes more that it stabilizes it.
Invoking the perepoxide structure (Scheme 6a) provides an
explanation for the observed solvent dependence. Decrease
of total reaction rate constants in HBD solvents can be un-
derstood in terms of interactions with the reactive centre
(the phenyl substituted C]N double bond). Furthermore,
the increase in sensitivity to HBA solvents may be due to
electrostatic stabilizing interactions with a positive charge
on the complex. In addition, dependence of kT on the Hilde-
brand parameter can be understood in terms of a phenyl
group–perepoxide interaction. This interaction would be
favourable in solvents with high cohesive energy because in-
teraction of negatively charged oxygen with the neighbour-
ing phenyl disrupts solvent–phenyl group interactions in the
substrate. In addition, this hypothesis permits us to explain
the low values of the chemical reaction constant measured
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for 6 and 8 even in polar solvents and the absence of photo-
oxidation products for 7 and 9. As mentioned above, the only
reaction products detected for 6 and 8 arise from singlet
oxygen attack on a methyl substituted N–C double bond.
The total reaction rate constant for 6 and 8 is larger than
for the dimethyl substituted analogs. These data are consis-
tent with the mechanism of sensitized photooxidation of 6
proposed in Scheme 6. The increased reactivity of 6 and 8
towards singlet oxygen, relative to the dimethyl substituted
a-diimine (5), implies that the main path of reaction involves
the interaction of O2(1Dg) with the phenyl substituted N–C
double bond, to give a perepoxide-like exciplex that exclu-
sively evolves by intersystem crossing since there is no
any accessible a-hydrogen. Even though this mechanism
would be the only path for reaction of singlet oxygen with
8, this molecule is not much more reactive than 5. This
behaviour can be easily understood by considering results
of restricted DFT_B3LYP/6-311G* molecular modelling.
These calculations predict phenyl rings appreciably deviated
from the coplanarity regarding the imino double bond. For 5
we found a dihedral angle of 39.7	 between the phenyl and
imino groups, while in the diphenyl substituted compound,
7, the dihedral angle increases to 56.6	, due to the larger ste-
ric hindrance between the phenyl rings. If exciplex leading
to physical quenching in Scheme 6 is considered, it can be
noticed that a larger dihedral angle between the imino
bond and the phenyl substituent would diminish the stabiliz-
ing interaction between the partially negative oxygen and the
p system of the phenyl substituent, and consequently lower
total rate constants would be expected. Compound 9 was the
cyclic a-diimine that exhibits the smallest solvent effect.
The LSER analysis for this compound shows that the reac-
tion is assisted by HBA and inhibited by HBD solvents.
This dependence on the microscopic solvent parameters
was similar to that observed for 6, 7 and 8 but kT for 9 was
found independent on the Hildebrand parameter. This be-
haviour can be explained by the effect of p-methoxyphenyl
substituent. Important resonant electron donor effects cannot
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be expected due to the lack of coplanarity among the imino
and phenyl groups, on the contrary, the inductive electron
acceptor effect would be predominant. This effect, more
important for the methoxyphenyl group than the phenyl
group,39 diminishes the electron density on the imino bond
and increases the negative charge on the phenyl ring p sys-
tem, restricting both, the easiness of singlet oxygen electro-
philic attack and the stabilizing interaction between the p
system and the negative oxygen once the exciplex is formed.
The effect permits us to explain the larger reactivity of 6 and
7 in comparison to the reactivity of 8 and 9, respectively.

3.2. Acyclic a-diimines

Theoretical calculations predict a trans configuration of the
two coplanar imino bonds as the most probable structure,
with the phenyl substituents on the nitrogen slightly out of
the plane due to steric interactions with methyl groups in po-
sitions 2 and 3. This configuration does not permit an even-
tual [2+4] cycloaddition of singlet oxygen to the conjugated
double bonds. As mentioned above, the reactivity of acyclic
a-diimines towards singlet oxygen is lower than that for the
cyclic homologous by a factor 10–100, probably because of
the most flexible linear structure. In addition, the data show
kT values strongly dependent on phenyl ring substituent, be-
ing more reactive than the p-methoxy substituted compound.
The kT values for 11 increase in solvents both with larger
capacity to stabilize charges and dipoles, and with high
cohesive energy. Also, they decrease in strong HBD solvents
(Table 4). The dependence on the p* parameter implies the
formation of an exciplex with appreciable charge separation.
Furthermore, the dependence on rH

2 means a more compact
exciplex than the parent compounds. This dependence is
similar to that found for reaction of O2(1Dg) with 1,4-di-
methylnaphthalene.11 In this case, a partially concerted
cycloaddition mechanism has been suggested to account
for the dependence of the rate constant with solvent micro-
scopic parameters. For 11 reaction with O2(1Dg), a partially
concerted [2+2] cycloaddition, as shown in Scheme 7 is
proposed to account for kT dependence on the solvent.
Decrease of kT in HBD solvents can be explained in terms
of interaction of acidic solvents with the nitrogen lone
pair, which sterically hinders the access of excited oxygen
to the reactive centre.

The lower reactivity of 10, the reduced solvent effect on kT

and the dependence of kT on the Hildebrand parameter in
spite of the poor correlation can be interpreted based on
two factors. First, the exciplex for this compound is formed
through a concerted [2+2] cycloaddition with no charge
separation, as shown in Scheme 7. Second, reactivity of
acyclic a-diimines is dependent on resonant effects of p-sub-
stituent in the phenyl group. The large resonant electron
donor capacity of p-methoxy substituent in 11 increases
the reactivity of this compound relative to the non-
substituted 10.

A concerted or partially concerted cycloaddition reaction
mode would allow us to rationalize product distribution
over extended periods of time in photooxidation experi-
ments and similarly explain the dependence on solvent
polarity. Identical product distributions are found in polar
and non-polar solvents, but their relative concentrations
change according to the media. This implies that at least
two different intermediates lead to the detected products.
The first intermediate may be highly favoured in polar sol-
vents because of larger kR values in these solvents. The inter-
mediate could then rearrange to a non-polar intermediate in
non-polar solvents. Scheme 8 shows a mechanism explain-
ing these results.

In Scheme 8, path (a) accounts for 1-isocyano-4-methoxy-
benzene (11a) and N-(4-methoxyphenyl)acetamide (11b),
the main products observed in the photooxygenation of 11
in propylencarbonate. Path (b) explains the smaller reactiv-
ity in benzene as solvent and the increase in N-phenyl-2-
(phenylimino)propanamide (11c) relative concentration. A
similar mechanism has been proposed by Ito et al.23 to
explain product distribution in sensitized oxidation of
hydrazones.

3.3. Conclusions

The 5,6-disubstituted cyclic a-diimines are moderate to effi-
cient singlet oxygen quenchers, and are most effective in
polar solvents. A reaction mechanism involving a perepoxide
intermediate that forms a hydroperoxide appears to be the
main reaction path from which the products arise. The re-
placement of a phenyl substituent with a methyl substituent
opens an additional reaction path involving a perepoxide-
like exciplex in which a stabilizing interaction of the nega-
tive charge on the free oxygen of a perepoxide with aromatic
p system contributes to an increased singlet oxygen quench-
ing ability of cyclic a-diimines. 1,4-Disubstituted acyclic
a-diimines are moderate to poor singlet oxygen quenchers.
The total rate constants are scarcely dependent on the
solvent properties. A reaction mechanism involving a
dioxetane-like exciplex that evolves to a charged intermedi-
ate from which products are formed is most likely the main
reaction path in polar solvents.
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4. Experimental

4.1. General

Melting points (not corrected) were determined employing
both a modified Koffler and a Electrothermal 9200 appara-
tus. NMR spectra were obtained from a Bruker DRX-300
spectrometer. Chemical shifts are referred to internal tetra-
methylsilane, TMS. Elemental analyses were performed
on a Fisons EA 1108 instrument. IR spectra were obtained
on a Fourier transform Bruker IFS-56 spectrometer. UV–
vis measurements were made in a Unicam UV-4 spectropho-
tometer. A Fisons MD-800 GC–MS system with a Hewlett
Packard Ultra-2 capillary column (25 m) was used to obtain
electron impact mass spectra. All spectroscopic measure-
ments were performed at room temperature.

4.2. Materials

All solvents used in the synthesis were of reagent grade. In
spectroscopic and kinetic measurements, spectroscopic or
HPLC quality solvents were used. 5,10,15,20-Tetraphenyl-
21H,23H-porphine (TPP), 99%, and 9,10-dimethyl-anthra-
cene, (DMA), 99%, from Aldrich were used without further
purification. Rose Bengal (RB), 96%, from Fluka, was
recrystallized twice from ethanol prior to use.

4.3. Methods

Chemical reaction rate constants were determined in several
selected solvents using a 10 ml double wall cell, light-pro-
tected by black paint. A centred window allowed irradiation
with light of a given wavelength using Schott cut-off filters.
Circulating water maintained the cell temperature at
22�0.5 	C. Sensitizer irradiation, RB or TPP was performed
with a visible, 200 W, Par lamp. A Hewlett Packard 5890 gas
chromatograph equipped with a NPD detector and a Hewlett
Packard Ultra-2 capillary column was used to monitor sub-
strate consumption. In a typical run, 0.001 M substrate
solution was irradiated in the presence of the sensitizer up
tow30 to 40% conversion. At least six duplicate 50 mL sam-
ples at different time intervals were taken for GC analysis.
DMA was used as actinometer.

Time-resolved luminescence measurements were carried
out in 1 cm path fluorescence cells. TPP or RB were
excited by the second harmonic (532 nm, ca. 9 mJ per pulse)
of 6-ns light pulse of a Quantel Brilliant Q-Switched
Nd:YAG laser. A liquid-nitrogen cooled North Coast model
EO-817P germanium photodiode detector with a built-in
preamplifier was used to detect infrared radiation from the
cell. Detector was coupled to the cell at right angle. An
interference filter (1270 nm, Spectrogon US, Inc.) and a
cut-off filter (995 nm, Andover Corp.) were the only
elements between cell face and the diode cover plate. Pre-
amplifier output was fed into the 1 MU input of a digitizing
oscilloscope Hewlett Packard model 54540 A. Computerized
experiment control, data acquisition and analysis were per-
formed with a LabView based software developed in our
laboratory.

Restricted density functional theory calculations were made
using Gaussian 03W software. All structures were geometry
optimized at the B3LYP/6-311G* level.

Equation coefficients and statistical parameters of LSER and
TLSER correlations were obtained by multilinear correla-
tion analysis with STAT VIEW 5.0 (SAS Institute Inc.).
Results agreed with the t-statistic of descriptors.

4.4. Chemical synthesis

4.4.1. Synthesis of cyclic a-diimines. 5,6-Disubstituted-
2,3-dihydropyrazines were synthesized as previously
described.52 Typically, a solution of the corresponding di-
ketone (5 g) in ethyl ether (10 ml) was added to ethylendi-
amine (2 g) in 10 ml of ethyl ether maintained at 0 	C. The
mixture was refluxed for 30 min and the ethereal solution
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was dried over sodium sulfate and solvent removed in
vacuum. The remaining oil was cooled in a freezer during
several hours producing a solid from which pure 5,6-disub-
stituted-2,3-dihydropyrazine was obtained as yellow needles
by recrystallization from ethyl ether–hexane.

4.4.1.1. 5-Methyl-6-phenyl-2,3-dihydropyrazine (6).
This compound was prepared in 50% yield from 1-phenyl-
1,2-propanedione according to the already described proce-
dure; mp 34–37 	C (lit.27,53 mp 38–39 	C). 1H NMR
(CDCl3): d 2.1 ppm (s, 3H), 3.35–3.55 ppm (m, 4H), 7.3–
7.4 (m, 5H). IR (KBr, n, cm�1): 2944, 2833, 1636, 1569,
1440. MS m/e¼172 (M+), 157, 131, 103, 77.

4.4.1.2. 5,6-Dimethyl-2,3-dihydropyrazine (5). Following
the procedure for the preparation of MPD, the condensation
reaction between ethylendiamine and 2,3-butanedione
afforded a liquid reaction crude. Careful distillation under
nitrogen was required to obtain pure DMD, yield 40%, bp
58 	C (15 mmHg) (lit.52,53 bp 53–54 	C (12 Torr), 60–62 	C
(18 Torr)). 1H NMR (CDCl3): d 1.87 ppm (s, 6H), 3.07 ppm
(s, 4H). IR (KBr, n, cm�1): 2949, 2845, 1655, 1598, 1439.
MS m/e¼110 (M+), 95, 69, 54, 42.

4.4.1.3. 5,6-Diphenyl-2,3-dihydropyrazine (7). In a
reaction similar to that of DMD, 4.2 g (20 mmol) of benzyl
and 1.2 g (20 mmol) of ethylendiamine yields 85% of DPD;
mp 163–165 	C (lit.27,53 mp 162.5–163.5 	C). 1H NMR
(CDCl): d 3.72 ppm (s, 4H), 7.26–7.43 ppm (m, 10H). IR
(KBr, n, cm�1): 2942, 2831, 1553, 1490. MS m/e¼234
(M+), 176, 131, 103, 77.

4.4.1.4. 5,6-Bis(p-methoxyphenyl)-2,3-dihydropyra-
zine (9). Following the same procedure to synthesize
DMD 2.2 g (8.3 mmol) of 4,40-dimethoxybenzyl and 0.5 g
(8.3 mmol) of ethylendiamine afforded a pale yellow solid,
after purification by employing a chromatographic column
packed with silica and chloroform as the eluent. Subsequent
recrystallization from ethanol yield 75% of pure BMPD; mp
127–129 	C with dec. 1H NMR (CDCl3): d 3.56 ppm (s, 4H),
3.71 ppm (s, 6H), 6.76–7.38 ppm (m, 8H). IR (KBr, n,
cm�1): 2938, 2835, 1633, 1441. MS m/e¼294 (M+), 263,
133, 103, 77. Elem. anal. calcd %C: 73.47, %H: 6.12, %N:
9.52; exp. %C: 73.26, %H: 6.17, %N: 9.78.

4.4.1.5. 5-Methyl-6-(p-methoxyphenyl)-2,3-dihydro-
pyrazine (8). This compound was prepared in 75% yield
from 0.5 g (2.7 mmol) of 1-(p-methoxyphenyl)-1,2-propane-
dione according to the already described procedure.
1H NMR (CDCl3): d 2.05 ppm (s, 3H), 3.38–3.48 ppm (m,
4H), 3.77 ppm (s, 3H), 6.86 ppm (d, 2H), 7.37 ppm (d,
2H). IR (KBr, n, cm�1): 2940, 2837, 1581, 1512,
1439 cm�1. MS m/e¼202 (M+), 171, 133, 103, 77. Elem.
anal. calcd %C: 71.26, %H: 6.98, %N: 13.85; exp. %C:
71.06, %H: 7.04, %N: 14.23.

