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(57) ABSTRACT 
A method of making an endoperoxide from a diene and oxy 
gen in the presence of a photocatalyst having an excited state 
lifetime of at least 100 nanoseconds, the endoperoxide being 
represented by the formula: 

where 
R1 is an aryl substituted With at least one group selected 

from the group consisting of alkoxy, hydroxyl, halogen, 
carbamate, sulfonamide, silyloxy, amide, and combina 
tions thereof or a substituted or unsubstituted heteroaryl, 
R2 is hydrogen, alkyl, alkynyl, or aryl, R3 is hydrogen, 
alkyl, alkynyl, or aryl, R4 is alkynyl or aryl, R5 is hydro 
gen or a substituent, R6 is hydrogen or a substituent, and 
A1, A2, and A3 are the same or different atoms and form 
a divalent group that combines With the two carbon 
atoms of the endoperoxide ring to form a saturated or 
unsaturated, substituted or unsubstituted ring system of 
a size of from ?ve to six atoms. 

31 Claims, No Drawings 
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ENDOPEROXIDES AND METHODS OF 
PHOTOCATALYTICALLY SYNTHESIZING 

ENDOPEROXIDES 

BACKGROUND 

The invention is directed to forming endoperoxides. 
Ultraviolet light has been proposed and used to synthesize 

a number of molecules. Processes that use ultraviolet light 
often exhibit an uncontrolled reaction and produce low 
yields. 

Endoperoxides have been formed using a variety of organic 
photosensitizers including dicyanoanthracene (DCA) and 
triphenylpyrylium tetra?uoroborate (TPP). 

SUMMARY 

In one aspect, the invention features an endoperoxide rep 
resented by the formula: 

where 

R1 is an aryl substituted with at least one group selected 
from the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combinations 
thereof or a substituted or unsubstituted heteroaryl, 

R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
R4 is alkynyl or aryl, 
R5 is hydrogen or a substituent, 

R6 is hydrogen or a substituent, and 

A1, A2, and A3 are the same or different atoms and form a 
divalent group that combines with the two carbon atoms of the 
endoperoxide ring to form a saturated or unsaturated, substi 
tuted or unsubstituted ring system having a size of from ?ve 
to six atoms. In one embodiment, R1 is 4-methoxyphenyl, 
2-methoxyphenyl, 2,4-dimethoxyphenyl, 3,4-dimethox 
yphenyl, or 3-halo-4-methoxyphenyl. In another embodi 
ment, R4 is phenyl, 2-tri?uoromethyl-phenyl, 4-chloro-phe 
nyl, or acetylene. In some embodiments, R1 is 
4-methoxyphenyl, 2-methoxyphenyl, 2,4-dimethoxyphenyl, 
3,4-dimethoxyphenyl, or 3-halo-4-methoxyphenyl and R4 is 
phenyl, 2-tri?uoromethyl-phenyl, 4-chloro-phenyl, or acety 
lene. 

In another embodiment, R1 is an aromatic ring having a 
para position and an ortho position, and an electron donating 
substituent located at the para position of the aromatic ring, 
the ortho position of the aromatic ring, or a combination 
thereof. 

In another aspect, the invention features a method of mak 
ing an endoperoxide, the method including reacting a ?rst 
compound and molecular oxygen in the presence of photo 
catalyst that has an excited state lifetime of at least 100 
nanoseconds, the ?rst compound including a diene repre 
sented by the formula 
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where R1 is aryl substituted with at least one group selected 
from the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combinations 
thereof, or a substituted or unsubstituted heteroaryl, R2 is 
hydrogen, alkyl, alkynyl, or aryl, R3 is hydrogen, alkyl, alky 
nyl, or aryl, R4 is aryl or alkyne, R5 is hydrogen or a substitu 
ent, R6 is hydrogen or a substituent, andAl , A2, andA3 are the 
same or different, substituted or unsubstituted atoms where 
A1, A2, and A3 combine to form a saturated or unsaturated, 
substituted or unsubstituted chain of from three to four atoms. 
In some embodiments, R4 further includes at least one sub 
stituent selected from the group consisting of alkoxy, halo 
gen, and alkynyl. In other embodiments, Rl includes an aryl 
group that includes at least one substituent selected from the 
group consisting of alkoxy and halogen. In some embodi 
ments, Rl includes an aryl group that includes at least two 
substituents selected from the group consisting of alkoxy and 
halogen. 

In one embodiment, the photocatalyst exhibits an oxidation 
potential of greater than +0.9 volts. In other embodiments, the 
photocatalyst exhibits an oxidation potential of at least +1.3 
volts. In some embodiments, the photocatalyst absorbs light 
having a wavelength of at least about 300 nanometers. 

In another embodiment, R1 is 4-methoxyphenyl, 2-meth 
oxyphenyl, 2,4-dimethoxyphenyl, 3,4-dimethoxyphenyl, or 
3-halo-4-methoxyphenyl. In other embodiments, R4 is phe 
nyl, 2-tri?uoromethyl-phenyl, 4-chloro-phenyl, or acetylene. 
In one embodiment, R1 is 4-methoxyphenyl, 2-methoxyphe 
nyl, 2,4-dimethoxyphenyl, 3,4-dimethoxyphenyl, or 3-halo 
4-methoxyphenyl and R4 is phenyl, 2-tri?uoromethyl-phe 
nyl, 4-chloro-phenyl, or acetylene. 

In other embodiments R1 is an aryl group that includes a six 
carbon aromatic ring having a para position and an ortho 
position, and an electron donating substituent located at least 
one of the para position and the ortho position of the aromatic 
ring. 

