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Activation of superoxide: Application of
peroxysulphur intermediates to organic synthesis
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Abstract : For the activation of superoxide anion radical (O,™), O, was reacted with
arenesufonyl or arencsulfinyi-chlorides at -20 - 30 °C to generatc the corresponding new
arenesulfonylperoxy- or arenesulfinylperoxy radical intermediates. These peroxysulfur
intermediates show excellent oxidizing abilities for the regioselective epoxidations of olefins,
oxidative desulfurizations of thiocarbonyls to carbonyls, cleavages of C=N to C=0 and
conversion of the benzylic methylene groups to ketones under mild conditions at
ca. -20 °C. The formation of these peroxy intermediates have been also confirmed by
the spin trapping studies by ESR.

INTRODUCTION

Intensive investigation of the biochemistry and chemistry of superoxide anion radical has been reported
since the discovery of superoxndc dismutase.! Several reviews on organic reactions involving the
superoxnde has appeared.? Recently, the accumulation of information of the physical and chemical
properties of superoxide has promoted the study of organic chemistry using superoxide. It has been
amply demonstrated that O, displays four basic modes of action including deprotonation as a base,
H-atom abstraction as a radical, nucleophilic attack as an anion, and an electron transfer reagent.
However, the oxidizing ability of O, is limited, probably due to its relatively weak reactivity and
poor solubility in aprotic organic solvents. Su J)eroxide has been known to act as a moderated reducing
agent but a pitifully weak ox1dlzmg agent.”> Thus numerous reports dealing with the activation of
superoxide through reactions of various organic substrates with superoxide have appeared within only
one decade.

It has been reported that peroxysulfur intermediates such as peroxysulfenate, peroxysulfinate, and
peroxysulfonate which are formed from the reaction of organic sulfur compounds with superoxide anion
have the ability to oxidize sulfoxides, phosphines, and olefins to the corresponding sulfones, phosphine
oxides, and ecpoxides, respecnvcly 46
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The peroxy intermediate (C13COO) was reported to induce the formation of the active species which
causes the biological tox1cnty Treatment of diarylthioureas with O, resulted in the formation of
triarylguanidines or ureas in good yields. This reaction appears to involve a peroxysulfenate
intermediate.8

Most of these peroxy intermediates have been studied in connection to the reactivity of superoxide
or the biological toxicity but are not sufficiently strong oxidizing agents for use in organic synthesis,
probably due to their instability. Thus, it has been attempted to find a more stable peroxy intcrmediate.
The synthetic approach using peroxy intermediates gencrated from superoxide and some activators was
recently achieved in our laboratory. The formation and characterization of peroxysulfur intermediates
are reviewed. Various useful organic synthesis using peroxysulfur intermediates formed by activating
superoxide are introduced with a special emphasis on the reaction mechanism and character of peroxy
intermediates.

Epoxidation of olefins, oxidation of arenes to arene oxides, oxidation of sulfides to sulfoxides, and
oxidation of sulfoxides to sulfones occurred smoothly under mild conditions. Oxidative desulfurization
of thioamides and thioureas, oxidative cleavage of C=N to C=0, and oxidation of active methylene
group (-CH,-) to ketones ( C=0) could be smoothyl carried out.
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OXIDATION OF THIOUREAS

Treatment of 1,3-disubstituted thioureas with O, at 20 °C in DMSO resulted in formation of 1,3-
disubstituted ureas in good yields as shown in Table 1. The desulfurization scems to proceed by
the formation of a peroxysulfenate (Scheme 1).°

TABLE 1. Conversion of thioureas(R'RZN(C=S)NR3R*) to urcas by O, in DMSO.*?

Substrate Rcaction
Run R! R? R3 R* time/h Yield/%* Recovery
1 4-O,N-Ph- H 4-O,N-Ph- H 3 94 -
2 4-O,N-Ph- H Ph- H 8 93 -
3 4-O,N-Ph- H 4-McO-Ph- H 10 86 -
4 Ph- H Ph- H 8 85 -
5 4-CI-Ph- H 4-ClI-Ph- H 16 55 40
6 2-Me-Ph- H 2-Me-Ph- H 24 72 10
7 4-Me-Ph- H 4-Me-Ph- H 24 80 -
8 4-MeO-Ph- H 4-MeO-Ph- H 30 50 44
9 Cyclohexyl- H Cyclohexyl- H 36 9sb -
10 Et- Ph- Ph- H 72 35 60
11 Et- Ph- Ph- H 72 0 100
12 Ph- Ph- Ph- H 72 0 100

a. Molar ratio; substrate : KO,=1 : 4. b. K,50, was isolated in yields of 55-80%.
c. Isolated yield. d. 1,3-Dicyclohexylthiourea : KO, : 18-crown-6-cther = 1 : 4 : 0.4.