4.4.2. Synthesis of acyclic a-diimines. Acyclic a-diimines
were synthesized through the condensation reaction of aro-
matic amines with 2,3-butanedione.54 Typically, a solution
of the corresponding aromatic amine (5 g) in 10 ml of
ethanol was added to butanedione (2 g) in 5 ml of ethanol.
The mixture was gently warmed for 30 min and stirred at
room temperature for 24 h to obtain a crystalline yellow
solid. The solid was filtered, washed with cold ethanol and
recrystallized from ethanol to obtain the pure product.

4.4.2.1. 1,4-Diaza-1,4-diphenyl-2,3-dimethyl-1,3-buta-
diene (10). This compound was prepared in 49% yield
from aniline according to the already described procedure;
mp 137–139 	C (lit.54 mp 136–137 	C). 1H NMR (CDCl3):
d 2.15 ppm (s, 6H), 6.77–6.81 ppm (m, 2H), 7.08–
7.14 ppm (m, 1H), 7.33–7.40 ppm (m, 2H). IR (KBr, n,
cm�1): 3058, 1634, 1590, 1480, 1445. MS m/e¼236 (M+),
118, 103, 77, 51. Elem. anal. calcd %C: 81.35, %H: 6.78,
%N: 11.86; exp. %C: 81.14, %H: 7.02, %N: 12.22.

4.4.2.2. 1,4-Diaza-1,4-bis(p-methoxyphenyl)-2,3-di-
methyl-1,3-butadiene (11). In a reaction similar to that
of DPDM, 3.8 g (31 mmol) of p-anisidine and 1.2 g
(14 mmol) of 2,3-butanedione yields 52% of DMPDM;
mp 185–186 	C. 1H NMR (CDCl3): d 2.18 ppm (s, 6H),
3.82 ppm (s, 6H), 6.78 ppm (d, 2H), 6.91 ppm (d, 2H). IR
(KBr, n, cm�1): 2960, 1633, 1501, 1469. MS m/e¼296
(M+), 281, 148, 92, 77. Elem. anal. calcd %C: 72.97, %H:
6.76, %N: 9.46; exp. %C: 72.67, %H: 7.01, %N: 9.48.
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Abstract—This account describes the development of methodologies for ‘reductive’ ozonolysis, the direct ozonolytic conversion of alkenes
into carbonyl groups without the intermediacy of 1,2,4-trioxolanes (ozonides). Ozonolysis of alkenes in the presence of DMSO produces
a mixture of aldehyde and ozonide. The combination of DMSO and Et3N results in improved yields of carbonyls but still leaves unacceptable
levels of residual ozonides; similar results are obtained using secondary or tertiary amines in the absence of DMSO. The influence of amines is
believed to result from conversion to the corresponding N-oxides; ozonolysis in the presence of amine N-oxides efficiently suppresses ozonide
formation, generating high yields of aldehydes. The reactions with amine oxides are hypothesized to involve an unprecedented trapping of
carbonyl oxides to generate a zwitterionic adduct, which fragments to produce the desired carbonyl group, an amine, and 1O2.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The ozonolysis of alkenes, first reported in 1840, remains
one of the most important methods for oxidative cleavage
of alkenes.1 For example, a SciFinder search for ozone-
related conversion of terminal alkenes to aldehydes returns
thousands of examples. A powerful oxidant directly available
from oxygen, ozone is also an attractive reagent for sustain-
able oxidations. However, whereas alkene cleavage with
high-valent metal oxides typically results in the direct forma-
tion of aldehydes and ketones, ozonolysis initially generates
ozonides and other peroxides, species often capable of
spontaneous and dangerously exothermic decomposition
reactions.2 The formation of energetic intermediates is par-
ticularly problematic for large-scale processes, but even
laboratory-scale reactions must typically be accompanied
by a subsequent work-up reaction, most often a reduction.3,4

The most effective reducing agents can lead to problems with
functional group compatibility (Pt/H2, BH3, Zn/HOAc,
LiAlH4) or product separation (PPh3).5 The use of more se-
lective and easily separated reagents (Me2S) can leave high
concentrations of residual 1,2,4-trioxolane (ozonide), lead-
ing to explosions upon reaction concentration.6 We hoped
to exploit the mechanism of alkene ozonolysis to achieve
the direct production of carbonyl products, avoiding genera-
tion or isolation of peroxidic intermediates. In this account,
we describe the development of a practical methodology
for ‘reductive ozonolysis’ in which trapping and fragmenta-
tion of carbonyl oxides by amine oxides results in the direct
formation of aldehydes and ketones.7

* Corresponding author. Tel.: +1 402 472 3634; fax: +1 402 472 9402;
e-mail: pdussault1@unl.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.092
In approaching this problem, it is instructive to overview the
mechanism of alkene ozonolysis (Fig. 1).8 A highly exother-
mic cycloaddition of ozone with an alkene generates a pri-
mary ozonide (1,2,3-trioxolane).9 The primary ozonide has
limited stability, and, under typical reaction conditions
(>�80 �C) undergoes immediate cycloreversion to a car-
bonyl oxide and a carbonyl. The fate of the carbonyl oxide,
which is so short lived as to be undetectable in solution-
phase chemistry, determines the distribution of reaction
products.10 A nearly activationless cycloaddition of the
carbonyl oxide with a reactive dipolarophile, often the co-
generated aldehyde or ketone, produces ozonides or 1,2,4-
trioxolanes.11 Alternatively, trapping of carbonyl oxides by
unhindered alcohols12 and related nucleophiles generates
hydroperoxyacetals and similar addition products.8,10

When neither addition nor cycloaddition pathways are avail-
able, carbonyl oxides can undergo dimerization or oligo-
merization to furnish 1,2,4,5-tetraoxanes or polymeric
peroxides.13 For simplicity, only ozonide formation is
illustrated.
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ozonide

carbonyl 

oxide

O
O
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O O

O
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OO
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this
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Figure 1. Overview of alkene ozonolysis.
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Ozonides possess a dangerous combination of kinetic stabil-
ity and thermochemical instability; they are typically iso-
lable yet often capable of spontaneous and dangerously
exothermic decomposition reactions.2 Our goal was to de-
velop methodology that would avoid generation of ozonides
or other peroxides, and instead directly deliver the desired
carbonyl products. Our approach required a reagent capable
of intercepting the primary ozonide, the carbonyl oxide, or
the ozonide (1,2,4-trioxolane), yet compatible with ozone,
one of the strongest oxidants in organic chemistry. Ozonides
appeared too stable to be the targets of such an approach. Pri-
mary ozonides (1,2,3-trioxolanes) have been generated at
very low temperature and separately reacted with strong
nucleophiles, but this process has not been accomplished
in the presence of ozone.14 This leaves carbonyl oxides, the
most reactive intermediates in an ozonolysis, as the most
logical targets for in situ capture.

2. Results and discussion

Our initial approach focused on cycloaddition of carbonyl
oxides with X]O reagents (Fig. 2). An optimal trapping
reagent would be a readily available and reactive dipolaro-
phile containing a central atom (X) in an incompletely oxi-
dized state. The derived heteroozonides would be expected
to undergo internal fragmentation with liberation of
O]X]O and a carbonyl group, achieving net oxidation of
the X]O reagent and net reduction of the carbonyl oxide.
Literature reports suggested that sulfinyl dipolarophiles re-
duce carbonyl oxides, presumably via intermediate 3-thia-
1,2,4-trioxolanes.15 Moreover, electron rich carbonyl oxides
preferentially oxidize sulfoxides (to sulfones), even in the
presence of a sulfide.16 A similar strategy has recently been
applied to the reduction of persulfoxides with aryl
selenoxides.17

Our investigations began with dimethyl sulfoxide (DMSO).
Whereas ozonolysis of decene provides a nearly quantitative
yield of isolated ozonide (3-octyl-1,2,4-trioxolane),18 the
same reaction in the presence of 2.0 equiv of DMSO gener-
ated a mixture of aldehyde and ozonide in which the former
was predominant (Table 1). While these results were intrigu-
ing, we were unable to find conditions able to effectively
suppress ozonide formation. For example, the use of 5 equiv
of DMSO offered little improvement in yield of aldehyde,19

while attempts to employ even larger amounts of reagent
resulted in phase separation or freezing.

The addition of protic nucleophiles provided an opportunity
to test the role of the carbonyl oxide in the DMSO-promoted
reductions (Table 2). The presence of methanol resulted in
the formation of hydroperoxyacetal at the expense of alde-
hyde. The same effect was observed to a lesser extent for iso-
propanol, as would be expected based upon the reported
rates of trapping by primary and secondary alcohols.10,12

O
O O

O
O

OO
O

X
OX=O

CH2O

XO2

+
-

Figure 2. Capture by reductive dipolarophile.
The DMSO-mediated reduction was unaffected by the addi-
tion of a proton donor (HOAc), but was actively suppressed
by Sc(OTf)3. Although we had hoped that the Lewis acid
might serve to bring together the reactants, the results
suggest that the Sc+3 is simply sequestering the sulfoxide.
In contrast, ozonolysis at �78 �C in the presence of both
DMSO and Et3N achieved a noticeable improvement in
the yield of aldehyde (Table 3); an even better yield was
obtained upon reaction at 0 �C. The formation of aldehyde
appeared to be enhanced by trace moisture; performing the
reaction with deliberate exclusion of water (including drying
the incoming stream of O3/O2 through a �78 �C U-tube),
resulted in a reduced yield. For reasons that would later be-
come clear, the use of excess Et3N slowed the reaction and
resulted in the isolation of recovered decene (not shown).

The combination of DMSO and Et3N provides a useful
protocol for syntheses of aldehydes and ketones (Table 4).

To our surprise, a control reaction investigating ozonolysis
in the presence of Et3N furnished better yields of nonanal
than had been obtained with DMSO (Table 5). The amine-
promoted reduction appeared general for secondary and
tertiary amines; primary amines, which react with carbonyl
oxides to form oxaziridines, were not investigated.20 The
use of anhydrous conditions again resulted in a decreased
yield of aldehyde.

Table 1. Reduction with DMSO

O

O

O

C8H17

O

H C8H17

O3
CH2Cl2

C8H17

CH2

H DMSO

DMSO (equiv) T (�C) Aldehyde (%)a Ozonide (%)a

0 �78 or 0 Trace >95%
2 �78 52 35
2 0 61 22

a Isolated yield.

Table 2. Competition for carbonyl oxide

O

O

O
O

H

O3
CH2Cl2
-78 °C OMe

OOHdecene (1.0 equiv)
DMSO  (2.0 equiv)  
ROH     (2.0 equiv)  

ROH Aldehyde (%)a Ozonide (%)a Hydroperoxide (%)a

MeOH 11 16 31
i-PrOH 34 19 23

a Isolated yield.

Table 3. Reaction with DMSO and Et3N

C8H17

CH2

H

O

O
O

O
O3/O2, CH2Cl2,
DMSO (2 eq) 

Et3N (1 eq)

T (�C) Wet/dry Aldehyde (%)a Ozonide (%)a

�78 Dry 43 17
�78 Wetb 65 29
0 Wet 84 12

a Isolated yield.
b H2O (0.05%) in CH2Cl2.
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The sole precedent for this process was a report describing
isolation of adipaldehyde upon ozonolysis of cyclohexene
in the presence of Et3N.21 The reduction of carbonyl oxides
by pyridine has been reported and later refuted.22 However,
several observations led us to question the role of the amines.
First, as had been previously observed during the experi-
ments with DMSO/Et3N, the use of excess amine slowed
consumption of alkene. Second, directing the gaseous
stream of O3/O2 onto or into a CH2Cl2 solution of alkene
and amine resulted in intense fuming, which persisted for
a period proportional to the amount of amine. Similar fum-
ing was observed for ozonolysis of solutions of Et3N or
N-methylmorpholine (NMM); in contrast, no fuming was
observed when a stream of ozone was directed onto or into
a solution of decene. Moreover, monitoring (TLC or NMR
of quenched aliquots) of the ozonolysis of mixtures of amine
and alkene detected very little formation of aldehyde or
ozonide until after fuming had ceased. Third, ozonolysis
of a solution of amine, followed by addition of decene
and continued ozonolysis, produced a mixture of aldehyde
and ozonide. These results suggested the intermediacy of
N-oxides. The ozonolysis of tertiary amines is known to

Table 4. Application to other substrates

Alkene
O3

a
ozonidebcarbonylb

Ph

CH2

Ph H

O

O
O

O

Ph
93% trace

CH2

Bu Bu
O

O
O

28%65%
Bu

O

Bu Bu Bu

CH2

O

64% 7%

O
O

O
O

a O3, DMSO (2 equiv), Et3N (1 equiv), wet CH2Cl2, 0 °C. 
b  Isolated yield. 

Table 5. Ozonolysis in presence of amines

amineC8H17

CH2

C8H17 H

O

O
O

O

C8H17

O3/O2,
 CH2Cl2

Amine T (�C) Wet/dry Aldehyde (%) Ozonide (%)

Et3N �78 Weta 79 13
Et3N �78 Dry 50 30
Et3N 0 Wet 75 14
Et3N (2 equiv) 0 Wet 64b 14
NMM 0 Wet 68 12
NMM 0 Dry 57 10
Morpholine 0 Wet 62 10
Morpholine 0 Dry 56 18
EtNi-Pr2 0 Dry 58 9
(C12H25)2NMe 0 Wet 55 15
DABCO 0 Dry 48 10
Pyridine Dry 16 11

a H2O (0.05%) in CH2Cl2.
b Unreacted alkene also recovered.
furnish both N-oxides and products of side chain cleavage,
the latter process accounting for our observation of
acetaldehyde in the crude products from reactions employ-
ing Et3N.23 Furthermore, the ratio of N-oxide formation to
side chain cleavage is enhanced in the presence of a proton
donor, accounting for the influence of moisture on the reac-
tions involving amines.

The role of N-oxides was explicitly tested by ozonolysis of
1-decene in the presence of commercial N-methylmorpho-
line-N-oxide (NMMO). Reaction proceeded without fuming
to furnish exclusively nonanal (Table 6).24 Predominant for-
mation of aldehyde was also observed for reactions in the
presence of DABCO-N-oxide and pyridine N-oxide. The
latter reduction, while complicated by the formation of
intensely colored byproducts, is noteworthy given the very
limited amount of reduction observed in the presence of
pyridine.

The intermediacy of carbonyl oxides in these reactions was
supported by a simple set of competition reactions. The
products obtained from ozonolysis of a CH2Cl2 solution of
decene were compared under three sets of conditions: (1)
no additives; (2) addition of stoichiometric MeOH; and (3)
addition of stoichiometric amounts of both MeOH and
NMMO (Table 7). The results demonstrate competition
between the amine oxide and the alcohol for capture of the
intermediate nonanal-O-oxide.25 Furthermore, 1-methoxy-
decene, which generates the same carbonyl oxide but cannot
easily form an ozonide, also produces nonanal as the major
product in the presence of NMMO.10

Table 6. Reduction by amine oxides

C8H17

O

O

O

C8H17

O

H

O3
CH2Cl2

C8H17amine oxide

Amine oxide (equiv) T (�C) RCHO (%)a Ozonide (%)a

NMMO (1.0) �78 or 0 88 0
NMMO (3.0) 0 94 0
Et3NOb (1.0) 0 80 Trace
Me3NOc (1.0) 0 68 12
DABCO-N-oxide (1.0) 0 62 10
Pyridine N-oxide (1.0) 0 58 9

a Isolated yields.
b Generated in situ.
c Poor solubility.