In another embodiment, the method further includes 
exposing the photocatalyst to radiation having a wavelength 
at least about 300 nanometers. In some embodiments, the 
photocatalyst includes a metal and the metal is selected from 
the group consisting of ruthenium, iron, osmium, cobalt, 
rhodium, iridium, nickel, palladium, platinum, manganese, 
technetium, rhenium, aluminum, silicon, gold, silver, mer 
cury, titanium, Zinc, copper, chromium, germanium, and 
combinations thereof. In other embodiments, the photocata 
lyst includes a metal and at least one ligand attached to the 
metal, the ligand including at least one of bipyrazyl, bipyri 
dine, bipyrimidine, and cyanide. In other embodiments the 
photocatalyst includes at least one of tris(bipyrazyl)ruthe 
nium (II), tris(bipyridyl)ruthenium (II), and bis(bipyrazyl) 
ruthenium (II) cyanate. 

In one embodiment, the method produces a yield of at least 
65% by weight endoperoxide based on the weight of the diene 
and oxygen. In another embodiment, the method produces a 
yield of at least 70% by weight endoperoxide based on the 
weight of the diene and oxygen. 

In some embodiments, the photocatalyst has an excited 
state lifetime of at least 500 nanoseconds. 

In another aspect, the invention features a method of mak 
ing an endoperoxide, the method including reacting a diene 
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and oxygen in the presence of a metal photocatalyst and 
radiation of a wavelength of at least 300 nm to form an 

endoperoxide. In some embodiments, the photocatalyst has 
an excited state life time of at least 100 nanoseconds. In other 
embodiments, the photocatalyst exhibits an oxidation poten 
tial of at least +1.3 volts. In another embodiment, the method 
produces a yield of at least 65% by weight endoperoxide 
based on the combined weight of the diene and the oxygen. In 
some embodiments, the yield includes at least 70% endoper 
oxide based on the combined weight of the diene and the 
oxygen. In one embodiment, the catalyst includes at least one 
of tris(bipyrazyl)ruthenium (II), tris(bipyridyl)ruthenium 
(II), and bis(bipyrazyl)ruthenium (II) cyanate. In another 
embodiment, the diene is represented by the formula 

R1 R2 R3 R4 

I A2 I RIA 1 / \A3 R5 

where R1 is aryl substituted with at least one group selected 
from the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combinations 
thereof, or a substituted or unsubstituted heteroaryl, R2 is 
hydrogen, alkyl, alkynyl, or aryl, R3 is hydrogen, alkyl, alky 
nyl, or aryl, R4 is aryl or alkyne, R5 is hydrogen or a substitu 
ent, R6 is hydrogen or a sub stituent, andAl , A2, and A3 are the 
same or different, substituted or unsubstituted atoms where 
A1, A2, and A3 combine to form a saturated or unsaturated, 
substituted or unsubstituted chain of from three to four atoms. 

In other aspects, the invention features a composition that 
includes an endoperoxide disclosed herein and a carrier. 

The invention features a method of synthesizing endoper 
oxides using visible light. The method of synthesizing can 
produce good yields of the endoperoxide. 

Other features and advantages will be apparent from the 
following description of the preferred embodiments and from 
the claims. 

GLOSSARY 

In reference to the invention, these terms have the mean 
ings set forth below: 

The term “sub stituent” means an atom or group other than 
hydrogen. 

The term “alkyl” means a straight or branched saturated 
aliphatic hydrocarbon group that has at least 1 carbon atom. 

The term “branched” means that at least one lower alkyl 
group (e.g., methyl, ethyl or propyl) is attached to a linear 
alkyl chain. 

The term “alkoxy” means an alkyl group having an oxygen 
atom attached thereto. 

The terms “aromatic ring” and “aryl” refer an unsaturated 
monocyclic or polycyclic-aromatic radical that includes car 
bon and hydrogen atoms. 

The term “haloalkyl” means an alkyl group in which at 
least one atom is a halogen. 

The term “alkenyl” means to an unsaturated aliphatic 
group analogous to an alkyl, but that contains at least one 
carbon-carbon double bond. 

The term “alkynyl” means to an unsaturated aliphatic 
group analogous to an alkyl, but that contains at least one 
carbon-carbon triple bond. 

In complex structures, carbon chains may be branched, 
bridged, or cross-linked. 
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4 
The term “heteroatom” means an atom that is not hydrogen 

or carbon. 

The term “heteroalkyl group” means straight-chain and 
branched-chain structures analogous to alkyl groups in which 
at least one of the atoms in the chain is a heteroatom. 
The term “heteroalkenyl group” means straight-chain and 

branched-chain structures analogous to alkenyl groups in 
which at least one of the atoms in the chain is a heteroatom. 

The term “heteroalkynyl group” means straight-chain and 
branched-chain structures analogous to alkynyl groups in 
which at least one of the atoms in the chain is a heteroatom. 

The term “Cl -6 heteroalkyl” and “C1 -C6 heteroalkyl” are 
used interchangeably to refer to a moiety that includes from 1 
carbon atoms to 6 carbon atoms and at least one heteroatom. 
The term “heterocyclic” means a closed ring structure 

analogous to carbocyclic groups in which at least one of the 
atoms in the ring is a heteroatom. Heterocyclic groups can be 
saturated or unsaturated closed ring structures. Heterocyclic 
groups can be attached to the core structure via a bond to 
either one of the heteroatoms in the ring of the heterocyclic 
group or one of the carbons in the ring of the heterocyclic 
group. 
The term “heteroaryl” means a heterocyclic group that has 

aromatic character. 
The groups discussed above may be “substituted or unsub 

stituted.” The term “substituted” means that the group 
includes at least one substituent other than hydrogen. 
The terms “substitution” or “substituted with” includes the 

implicit proviso that such substitution is in accordance with 
the permitted valence of the substituted atom and the substitu 
ent, and that the substitution results in a stable compound, 
e.g., which does not spontaneously undergo transformation 
such as by rearrangement, cyclization, or elimination. 
When compounded chemical names, e. g., “alkylaryl” and 

“aryloxy,” are used herein, they are understood to have a 
speci?c connectivity to the core of the chemical structure. The 
group listed farthest to the right (e.g., aryl in “alkylaryl”), is 
the group that is directly connected to the core. Thus, an 
“arylalkyl” group, for example, is an alkyl group substituted 
with an aryl group (e.g., phenylmethyl (i.e., benzyl)) and the 
alkyl group is attached to the core. An “alkylaryl” group is an 
aryl group substituted with an alkyl group (e. g., p-methylphe 
nyl (i.e., p-tolyl)) and the aryl group is attached to the core. 