Scheme 1 S SlH OUOz- ?
n —
RNH-C-NHR RNH-C=NR RNH-C=NR
0 OF s- _ 500 50,0
N RNH-(':=NR 92" RNH-C=NR |or RNH-C=NR
022' n=2,3
00" 0

1 n -
RNH-C=NR + $§0,0% RNH-C-NHR + SO

As described in the above reaction of thioureas with superoxide, this reaction probably involves the
formation of unstable peroxysulfenate. If an activated oxygen atom of a superoxide anion and such
a peroxysulfur intermediate are involved in alkaline autoxidation, the latter may be expected to be
a useful intermediate in desulfurization owing to its lability under the strongly alkaline conditions.
Thus, key steps would appear to involve the formation of peroxysulfenate intermediate by coupling
of the thioyl radical and O, which may occur in alkaline conditions'®!! as shown below.

Oy

RNH-C(=S)NHR === RNH-C(SH)=NR RNH-C(S)=NR

O RNH-C(S00)=NR —H99 . RNH-C(OOH)=NR

RNH-C(=0)NHR
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OXIDATION OF SULFIDES

In the oxidation of sulfides to sulfoxides, it is important to avoid the further oxidation of the sulfoxides
to sulfones. Various sulfides are readily oxidized to the corresponding sulfoxides in excellent yields
under the mild condition by 2-nitrobenzenesulfinyl peroxy intermediate which is generated in situ b
the treatment of 2-nitrobenzenesulfinyl chloride and potassium superoxide at -25 °C in acctonitrile.!
Only traceable amount of the sulfones were obtained or observed by H NMR spectroscopy. The

results obtained are shown in Table 2.
Q—S -00 "—“ Q—S -00-

S

NO, NO, NO,

TABLE 2. Oxidation of sulfides to the sulfoxides?®
0] O

R{-S-R I
-Cl 1"9-Ry _a_ _
+ KOZ CH3CN. 25 °C Rl S R2 + Rl S RZ
NO, 0
+ Q—so,.- ¢ Ka
NO,
n:23
Reaction Yield(%)®
Run R, R, time(h) -SO- -SO,- -S-
1 4-Me-Ph Me 5 97 trace
2 4-Me-Ph Benzyl 4 95 "
3 4-Me-Ph Et 4 96 "
4 Ph Me 4 92 "
5 4-Br-Ph Me 5 95 "
6 4-Cl-Ph Me 5 91 "
7 4-Cl-Ph Et 4 94 "
8 4-Cl-Ph Benzyl 7 94 "
9 Benzyl Benzyl 5 97 3¢
10 a-Naphthyl Me 7 98 2¢
11 4-NO,-Ph Me 8 62 12 24¢

a: Molar ratio ; sulfide : ArSO, : ? =05:1:3
b: Isolated yields. c: Determined by H NMR.

The sulfinylperoxy intcrmediate seems to be stabilized by a neighboring group effect of the nitro
group as shown below.

U

o A o A

4-Tolysulfinyl peroxy intermediate generated from 4-tolysulfinyl chloride and O, meanwhile gave much
poorer yields of the sulfoxides than these obtained using A (or A’) or 4-nitrobenzenesulfinyl peroxy
intermediate. Thus, the nitro group in 2-position of A (or A’) appears to play an important role
in accelerating the substitution of chlorine with superoxide and also in stabilizing the intermediate
A (or A’) by a ncighboring group effect.