Table 7. Competition for the carbonyl oxidea

C8H17

O3/O2,
CH2Cl2

additives O

OOO

OMe

OOHX

H

aldehyde
(A)

hydroperoxide
(B)

ozonide
(C)

X Additive A B C

H None — — Major
H MeOH Trace Major Minor
H MeOH+NMMO Major Minor Trace
OMe MeOH+NMMO Major Trace Trace

a Ratios assessed by 1H NMR of reaction mixtures.
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2.1. Role of base-promoted fragmentation

Amines and pyridines are known to cleave terminal ozonides
to a 1:1 mixture of aldehyde and formate through a Korn-
blum-type E1CB fragmentation (Fig. 3).26–28 Although
amine oxides are less basic than amines,29 we were curious
as to whether the putative reductions might also result from
base-promoted fragmentation. In fact, treatment of a CH2Cl2
solution of purified decene ozonide with NMMO did gener-
ate a 1:1 mixture of nonanal and formate. However, the
reaction was slower than the in situ reductions described
above. More convincingly, analysis of the crude reaction
mixtures from ozonolysis of decene in the presence of
NMMO consistently found ratios of aldehyde/formate
greater than 4:1, indicating that the base-promoted fragmen-
tation is a minor contributor to the direct formation of alde-
hyde in the ozonolysis medium.

However, the base-promoted fragmentation may serve a use-
ful role as a scavenging reaction. For example, if the solution
resulting from ozonolysis of a mixture of decene and NMMO
(1.0 equiv) is quenched into pH 6 buffer prior to concentra-
tion, a small amount of ozonide (up to 7%) is isolated; in the
absence of an acidic quench, no ozonide is present after con-
centration. If the reaction is conducted with three or more
equivalents of NMMO, no ozonide is observed regardless
of work-up, suggesting that capture of the carbonyl oxide
is complete at the higher reagent concentration. For more
substituted systems such as the ozonides of methyl oleate
(vida infra), the base-promoted fragmentation is much
slower, and even less likely to play a significant role in the
formation of aldehydes during ozonolysis.

2.2. Other substrates

In situ reduction was successfully applied to the ozonolysis
of a 1,2-disubstituted alkene, methyl oleate; the disparity in
the isolated yields of the two products appears to result from
the volatility of nonanal (Fig. 4). Application of the same
protocol to 2-methylundecene provided a moderate yield
of 2-undecanone as well as a number of unidentified minor
byproducts; similar results were obtained for other 1,1-di-
substituted alkenes (not shown). The lower yield observed
for a ketone compared with aldehydes could result from
a lower efficiency of nucleophilic addition to the ketone

O

O

O

H

:base

H

O -O

HO

C8H17 C8H17

H

Figure 3. Base-promoted fragmentation.

O3, NMO, 
(3.0 equiv)

0 °C

C8H17CHO

MeO2C(CH2)7CHO

C8H17

C9H21 Me C9H21 Me

O

(96%)

(74%)

54%

as above

(CH2)7CO2Me

CH2

Figure 4. Other substrates.
O-oxide, allowing more time for side reactions such as tau-
tomerization or polymerization.10 We continue to investigate
this process in the hope of identifying optimal conditions for
ketone synthesis.

2.3. Mechanism

There is no mechanistic precedent for ‘reductive’ ozonolysis
in the presence of amine oxides. Our hypothesis is that the
process is not actually a reduction, but instead a fragmenta-
tion driven by the reactivity of carbonyl oxides (Fig. 5).
Nucleophilic addition of the amine oxides generates an
unstable zwitterionic peroxyacetal, which undergoes de-
composition to generate aldehyde or ketone, amine, and
dioxygen. The proposed mechanism bears a topological re-
semblance to the Grob fragmentations of diol monosulfo-
nates30 and to the conversion of ketones to dioxiranes.31

Verification of the mechanism may prove challenging.
Quantification of the liberated amine will be complicated
by rapid oxidation by ozone. Decomposition of a ground
state zwitterion would be expected to liberate dioxygen in
the singlet state; however, detection of 1O2 will be con-
strained by the compatibility of probe molecules with ozone.
Although an alternative route to carbonyl oxides is available
through photosensitized oxidation of diazoalkanes,32 the
amine produced by the predicted mechanism would quench
1O2 and suppress the photooxidation. The extent of transfer
of 18O from a labeled amine oxide to the carbonyl products
would provide unambiguous evidence for the proposed
mechanism. However, no preparation of a labeled amine
oxide has been reported and we were unable to find a method
for oxidation of tertiary amines that would be practical for
use of 18O-labeled reagents.

The success of the reductive ozonolysis reflects attributes of
both carbonyl oxides and amine oxides. Carbonyl oxides are
highly reactive species typically represented as either zwit-
terions or diradicals.10 Although calculations suggest that
the diradical is more representative of gas phase structure,
our previous work demonstrated the ability to exploit the
zwitterionic character to enhance additions of nucleo-
philes.33 Amine oxides are not only nucleophilic but also
contain an easily fragmented N–O bond, characteristics
that form the basis of a conversion of activated halides to
aldehydes.34 In addition, the coordinative saturation of the

dioxirane synthesis 
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ammonium leaving group blocks heteroozonide formation,
leaving fragmentation as the most favorable option. The suc-
cessful reductions in the presence of morpholine (Table 5)
suggests that either hydroxylamines or nitrones may also
promote a similar fragmentation.35

While the oxidative regeneration of the amine oxide would
seem to offer the possibility of catalytic reactions, the need
to competitively capture the carbonyl oxide sets a realistic
lower threshold on the concentration of reagent. Moreover,
the lower yields of aldehyde obtained for ozonolyses in the
presence of stoichiometric NMM (Table 5) versus NMMO
(Table 6) may reflect not only the competing formation of
ozonide during early stages of the reaction (when amine
oxide concentration is necessarily low) but also the fact
that the ozonolysis of amines furnishes amine oxides in less
than quantitative yields.36 However, regeneration of amine
oxides may hold promise in batch reactions and for regener-
ation of supported reagents.

Finally, the observed fragmentation of carbonyl oxides could
be the first example of a new class of reactions. The key
structural feature in the amine oxides, a nucleophilic center
weakly bonded to a leaving group, is found in other a-nucleo-
philes, suggesting that a similar fragmentation may be pos-
sible with reagents such as hypohalites and peroxysulfates
(Fig. 6). Along these lines, it is interesting to note that reac-
tion of amine oxides with dioxiranes generates amines and
1O2, presumably via an intermediate peroxyammonium
zwitterion.37

3. Conclusion

The ozonolysis of alkenes in the presence of amine oxides
directly generates aldehydes and ketones through an unprec-
edented mechanism involving nucleophilic trapping of car-
bonyl oxides and fragmentation of the derived zwitterionic
peroxides. The methodology, which avoids formation of
ozonides or related energetic intermediates, offers a safer al-
ternative to traditional ozonolyses and may expand the syn-
thetic applications of an already versatile oxidative cleavage.
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Abstract—The disproportionation of hydrogen peroxide catalyzed by molybdate anions provides an effective non-photochemical source
of singlet oxygen 1O2, (1Dg). Microemulsions are the preferred media to carry out ‘dark’ singlet oxygenation of labile and hydrophobic
substrates. Single-phase and multiphase microemulsion systems have been developed and improved for the last decade and their respective
advantages and limitations are shortly reviewed and discussed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

‘Ordinary’ oxygen, 3O2, is somewhat ‘extraordinary’ since
its HOMO is degenerated and contains two electrons with
parallel spins, one in each orbital. Therefore, it behaves
chemically as a diradical, which reacts slowly with most
organic molecules that are in the ground singlet state and
very quickly with free radicals and molecules in the triplet
excited states. On the contrary, its first excited state is a
singlet state with both electrons into the same orbital. The
so-called singlet oxygen, 1O2 (1Dg), is therefore a highly
reactive, yet selective, bielectronic oxidizer that received
many applications in organic synthesis, mainly at the labora-
tory scale.1 Most commonly, it is generated by photosensiti-
zation of triplet molecular oxygen, but may also be
generated in high yields in a number of chemical reactions.2

These have been employed mainly in mechanistic studies,
but scarcely used in organic synthesis. The reasons are that
they involve either highly oxidizing inorganic reagents
(ClO�),3 which may cause side reactions, or polycyclic
aromatic endoperoxides (anthracene and naphthalene deriv-
atives)4 that require previous preparation. A more serious

Keywords: Microemulsion; Singlet oxygen; Multiphase media; Hydrogen
peroxide.
* Corresponding author. Tel./fax: +33 3 20 33 63 64; e-mail: jean-marie.

aubry@univ-lille1.fr
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doi:10.1016/j.tet.2006.08.093
disadvantage of endoperoxides is the fact that they are used
in stoichiometric amounts and large quantities of aromatic
polycyclic co-products are simultaneously generated, which
encumber the isolation of the wanted oxidation product.

In 1980s, a catalytic chemical source has been discovered, in
which 1O2 is quantitatively generated in a mild and conve-
nient method by the disproportionation of hydrogen per-
oxide induced catalytically by sodium molybdate.2,5 The
reaction proceeds efficiently in alkaline aqueous solutions6

or in highly polar organic solvents such as methanol7 in
which hydrosoluble8 or low-molecular-weight organic sub-
strates9 can be effectively oxidized on the preparative scale.

However, the intermediate peroxomolybdates generated by
the H2O2/MoO4

2� system exhibit a double reactivity, either
they can release 1O2 by cleavage of the Mo–O bonds or they
can epoxidize labile substrates under acidic10 or neutral
conditions.11 Two strategies have been developed to avoid
the epoxidation side reaction. One uses heterogeneous
molybdate-based catalysts that prevent close contact be-
tween organic substrates and peroxomolybdates.12 The other
one uses microemulsions (pems), which are stable microdis-
persions of water and an immiscible organic solvent. The
hydrophilic reactants (H2O2, Na2MoO4) and the organic sub-
strate are separately solubilized in the aqueous and in the
organic compartments of the microemulsion, respectively.

mailto:jean-marie.aubry@univ-lille1.fr
mailto:jean-marie.aubry@univ-lille1.fr
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Singlet oxygen is chemically generated into the aqueous
microdroplets and then it diffuses out, before deactivation, to
the organic solvent phase where it reacts with the substrate.13

This article describes the successive developments and the
respective advantages/drawbacks of various microemulsion
systems starting from a complex and chlorinated single-
phase microemulsion to simple and thermo-sensitive multi-
phase systems containing an environmentally friendly
microemulsion in equilibrium with an excess organic phase
or/and an excess aqueous phase.

2. Available strategies for dark singlet oxygenation in
microemulsion systems

Singlet oxygen, 1O2, exhibits enhanced reactivity and selec-
tivity compared to those of ground state oxygen, 3O2. Singlet
oxygen has found considerable synthetic utility since it can
undergo selective reactions with a wide range of electron-
rich molecules (olefin,1,14 conjugated dienes,15,16 polycyclic
aromatic hydrocarbons,4 phenols,17 sulfides18 and hetero-
cycles19). Singlet oxygenation is usually carried out by
dye-sensitized photooxidation based on molecular oxygen
and visible light.20 This method can be conducted in a large
variety of nonpolar and polar solvents and a wide range of
temperature (�100 to +100 �C); the low temperatures are
particularly advantageous when labile oxidation products
such as dioxetanes have to be prepared. However, it requires
specially designed gas/liquid photo-reactors, which are sel-
dom available in research laboratories or industrial plants.
Moreover, large-scale photooxidation entails hazardous
processing conditions because of the combination of light,
organic solvents and dioxygen. As a result of the foregoing
disadvantages, photooxidation has found little industrial
applications except for the preparation of low tonnages
of valuable flavours and fragrances.21 By contrast, ‘dark’
singlet oxygenation, via catalytic disproportionation of
hydrogen peroxide, provides a safe and inexpensive alterna-
tive to photooxidation that can be carried out in ordinary
multi-purpose plant stirred tank reactors.22

2.1. Chemical generation of singlet oxygen

Chemical sources of 1O2 belongs to a special type of reaction
able to produce molecules in an electronically excited state
through a chemiexcitation pathway. Such reactions are
uncommon and, most often, the excited species is generated
in poor yield except in the particular case of 1O2. Several
chemical processes are known to release 1O2 in high
yields.2,23 This remarkable behaviour results from two spe-
cific features of 1O2: (i) the low excitation energy of 1O2
(94 kJ) is easily attainable by many chemical reactions;
(ii) the chemical formation of a molecule in the triplet state
such as 3O2 from singlet state reactants is unfavourable with
regard to Wigner’s rule. Reagents are typically in a singlet
state and when the release of O2 occurs through a heterolytic
or a concerted mechanism, Wigner’s rule foresees the con-
servation of the total spin and thus the formation of oxygen
in the singlet state. A historical example of this type of reac-
tion is the oxidation of H2O2 by ClO� that provides Cl�,
H2O and 1O2 in 100% yield.24 Since the discovery, in
1963, of the formation of 1O2 by the system H2O2/ClO�,
there has been a surge of interest in quest of other chemical
sources of 1O2. In particular, a systematic screening of the
whole periodic classification has been conducted in 1985
searching for 1O2 in the decomposition of aqueous basic
H2O2 induced by mineral oxides, hydroxides or oxoanions.
Singlet oxygen was detected by specific trapping with a
water-soluble rubrene derivative. About 30 new chemical
sources of 1O2 were thus identified such as alkaline earths
hydroxides, lanthanides and actinide oxides, oxoanions of
transition metals in d0 configuration and the strong oxidizers
Au3+, IO3

� and IO4
�. Most of the active mineral compounds

were not acting as ClO� through oxidation of H2O2 but
rather as catalysts for the disproportionation of H2O2.2

Among them, the MoO4
2�/H2O2 system has been investi-

gated in detail because the reaction efficiently generates
1O2 in homogeneous phase. It was shown that decomposition
proceeds only in basic solutions and is catalytic with respect
to molybdate. It was found that all the oxygen released by
the disproportionation of H2O2 is in the singlet state (Eq. 1).