DETAILED DESCRIPTION 

The method of making an endoperoxide includes reacting 
a diene of formula I and molecular oxygen in the presence of 
a photocatalyst having an excited state lifetime of at least 100 
nanoseconds to form an endoperoxide of formula II. The 
diene of formula I 

R1 R2 R3 R4 

I A2 I RI A1 / \A3 R5 

where 
R1 is aryl substituted with at least one group selected from 

the group consisting of alkoxy, hydroxyl, halogen, carbam 
ate, sulfonamide, silyloxy, amide, and combinations thereof, 
or a substituted or unsubstituted heteroaryl, 
R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
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R4 is aryl or alkyne, 
R5 is hydrogen or a substituent, 
R6 is hydrogen or a substituent, and 
A1, A2, and A3 are the same or different, substituted or 

unsubstituted atoms Where A1, A2, and A3 combine to form a 
saturated or unsaturated, substituted or unsubstituted chain of 
from three to four atoms. 

The endoperoxide of formula II is 

R6 1 R5 
A 

A2 

where 
R1 is an aryl substituted With at least one group selected 

from the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combinations 
thereof or a substituted or unsubstituted heteroaryl, 

R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
R4 is alkynyl or aryl, 
R5 is hydrogen or a substituent, 
R6 is hydrogen or a substituent, and 
A1, A2, and A3 are the same or different atoms and form a 

divalent group that combines With the two carbon atoms of the 
endoperoxide ring to form a saturated or unsaturated, substi 
tuted or unsubstituted ring system of a size of from ?ve to six 
atoms. 

Useful alkyls include branched and straight-chain Cl-C40 
alkyl groups (i.e., an alkyl group that includes from one to 40 
carbon atoms) including, e.g., methyl, ethyl, propyl, n-pro 
pyl, isopropyl, n-butyl, isobutyl, sec-butyl, tert-butyl, pentyl, 
hexyl, heptyl and octyl. The alkyl group optionally is substi 
tuted With at least one substituent. 

Useful alkynyls include, e. g., straight chain and branched 
alkynyls including, e.g., acetylenyl, propynyl, l-butynyl, 
2-butynyl, l-pentynyl, 2-pentynyl, 3-methyl-l-butynyl, 
4-pentynyl, l-hexynyl, 2-hexynyl, 5-hexynyl, l-heptynyl, 
2-heptynyl, 6-heptynyl, l-octynyl, 2-octynyl, 7-octynyl, 
l-nonynyl, 2-nonynyl, 8-nonynyl, l-decynyl, 2-decynyl, and 
9-decynyl. The alkynyl optionally is substituted With at least 
one substituent. 

The aryl groups can be the same or different and include 
aromatic rings formed from at least four carbon atoms includ 
ing, e.g., phenyl, naphthyl, biphenyl, indanyl, phenyl, tolyl, 
anthracenyl, ?uorenyl, indenyl, azulenyl, naphthyl, and 
benzo-fused carbocyclic moieties including, e.g., l,2,3,4-tet 
rahydronaphthyl and 5,6,7,8-tetrahydronaphthyl. The aro 
matic ring optionally is attached to other aromatic hydrocar 
bon rings or non-aromatic hydrocarbon rings. 

The aryl groups of R2, R3 and R4 are each, independently 
of one another, unsubstituted or substituted With any substitu 
ent. Examples of suitable substituents for the R2, R3 and R4 
aryl group include alkyl (e.g., C1 -C6 alkyl), alkenyl (e.g., 
C2-C6 alkenyl), alkynyl (e.g., C2-C6 alkynyl), alkoxy (e.g., 
mono- and di-(Cl -C6) alkoxy (e. g., methoxy, dimethoxy, and 
ethoxy)), halogen (e.g., chlorine, ?uorine, bromine and 
iodine), hydroxyl, cyano, nitro, amino, alkylamino (e. g., 
mono- and di-(Cl-C6)alkylamino), haloalkyl (e.g., C1-C6 
haloalkyl), haloalkoxy (e.g., Cl-C6 haloalkoxy), alkyl sub 
stituted amine (e.g., mono-, di- and tri-(Cl-C6) alkyl substi 
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6 
tuted amine), alkyl substituted silyloxy (e.g., mono-, di- and 
tri-(Cl-C6)alkyl substituted silyloxy), and combinations 
thereof. Examples of particularly useful substituted aryl 
groups include 4-methoxyphenyl, 2-methoxyphenyl, 2,4 
dimethoxy phenyl, 3,4-dimethoxy phenyl, 3-bromo-4 
dimethoxy phenyl, 4-t-butyl diisopropylsilyloxy phenyl, 4-t 
butyl carbamoyl phenyl, 2-tri?uoromethyl phenyl, 4-chloro 
phenyl, and acetyl phenyl. 
The substituted Rl aryls include at least one electron 

donating substituent. The electron donating substituent is 
preferably located on the aryl group at the ortho position, the 
para position, or a combination thereof. Examples of suitable 
electron donating substituents include, e.g., alkoxy, hydroxy, 
halogen, silyloxy, carbamate, amide, sulfonamide, and com 
binations thereof. Useful alkoxy groups include branched and 
straight-chain alkoxy groups including, e.g., methoxy, 
ethoxy, isopropyloxy, propoxy, n-propoxy, butoxy, n-butoxy, 
and pentoxy. The alkoxy group optionally is substituted With 
at least one substituent. 