Various sulfonyl chlorides have been found to react with O, to generatc sulfonyl peroxy compounds,
which have been neither isolated nor confirmed. Although stable sulfonyl peroxy intermediates have
been neither isolated nor confirmed successfully, nitrobenzenesulfonyl peroxy intermediates have been
found to be quite stable at low temperatures. Both 2-nitro and 4-nitrobenzenesulfonyl chlorides readily
react with O, in acctonitrile under mild conditions to form 2-nitro and 4-nitrobenzenesulfonyl peroxy
intermediates. However, 2-nitrobenzenesulfonyl peroxy intermediate (Ir or la) has been shown to give
better yields in the oxidation of olefins than 4-nitrobenzencsulfonyl peroxy intermediate. A neighboring
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group effect of NO, at the 2-position appears to play an important role in stabilizing the peroxy

intermediate (Ir or la).
Qs o0 <= Qs oo

9
Q—ﬁ—q + O

NOC 1 No o 1 NOP
s Q—so,- +  [so]
NO,

Here, the question of whether the active intermediate involves a radical Ir or anion species la which
can be formed by one electron transfer from O, to Ir arises. Judgmg from the recent results obtained
from 'the various chemical reactlons, an electrophilic radical species slr) of sulfonyl peroxy intermediate
is believed to be involved in the oxidation of various substrates.[#16 2. -Nitrobenzenesulfonyl gc

radical (la) has been trapped by the spin trapping studies using 5,5-dimethyl-1-oxide (DMPO).13 The
sulfonyl peroxy intermediate (Ir or la) seems to be stabilized by a neighboring group effect of the

nitro group.

EPOXIDATION OF OLEFINS

Various olefins containing mono- and multidouble bonds in a molecule were readily oxidized to their
epoxides in high regioselectivity and in excellent yiclds with 2-nitrobenzenesulfonyl peroxy intermediate
(1) generated in situ from 2-nitrobenzenesulfonyl chloride and superoxide at -35 °C in

acetonitrile.
? =< o SOn
Q—SOZCH Ko, —= @-ﬁ—OO' >L>< + 3
-35°C

NO, 1 NoP NO,

Epoxidation of olefins containing an o,B-unsaturated kctonc moicty such as 4-(2,6,6-trimethyl-2-
cyclohexen-1-yl)-3-buten-2-one  (a-ionone) and 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-buten-2-one  (B-
ionone) affords their corresponding epoxides in excellent yiclds. (Table 3)

TABLE 3. Epoxidation of olcfins by 2-nitrobenzenesulfonyl peroxy intermediate at ca. -30 °C2.
Substrate Time( h) Product Yield( % )°

)
4.5 @A 92

Ph

0
>= 5.0 o 82
gb 5.0 §b 78
CH=CH- Me 3.0 CH=CH-C-Me 85

o)

H—CH -Me 2.5 Oﬁb/CH:cx-I-&-Me 84
o)

Oi 12 0.0 95°
0.7 : 1.0 : 3.0.

a) Molar ratio ; olefin : ArSO,Cl : KO,
b) Molar ratio ; olefin : ArSO,Cl : KO, = 1.0 : 2.0 : 8.0. c) Isolated yields.
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Highly strained acenaphthylenc was smoothly epoxidized in quantitative yiclds at -30 °C in acetonitrile.
17" Acenaphthylene oxide is known to be unstable under acidic conditions, but morc stable under
basic., condmons 18 Thus, acenaphthylene oxide could be isolated in higher yiclds than those obtained
form " the known methods,® perhaps due to the stability of the product under basic conditions.
The sulfonyl peroxy intermediate is likely to be of the character of a radical, rather than an anion,
as in the case of the acyl peroxy radical (ArC(O)OO') and phenyl nitroso oxide radical
(PhNOO'),? judging form the fact that oxidation of cis-stilbene by 1 gave both trans (70%) and
cis-oxides (30%) under the same conditions. If the peroxy intermediate (1) is anionic, stereospecific
epoxidation of cis-stilbene to cis-epoxide may occur.

Ph_Ph N 1 PhOPh+ Ph_ O_ Ph
cis trans 70% cis 30%

Polyaromatic compounds such as phenanthrene and pyrene, which are inert to supcrox1de itself, were
readily oxidized to the corresponding K-region arenc oxides by trecation with 1 4 Anthracenec was
oxidized to anthraquinone under the same conditions. Sincc O, is known to be a quite strong basc,
if the peroxy intermediate is an anion (la), cpoxidation of doublc bonds attached to kctone can
be expected. However, no epoxidation of the doublc bond in the o,B-unsaturated kctonc moicty took
place. These results suggest that peroxy intermediate 1 is clectrophilic rather than nucleophilic.