2H2O2!
MoO 2�

4

pH 9�12
2H2Oþ 1O2 ð100%Þ ð1Þ

The reaction is first order with respect to molybdate but
a much more complex rate law was observed for H2O2.
The reaction is second order at low concentration of H2O2

(<0.1 M), zero order at higher concentration (0.1–0.2 M)
and then the rate decreases with further increase of H2O2

concentration.5 These results were rationalized by identify-
ing and quantifying the intermediate peroxometallates by
95Mo NMR and UV–vis spectroscopy.6 At natural pH, four
peroxomolybdates MoO4�n(O2)n

2�, namely the mono-, di-
, tri- and tetra- peroxomolybdates, are successively formed
by increasing the H2O2 concentration. Comparison of these
results with kinetic studies, performed under similar condi-
tions, leads to the conclusion that the triperoxomolybdate,
MoO(O2)3

2�, is the main precursor of 1O2. 95Mo NMR also
reveals that in neutral and slightly acidic media, a dimeric
form of the protonated diperoxoanion HMoO2(O2)2

2� is
the main peroxo compound present in the solution. Since all
these peroxo species are in slow equilibrium (Scheme 1), it is
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of utmost importance to maintain the pH value between 9
and 12 and the concentration of uncomplexed H2O2 (0.1–
0.5 mol L�1) within the optimal conditions to maximize
the rate of 1O2 generation and to limit the epoxidizing action
of peroxomolybdates.

From the 95Mo NMR experiments, equilibrium constants
between all the peroxo compounds have been calculated.
They allowed us to build a predominance diagram showing
the prevalent peroxo complexes as a function of pH and
H2O2 concentration on a logarithmic scale (Fig. 1).10 The
best conditions for 1O2 generation coincide with the shaded
area corresponding to the prevalence of triperoxomolybdate
MoO(O2)3

2�.

2.2. Reaction media compatible with the source of 1O2

based on the MoO4
2L/H2O2 system

The MoO4
2�/H2O2 system is able to quantitatively convert

an inexpensive, environmentally friendly and storable
source of oxygen, i.e., H2O2, into a valuable short-live oxi-
dizing species, i.e., 1O2, according to reaction 1. High flux
of 1O2 can be efficiently produced at room temperature in
water and may be used to perform singlet oxygenation of
water-soluble substrates at the preparative level. For moder-
ately hydrophobic substrates, polar solvents such as metha-
nol or DMF may be used instead of water since they can
dissolve all the reactants and may sustain the formation of
1O2, with lower yield and slower rate than in water. Those
media are not suitable for highly hydrophobic substrates
nor for organic substrates such as allylic alcohols, which suf-
fer competitive side reactions with peroxomolybdates.11

In order to overcome those problems, two-phase systems,
water/organic solvent, have been tested. Hydrophilic reac-
tants (H2O2, Na2MoO4) lie in the aqueous phase whereas
the hydrophobic substrate is localized in the immiscible
organic solvent phase. The chemical generation of 1O2 takes
place in the aqueous layer but this short-live species is not
able to reach the organic phase before deactivation since
the mean travel distance of 1O2 in water (z200 nm) is
much smaller than the diameter of the droplets (z106 nm)
formed under vigorous stirring of the biphasic system.
Therefore most of the available 1O2 is wasted through deac-
tivation by water molecules and a large excess of H2O2 is
thus required to bring about appreciable conversion of the
substrate.
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Figure 1. Predominance diagram of the MoO4
2�/H2O2 system as a func-

tion of pH and H2O2 concentration. The shaded area corresponds to the
optimum conditions for 1O2 generation.
By contrast, microemulsions are suitable for the chemical
formation of 1O2 and the oxidation of highly hydrophobic
or fragile substrates on the preparative scale with a minimum
loss of 1O2. These macroscopically homogeneous mixtures
consist of a microscopically heterogeneous dispersion of
an oil and water submicrodomains stabilized by an interfa-
cial monolayer of surface-active molecules (Scheme 2).
Although more complex in composition than traditional
reaction media, microemulsions present definite advantages:
(i) they dissolve large amounts of hydrophilic compounds,
which are confined in the aqueous microdroplets, as well
as nonpolar organic molecules, which are localized in the
organic microdomains; (ii) they protect substrates and prod-
ucts sensitive to H2O2 or to peroxomolybdates or to alkaline
conditions. In addition, the typical size of the microdroplets
(z10–100 nm) is much smaller than the mean travel dis-
tance of 1O2 in water. Hence, in spite of its short lifetime
in H2O (tDz4 ms), 1O2 can diffuse freely, before deactiva-
tion, from the aqueous droplets to the organic phase, where
it can react with the substrate.
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Scheme 2. Schematic representation of a W/O microemulsion used to
oxidize hydrophobic or fragile organic substrates S with 1O2 chemically
generated by the system H2O2/MoO4

2�.

2.3. Designing single-phase and multiphase micro-
emulsion systems

How can microemulsions be thermodynamically stable? A
rough picture for describing microemulsion formation is to
consider a subdivision of the dispersed phase into very small
droplets with a radius r. Then the entropy change, DS, can be
approximately expressed as a function of the number of
droplets of dispersed phase n, the Boltzmann constant k
and the dispersed phase volume fraction F (Eq. 2).

DS¼�nk½ln Fþfð1�FÞ=Fglnð1�FÞ� ð2Þ

So, the entropy of mixing is of the order of nk. The associ-
ated free energy change is the sum of the enthalpy for in-
creasing the O/W interface (DAgO/W) and of the entropy
change (Eq. 3).

DG¼ DAgO=W � TDS ð3Þ

where DA is the change in interfacial area A (¼n4pr2) and
gO/W is the interfacial tension between oil (O) and water (W).
Therefore, the spontaneous microemulsification is thermo-
dynamically favoured (DG¼0) if the surfactant can reduce
the interfacial tension to a sufficiently low value (Eq. 4).25

gO=WzkT=4pr2 ð4Þ
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At room temperature, kTz4�10�18 mJ and if rz10 nm is
assumed in a rough calculation, it follows from Eq. 4 that
very low interfacial tensions (gO/Wz0.01 mN m�1) be-
tween oil and water would be required to attain a stable drop-
let radius. A few surfactants (some double chain ionics and
some non-ionics) can produce extremely low interfacial ten-
sions, typically 10�2 to 10�4 mN m�1, but in most cases,
such low values cannot be achieved by a single surfactant.

The addition of a co-surfactant (medium-chain alcohol) is an
effective way to further decrease gO/W. It also confers to the
interfacial film the flexibility required to avoid the formation
of liquid crystalline phases. Moreover, addition of salts is
often necessary to reduce the electrostatic repulsion between
head groups of ionic surfactants.

To get the required low interfacial tension, the affinity of the
interfacial monolayer of surface-active molecules (surfac-
tant plus co-surfactant) must be high for both the aqueous
phase and the organic phase. Depending on the surfactant
concentration and on the relative affinities for W and O, dif-
ferent types of microemulsions can be obtained according to
Winsor’s classification:26

- W I systems: the surfactant is preferentially soluble in
water and O/W microemulsions form in equilibrium
with an excess oil phase;

- W II systems: the surfactant lies mainly in the oil phase
and W/O microemulsions form with an excess aqueous
phase;

- W III systems: a three-phase system where a bicontinu-
ous microemulsion coexists with both excess aqueous
and oil surfactant-poor phases;

- W IV systems: a single phase that forms upon addition
of a sufficient quantity of amphiphiles (surfactant plus
co-surfactant).

According to the aimed application it may be desirable
to tune the formulation in order to get the wanted type of
Winsor system. Many physicochemical formulation para-
meters are able to modify the relative affinity of the amphi-
philes for O and W. All the variables that increase the
lipophilicity of the interfacial monolayer will shift the sys-
tem from W I to W III and finally to W II and vice versa
(Scheme 3 and Table 1). In this formulation scan, the W III
systems play a central role since they correspond to well-
balanced interfacial films.27

2.4. Single-phase W/O microemulsions for singlet
oxygenation

2.4.1. Single-phase W/O microemulsions based on chlori-
nated hydrocarbon as the oil phase. The first micro-
emulsion designed to sustain singlet oxygenation with a
chemical source of 1O2 was based on sodium dodecyl sulfate
(SDS) as the surfactant.13 This highly hydrophilic surfactant
does not provide microemulsion alone and it spontaneously
gives direct micelles in water instead of the reverse micelles
that are required to obtain the wanted W/O microemulsion.
So, all the parameters that decrease gO/W and that increase
both the flexibility and the lipophilicity of the interfacial
film (see Table 1) have to be favoured in order to compensate
for the excessive hydrophilicity of SDS. A satisfactory W/O
microemulsion was prepared by mixing SDS with n-butanol
as the hydrophobic co-surfactant, methylene chloride as
a rather polar solvent and sodium molybdate as electrolyte
and catalyst. This optically isotropic, fluid and transparent
liquid meets all the requirements in order to be a prepara-
tively useful medium: (i) no phase separation during storage
and during the oxidation process; (ii) high solubility of the
reactants; (iii) chemical inertness of the microemulsion
components towards H2O2, Na2MoO4 or the intermediates
derived thereof (1O2 and peroxomolybdates); (iv) relatively
high lifetime of 1O2 (tDz40 ms). Various typical organic
substrates (polycyclic aromatic hydrocarbons, heterocycles,
conjugated dienes, olefins, sulfides) were successfully oxi-
dized on the preparative scale by the MoO4

2�/H2O2 system
in order to illustrate four standard types of 1O2 reactions,
namely, the ene reaction, the [2+2] cycloaddition, the [4+2]
cycloaddition and the sulfide oxidation. More recently, this

Winsor II

WATER

em

increasing lipophilicity of interfacial film

(temperature, salinity, polar oils, medium chain alcohols …)

Winsor I Winsor III

OIL

Winsor IV

increasing amphiphiles concentrations

Scheme 3. Modification of the Winsor type of microemulsion systems by
scanning one of the formulation variables or by increasing surfactant con-
centration. The system shown is based on a non-ionic surfactant and has
equal volumes of water and oil, mem corresponds to microemulsion phase.

Table 1. Qualitative effect of formulation variables on the lipophilicity of
amphiphilic interfacial film between O and W

Formulation variables Lipophilicity of
interfacial film

Surfactant molecular structure
Lipophilic chain length bb
Lipophilic chain branching a
Ethylene oxide polyether chain length aaa
Surfactant concentration No influence

Temperature increase
Non-ionic surfactant bbb
Ionic surfactant a

Aqueous phase salinity
Non-ionic surfactant b
Ionic surfactant bbb

Oil phase molecular structure
Hydrocarbon chain length a
Hydrocarbon chain branching or cyclisation b
Polarity of the oil bb

Alcohol (co-surfactant)
Short-chain alcohol concentration (C2 or C3) Slight influence
Medium-chain alcohol concentration (C4 to C6) bb
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method was applied to the selective oxidation of labile chiral
allylic alcohols into allylic hydroperoxides. High chemo-
selectivity (up to 97%) and diastereoselectivity (up to 92%
threo preference) can be achieved in proper W/O micro-
emulsion whereas the unwanted epoxides were the major
products (93% in water and 61% in MeOH) when the reaction
was conducted in homogeneous solvents (Scheme 4).11

2.4.2. Single-phase environmentally friendly W/O micro-
emulsions. Despite its demonstrated synthetic usefulness,
industrial use of this SDS/n-BuOH/CH2Cl2-based micro-
emulsion is hampered for several reasons: (i) environmental
legislation aims at reducing the use of chlorinated solvents;
(ii) a large amount of SDS relative to the substrate is required
in order to obtain a stable microemulsion; (iii) notably for
substrates that are only moderately reactive towards 1O2,
space time yields are low because a large excess of aqueous
H2O2 has to be added in order to compensate for the loss of
1O2, most of which being deactivated before reaction.

The development of microemulsion media that meet all the
demands from a preparative and industrial point of view is
not straightforward. In particular, a major challenge is find-
ing a substitute for CH2Cl2, in which 1O2 has a relatively
long lifetime, thus reducing the required amount of aqueous
H2O2 and the risk of phase separation. The formulation of
microemulsions based on polar solvents is critical because
polar molecules are likely to interact with the interfacial
film impeding a straightforward formation of the microdis-
persed medium. The composition of the microemulsion was
optimized by resorting to the experimental design methodol-
ogy (simplex). Therefore, suitable compositions for stable
microemulsions based on ethyl acetate as organic solvent in
the highly complex seven components system (organic sol-
vent, H2O, SDS, BuOH, substrate, Na2MoO4 and H2O2)
have been found that allow ‘dark’ singlet oxygenation of li-
pophilic substrates.28

In a further step, solvent-free microemulsion conditions
were developed by replacing the organic solvent by the liq-
uid substrates themselves, i.e., a-terpinene and b-citronellol.
This latter substrate is particularly relevant as a model since
this substrate is industrially photooxidized with 1O2 during
the first step of the preparation of rose oxide, an important
perfumery ingredient (Scheme 5).28
2.4.3. One phase W/O microemulsions combined with
a dewatering process. Monophasic microemulsions are
particularly suitable for the peroxidation of labile or highly
hydrophobic compounds. However, they present two major
drawbacks:

Firstly, the addition of hydrogen peroxide during the reac-
tion results in an increase of the water proportion, which
modifies the composition of the microemulsion. In particu-
lar, high substrate concentrations or poorly reactive organics
require large amounts of H2O2 that generate high amounts of
water and thus destabilize the system. Ultimately, demixing
occurs leading to the formation of an emulsion that is inap-
propriate for efficient singlet oxygenation. Such a drawback
limits the use of one-phase microemulsions either to highly
reactive substrates or to relatively low concentrations of
substrate.

Secondly, the use of reaction mixtures containing high con-
centration of amphiphiles hampers facile recovery of the
desired products. Moreover, at the end of the oxidation pro-
cess, the reaction medium is relatively complex, since it is
made up of more than six constituents, namely water, oil,
surfactant, co-surfactant, catalyst and oxidation product(s).
Hence, isolation of the products requires a tedious treatment
of the microemulsion.

To avoid composition alterations after the addition of H2O2

during the peroxidation, a pervaporation membrane process
was combined with the oxidizing microemulsion. A semi-
batch oxidation process in which water is continuously
and selectively removed from the system to maintain the ini-
tial composition of the microemulsion was developed. The
efficiency of such a process was illustrated with the per-
oxidation of a poorly reactive substrate, namely, b-pinene.29

2.5. Multiphase microemulsions for singlet oxygenation

Obtaining single-phase microemulsions requires consider-
able amounts of surfactant and often some co-surfactant as
well, typically 15–25%. This makes recovery of the reaction
products from these complex media somewhat problematic.
To overcome work-up problems, two- or three-phase sys-
tems can be prepared by decreasing the amount of surfactant
required to obtain single-phase microemulsions (Scheme 3).
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In these multiphase systems, namely W I, W II and W III
systems, the microemulsion phase coexists, respectively,
with oil, water or both, depending on the relative affinity
of the interfacial film for oil and water, respectively.