Examples of useful silyloxy groups include t-butyl diiso 
propylsilyloxy, t-butyl-dimethyl-silyloxy-phenyl, and 2-(t 
butyl-dimethyl-silyloxy)-3-?uoro-phenyl. 

Carbamates are of the formula iNRC(O)iOR, Where R 
is a group such as alkyl or aryl and is substituted or unsubsti 
tuted. Any alkyl group is suitable. Useful carbamates include 
mono- and di-(Cl-C6) alkyl substituted amino carbamates 
including, e.g., methyl carbamate, t-butyl carbamate, benzyl 
carbamate, ?uorenyl carbamate, and allyl carbamate. 

Examples of useful amide groups include acetamido, ben 
zamido, formamido, and phosphonamido. 
The sulfonamides are of the formula iNRS(O)2R, Where 

R is a group such as alkyl or aryl and is substituted or unsub 
stituted. 
Examples of useful Rl substituted aryl groups include 

4-methoxyphenyl, 2-methoxyphenyl, 2,4-dimethoxy phenyl, 
3,4-dimethoxy phenyl, 3-bromo-4-dimethoxy phenyl, 4-t 
butyl diisopropylsilyloxy phenyl, 4-t-butyl carbamoyl phe 
nyl, and acetoxy phenyl. 

The Rl heteroaryls are aromatic rings that include at least 
one heteroatom, useful examples of Which include, e.g., nitro 
gen, oxygen, silicon, sulfur, germanium, arsenic, selenium, 
tellurium, antimony, and phosphorous. Examples of useful 
heteroaryls include furyl, thienyl, pyrrolyl, pyrazolyl, 
oxazolyl, thiazolyl, imidazolyl, 1,2,3-triazolyl, 1,2,4-triaZ 
olyl, pyranyl, pyridyl, pyrimidinyl, l,2,3-thiadiazolyl, 1,2,4 
thiadiazolyl, 1,2,5-thiadiazolyl, l,3,4-thiadiazolyl, indolyl, 
isoindolyl, benzofuryl, benzothienyl, benZimidazolyl, ben 
zoxazolyl, purinyl, quinolinyl, isoquinolinyl, and thiazolidi 
n l. 

yThe ring formed With the divalent group formed from Al, 
A2, and A3 can have a size of from ?ve to seven atoms. 
Suitable atoms include, e.g., carbon, oxygen, nitrogen, sili 
con, sulfur, germanium, arsenic, selenium, tellurium, anti 
mony, and phosphorous. Examples of useful divalent groups 
include e.g., 

/ 

7— R1 
, V, 
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-continued 

_/\ 
V, and 

A 

where 
the R7's are the same or different and are each hydrogen or 

a substituent, 
the indices s are the same or different and are a natural 

number from 0 to 8, and 
the indices t are the same or different and are a natural 

number from 0 to 10. 
The substituents can be any suitable substituent including, 

e.g., alkyl, aryl, halogen, cyano, hydroxyl, nitro, alkoxy, ary 
loxy, alkylacyloxy, arylacyloxy, carboalkyl, carboaryl, car 
boalkoxy, carboaryloxy amino, amino, alkylamino, alkyl 
amino, dialkylamino, arylamino, diarylamino, alkylary 
lamino, acylamino, alkylcarbonylamino, arylcarbonylamino, 
carbamoyl, ureido, amidino, imino, isocyanato, nitro, car 
boxy, aminocarbonyl, alkylcarbonamido, arylcarbonamido), 
alkylthiocarbonyl, alkoxyl, phosphate, phosphonato, phos 
phinato, sulfates, sulfonato, sulfonamido, sulfamoyl, sulfo, 
sulfhydryl, alkylthio, arylthio, thiocarboxylate, alkylammo 
nium, aZido, heterocyclyl, alkylaryl, aromatic, heteroaro 
matic, and tri?uoromethyl each either substituted or unsub 
stituted. 

Speci?c examples of useful endoperoxides according to 
formula (11) include endoperoxides having the structure of 
formula II where i) R1 is 4-methoxyphenyl, R4 is phenyl, R2, 
R3, R5, and R6 are hydrogen, A1 and A3 are methyl and A2 
is oxygen, ii) R1 is 2-methoxyphenyl, R4 is phenyl, R2, R3, 
R5, and R6 are hydrogen, A1 and A3 are methyl, and A2 is 
oxygen, iii) R1 is 2,4-dimethoxyphenyl, R4 is phenyl, R2, R3, 
R5, and R6 hydrogen, A1 and A3 are methyl and A2 is 
oxygen, iv) R1 is 3,4-dimethoxyphenyl, R4 is phenyl, R2, R3, 
R5, and R6 are hydrogen, A1 and A3 are methyl, and A is 
oxygen, V) R1 is 3-Bromine-4-methoxyphenyl, R4 is phenyl, 
R2, R3, R5, and R6 are hydrogen, A1 and A3 are methyl, and 
A2 is oxygen, vi) R1 is 4-t-butyldiisopropylsilyloxyphenyl, 
R2 is phenyl, R2, R3, R5, and R6 are hydrogen, A1 andA3 are 
methyl, and A2 is oxygen, vii) R1 is 4-t-butylcarbamoyl 
phenyl, R4 is phenyl, R2, R3, R5, and R6 are hydrogen, A1 
and A3 are methyl, and A2 is oxygen, viii) R1 is 4-methox 
yphenyl, R4 is 4-methoxyphenyl, R2, R3, R5, and R6 are 
hydrogen, A1 and A3 are carbon, and A2 is oxygen, ix) R1 is 
4-methoxyphenyl, R4 is 2-tri?uoromethylphenyl, R2, R3, 
R5, and R6 are hydrogen, A1 and A3 are methyl, and A2 is 
oxygen, x) R1 is 4-methoxyphenyl, R4 is 4-chlorophenyl, R2, 
R3, R5, and R6 are hydrogen, A1 and A3 are methyl, and A2 
is oxygen, xi) R1 is 4-methoxyphenyl, R2 is acetylphenyl, 
R2, R3, R5, and R6 are hydrogen, A1 and A3 are methyl, and 
A2 is oxygen, xii) R1 is 4-methoxyphenyl, R2 is hydrogen, 
R3 is methyl, R4 is phenyl, R5 and R6 are hydrogen, A1 and 
A3 are methyl, and A2 is oxygen, xiii) R1 is 4-methoxyphe 
nyl, R2 and R3 are hydrogen, R4 is phenyl, R5 is methyl, R6 
is hydrogen, A1 andA3 are methyl, andA2 is oxygen, xiv) R1 
is 4-methoxyphenyl, R2, R3, R5, and R6 are hydrogen, R4 is 
4-methoxyphenyl, A1 and A3 are methyl, and A2 is toluene 
sulfonamide, xv) R1 and R4 are 4-methoxyphenyl, R2, R3, 
R5, and R6 are hydrogen, A1 and A3 are carbon, and A2 is 
methyl diethylester, and xvi) R1 is 4-methoxyphenyl, R4 is 
4-methoxyphenyl, R3, R5, and R6 are hydrogen, and A1, A2 
and A3 are methyl. 
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Photocatalyst 
The photocatalyst exhibits an excited state lifetime of at 