OXIDATION OF HYDRAZONES

Various alkyl-aryl and dialkyl tosylhydrazones react readily with 1 to give the corresponding carbonyl
compounds in mostly quantitative yields at -30 °C under mild conditions. In the absence of 2-
nitrobenzenesulfonyl chloride, tosylhydrazones were rccovercd quantitatively under the same conditions:
superoxide is inert to tosylhydrazones. The regeneration of carbonyl groups from tosylhydrazones seems
to be initiated via the oxidation of the imino double bond of the tosylhydrazones with 1 to oxaziridine
derivatives.

TABLE 4. Oxidation of Tosylhydrazones to Ketones.?

' C=N-NHT 1 “Sc-0
Ry” 05 TMean, 30 °¢ R
R, R, Reaction. Time(h) Yield(%)®
 p-Cl-Ph Me 5.3 90
2-NO,-Ph H 5.0 92
(Ph),CH Me 9.0 97
Ph Me 8.0 93
Et Me 6.0 98
Me Me 7.0 93
m-MeO-Ph H 75 83

a) Molar ratio; substrate : ArSO,Cl : KO, = 1:2 :6. b) Isolated yields.

OXIDATION OF METHYLENE GROUPS TO KETONES

The oxidation of the active methylene group is important in the in vivo metabolic process catalyzed
by oxygenase?® as well as in the organic synthesis. Active methylene groups of lipids are known to
be metabolized in vivo to the hydroxy or carbonyl group with no cvidence of any conversion by
activated species of oxygen such as superoxide.”> Various substrates contammg the benzylic methylene
group were readlly reacted with 1 at -35 °C under mild conditions to give the corresponding carbonyl
compounds in excellent yields (82-98%).16

0]
CH;CN, -35°C "

ArCHR + 1 Ar-C-R

Oxidation of ethylbenzene to acetophenone by electrogenerated superoxide?® and oxidation of substrates
containing more labile hydrogen to ketones using potassium superoxide at room temperature?’ arc
reported. However, substrates containing the benzylic methylene group were not oxidized by potassium
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superoxide in the absence of 2-nirobenzenesulfonyl chloride under the same conditions; starting materials
were recovered quantitatively. A plausible reaction mechanism can be postulated as shown below.

.o oo Q
@—CHZR + l-—-—@—cm{ O @—CHR —_— C-R

One of the hydrogen atoms of the benzylic methylene group is abstracted by 1. The resulting benzylic
radical may couple with molecular oxygen or O, to form a pecroxy radical and then convert to thc
corresponding carbonyl group.

SPIN TRAPPING OF PEROXYSULFUR INTERMEDIATES

The epoxidation of olefins and oxidation of benzylic methylene compounds to ketones described above
demonstrate that the sulfonyl peroxy intermediate 1 may be of a radical species. In order to identify
the reactive intermediates responsible for the oxidations, spin trapping studies by ESR have been carried
out. The spin trapping method has been proved to be of great use for the eclucidation of reaction
mechanisms involving radical species.%° 5,5-Dimethyl-1-pyrroline-1-oxide (DMPO) was used as a
trapping agent. The major specics observed at ca. 5 min after the completion of the reaction shows
the ESR spectrum which has hyperfine coupling constants, ay=12.8 G and ay=10.1 G.13 Since
these values are very different from those reported for DMPO spin adducts of O, (ay=14.2 G
and ay=12.0 G), HO,, and ‘OH, DMPO could be concluded to efficiently trap the radical produced
by the reaction of O, and 2-nitrobenzencsulfonyl chloride. Taking account of the results described
in this section of the studies on quenching of the peroxy radicals with 2-methyl-2-butenyl phenyl
sulfide and triphenylphosphine,!® it was concluded that sulfonyl peroxy radical (Ir) derived from the
reaction between O, and 2-nitrobenzenesulfonyl chloride is one of the most reactive intermediates

responsible for the oxidation of organic molecules.
QSOz—Oz‘ + CI

Q—SOTCI + 0y
NO,
Me H

Q-soz-oz- + DMPO Me” "N oz-soz-Q
|
NO, o NO/
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