W III system is a yardstick in the formulation of micro- and
macro-emulsions since it corresponds to a ‘balanced state’
for the interfacial film separating the aqueous and the
organic microdomains. It is obtained under well-defined
physicochemical conditions of salinity, temperature or
hydrophilic–lipophilic balance of the surfactant. In this
case, both interfacial tensions between the microemulsion
phase on one side and the oil phase or the aqueous phase
on the other side are ultralow (10�4–10�2 mN m�1). A yet
more important aspect is that the phase separation of a
well-balanced W III system is also extremely rapid (a few
minutes) after stirring making these systems ideal for easy
recovery of the products.30 Most of the surfactant lies in
the microemulsion phase whereas organic product partitions
between the microemulsion and the oil phases. Hence, the
product can be recovered easily from the microemulsion
by several extractions with fresh solvent while the surfactant
and the catalyst, which are in the microemulsion phase,
can be reused. Two multiphase systems have already been
investigated, the first one is formulated with an anionic
surfactant31 whereas the second one, based on a non-ionic
one, has never been reported before and will be discussed
in Section 3.

2.5.1. Multiphase microemulsions based on an anionic
surfactant plus a medium-chain alcohol as co-surfactant.
Five components were mixed, namely, water, sodium
molybdate, sodium dodecyl sulfate (SDS), n-propanol and
toluene to prepare multiphase microemulsion systems. Rep-
resenting the whole phase diagram for this system would
require a prohibitive number of experiments. Binary dia-
grams showing the percentage of amphiphiles as a function
of a scan variable, known as ‘optimization diagrams’, are
usually preferred to investigate the influence of one para-
meter on the phase behaviour. Formulation scans can be
achieved at fixed SDS/PrOH (¼1/1) and W/O (¼1/1) ratios
by changing one of the formulation variables (Table 2)
namely, salinity.32 Addition of sodium molybdate actually
induces W I / W III / W II transitions (Fig. 2) since this
electrolyte decreases the repulsion between the surfactant
polar heads, leading to a curvature inversion of the inter-
facial film.

In order to decrease the amount of amphiphilic molecules,
which are responsible for work-up problems, two- or

Table 2. Dependence of the substrate conversion on the microemulsion type
and composition

Entry Winsor
type

Composition a-Terpinene conversion (%)

Na2MoO4$2H2O
(mol kg�1)

SDS+
n-PrOH
(% w/w)

Without
modification

Excess
water phase
removed

A IV 0.15 25 78 —
B I 0.45 6 65 —
C III 0.54 36 75 (C*)
D II 0.64 20 74 (D*)

Toluene/(water+catalyst)¼1:1 (w/w); SDS/n-PrOH¼1:1 (w/w); a-terpinene¼
0.1 mol kg�1; H2O2¼0.15 mol kg�1.
three-phase systems B, C and D were prepared with very
low amounts of surfactant and co-surfactant (6%), as indi-
cated in Figure 2. In addition, the presence of an excess oil
phase as in the case of W I or W III systems allows an easier
recovery of the oxidation product as it partitions between the
organic and the microemulsion phases. The single-phase
microemulsion A has also been prepared for comparison.
To investigate the influence of the microemulsion type on
the peroxidation yield, i.e., to determine if globular (W/O
or O/W) or bicontinuous microstructures are preferable for
the reaction of 1O2 with organic compounds, a-terpinene
was chosen as a model substrate (Table 2). Hydrogen perox-
ide was added to the media A–D in a lower amount than re-
quired by stoichiometry (Eq. 1) in order to obtain a partial
peroxidation of the substrate (Scheme 6).

MoO
4

2-

in Winsor I, II, III or IV

microemulsions

1 + 1.5 H2O2
O O

Scheme 6. Dark singlet oxygenation of a-terpinene in single-phase and
multiphase microemulsion systems.

The four types of microemulsion systems (entries A–D) are
rather different with regard to substrate conversion. Perfor-
mances decrease in the order W IV>W I[W III>W II
(Table 2). The dramatic decrease of substrate conversion ob-
served for W III and W II systems can be ascribed to the
presence of an excess aqueous phase. Indeed, under stirring,
the catalyst and hydrogen peroxide equally partition be-
tween the aqueous microdomains (10–100 nm) of the
microemulsion and the macrodroplets (10–100 mm) of the
excess aqueous phase. Unfortunately, all the molecules of
1O2 generated in the macrodroplets are wasted through phys-
ical deactivation by water before reaching the organic phase
since the droplets radius is much larger than the mean travel
distance of 1O2 in water (z200 nm). The elimination of the
water excess phase in W III and W II systems (entries C* and
D* in Table 2) induces an increase in the substrate conver-
sion, in agreement with our previous explanation.

These results show that multiphase systems can be used for
the chemical oxidation of hydrophobic substrates provided
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that 1O2 is exclusively generated in aqueous microdomains
(B<200 nm), which implies that no water excess phase ex-
ists or is formed as hydrogen peroxide is added. Winsor I
systems consisting in an O/W microemulsion with an excess
oil phase are thus suitable to oxidize fairly reactive sub-
strates. They are, however, inappropriate to oxidize poorly
reactive compounds since the large amount of H2O2 needed
over-dilutes the O/W microemulsion and the mean distance
between the aqueous microdroplets becomes much larger
than 200 nm.

3. Results and discussion

3.1. Multiphase microemulsions based on a non-ionic
surfactant without co-surfactant

Single- and multi-phase microemulsion systems may also be
obtained by using non-ionic surfactants instead of ionic
ones. In particular, the well-known surfactants n-alkyl-poly-
glycol ether (CiEj) exhibit three useful features with regard
to the aimed application: (i) they do not require any co-
surfactant to microemulsify oil and water; (ii) they are
much less sensitive to electrolyte than ionic surfactants;
(iii) their hydrophilicity/lipophilicity balances can be revers-
ibly tuned by changing temperature; (iv) they are stable over
a wide range of pH unlike SDS that suffers hydrolysis under
acidic conditions. Moreover, by choosing properly the
chemical structure of the surfactant and of the oil, the tem-
perature at which W III systems are observed can be fixed
at any given value. In this work, C10E4 and n-octane were
chosen as the surfactant and the oil, respectively, because
the so-called ‘fish tail’ point of the optimization diagrams
(Fig. 3) is localized at a convenient temperature (24.3 �C).33

When sodium molybdate and a-terpinene are dissolved in
water and octane, respectively (Table 3), the gamma shape
curve shown in Figure 3 is shifted by approximately 3 �C
to lower temperatures. Such a mixture forms a single-phase
microemulsion (W IV) by adding 20% of C10E4 whereas
two-phase (W I) and three-phase (W III) systems were pre-
pared with lower surfactant concentrations (7.5% and 5%).
Those three reaction media were used to carry out the per-
oxidation of 0.1 mol kg�1 a-terpinene at 22 �C for the W
III and WIV and at 15 �C for the W I in the presence of
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Figure 3. ‘Optimization diagram’ of the ternary system n-octane/water/
C10E4 system as a function of temperature and surfactant concentration
and at a fixed ratio octane/water¼1:1 (w/w).
a slight excess of H2O2 (0.25 mol kg�1). The reaction was
completed in about 5 h in the W IV system whereas, at the
same temperature, the W III exhibits a loss of efficiency after
about 50% conversion due to a loss of 1O2 in the excess aque-
ous phase. In that latter case, complete peroxidation of terpi-
nene was obtained by the addition of a second batch of H2O2.
The W I exhibits a similar efficiency for the singlet oxygen-
ation as the Winsor IV, as already shown with anionic surfac-
tants, the slower kinetics of the reaction being due to the
lower temperature (Fig. 4). Actually, it is known that the
rate determining step, i.e., the generation of 1O2 from perox-
omolybdates, depends strongly on the temperature5 whereas
the fast step, i.e., the competitive interaction of 1O2 with the
substrate and the solvent, does not.

Finally, in spite of apparently different kinetics behaviours,
the microstructure of the microemulsion systems does not
seem to have a major influence on the peroxidation reaction.

It is noteworthy that the formation of a polar oxidation prod-
uct, ascaridole, during the reaction modifies the polarity of
the oil resulting in a shift of the gamma shape curve to lower
temperatures. Hence, the temperature must be adjusted dur-
ing the reaction in order to maintain the Winsor type in
which the reaction has to be conducted and also, to avoid
the formation of W II systems. However, at the end of the re-
action, the temperature can be decreased of approximately
5 �C for the W III and W IV, in order to obtain a W I that al-
lows the ready recovery of ascaridole from the octane phase.

Contrary to ionic surfactants, the use of thermo-sensitive
non-ionic CiEj surfactants is particularly interesting since

Table 3. Amounts of C10E4 and corresponding temperatures required for
obtaining W I, W III and W IV microemulsion systems with the ternary
system C10E4/water/n-octane

C10E4 (mg) Temperature (�C)a Winsor system

Initial Final

400 (20%) 22 19 IV
150 (7.5%) 22 18 I
100 (5%) 15 <15 III

a During the reaction, the temperature must be adjusted and lowered in
order to keep the same Winsor system.
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the temperature can be used to adjust reversibly the stability
region of the microemulsion and the phase separation can be
induced, also reversibly, just by temperature change after the
reaction process.

4. Conclusions

Single-phase or multiphase microemulsion systems are ideal
media to carry out ‘dark’ singlet oxygenation of hydrophobic
and labile substrates since they offer several benefits: (i)
cosolubilization of great amounts of hydrophilic and hydro-
phobic compounds; (ii) compartmentalization of hydro-
philic and hydrophobic species avoiding side reactions;
(iii) nanometric size (10–100 nm) of the droplets. This latter
feature is of utmost importance for an uncharged short-live
species such as 1O2 since, once generated in aqueous micro-
droplets, it diffuses freely through the interfacial film to
the organic compartment where it reacts with the organic
substrate.

Single-phase microemulsions are easy to formulate and to
handle but they require large amounts of surfactants that
impede recovery of oxidized products. Multiphase micro-
emulsion systems must be prepared under well-defined
physicochemical conditions of salinity, temperature or
hydrophilic–lipophilic balance of the surfactant. They
require much lower amounts of surfactants and they allow
simple recovery of the products localized in the oil excess
phase. They can sustain effective dark singlet oxygenation
provided that the possible excess water phase is removed
beforehand.

5. Experimental

5.1. Chemicals

Sodium molybdate dihydrate (99%), n-propanol (99%),
sodium hydroxide (98%) and 1-isopropyl-4-methyl-1,3-
cyclohexadiene (a-terpinene, 85%) were purchased from
Aldrich and used without further purification. Sodium do-
decyl sulfate (SDS) (98%), toluene (99%), ethyl acetate
(99%), dichloromethane (99%), n-butanol (98.5%) and
hydrogen peroxide (50%) were obtained from Prolabo.
Milli-Q water (18.2 MU cm) was used.

5.2. Procedures

Salinity scans: samples (5 ml) were prepared in SVL tubes
by mixing appropriate amounts of oil, co-surfactant, water,
catalyst and surfactant. Mixtures were gently stirred and
maintained at a constant temperature (25�0.1 �C) for a suf-
ficient time in order to get thermodynamically stable sys-
tems. To further identify each phase according to Winsor
label, water was coloured in blue and oil in yellow so that
the microemulsion phase was green. Comparative oxida-
tions: 40 g of mem were prepared by predissolving SDS
and sodium molybdate in water+n-PrOH and by adding
toluene to the mixture. After shaking, the systems were
allowed to stabilize overnight at 25�0.1 �C. For modified
W II and W III systems, greater volumes were prepared.
After sufficient time to reach thermodynamic stability, the
phases were separated and mixed again in the desired pro-
portions. Finally, a-terpinene was added to the mixtures
(0.1 mol kg�1). Oxidations were performed at 25 �C under
vigorous stirring, by adding hydrogen peroxide in two
batches (1 and 0.5 mol kg�1 after 30 min). The substrate
conversion was followed by gas chromatography and the
peroxidation products were characterized by 1H NMR.

A certain amount of C10E4 (see Table 3) is dissolved into 1 g
of octane and 1 g of water containing 10�2 mol L�1 of
sodium molybdate. To this microemulsion system, placed
in a thermostated bath at a given temperature, was added
a-terpinene (40 mL, 0.1 mol L�1) followed by a batch of
30 mL H2O2 (50%) at zero time leading to an orange-red
mixture. The reaction was monitored by HPLC. The values
of x and of the temperature which define the Winsor-type
system are given in Table 3.

5.3. Instrumentation

Gas chromatography (GC) analyses were performed on
a Agilent 6890 N chromatograph equipped with an apolar
HP-1 (60 m�0.32 mm�0.25 mm) column. 1H NMR of the
peroxidation products was carried out on a AC 200 Brucker
spectrometer. Molybdate concentrations were determined by
UV spectrometry on a Varian spectrometer at l¼204 nm.

High-performance liquid chromatography analyses were
carried out with a reversed-phase column (Nova-pack C18,
4 mm, 4.6�250 mm) using a 600 controller pump from
Waters, a mixture of CH3CN/H2O (90:10) as the eluent,
and UV detection with a Waters 490E programmable multi-
wavelength detector.
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cLaboratoire ‘Lésions des Acides Nucléiques’, DRFMC/LCIB-UMR-E n�3 (CEA/UJF), CEA/Grenoble,

F-38054 Grenoble cedex 9, France
dDepartamento de Bioquı́mica, Instituto de Quı́mica, Universidade de S~ao Paulo, CP 26.077, 05513-970 S~ao Paulo, SP, Brazil

Received 8 June 2006; revised 5 August 2006; accepted 18 August 2006

Available online 25 September 2006

Abstract—We report herein the synthesis of a new hydrophilic and non-ionic anthracene derivative, the N,N0-di-(2,3-dihydroxypropyl)-9,10-
anthracenedipropanamide. The evaluation of this compound as chemical trap of singlet molecular oxygen by using labeling experiments and
HPLC–MS analysis showed that it could be efficiently used in biological investigations.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Considerable evidence supports the involvement of singlet
molecular oxygen (1O2) in biological processes. Enzymatic
reactions, lipid peroxidation, photooxidation, and phago-
cytosis are among the most studied ones.1,2 Other studies
have found tentative evidence that antibodies are able to
use 1O2 as substrate to generate hydrogen peroxide and
ozone in phagocytosis.3,4

The investigation of 1O2 generation in biological systems
requires sensitivity and specificity. Some studies have em-
ployed deuterated solvents and the addition of quenchers
of 1O2. It is well known that deuterated solvents increase
the lifetime of 1O2,5 and quenchers reduce it. Thus, if 1O2

is involved in a reaction, its lifetime and chemistry will be
influenced by the media and additives. Chemical probes to
detect 1O2 may provide the needed data. This approach
is particularly interesting considering the reactivity of 1O2

Keywords: Anthracene; Endoperoxide; HPLC–MS; Singlet oxygen; Trap;
Probe.
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toward different substances. The products formed can be
detected at very low concentrations. However, the efficiency
of the overall process depends on the reactivity and the
solubility of the trap.6

For some time, traps used were derived from furans.7 Furans
are oxidized to dicarbonylic products as the result of the for-
mation of ozonide intermediates (Fig. 1). Although furans
are highly reactive toward 1O2, these traps can also react
with other oxidants, such as hydrogen peroxide, generating
the same products observed with 1O2.6

Cholesterol is a known chemical trap of 1O2 because the
product of the reaction is the 5-a-hydroperoxide, which is
considered as a fingerprint of 1O2 oxidation in biological
systems; however, there are limitations that include the
low reactivity and stability of the product formed. Moreover,
5-a-hydroperoxide can undergo rearrangement to 7-a-
hydroperoxides.8

O RR
R R

O O

O
O

O
R

R

1O2

Figure 1. Reaction of furan derivative with 1O2. R is any substituent.
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The typical reaction of 1O2 by the [2+2] mechanism
generating dioxetane was exploited in the design of a
trap-and-trigger chemiluminescent probe, namely 2-[1-(3-
tert-butyldimethylsilyloxy)-phenyl-3,6,9,12-tetraoxa-1-tri-
decyl-13-hydroxy-methylene]tricyclo[3.3.1.1]decane.9 This
compound forms an intermediate dioxetane that decom-
poses under treatment with tetra-n-butylammonium fluoride
for generating a chemiluminescent signal (Fig. 2).