least 100 nanoseconds, at least 200 nanoseconds, or even at 
least 500 nanoseconds and absorbs light having a wavelength 
of at least about 300 nanometers (nm), at least about 325 nm, 
or even at least about 350 nm. The photocatalyst also has an 
oxidation potential of greater than +0.9 volt, at least +1.1 volt, 
at least +1.3 volt, as measured relative to a saturated calomel 
electrode. 

Useful classes of photocatalysts include, e.g., metal pho 
tocatalysts and bulk semiconductor photocatalysts that are 
free of metal. Suitable metal photocatalysts include bulk 
semiconductor photocatalysts that include metal and photo 
catalysts that are in the form of a metal complex that includes 
a metal, at least one ligand, and a counter ion, which can be 
any ion. Useful metals include, e.g., transition metals (e.g., 
ruthenium, iron, osmium, cobalt, rhodium, iridium, nickel, 
palladium, and platinum), manganese, technetium, rhenium, 
aluminum, silicon, gold, silver, mercury, titanium, Zinc, cop 
per, chromium, germanium, and combinations thereof. Any 
suitable ligand can be used including, e.g., 2,2'-bipyridine, 
2,2'-bipyrimidine, 2,2'-bipyraine, and combinations thereof. 
Useful commercially available metal photocatalysts include, 
e.g., tris(bipyrazyl)ruthenium (ll), tris(bipyridyl)ruthenium 
(II), and bis(bipyrazyl)ruthenium (ll) cyanide. 
The catalyst is present in the reaction mixture in an amount 

ofat least 0.1 mole %, at least 0.2 mole %, or even at least 0.4 
mole %, no greater than 10 mole %, no greater than 5 mole %, 
or even no greater than 1 mole % based on the weight of the 
diene. 
Process 

Radiation is used to excite the photocatalyst and initiate the 
reaction between the diene and molecular oxygen. Preferably 
the photocatalyst is excited by radiation having a wavelength 
of at least about 300 nm, at least about 325 nm, or even at least 
about 350 nm. The radiation can be provided by a variety of 
useful light sources including, e.g., sunlight, incandescent 
lamp (e. g., molybdenum ?lament lamp and tungsten ?lament 
lamp), light emitting diode, ?uorescent lamp, halogen lamp, 
black light, neon lamp, argon lamp, xenon lamp, hallow cath 
ode lamp, plasma lamp, mercury vapor lamp, and combina 
tions thereof. 
The reaction preferably is carried out under an atmospheric 

pressure of at least one atmosphere and at a temperature of 
less than 25° C., less than 10° C., from about —10° C. to about 
15° C., or even about 5° C., and in the presence of a molar 
excess of molecular oxygen based on the moles of diene 
starting material. In one useful process, the molecular oxygen 
is present in an amount of 4 atmospheres. 
The diene is preferably dissolved in a solvent prior to 

exposure to the molecular oxygen and radiation. Useful sol 
vents include, e.g., nitro-containing solvents (e. g., 
nitromethane, nitroethane, nitrobenzene, and 2-nitrotoluene), 
nitriles (e.g., acetonitrile, benzonitrile, and orthotolunitrile), 
and combinations thereof. 
The process preferably results in a yield of at least 40%, at 

least 50%, at least 60%, at least 65%, or even at least 70% 
based on the total weight of the weight of the diene and 
oxygen starting materials. 
Use 
The endoperoxides are useful as synthetic intermediates 

and as active agents in pharmaceutical compositions. 
Pharmaceutical Compositions 
The endoperoxide can be formulated as a pharmaceutical 

composition. Typically, a pharmaceutical composition 
includes an endoperoxide and a physiologically acceptable 
carrier. For oral delivery, an endoperoxide can be incorpo 
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rated into a formulation that includes pharmaceutically 
acceptable carriers such as binders (e.g., gelatin, cellulose, 
gum tragacanth), excipients (e.g., starch, lactose), lubricants 
(e.g., magnesium stearate, silicon dioxide), disintegrating 
agents (e. g., alginate, Primogel, and corn starch), sweetening 
or ?avoring agents (e.g., glucose, sucrose, saccharin, methyl 
salicylate, aspartame, and peppermint), or combinations 
thereof. The formulation can be orally delivered in the form of 
enclosed gelatin capsules or compressed tablets. Capsules 
and tablets can be prepared by any conventional technique. 
Capsules and tablets also can be coated with various coatings 
known in the art to modify the ?avors, tastes, colors, and 
shapes of the capsules and tablets. Liquid carriers such as oils 
can be included in capsules. Suitable oral formulations also 
can be in the form of suspension, syrup, chewing gum, wafer, 
elixir, and combinations thereof. If desired, conventional 
agents for modifying ?avors, tastes, colors, and shapes of the 
special forms also can be included. For convenient adminis 
tration by enteral feeding tube in patients unable to swallow, 
an endoperoxide can be dissolved in an acceptable lipophillic 
vegetable oil vehicle (e.g., olive oil, corn oil and saf?ower 
oil). 

