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Autoxidation of indole derivatives provides 3-hydroperoxyindolenines
as the initial product which collapse to a variety of products depending
upon the structures and reaction conditions. The oxidafion is discussed
under the following headings.
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| Introduction

It has long been known that simple indole derivatives are sensitive to afmospheric
oxygen especially in the presence of light. Baudisch and Hoschek] found in 1916 that
oxygen had been consumed when & suspension of 2-methylindale in water saturated with
oxygen was exposed fo sunlight for several months in a ¢losed vessel. From the reaction
mixture they isolated N-acetylonthranilic acid and some yellow crystals fo which they

assigned structure 1. Oddo also found thot 2-methylindole could be converted by air

O &

H

oxidation into a yellow compound C]BH] 6N20 and assigned the some structure, 1, He
further described that skatole and indole itself were also oxidized, but less easily, under
similar conditions, though the structures of oxidation products were not déscribedz.

The structure 1 was first doubted by Toffoli3 who claimed the structure(1) could not
explain the yellow color of the compound. Later Wifkop4 revised the structure of the
vellow compound to 2 utilizing UV and IR spectra, and the raction path for formation of

2 was proposed as follows.
02 O 2-methyls @;:/O
o N M indole N:’[p@

The same compound(2) was obtained by the oxidation of 2-methylindole with a variety of

oxidahts such as H2025 and dye-sensitized phofooxygenuﬁoné. In this review we have

summarized the results of oxidation of indoles with triplet oxygen which have appeared

since 1950,
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[ Autoxidation of Tetrahydrocarbazoles
Beer and coworkers reported the autoxidation of tetrahydrocarbozoles(3) to 4 during

purification, and succeeded in the isolation of the hydroperoxide(il)? The hydroperoxide

OOH
_air Rm a: R
1©:;IO light pet. R b: R
4 c:R

(4a)liberates iodine on freatment with acidified aquecus potassium iodide and reverts to

H
MeQ
=0 CI-EO-

3a on cotalytic hydrogenation with Pd-C. The hydroperoxide decomposed vigerously with
a blue fash at the melting point, the first indication of the chemiluminescence of indole
derivatives. As the autoxidation of 3 was inhibited by N-methylation or N-acetylation,

the reaction was assumed to proceed as follows.
00~
. o 3a
2 —4a
3a — N <> -

Independently Witkop8 also obtained the same hydroperoxide(da) by catalytic oxidation
of 3a with Pt. Both groups explained the reactivity of the hydroperoxide(4a) as shown

in Charf 1. And these are the typical reactions of the 3-hydroperoxyindolenine.
Recently McCapra has pointed out that if the peroxide is prepared by keeping a solution
of 3a at room temperature for 24 hr, the compound first isolated has the structure 10 (the
stereochemistry is nof known), and it decomposed to 4a and 5 on boiling in ethyl acetate.
Thus attempted recrystallization above room temperature gives 4a as the least soluble

component.
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After disclosing the facile autoxidation of tetrahydrocarbazole, the Beer \graup-lo verified

that the by-products obtained in the indolyzation of the o-bromophenylhydrazone of eyclo-
hexanone by Bams” were the autoxidation products (4, 6, and 8) of the expected 8-bromo- -
tetrahydrocorbazole, Beer's grou;r:o.l2 also investigated the effect of the substituent on the
autoxidation of tetrahydrocarbazoles. Electron-donating groups such as é-methoxy accelerate
the autoxidation in benzene solution, while electron~attracting groups such as é- and 8-

nitro refard the autoxidation. Relative rates for the autoxidation of methoxycarbonyf
derivatives are shown to be in the following arder. 6-MeQ »unsubstituted >5-C02Me, b~
COzMe>7-CQ2Me>>8-C02Me. However the autoxidation of &-benzyloxy or 6-hydroxy-

tetrahydrocarbazole was inhibited due to the chain breaking action of the substituent in the
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radical chain reaction, Furthermore oque;)us solutions of carboxytetrahydrocarbazeles
were oxidized in the presence of sodium hydroxide. [n aqueous alkaline media 5-, 6-
and 7-carboxytefrahydrocarbazoles gave the indoxylic compounds{?}, or 4-quinolone
compounds (8), while the 8-carboxy derivative was found to be stable under

these conditions. Relative rate 5-C02H>6- and 7—CO2H>>8—C02H.