The reversible binding of 1O2 to aromatic compounds by the
[4+2] mechanism has been exploited to produce chemical
traps since the endoperoxide formed represents a specific
product for the reaction with 1O2. Furthermore, the endoper-
oxides formed with anthracene derivatives are stable at room
temperature and their decomposition occurs only at elevated
temperatures (around 100 �C).

The first polycyclic aromatic hydrocarbon endoperoxide
studied was that derived from rubrene in 1926, when
Dufraisse et al. observed that a benzene solution of rubrene
became colorless upon exposure to solar light (Fig. 3). They
also observed that the peroxide formed was able to regener-
ate the parent hydrocarbon and oxygen after heating at
150 �C.10

In the next two decades, many other endoperoxides were
prepared and studies were performed to better understand
their behavior. In 1942, Dufraisse and Velluz demonstrated
that 1,4-dimethoxy-9,10-diphenylanthracene endoperoxide
was able to release oxygen at room temperature. They also
reported that liberated oxygen was in an ‘activated’ state.11

The precise nature of the reactive oxygen species was estab-
lished in 1967 by Wasserman and Scheffer who made a cru-
cial observation.12 It was found that the products of the
reaction of 2,5-diphenyl-4-methyloxazole or 1,3-diphenyl-
isobenzofuran with 9,10-diphenylanthracene endoperoxide
were the same to those generated by photooxidation.

Non-substituted aromatic compounds are not able to react
significantly with 1O2. Suitable modification in the poly-
cyclic aromatic structure has to be made in order to increase
the reactivity of 1O2. Thus, at least one, and preferably two,
electron-donating groups must be present at certain positions
to allow the [4+2] cycloaddition of 1O2 and to stabilize the
endoperoxide. The substituted compounds exhibit large
differences in their reactivity toward 1O2. This is related
to the electron density of the aromatic core and the steric
hindrance induced by either the substituents themselves or
by additional groups located on the other positions.13 All
these features have to be taken into consideration prior to
design a new 1O2 trap.
Anthracene traps have indeed demonstrated that 1O2 is
generated from lipid hydroperoxides treated with metals,
peroxynitrite or hypochloride using the hydrophobic mole-
cule 9,10-diphenylanthracene (DPA) and 18O-labeled lipid
hydroperoxides (Fig. 4). The detection of the endoperoxides
formed in the reaction was provided by HPLC–MS analysis.
The formation of the 18O-labeled endoperoxide of DPA indi-
cated the occurrence of reaction between two lipid peroxyl
radicals according to the Russell mechanism.14–16

However, as the biological environment is not restricted to
the hydrophobic moiety of the membranes and lipoproteins,
these traps show some limitations for the investigation of bi-
ological systems because of their low water solubility. This
problem may be overcome by modifying their structures in
order to make them more hydrophilic.17

Anthracene derivatives with hydrophilic substituents can
serve as chemical traps in aqueous solution. Furthermore,
the substituent type and position on the aromatic ring can
be modified, thus resulting in different reactivity.

The addition of carboxylic groups is an interesting option. A
hydrophilic anthracene derivative, a 9,10-anthracenedipro-
pionic acid18 or the potassium salt of a rubrene-2,3,8,9-tetra-
carboxylic acid17 has been reported (Fig. 5). The former was
used for time-resolved laser photolysis experiments to deter-
mine the lifetime of 1O2 in D2O. The latter compound
showed solubility at around 1 mM in neutral aqueous solu-
tion; however, it was largely insoluble in acid media. More-
over, the rubrene-containing endoperoxide was stable for
just a few hours in water.

The anthracene-9,10-diyldiethyl disulfate (EAS) has many
adequate properties: it reacts with 1O2 generating the corre-
sponding endoperoxide (Fig. 6), its solubility is not pH
dependent, it is stable up to 120 �C, and it is detectable in
small amounts by HPLC.19

A compound similar to EAS has also been reported, the
anthracene-9,10-bisethanesulfonic acid (AES), which is
soluble in water and buffer solutions, is stable over a
wide range of pH, and has a reactivity constant (kr) of

C6H5

C6H5 C6H5

O O
O2 / h

 (150°C)

C6H5 C6H5

C6H5 C6H5

C6H5

Figure 3. Reaction of rubrene with 1O2 and the thermal decomposition of its
endoperoxide.
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R = (CH2CH2O)4H
TBS = (CH3)2(tBu)Si-

Figure 2. Scheme for the chemiluminescence detection of the stable dioxetane formed by the reaction with 1O2.
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1.15�108 M�1 s�1 (Fig. 6).20 AES was prepared from 9,10-
dibromoanthracene (DBA) by a three-step synthesis. An
alternative method for the synthesis of AES has also been
demonstrated.21 This was achieved by the conversion of

rubrene-2,3,8,9-tetracarboxylic acid 9,10-anthracenedipropionic acid

C6H5 C6H5

C6H5 C6H5

OH

O

O
OH

O

HO

OH

O

OHO

O OH

Figure 5. Hydrophilic aromatic compounds with carboxylic groups.
DBA into anthracene-9,10-divinylsulfonate (AVS) through
a Pd-catalyzed Heck reaction based on the use of aqueous
sodium vinylsulfonate followed by hydrogenation catalyzed
by Pd/C catalyst. Interestingly, it was shown that the inter-
mediate AVS could be a suitable 1O2 chemical trap.

The characteristic 1O2 reaction with the anthracene moiety
was the basis for the development of fluorescein-based
fluorescence probe, the 9-[2-(3-carboxy-9,10-dimethyl)-
anthryl]-6-hydroxy-3H-xanthen-3-one (DMAX) described
by Nagano et al. (Fig. 6).22 It exhibits a weak fluorescence
in the native state, but becomes highly fluorescent upon
reaction with 1O2.

A possible disadvantage of these anionic traps is the interac-
tion with cationic photosensitizers, such as methylene blue,
or the interaction with some cations that are important to
OSO3

OSO3

SO3

SO3
O

CH3

CH3

OOH

OH

O

N+(CH3)3

N+(CH3)3

EAS AES DMAX

BPAA

- -
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Figure 6. Hydrophilic aromatic compounds.
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some chemical reactions that generates 1O2. In order to avoid
these problems, it has been reported the synthesis of an
anthracene derivative with a cationic substituent, the bis-
9,10-anthracene-(4-trimethylphenylammonium)dichloride
(BPAA) (Fig. 6), this compound is hydrophilic and has an
overall quenching constant of 2.0�107 M�1 s�1.23

It should be added that the main limitation of anthracenic
compounds is light absorption particularly in photochemical
studies. In this way, it was reported that disodium 1,3-cyclo-
hexadiene-1,4-diethanoate is more appropriate in such situ-
ations.24 It was shown that the measurement of the amount of
1O2 generated in aqueous solution by irradiation above
310 nm is well suited when CHDDE was used as the chem-
ical trap and the quantum yield for photosensitizers in D2O
may be easily determined.25

Naphthalene endoperoxides are generally employed as 1O2

generators. Their stability and solubility follow the same
rules of anthracene ones, however, their decomposition to
the respective naphthalene derivative and 1O2 occurs at room
temperature. A fact of great importance in this field was
the preparation of N,N0-di(2,3-dihydroxypropyl)-1,4-naph-
thalenedipropanamide (DHPN) by Aubry et al.26 The com-
pound has a diol group attached to a propionic arm by an
amide linkage. Its hydrophilic and non-ionic character is
of fundamental importance for suitable utilization in biolog-
ical systems. The corresponding endoperoxide (DHPNO2)
named N-(2,3-dihydroxy-propyl)-3-{8-[2-(2-,3-dihydroxy-
propylcarbamoyl)-ethyl]-9,10-dioxa-tricyclo[6.2.2.0*2,7*]-
dodeca-2,4,6,11-tetraen-1-yl}-propionamide) may be
prepared at low temperature by photosensitization with
methylene blue and, after removal of the sensitizer from
the solution, it is ready to be used. Its decomposition at
37 �C follows first order kinetics and 60% of the oxygen
is released as 1O2.26 We had chosen the naphthalene
derivative DHPN to prepare a 18O-labeled endoperoxide
(DHPN18O2).27 This water-soluble naphthalene endoperoxide
acts as a chemical source for [18O] isotopically labeled sin-
glet oxygen (18[1O2]) and it is particularly interesting to as-
sess the reactivity of 1O2 toward biological targets (Fig. 7).
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Figure 7. DHPN18O2 as a chemical source of 18[1O2].
Oxidation products thus formed will be labeled with, at least,
the incorporation of one 18-oxygen atom. Therefore, the
oxidation products that contain the labeled oxygen can be
detected and quantified using appropriate methods, as HPLC
coupled to mass spectrometry. It was known that 1O2 is able
to oxidize the guanine bases of DNA. However, it was not
possible to distinguish between two possible processes: the
direct reaction of 1O2 within cellular DNA or the oxidative
stress induced by the intracellular production of 1O2. In order
to clarify this issue, the labeled endoperoxide was incubated
with cells; then nuclear DNA was extracted and HPLC–MS/
MS analysis of the labeled product allowed to demonstrate
the formation of 8-oxo-7,8-dihydro-20-deoxyguanosine
(8-oxodGua) in DNA by the direct reaction with 1O2.28

In addition, the labeled endoperoxide DHPN18O2 was
successfully used to study the reaction of 1O2 with 8-
oxodGua inserted into oligodeoxynucleotides29 or as the free
nucleoside in aqueous solution.30 Interestingly, when ana-
lyzing the products in those studies some amount of non-
labeled products were also detected. Using the chemical
trap EAS, we were able to show that an energy transfer
from labeled 1O2 to ground state molecular oxygen occurs
in aqueous solution. The products of the reaction were ana-
lyzed by ESI-MS measurement at the output of a HPLC
column.31

We report in the present work, the synthesis of a new hydro-
philic and non-ionic anthracene derivative containing the
same group found in DHPN, the N,N0-di-(2,3-dihydroxy-
propyl)-9,10-anthracenedipropanamide (DHPA, Fig. 8).
The evaluation of this compound as a chemical trap of 1O2

showed that it could be efficiently used in biological inves-
tigations, since it is soluble in water, has no charge on its
structure, its solubility does not depend on pH, and the prod-
uct is stable at temperatures above 37 �C, and it may be
quantified by appropriate means.

2. Results and discussion

2.1. Synthesis of N,N0-di(2,3-dihydroxypropyl)-
9,10-anthracenedipropanamide (DHPA)

The first step of the DHPA synthesis was the bromination of
DMA resulting in the DBMA (yield of 71%). DBMA struc-
ture was assigned by 1H NMR analysis. In the next step, ma-
lonic synthesis resulted in the derivative tetracid, which was
characterized by its typical fragmentation in the ESI� mass
spectrum. In the same way, the structure of the expected de-
carboxylated product (ADPA) was confirmed by ESI� mass
spectrometry. After esterification, HPLC–MS analysis of
DEADP showed the presence of a molecular ion [M+H]+

at m/z¼379 and the sodium adduct [M+Na]+ at m/z¼396.
In the final step, DEADP amidation resulted in DHPA with
a yield of 41%. DHPA was characterized by its 1H and 13C
NMR features and HPLC–MS analysis in the ESI+ mode.

2.2. Formation of DHPA endoperoxide

After 3 h of photosensitization about 75% of DHPA
(retention time¼15 min, Fig. 9A) was consumed and a new
product was detected (retention time¼13 min, Fig. 9B). The
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UV–vis spectra of these compounds are shown in Fig. 9C
and D. Contrasting with DHPA (Fig. 9C), the UV–vis spec-
trum of 13-min product peak did not show the characteristic
band of anthracene (Fig. 9D).
In order to further evaluate the ability of DHPA to react with
1O2, DHPNO2 was used as a chemical source of 1O2. For
comparison, the reaction with DHPNO2 was also carried
out with EAS, a frequently used 1O2-trap. Spectra in
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Figure 9. HPLC analysis of DHPA irradiation. (A) Chromatogram of DHPA in methanol, (B) chromatogram of DHPA in methanol after 1 h of irradiation, (C)
UV–vis spectrum of the 15-min eluting product peak in chromatogram A, and (D) UV–vis spectrum of the 13-min eluting product peak in chromatogram B.
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the visible region show that the products lose the character-
istic anthracene moiety absorption, suggesting the forma-
tion of respective endoperoxides with a similar reactivity
(Fig. 10).

After the incubation of DHPA with DHPNO2 for 2 h at
37 �C, three product peaks were formed with retention times
of 10, 12 and 13 min in an HPLC elution profile (l¼215 nm,
Fig. 11A). The mass spectra of the compounds reveal that the
observed peaks correspond to DHPN (m/z¼419 [M+H]+,
Fig. 11B), DHPAO2 (m/z¼501 [M+H]+, Fig. 11C) and
DHPA (m/z¼469 [M+H]+, Fig. 11D), respectively. These
results suggest that DHPA effectively traps the 1O2 produced
by thermolysis of DHPNO2, since the product with
m/z¼501 (DHPAO2) corresponds to an increment of one
O2 molecule in DHPA structure (m/z¼469+32).

Further insights into DHPA-trapping ability of 1O2 were
gained upon incubation with 18O-labeled DHPNO2. We
observed the formation of a product with the same retention
time as that of DHPA16O2 (data not shown), that exhibits a
molecular weight and molecular ion at m/z¼505 (Fig. 12).
This new product corresponds to DHPA18O2, since it shows
an increment of 4 units in the m/z of DHPA16O2. A small
amount of non-labeled product was also observed resulting
from energy transfer to residual O2 in solution as previously
demonstrated.31 The results obtained are summarized in
Figure 13.
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3. Conclusion

Recent findings suggest the involvement of 1O2 in biological
processes. However, adequate strategies must be employed
to detect this transient species. The development of traps,
with controllable properties in their structure, e.g., solubility,
reactivity, and specificity, represents important strategies to
detect 1O2. Thus, the reported synthesis of a new hydrophilic
and non-ionic chemical trap may contribute to a better eval-
uation of 1O2 participation in biological processes. We
showed that DHPA reacts with 1O2 generated by photosensi-
tization or by thermolysis of DHPNO2 or DHPN18O2. The
DHPA endoperoxide product was detected by the loss of
the absorbance from the anthracene moiety and by mass
spectrometry confirming the incorporation of two oxygen
atoms on the DHPA structure. The main advantage of this
compound is the absence of charge and its hydrophilicity
that may allow an easier traffic inside the cell.