For parenteral delivery, an endoperoxide can be formulated 
as a solution or suspension, or in a lyophilized form capable 
of conversion into a solution or suspension form before use. 
In such formulations, diluents or pharmaceutically accept 
able carriers such as sterile water and physiological saline 
buffer can be used. Other conventional solvents, pH buffers, 
stabilizers, anti-bacterial agents, surfactants, antioxidants, or 

20 

25 

10 
able hydrogels, hydrogels made of polyethylene glycols, col 
lagen, or poly(glycolic-co-L-lactic acid) and combinations 
thereof. Useful hydrogels are also disclosed in Phillips et al., 
J. Pharmaceul. Sci. 73:1718-1720 (1984), and incorporated 
herein. 
The invention will now be described by way of the follow 

ing examples. All parts, ratios, percents and amounts stated in 
the examples are by weight unless otherwise speci?ed. 

EXAMPLES 

Test Procedures 

Test procedures used in the examples include the follow 
ing. All ratios and percentages are by weight unless otherwise 
indicated. 
Cytotoxicity Test Method 
Human prostate cancer cells (Dul45s) are treated for 72 

hours with a test compound. The amount of cells living after 
72 hours is quanti?ed using CELLTITER-GLO luminescent 
cell viability assay (Promega Corporation, Madison, Wis.), 
which quantitates the amount of adenosine-5'-triphosphate 
present. The half maximal inhibitory concentration (IC50) is 
determinedusing curve ?tting software, XLFIT 5.01DBS (ID 
Business Solutions LTD., Gilford Surrey, UK), to determine 
the concentration at which 50% cytotoxicity is observed. 

Examples 1-19 

combinations thereof also can be included. Useful diluents 30 Endoperoxides of Formula H 
and pharmaceutically acceptable carners 1nclude, e.g., 
sodium chloride, acetate, citrate or phosphate buffers, glyc 
erin, dextrose, ?xed oils, methyl parabens, polyethylene gly 
col, propylene glycol, sodium bisulfate, benzyl alcohol, H 
ascorbic acid and combinations thereof. Parenteral formula- 35 2 0—0 3 
tions can be stored in any conventional containers including, R R 
e.g., vials and ampules. R1 R4 

For topical administration (e. g., nasal, bucal, mucosal, rec- 6 5 
tal, or vaginal applications), the endoperoxide can be formu- R A1 A3 R 
lated with a variety of carriers including, e.g., lotions, creams, 40 A2 
ointments, gels, powders, pastes, sprays, suspensions, drops 
and aerosols, or encapsulated and then formulated with such _ _ _ 0 
carriers' Thickening agents, humectams, and stabilizing were synthesized by reacting, at an ambient temperature of5 
agents can be included in the formulation. Such agents C" a dlene Of formula I 
include, e. g., polyethylene glycol, sorbitol, xanthan gum, pet- 45 
rolatum, beeswax, or mineral oil, lanolin, squalene, and com- I 
binations thereof. One form of topical administration R1 R2 R3 R4 
includes delivery by a transdermal patch. Methods of prepar 
ing transdermal patches are disclosed, e.g., in Brown, et al., I I 
Annual Review ofMedicine, 39:221-229 (1988), and incor- 50 6 l/A2\ 3 5 
porated herein. R A A R ’ 

The endoperoxide can also be delivered by sustained 
release using any suitable system including, e.g., implanting which had been dissolved in nitromethane, and molecular 
the endoperoxide in any suitable formulation into a subcuta- oxygen under a pressure of 4 atmospheres in the presence of 
neous space, e.g., beneath the anterior abdominal wall, of a 55 tris(bipyrazyl)ruthenium (ll)bis(hexa?uorophosphate) cata 
mammal. A useful class of carriers for sustained release com- lyst and radiation emitted by an illuminated 200 watt tungsten 
pounds includes hydrogels. Hydrogels are typically made by ?lament bulb. The reaction proceeded for the periods set forth 
crosslinking high molecular weight biocompatible polymers under time in Table l . The yield of endoperoxide produced by 
into a network that swells in water to form a gel like material. each synthesis and the ratio of the major diastereomer to other 
Useful hydrogels include, biodegradable hydrogels, biosorb- diastereomers is set forth in Table 1. 

TABLE 1 

Sample R1 R4 R2 R3 R5 R6 Al A2 A3 time yield d.r. 

1 4-MeOC6H4 Ph H H H H CH2 0 CH2 30 min 92% 6:1 

(PMP) 
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TABLE 1-continued 

Sample R1 R4 R2 R3 R5 R6 A1 A2 A3 time yield d.r. 

2 3—MeOC6H4 Ph H H H H CH2 0 CH2 24 h 0% i 
3 2—MeOC6H4 Ph H H H H CH2 0 CH2 24 h 45% 10:1 
4 Ph Ph H H H H CH2 0 CH2 24 h 0% i 

5 2,4—(MeO)2C6H3 Ph H H H H CH2 0 CH2 2 h 58% 4:1 
6 3,4—(MeO)2C6H3 Ph H H H H CH2 0 CH2 1 h 91% 7:1 
7 3—Br—4—MeOC6H3 Ph H H H H CH2 0 CH2 12 h 65% 8:1 
8 4—TIPSO4C6H4 Ph H H H H CH2 0 CH2 2 h 75% 10:1 
9 4—BOCNH4C6H4 Ph H H H H CH2 0 CH2 30 min 96% 6:1 