Beer's group also investigated the autoxidation of cyclopentano- {i1a) and cyclohept-
anoindole(11b) under similar conditions to those used for tetrahydrocarbazoele. However,
they could not isolate ’rhé corresponding hydroperoxide, but obtained an amer phous
powder which gave a weak KI—’resf7. On the other hand Witkop's group]S clearly demon-
strated that the catalytic oxidation of 11 gave different product dependand upon their ring
size. They obtained 12 from Tla, 13 from 11b, and 14 from 11c. in confrast to tetrahydro-
carbazole, the hydroperoxyindolenines of 11 were not isolated, However, o solution of
11c in benzene-hexane provided the corresponding hydroperoxyindolenine on exposure to
air, which wes readily converted to 14 on standingin AcO Ef—AcOHM. This shows the first
example of 2-acylindole formation which was later found fo be @ cofmmon autoxidation
product of 2, 3-dialkylindoles. Although the reason for the ring size effect on the oxida-
tion products is not clear, it is suggested that the initial product for the oxidation of 11
is the hydroperoxyindolenine. They also showed the relative rate of the autoxidation by

measuring O uptake as follows : 3a>11a D11b, Tie

Qe —->@"°‘<CH

11
a:n=3, b:n=5;c:n=6

N 13

H O 14
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Il Autoxidetion of 2,3-Dialkylindoles

1. Isolation of hydroperoxyindolenines.
The Witkop group] 5 had succeeded in isolating the stable hydroperoxyindolenine(16),
mp 154°(without decomp), from the catalytic 02 oxidation of 3-methyl-2-phenylindole.
The hydroperoxide is stable and forms a hydrochloride, but can be converted to 18 by heating

with an acid. The reaction of the hydroperoxide is shown in chart 2.
OCH
Me pt 02 © Me_NaBH4_ @RiMe
N Ph A Q Ph AiA] Ph
15 / 17
AH’/ \/‘2_\

OMe Pt H2 15
NHCOPh 174 15
18 Chart 2

The hydroperoxide(16) was also precipitated by stirring a solution. of 15 in benzene and
hexane in an open vessel for several doysM. On the other hand the Beer groupléinvesﬁgafed
the autoxidation of various 2,3~disubstituted indoles(19) in light petroleum and classified
these compounds into hydroperexide forming indoles and stable indoles.

A : Hydroperoxide forming indoles
a: R5= MeQ, R2 = Ph, R3 = Me

R Ra b: R5 = MeQ), R2,R3 =Me
mRz ¢: Rg =H, Ry/Ry = Me
H B : Stable indoles
19 a:R, = Me, Ry =Ph, Ro =H
be R2,R3 = Ph, R5 =H
c: R5 = MeQ, R2 =Me, R3 = Ph

d: R5 = MeO, R2,R3 =Ph
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2., Various types of aytoxidation

When freshly prepared 2, 3-diethylindole(20) was exposured to air and room [ight for
several days, the crystals were converted 2-acetyl-3-ethylindole(21) in good yieIdU.
On the other hand, a solution of 20 in light petroleum produced the hydroperoxide(22) in
excellent yield on standing in an open vessel for 24 hr, which was then rearranged to 21 in
AcOH or AcOEr-AcOH, or converted to a ketoamide{23) by boiling its aqueous solution,
demonstrating the probable course of this remarkable transformation of 2,3-~dialkylindole

to 2-acylindole.
SOUd

QOH O\

_air vt
©\ITJIE1' pet.ether Et CH3
22 \ @COEt

NHCOEt 23

As a possible explanation, Tq.ylm']8 suggested the so=calfed Taylor mechanism involving
the enamine tautomer(26) as an intermediate followed by an infernal rearrangement of the
hydroperoxy group to give 27 which collapses to 21. Supporting this mechanism is the

isolafion of 2-formyl-3-methylindole from the autoxidation of 2,3~dimethylindole,

@J&% @KL =0
27‘1'

Following his proposal two groups chose the substrate for the autoxidation having substituents

X=Y =00H

which stabilized the exocyclic double bond(26) in the above mechanism. Thus, exposure
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of a solution of 2-benzyl-3-phenylindole (28) in AcOFEt to light and air resulted in the
formation of dioxindole (29) instead of 2-benzoyl derivqﬁvew. However, when a solution
of 28 in AcOEt was shaken with O, in the presence or absence of Pt the only product
isolated was 30. This provides the first example of the reaction conditions affecting on the
nature of the products. The corresponding hydroperoxide was not isolated under either set
of conditions. When 30 was exposured to light and air in AcOEf, 29, o higher axidation

e e . . 9
state, was not formed, eliminating 30 as an intermediate to 2‘3?.I .