4. Experimental

4.1. General

Malonic ester, 3-amino-1,2-propanediol, 9,10-dimethyl-
anthracene, sodium bicarbonate, sodium hydroxide, bromine,
and sodium were obtained from Sigma (St. Louis, MO).
Benzene, methanol, isopropanol, carbon tetrachloride,
toluene, ethanol, acetone, n-hexane, hydrochloric acid,
sulfuric acid, chloroform and acetonitrile (HPLC grade) were
acquired from Merck (Rio de Janeiro, Brazil). The water
used in the experiments was treated with the Nanopure
Water System (Barnstead, Dubuque, IA). 1H NMR spectra
were recorded on Bruker DRX 500 series Advance
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Figure 13. 1O2-trapping ability of DHPA.
(Bruker–Biospin, Germany). Mass spectra were determined
on a Quattro II instrument (Micromass, UK) in the positive
or negative ESI mode (cone voltage was set to 25 V).
HPLC analyses were recorded on a Shimadzu LC-10AD/
VP system (Shimadzu, Japan) with a Supelcosil� (Supelco,
PA) LC-18 column (5 mm, 150�4.6 mm) and UV detection
(l¼260 nm). A gradient of water–acetonitrile was used,
starting from 15% acetonitrile, reaching 30% acetonitrile
in 10 min, and 80% in the next 5 min, followed by an iso-
cratic elution for 5 min, ending with a decreasing gradient
back to 15% within 5 min, at a flow rate of 0.6 mL/min.
At the output of the UV detector, the eluent was split and
a small fraction was directed into the MS spectrometer at
a flow rate of 150 mL/min.

4.2. Synthesis of 9,10-dibromomethylanthracene
(DBMA)

The route employed was adapted from previous works that
describe the synthesis of hydrophilic naphthalene deriva-
tives.19,32–34 In the first step, 300 mL of Br2 (5.8 mmol)
was added to 0.5 g (2.43 mmol) of 9,10-dimethylanthracene
(DMA) dissolved in 50 mL of CCl4. The solution was re-
fluxed and irradiated with an Hg lamp (500 W) for 4 h prior
to stand overnight at room temperature. The reaction was
followed by measuring the pH from the fume released and
DBMA formation was checked by thin-layer chromato-
graphy (80% CHCl3 and 20% n-hexane). The solvent was re-
moved by rotatory-evaporation under reduced pressure and
the solid was purified by recrystallization in chloroform
(yield: 0.63 g, 71%). 1H NMR (CDCl3) d 5.52 (4H, s),
7.68 (4H, dd, J¼6.9, 3.3 Hz), 8.36 (4H, dd, J¼6.9, 3.3 Hz).

4.3. Synthesis of 9,10-anthracenedipropionic acid
(ADPA)

To synthesize ADPA, 1.5 g of sodium (0.0625 mol) was
added to 250 mL of ethanol in a dry 1 L flask and then
20 mL of malonic ester (0.132 mol) was introduced. During
the course of the reaction, the system was kept warm
(w50 �C) to prevent precipitation. After that, 350 mL of
dry benzene and 0.55 g (1.51 mmol) of DBMA were added
to the reaction mixture. The system was maintained under
reflux for 4 h. The mixture was neutralized with 200 mL
of 10% HCl aqueous solution. The organic phase was sepa-
rated and the solvents were removed by rotatory-evaporation
under reduced pressure. The saponification was performed
with the residue obtained, by adding 100 mL of 6 M
NaOH, 100 mL of methanol, and 5 mL of CHCl3. The
system was kept under reflux for 3 h. Then, HCl was added
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until pH w1 and the solid was separated by filtration. MS
(ESI�): m/z¼409 [M�H]�, 365 [M�CO2�H]�, 321
[M�2CO2�H]�, and 277 [M�3CO2–H]�. The decarboxyl-
ation was done by keeping the solid at 120 �C for 5 days to
get ADPA. MS (ESI�): m/z¼321 [M�H]� and 277
[M�CO2–H]�.

4.4. Synthesis of diethyl 9,10-anthracenedipropionate
(DEADP)

The ADPA was subsequently used for the synthesis of
DEADP by acid-catalyzed esterification.35 In this way,
150 mg of ADPA (0.47 mmol) was refluxed in 23 mL of
ethanol and 0.1 mL of H2SO4 (95%) during 2 h. Dean–Stark
trap was settled in the presence of 6 mL of toluene and the
reflux was left for 4 h. The organic phase was washed with
5% aqueous NaHCO3, dried, and evaporated to yield DEADP
as a oil. MS (ESI+): m/z¼379 [M+H]+ and 396 [M+Na]+.

4.5. Synthesis of N,N0-di(2,3-dihydroxypropyl)-9,10-
anthracenedipropanamide (DHPA)

The amidation of the diester DEADP with 3-amino-1,2-pro-
panediol was made by stirring, under reflux, a solution of
DEADP (80 mg, 0.21 mmol) and 3-amino-1,2-propanediol
(0.2 g, 2.2 mmol) in 7 mL methanol and 4 mL of isopropa-
nol for 24 h. After evaporation of the solvent, the residue
was triturated with 20 mL of acetone. The colorless precip-
itate was filtered by suction, rinsed with acetone, and recrys-
tallized in methanol (yield: 40.5 mg, 41%). MS (ESI+):
m/z¼491 [M+Na]+. 1H NMR (CD3OD): d 2.66 (4H, t,
J¼8.3 Hz), 3.17 (2H, dd, J¼13.8, 6.8 Hz), 3.31 (2H, dd),
3.38 (2H, dd, J¼11.5, 4.9 Hz), 3.59 (2H, m), 3.95 (4H, t,
J¼8.3 Hz), 7.54 (4H, dd, J¼6.9, 3.3 Hz), 8.41 (4H, dd,
J¼6.9, 3.2 Hz). 13C NMR (CD3OD): d 24.8 (CH2), 38.0
(CH2), 43.2 (CH2), 64.5 (CH2), 71.5 (CH), 125.8 (CH),
126.2 (CH), 130.4 (C), 133.2 (C), 175.4 (C]O). The solu-
bility in water is around 0.8 mM.

4.6. Endoperoxide of N,N0-di(2,3-dihydroxypropyl)-
9,10-anthracenedipropanamide

The chemical trap capacity of DHPA was evaluated by the
reaction with 1O2, generated by photooxidation or by naph-
thalene endoperoxide thermolysis. The photooxidation was
performed in methanol without sensitizer and it was fol-
lowed by the loss of UV–vis absorption in 372 nm and by
HPLC analysis. In order to further confirm the identity of
the product formed, the reaction was performed with
DHPA (0.8 mM) and DHPNO2 (0.5 mM) or 18O-labeled
naphthalene endoperoxide (DHPN18O2, 0.5 mM) under
argon atmosphere at 37 �C for 2 h. The products were
submitted to HPLC separation and ESI+-MS analysis. The
DHPA UV–vis spectrum was followed along the time of
incubation. For comparison, a known chemical trap (EAS,
0.8 mM) was also submitted to the same conditions of
reaction and its spectrum was also recorded.
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Abstract—We suggest that singlet molecular oxygen [1O2 (1Dg)] is formed upon irradiation of indigo 1 [in air or O2-saturated DMSO and
DMSO (0.5% H2SO4)] and indigo carmine 2 [in air or O2-saturated CH3OH, D2O, and 1-butyl-3-methylimidazolium tetrafluoroborate
(BmIm–BF4)]. The quantum yield for production of 1O2 is estimated to be 0.6 for 1 and 0.3–0.5 for 2. The rates of reaction of 1O2 with 1
and 2 were determined by monitoring the emission of 1O2 at 1270 nm over time. Low molar absorptivities (at 532 nm) and rapid physical
quenching caused by 1 and 2 limit their utility as 1O2 photosensitizers in solution. Compounds 1 and 2 degrade slowly during the photolysis
due to a self-sensitized (type I or II) photooxidation reaction. Oxidative cleavage of 1 by singlet oxygen and superoxide, and 2 by superoxide
has been noted before (Kuramoto, N.; Kitao, T. J. Soc. Dyers Color. 1979, 95, 257–261; Kettle, A. J.; Clark, B. M.; Winterbourn, C. C. J. Biol.
Chem. 2004, 279, 18521–18525).
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Indigo (1) possesses a blue color, and has been of scientific
interest given its historic provenance and esthetic hue. In-
digo is a naturally derived dye that comes from a variety
of plant species.1,2 Biosynthetic and laboratory preparations
of 1 have been reported.3–6 Indigo 1 and indigo carmine 2
represent stable dyes and colorants, and are composed of
a central carbon double bond with two imine nitrogens and
two carbonyl groups affixed (Chart 1).7

Both 1 and 2 are quite photostable8 and this led us to raise
the following question: How efficiently might they generate

N
H

H
N

O

O

SO3Na
NaO3S

N
H

H
N

O

O

1 2

Chart 1. Structures of indigo and indigo carmine in their keto forms.
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1O2 by photosensitization? The yield of 1O2 formed by irra-
diation of triplet O2 plus sensitizer varies depending on the
structure of the photosensitizer, the nature of the photosensi-
tizer’s excited state, and on the solvents used. Studies of
indigo dye spectroscopy,8–12 excited state chemistry,13–24

and photofading25,26 date back to the 1950s. The mechanism
of quenching of electronically excited states of thioindigo
dyes (S replacing NH) by triplet molecular oxygen has
been studied.27–35 Wyman and co-workers observed that
dissolved oxygen quenched the photoisomerization of 3
without diminishing the intensity of the fluorescence.36

This suggested that the trans–cis isomerization of 3 may
involve the excited triplet state. The triplet energy of 3 was
determined to be 27–32 kcal/mol,16,17 which is greater
than the 22.5 kcal/mol required to excite O2 from its ground
state to its first excited singlet state. The triplet state energies
of 1 and 2 have not yet been reported.

S

S

O

O

thioindigo, 3

mailto:agreer@brooklyn.cuny.edu
mailto:ruomei.gao@ccaix.jsums.edu


10772 N. Gandra et al. / Tetrahedron 62 (2006) 10771–10776
The photostability of indigo 1 has been attributed by
Kobayashi and Rentzepis to the high internal conversion
from excited singlet state S1 to ground singlet state S0 rather
than trans to cis isomerization.14 The internal conversion
process may be enhanced by excited state intramolecular
proton transfer. However, Elsaesser et al. have concluded
that the internal conversion is related to the vibrations of
the N–H bonds, which are part of the intramolecular hydro-
gen bonds.13

Despite the importance of indigo dyes, little information is
available about whether they may serve as 1O2 sensitizers.36

Recent work by Seixas de Melo and co-workers showed that
the fluorescence efficiency FF is favored by the leuco, but
not keto forms, e.g., FF of indigo is 0.0023 for the keto
form, but 0.348 for the leuco form in DMF.37 The structures
of the keto and leuco forms of indigo are shown below. The
low fluorescence of indigo dyes in their keto form was ex-
plained by the small energy gap between S0 and S1. Accord-
ing to the golden rule for radiationless transitions, a small
value in the S1–S0 energy gap favors a nonradiative decay
pathway by increasing the vibrational overlap (Franck–
Condon integrals) of the wave functions for the nonradiative
modes of these two states.22,23

N

N

O

O H

H

keto form of indigo

N

N

O

O H

H

leuco form of indigo

The formation of 1O2 is predominantly a triplet quenching
process. The 1O2 quantum yields (FD) were determined us-
ing Eq. 1.38 Eq. 1 represents a theoretical understanding of
quantum yields of 1O2 generation.

FD ¼ FTPT;3O2
fT;D ð1Þ

Here FT is the quantum yield of triplet formation for the
photosensitizer, PT;3O2

the proportion of triplet quenched
by ground state oxygen and fT,D the fraction of triplet state
quenched by ground state oxygen that leads to the formation
of 1O2.

There is limited solubility of 1 in DMSO (w0.7 mM) and in
CHCl3, CH2Cl2, CH3CN, and CH3OH (<0.1 mM). How-
ever, because of its pair of sulfonate groups, indigo carmine
2 dissolves in water (w0.02 M) and MeOH (w0.8 M) to a
higher extent. A number of reports discussing photochemis-
try in ionic liquids have appeared in the past several years.39–43

The ability of ionic liquids to retain other ionic compounds
suggested the idea of using a photosensitizer bearing a
charge, thereby making it preferentially soluble in the ionic
liquid. Imidazole-tagged aryl ketones have been developed
that can efficiently sensitize photochemical reactions in
ionic liquids and are isolated simply by extraction of the
ionic liquid solution with an appropriate organic solvent after
use.44 The [2+4] reaction between 1O2 and 1,4-dimethyl-
naphthalene has been investigated in several 1-methyl-3-
butylimidazolium cation (BmIm+) ionic liquids along with
the following counter anions: PF6

�, SbF6
�, and BF4

�.45
Information regarding the quantum efficiency of 1O2 gener-
ation in ionic liquids is unavailable.

We report that absorption of visible light by 1 and 2 in
the presence of O2 leads to the production of 1O2. Singlet
oxygen generation was measured for 1 in DMSO, and 2
in CH3OH, D2O, and BmIm–BF4 using a time-resolved
method. Oxidizing intermediates produced during the reac-
tion led to the decomposition of 1 and 2.

2. Experimental

2.1. General aspects

Indigo 1, indigo carmine 2, isatin 4, rose bengal, methylene
blue, and di-n-butyl sulfide were purchased commercially
and used without further purification. The solvents used
(DMSO, D2O, CH3OH, and BmIm–BF4) were of spectro-
scopic or equivalent grade and were used as received. Light
at 532 nm was obtained from a time-resolved Nd:YAG laser
set-up with pulse width 3–4 ns and maxima energy 50 mJ at
532 nm (Polaris II-20, New Wave Research Merchantek
Products). A liquid N2 cooled germanium photodetector
(Applied Detector Corporation) was used for the determina-
tion of quantum yields and luminescence quenching rates of
1O2. A Rayonet 250 W tungsten lamp equipped with a 1 cm
1.5 M NaNO3 solution cutoff filter was used for steady-state
generation of 1O2. UV–visible spectra were recorded on
a Varian 300 Bio (Cary) spectrophotometer. Mass spectro-
metry data was collected on an Agilent 1100 LC/MSD
instrument using either electrospray ionization or
atmospheric pressure photoionization methods. All experi-
ments were carried out at room temperature and with air
or O2-saturated solutions. Shaking, stirring, and/or sonica-
tion were conducted to dissolve 2 and methylene blue in
BmIm–BF4.