10 PMP CH3 H H H H CH2 0 CH2 24 h <5% i 
11 PMP PMP H H H H CH2 0 CH2 30 min 75% >1021 
12 PMP 2—CF3C6H4 H H H H CH2 0 CH2 2 h 82% 4:1 
13 PMP 4—ClC6H4 H H H H CH2 0 CH2 2 h 86% 5:1 
14 PMP 4CECiPh H H H H CH2 0 CH2 2 h 82% 2:1 
15 PMP Ph CH3 H H H CH2 0 CH2 2 h 81% >1021 
16 PMP Ph H CH3 H H CH2 0 CH2 6 h 43% 2:1 
17 PMP PMP H H H H CH2 NTS CH2 2 h 73% >1021 
18 PMP PMP H H H H CH2 C(COZEt)2 CH2 2h 92% >1021 
19 PMP PMP H H H H CH2 CH2 CH2 2 h 80% >1021 

4-MeOC6H4 and PMIP are 4-methoxyphenyl 
Ph=phenyl 
H=hydrogen 
O=oxygen 
h=hours 

min=minutes 

3-MeOC6H4 is 3-methoxyphenyl 
2-MeOC6H4 is 2-methoxyphenyl 
2,4-(MeO)2C6H3 is 2,4-dimethoxyphenyl 
3,4-(MeO)2C6H3 is 3,4-dimethoxyphenyl, 
3-Br-4-MeOC6H3 is 3-bromo-4-methoxyphenyl, 
4-TIPSOiC6H4 is t-butyldiisopropylsilyloxy, 
4-BocN'HiC6H4 is t-butylcarbamate, 
CH3 and CH2 are methyl, 

4-ClC6H4 is 4-chlorophenyl, 
iCECiPh is acetylphenyl, 
NT is toluene sulfonamide, and 
C(COZEt)2 is (diethylmethylester)methyl 

35 

The endoperoxides of Examples 1, 3, 5-7, 11-14, 16, 17, 
and 18 were tested according to the Cytotoxicity Test Method 
and determined to have anticancer effects on Du145s human 
prostate cancer cells. 

Comparative 1 

A reaction mixture that included 0.02 moles of a diene of 
formula I in which R1 and R2 are each 4-methoxyphenyl, and 
R2 and R3 are hydrogen and 0.5 mole % 9,10-dicyanoan 
thracene was exposed to radiation emitted by an illuminated 
200 watt tungsten ?lament bulb in the presence of molecular 
oxygen at a pressure of 4 atmospheres. The system was 
allowed to react for thirty minutes at an ambient temperature 
of 50 C. The reaction produced less than 5% by weight endop 
eroxide and less than 5% by weight of a 2+2 cycloadduct of 
formula III 

Hl 
MeO OMe. 

\ / \ 

H H 
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Comparative 2 

A reaction mixture that included 0.02 moles of a diene of 
formula I in which R1 and R4 are 4-methoxyphenyl, and R2 
and R3 are hydrogen, and 0.5 mole % triphenylpyrylium 
tetra?uoroborate was exposed to radiation emitted by an illu 
minated 200 watt tungsten ?lament bulb in the presence of 
molecular oxygen at a pres sure of 4 atmospheres, and allowed 
to react for thirty minutes at an ambient temperature of 5° C. 
The reaction produced 20% by weight endoperoxide and less 
than 5% by weight of the 2+2 cycloadduct of formula III. 

Comparative 3 

A reaction mixture that included 0.02 moles of a diene of 
formula I in which R1 and R4 are 4-methoxyphenyl, R2 is 
hydrogen, and R3 is hydrogen, and 0.5 mole % tris(bipyridyl) 
ruthenium (II) bis(hexa?uorophosphate), was exposed to 
radiation emitted by an illuminated 200 watt tungsten ?la 
ment bulb in the presence of molecular oxygen at a pressure 
of 4 atmospheres, and allowed to react for thirty minutes at an 
ambient temperature of 5° C. The reaction produced less than 
5% by weight endoperoxide and less than 5% by weight of a 
2+2 cycloadduct. 

Comparative 4 

A reaction mixture that included 0.02 moles of a diene of 
formula I in which R1 and R4 are 4-methoxyphenyl, and R2 
and R3 are hydrogen and 0.5 mole % tetraphenylporphyrin, 
was exposed to radiation emitted by an illuminated 200 watt 
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tungsten ?lament bulb in the presence of molecular oxygen at 
a pressure of 4 atmospheres, and allowed to react for thirty 
minutes at an ambient temperature of 5° C. The reaction 
produced less than 5% by weight endoperoxide and less than 
5% by weight of the 2+2 cycloadduct of formula 111. 

Other embodiments are within the claims. 
All patents and other documents referred to herein are 

incorporated herein by reference. 
What is claimed is: 
1. An endoperoxide represented by the formula: 

R6 l R5 
A 

A2 

where 
R1 is an aryl substituted with at least one group selected 

from the group consisting of alkoxy, hydroxyl, halogen, 
carbamate, sulfonamide, silyloxy, amide, and combina 
tions thereof or a substituted or unsubstituted heteroaryl, 

R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
R4 is alkynyl or aryl, 
R5 is hydrogen or a substituent, 
R6 is hydrogen or a substituent, and 
A1, A2, and A3 are the same or different atoms and form a 

divalent group that combines with the two carbon atoms 
of the endoperoxide ring to form a saturated or unsatur 
ated, substituted or unsubstituted ring system of a size of 
from ?ve to six atoms. 

2. The endoperoxide of claim 1, wherein R1 is 4-methox 
yphenyl, 2-methoxyphenyl, 2,4-dimethoxyphenyl, 3,4 
dimethoxyphenyl, or 3-halo-4-methoxyphenyl. 

3. The endoperoxide of claim 1, wherein R4 is phenyl, 
2-tri?uoromethyl-phenyl, 4-chloro-phenyl, or acetylene. 

4. The endoperoxide of claim 2, wherein R4 is phenyl, 
2-tri?uoromethyl-phenyl, 4-chloro-phenyl, or acetylene. 

5. The endoperoxide of claim 1, wherein R1 is an aromatic 
ring having a para position and an ortho position, and an 
electron donating substituent at at least one of the para posi 
tion and the ortho position of the aromatic ring. 