2.2. 1O2 Quantum yield measurements

Absorbances of 1 and 2 ranged from 0.03 to 0.6 at the exci-
tation wavelength 532 nm. The absorbance of 1 and 2, and
rose bengal (known to possess a quantum yield of 1O2 gen-
eration 0.76 in DMSO, methanol, and heavy water)46,47 all
matched to within 80%. The quantum yield values may
change according to the reference used. The initial 1O2 in-
tensity is extrapolated to t¼0. The data points of the initial
3–4 ns are not used due to electronic interference signals
from the detector. The intensity of the pulses at 532 nm
were controlled between 40 and 50 mJ. The quantum yield
for production of 1O2 is calculated according to Eq. 2. Unlike
Eq. 1, Eq. 2 is practical to use along with the time-resolved
method.

FDsample

FDreference

¼ Ssample

Sreference

ð2Þ

Here FDsample and FDreference are the quantum yields for
samples and the reference. Rose bengal was used as a refer-
ence sensitizer. Ssample and Sreference represent the slopes
obtained from the plot of initial intensity of 1O2 via the
absorbance at excitation wavelength 532 nm for the sample
and the reference, respectively.
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2.3. Quenching rate constants of 1O2

The phosphorescence of 1O2 at 1270 nm was measured as
previously described.48 The 1O2 quenching rates were mea-
sured by monitoring the deactivation of 1O2 by 1 and 2.
Stern–Volmer analyses were conducted with rose bengal as
the sensitizer in DMSO, methanol, and D2O.

3. Results and discussion

3.1. Spectral properties of 1 and 2

Normalized UV–visible spectra for 1 and 2 are shown in
Figure 1. The lmax and absorptivity at maxima of 1 and 2
and their 532 nm excitation wavelengths are collected in
Table 1. The absorption of 1 and 2 consists of a band in the
visible region between 500 and 700 nm with a small inflec-
tion or shoulder at shorter wavelengths (Fig. 1). The high
absorptivity indicates that 1 and 2 can be excited upon the
absorption of light in this range.

3.2. Possible 1O2 quantum yields and quenching rates

The quantum yields for 1O2 generation were determined by
time-resolved laser measurements of its near-infrared lumi-
nescence (1270 nm) upon excitation at 532 nm with rose
bengal FD¼0.76 as the reference in DMSO,46 CH3OH,
and D2O (Fig. 2).47 Ideally, the straight lines should go
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Figure 1. Normalized absorption spectra of 1 and 2. (1) DMSO solution of
1. (2) D2O solution of 2. (3) BmIm–BF4 solution of 2. (4) CH3OH solution
of 2.

Table 1. Absorption maxima and extinction coefficients of solutions con-
taining 1, 2, and methylene blue

Sensitizer Solvent lmax, nm 3max,
M�1 cm�1

3532 nm,
M�1 cm�1

1 DMSO 620 2.26�103 3.26�102

2 CH3OH 598 4.76�103 1.59�103

2 D2O 607 7.92�103 2.02�103

2 BmIm–BF4 609 — —
Methylene blue BmIm–BF4 661 — —
through zero in Figure 2, and we attribute the deviation to
systematic errors. Thus, the quantum yields were determined
from the slopes of the plots. Triplet–triplet annihilation ap-
pears to be negligible at absorbances ranging from 0.03 to
0.60 from excitation at 532 nm, as indicated by the 1O2 in-
tensity showing a linear correlation with the absorption of
the complexes. We estimate that the FD for 1 is 0.6, and
for 2 is 0.3–0.6, where these FD’s were obtained in the com-
mon solvents noted above. No reference photosensitizer is
available for ionic liquids. Thus, the relative FD for 2 in
BmIm–BF4 was calculated assuming FD¼1.0 for methylene
blue. Our results show that FD for 2 is about half that of
methylene blue (Table 2).

The total 1O2 quenching rate constants (kT) of 2 with 1O2

were determined in D2O and CH3OH by Stern–Volmer anal-
yses, since a large quenching rate would severely limit their
potential as photosensitizers. The quenching rate constants
range from 5�107 to 3�108 M�1 s�1 for 2 in CH3OH and
D2O. This is similar to other photosensitizers, e.g., rose
bengal (2�107 M�1 s�1 in CH3OH49) and methylene blue
(2.3�108 M�1 s�1 in CH3OH50 and 4�108 M�1 s�1 in
D2O51). The quenching rates of 1O2 by 1 in DMSO and 2
in BmIm–BF4 cannot be observed because of their limited
solubility. The self-decay rate constants (kd, s�1) measured
in the present work are comparable to published values
of 7.1�104 s�1 in DMSO,52 8.9�104 s�1 in CH3OH,53

1.8�104 s�1 in D2O,54 and 6.3�104 s�1 in BmIm–BF4.45

Indigo 1 and indigo carmine 2 exhibit absorption bands in
the range of 500–700 nm, and can be activated to higher
energy levels by absorbing excitation light in this region.
Photosensitization processes have been reviewed in detail
by Wilkinson and Brummer.27 A brief summary is given
below (Eqs. 3–10). AType II mechanism involves the gener-
ation of 1O2 via energy transfer between T1 of a photosensi-
tizer and ground state 3O2 (Eq. 7). A Type I mechanism
involves hydrogen-atom abstraction or electron-transfer
between the excited photosensitizer and a substrate, and
the subsequent generation of oxygen radicals. One example
of the Type I reaction is an electron-transfer from an excited
sensitizer to 3O2, to form superoxide (Eq. 8).
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Figure 2. 1O2 Emission intensity as a function of absorbance in DMSO with
the excitation wavelength of 532 nm.
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Table 2. Summary of 1O2 quantum yields (FD), total quenching rate constants (kT, M�1 s�1) and self-decay rate constants in various solvents (kd, s�1)a

Photosensitizer Solvent FD�S.D. Reference kT, M�1 s�1 kd, s�1

1 DMSO 0.61�0.09 Rose bengal 0.76 — (9.1�2.0)�104

1 DMSO/0.5% H2SO4 0.62�0.05 Rose bengal 0.76 — (6.0�1.0)�104

2 CH3OH 0.53�0.07 Rose bengal 0.76 (5.6�0.1)�107 (8.1�0.5)�104

2 D2O 0.31�0.03 Rose bengal 0.76 (3.2�0.7)�108 (1.9�0.3)�104

2 BmIm–BF4
b 0.53�0.11 Methylene bluec — (6.1�0.9)�104

a All experiments were measured at room temperature in air-saturated solutions with an excitation wavelength of 532 nm.
b There is no reference 1O2 photosensitizer available for BmIm–BF4.
c The 1O2 quantum yield for indigo carmine 2 in BmIm–BF4 was calculated assuming FD¼1.0 for methylene blue.
SenðS0Þ/hn SenðS1Þ ð3Þ

SenðS1Þ�����!Fluorescence SenðS0Þ ð4Þ

SenðS1Þ!IC SenðS0Þ ð5Þ

SenðS1Þ!ISC SenðT1Þ ð6Þ

SenðT1Þ þ 3O2 ������������!Type II; energy transfer SenðS0Þ þ 1O2 ð7Þ

SenðT1Þ þ 3O2 ������������!Type I; electron transfer Sen�þðS0Þ þO��
2 ð8Þ

SenðS0Þ þ 1O2 ����������!physical deactivation SenðS0Þ þ 3O2 ð9Þ

SenðT1Þ�������!phosphorescence SenðS0Þ ð10Þ

The apparent production of 1O2 by the photolysis of 1 and 2
suggests that a triplet energy transfer process takes place.
The proposal of energy transfer from excited 1 or 2 to 3O2

is consistent with measured ET 27–32 kcal/mol for thio-
indigo compounds since the triplet ground and first excited
singlet state of O2 is 22.5 kcal/mol.16,17 Indigo dyes in their
excited triplet states may react with 3O2 and generate 1O2 via
Eq. 7. Alternatively, the redox potential of O2/O2

�� and
O2/HO2

� are �0.60 V and 0.12 V versus NHE in DMF,55

respectively, also suggests that electron-transfer is thermo-
dynamically favored, in particular by increasing the acidity
of the solution. The excited state redox potentials E (Sen+�/*)
for 1 and 2 are unknown. Our results do not appear to support
the Type I mechanism (Eq. 8) due to the fact that constant
and unvarying high quantum yields (FD) for 1O2 generation
are observed in both of DMSO and DMSO/0.5% H2SO4 for
1. The quantum yields for 1O2 generation suggest intersys-
tem crossing and the formation of triplet states of 1 and 2
under these conditions. However, the quantum efficiency
of singlet oxygen can potentially vary with the excitation
wavelength, light intensity, solvent, solute, etc. Our results
support the notion of low fluorescence efficiency and the for-
mation of excited triplet state of 1 and 2 in their keto
form.16,17,37,56

The FD for 1O2 generation from indigo carmine 2 in D2O
(0.31) is lower compared to that in CH3OH (0.53). This
may be explained by a larger acidic dissociation of indigo
carmine in water than methanol. We conclude that the kT
values measured for 1 and 2 are mainly the result of physical
quenching since photooxidation products are only observed
after extended irradiation periods (several hours) under vis-
ible light and oxygen. Physical quenching of 1O2 may be
related to trans–cis isomerization or the presence of the
imide nitrogens. The kT value for 2 is 5.6�107 M�1 s�1 in
CH3OH, and 3.2�108 M�1 s�1 in D2O.

Due to the lack of reference photosensitizers in ionic
liquids, the relative FD values were determined by assuming
FD(methylene blue)¼1.0 in BmIm–BF4, yielding FD(methylene

blue)/FD(indigo carmine 2)¼2:1. In contrast, the FD ratio of meth-
ylene blue to indigo carmine 2 is 1:1 in CH3OH. Further-
more, the FD is 0.5 for methylene blue in CH3OH has
been reported previously.47 The change in relative 1O2 quan-
tum yields may result from a competition reaction for the
triplet state. The enhancement of the lifetimes of triplet state
and radical ions is observed for xanthone in 1-butyl-3-methyl-
imidazolium hexafluorophosphate (BmIm–PF4).43 This
statement is speculative since influence of ionic liquids on
the deactivation of triplet states is not established. Thus, it
is difficult to assess whether the quantum yields for 1O2

generation from rose bengal and indigo carmine 2 are signif-
icantly increased or decreased in different solvents.

3.3. Possible 1O2 sensitization

Singlet oxygen may be formed under the conditions we have
used in our experiments. Figure 3 contains the data of a rep-
resentative 1270 nm signal decay produced by irradiation of
2 in CH3OH. We attribute the 1270 nm signal to 1O2, which
is quenched by addition of NaN3 (0.20 mM) to the solution.
The self-decay rate constants kd measured in various sol-
vents are consistent with the literature values,45,52–54 where
the kd ranges from 104 to 105 s�1, which correspond to 1O2

lifetimes between 10 and 100 ms (vide supra, Section 3.2).
The 1270 nm signal also decreases with a decreasing con-
centration of oxygen in the solution. The generation of 1O2

can be very sensitive to reaction conditions. The amount of
1O2 produced by 1 and 2 is likely influenced by the concen-
trations of the sensitizer and oxygen, temperature, and
irradiation time. Although the quenching rate constant of
1O2 by 2 measured in this paper (5.6�107 M�1 s�1 in meth-
anol) is similar to that of rose bengal (2.0�107 M�1 s�1 in
methanol), higher concentrations of 2 will be required to
obtained the same absorbance at the excitation wavelength
because of a lower absorptivity [compare 3 (2 at 532 nm)¼
1600 M�1 cm�1 with 3 (rose bengal at 532 nm)¼
30,000 M�1 cm�1]. Therefore, low concentration, high
excitation intensity, and long irradiation times should be
employed when using 1 or 2 as 1O2 photosensitizers.
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3.4. Indigo and indigo carmine sensitized
photooxidations

In 1979, Kuramoto and Kitao attributed the photofading of
indigo 1 in solution to a self-sensitized photooxidation in-
volving singlet oxygen.25 We observed a cleavage of 1 into
isatin (4) after 8 h of visible light irradiation in an O2-satu-
rated solution of DMSO-d6, or in an O2-saturated solution
of CDCl3 in the presence of methylene blue. The LC–MS
data is indicative of isatin 4 since we find a molecular ion
peak m/z 148 (M+H)+, and under various ionization condi-
tions find m/z 146 (M�H)�, m/z 165 (M+NH4)+, m/z 180
(M+CH3OH2)+, m/z 183 (M+Cl)� representing the addition
of solvent molecules or ions. Isatin 4 was also identified by
1H NMR spectroscopy and the comparison to a commercial
sample of isatin 4. Singlet oxygen may contribute to the
oxidative degradation of 1 by a reaction with the central
C]C double bond of 1. Alternatively, oxidation of 1 may
take place via a Type I photooxidation pathway, similar to
the reaction of 2 with superoxide reported recently.57 The
mechanism by which active oxygen species initiates a pro-
cess leading to the oxidative cleavage of the double bond
of 1 and 2 will require further investigation. Greater yields
of 4 are observed when a co-sensitizer, such as methylene
blue is present.25

N
H

O

O

isatin, 4

A sulfide trapping experiment was conducted to study the
indigo carmine 2—sensitized photochemical reaction. We
detect dibutyl sulfoxide (51%) by GC–MS in a reaction of
2 (6�10�4 M) with dibutyl sulfide (0.15 M) in O2-saturated
CD3OD after 48 h of visible light irradiation with a Rayonet
lamp. An experiment with rose bengal (6�10�4 M) and
butyl sulfide (0.15 M) in O2-saturated CD3OD led to 88%
conversion to dibutyl sulfoxide after 1 h of visible light

Figure 3. Decay kinetics of 1O2 for 2 (OD¼0.4 at 532 nm; 40 mJ) in
CH3OH. The phosphorescence emission of 1O2 was monitored at
1270 nm. The dots are experimental data, and the solid line is calculated
from a 1st order kinetic fitting.
irradiation. These preliminary results may point to the inter-
mediacy of 1O2, which then oxidizes dibutyl sulfide. How-
ever, we have not explored this reaction in sufficient detail
to confirm whether 1O2 is trapped and responsible for the
oxidation of dibutyl sulfide.

4. Conclusion

Quantum yields for the possible generation of 1O2 by indigo
1 and indigo carmine 2 have been measured, which suggest
that ISC competes with fluorescence and internal conversion
for S1. We believe that 1 and 2 may serve as 1O2 photosen-
sitizers in conventional polar solvents and an ionic liquid.
However, low molar absorptivities and physical quenching
of 1 and 2 limits their utility as 1O2 photosensitizers. High
intensity of excitation light, longer irradiation times, and
low concentrations of 1 or 2 would be needed when attempt-
ing to use them as 1O2 photosensitizers. A better understand-
ing of the photooxidation mechanism of 1 and 2 under the
conditions will require further study.
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