6. A method of making the endoperoxide of claim 1, the 
method comprising: 

reacting a ?rst compound and molecular oxygen in the 
presence of a photocatalyst having an excited state life 
time of at least 100 nanoseconds to form an endoperox 
ide, 

the ?rst compound comprising a diene represented by the 
formula 

I A2 I I 1/ \A3 
where 

A 

R1 is aryl substituted with at least one group selected from 
the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combina 
tions thereof, or a substituted or unsubstituted het 
eroaryl, 

R R5 
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14 
R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
R4 is aryl or alkyne, 
R5 is hydrogen or a substituent, 
R6 is hydrogen or a substituent, and 
A1, A2, and A3 are the same or different, substituted or 

unsubstituted atoms where A1, A2, and A3 combine to 
form a saturated or unsaturated, substituted or unsubsti 
tuted chain of from three to four atoms. 

7. The method of claim 6, wherein R4 further comprises at 
least one substituent selected from the group consisting of 
alkoxy, halogen, and alkynyl. 

8. The method of claim 6, wherein R1 comprises an aryl 
group comprising at least one substituent selected from the 
group consisting of alkoxy and halogen. 

9. The method of claim 6, wherein R1 comprises an aryl 
group comprising at least two substituents selected from the 
group consisting of alkoxy and halogen. 

10. The method of claim 6, wherein the photocatalyst 
exhibits an oxidation potential of greater than +0.9 volts. 

11. The method of claim 6, wherein the photocatalyst 
exhibits an oxidation potential of at least +1.3 volts. 

12. The method of claim 6, wherein the photocatalyst 
absorbs light having a wavelength of at least about 300 
nanometers. 

13. The method of claim 6, wherein R1 is 4-methoxyphe 
nyl, 2-methoxyphenyl, 2,4-dimethoxyphenyl, 3,4-dimethox 
yphenyl, or 3-halo-4-methoxyphenyl. 

14. The method of claim 6, wherein R4 is phenyl, 2-tri?uo 
romethyl-phenyl, 4-chloro-phenyl, or acetylene. 

15. The method of claim 12, wherein R4 is phenyl, 2-trif 
luoromethyl-phenyl, 4-chloro-phenyl, or acetylene. 

16. The method of claim 6, wherein R1 is an aryl group 
comprising a six carbon aromatic ring having a para position 
and an ortho position, and an electron donating substituent 
located at least one of the para position and the ortho position 
of the aromatic ring. 

17. The method of claim 6 further comprising exposing the 
photocatalyst to radiation having a wavelength at least about 
300 nanometers. 

18. The method of claim 6, wherein the photocatalyst com 
prises a metal selected from the group consisting of ruthe 
nium, iron, osmium, cobalt, rhodium, iridium, nickel, palla 
dium, platinum, manganese, technetium, rhenium, 
aluminum, silicon, gold, silver, mercury, titanium, Zinc, cop 
per, chromium, germanium, and combinations thereof. 

19. The method of claim 6, wherein the photocatalyst com 
prises a metal and at least one ligand attached to the metal, the 
ligand comprising at least one of bipyrazyl, bipyridine, bipy 
rimidine, and cyanide. 

20. The method of claim 6, wherein the photocatalyst com 
prises at least one of tris(bipyrazyl)ruthenium (ll), tris(bipy 
ridyl)ruthenium (H), and bis(bipyrazyl)ruthenium (ll) cyan 
ate. 

21. The method of claim 6, wherein the method produces a 
yield of at least 65% by weight endoperoxide based on the 
weight of the diene and oxygen. 

22. The method of claim 6, wherein the method produces a 
yield of at least 70% by weight endoperoxide based on the 
weight of the diene and oxygen. 

23. The method of claim 6, wherein the photocatalyst has 
an excited state lifetime of at least 500 nanoseconds. 

24. A method of making the endoperoxide of claim 1, the 
method comprising: 

reacting a diene and molecular oxygen in the presence of a 
metal photocatalyst and radiation having a wavelength 
of at least 300 nm. 
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25. The method of claim 24, wherein the photocatalyst has 
an excited state life time of at least 100 nanoseconds. 

26. The method of claim 24, wherein the photocatalyst 
exhibits an oxidation potential of at least +1.3 volts. 

27. The method of claim 24, wherein the method produces 
a yield of at least 65% by weight endoperoxide based on the 
combined weight of the diene and the oxygen. 

28. The method of claim 24, wherein the yield comprises at 
least 70% endoperoxide based on the combined weight of the 
diene and the oxygen. 

29. The method of claim 24, wherein the catalyst comprises 
at least one of tris(bipyrazyl)ruthenium (ll), tris(bipyridyl) 
ruthenium (H), and bis(bipyrazyl)ruthenium (ll) cyanate. 

30. The method of claim 24, wherein the diene is repre 
sented by the formula 

R1 R2 R3 R4 

I A2 I RIA 1 / \A3 R5 

10 

20 

16 
where 

R1 is aryl substituted with at least one group selected from 
the group consisting of alkoxy, hydroxyl, halogen, car 
bamate, sulfonamide, silyloxy, amide, and combina 
tions thereof, or a substituted or unsubstituted het 
eroaryl, 

R2 is hydrogen, alkyl, alkynyl, or aryl, 
R3 is hydrogen, alkyl, alkynyl, or aryl, 
R4 is aryl or alkyne, 

R5 is hydrogen or a substituent, 

R6 is hydrogen or a substituent, and 

A1, A2, and A3 are the same or different, substituted or 
unsubstituted atoms where A1, A2, and A3 combine to 
form a saturated or unsaturated, substituted or unsubsti 
tuted chain of from three to four atoms. 

31. A composition comprising: 
the endoperoxide of claim 1; and 

a carrier. 