OH

m{i’h air hy @:qj:)h
HyPh AcOEt 29

Hog H

l 02, Pt Ph >>
- AcOEt g W
H

(AcOHY 30 n cOPh

An alternative explanation for the formation of the 2-acylindole was provided by Wasserman,
who obtained a hydroperoxyindolenine (32) as an unstable crystalline compound, dioxindole
(33), and 34, by the typical autoxidation of 2-isopropy!-3-methylindole(31) in hexane in
the presence of azobisisobutyronitrile({AIBN}. Instead of 2-acylindole or 2-(1, T-dimethyl-
hydroxymethyl)-3-methylindole expected from the Taylor mechanism higher oxidation
products (33 and 34) were obtained. In neither example was the simple ketoemide derived
from oxidative cleavage of the 2,3-double bond obtained.
OH
© Me 02 Me Me
hexane GO
H AIBN
3 | 3 Me Me
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Furthermore, autoxidation of 2,2'-bis(3-methylindole} (35) under various conditions was
reported to give the mono-hydroperoxide (36) which was stable in acidic solution and in
polar solvents, and not converted to the corresponding ketoamide. However, when O2

was bubbled through a boiling solution of 35 in xylene, oxidative cleavage of both 2,3-

double bonds did occur to give 37 in 81% yieldm .

e

or .
H AcOEt-air H
35 Me H,OO Me 36

’ 02 @COMe COMe
 Xylene, A | NG —N-@ 37
MGG

3. Autoxidation of 2,3-dimethylindole

After Beer's observation that 2,3-dimethylindole(38) gave 3-hydroperoxyindolenine{3%)
and an unidentified non-peroxidic product (mp 225°) on peroxide-catalyzed qufoxidqfionlé,
several worker522d29 obtained besides 39 the non peroxidic compound under various condi-

tions, Two sfructures tentatively assigned for this compound have been revised to the

_— . . 25,28,29
correct structure {40) based on mechanistic considerations and spectral data 528,29,

26,28

X-ray onolysiszé, and chemical reactions . These investigations lead to the finding

25,27 ,28

of a new rearrangement in indoline derivatives

38 M | 39
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Dave and Warnhoff 2 reinvestigated the autoxidation of 38 under various conditions in
some detail. When a solution of 38 in CHCI3 was exposed fo air undisturbed, the dimeric
compound{40} was formed, whereas the hydroperoxide(39) was obtained as the major product
when 02 was bubbled into a solution of 38 in pet. ether at 0°. Furthermore, the dimer(40)
was obfained in 40% yield when a solution of 38 in benzene was stored for several day525.
On the other hand, catalytic oxygenation and reduction of 38 in AcOEt gave o-acetamido-
acetophenone(8.2%), 2-formyl-3-methylindole(2%), 40(36%), and 2-hydroxymethyl-3-
methylindole(4.5%). The dimer{40) was also produced by the reaction of 39 and 38 in
CHC|3, thermal de_composi'rion of 39 in benzene, and the reaction of 3-hydroxy-2,3-di-
mefl-.nylindolenine with base. The dimer formation is resiricted fo 2-me.thyl-3—-a|ky|indoles
such as 2, 3-dimethyl or 3—ei‘hy|-2-mefhy|indo|e29’30, and autoxidation of 2-ethy[-3-
methylindole resembles 2,3-diethylindole in behaviour and forms 2-acetyl-3-methyl-
indole via the 3-hydroperoxyindolenine.
Oxidation of 2, 3-dimethylindole having substituents on the benzene ring with oxygen
in the presence of hydrogen peroxide was also reported to give hydroperoxyindolenine in
good yields3.I
4. Mechanism of the autoxidation of 2,3~dialkylindoles

Autoxidation of 2,3-dialkylindoles gave a variety of oxidation products as described
above. However, Mclean and Dmifrienko29 proposed the reaction path for these oxidation
products in an unified manner and in mechanistic terms which consistently assign nucleophilic

character to enamines and electrophilic character to the carbon atom of imines (Chart 3).
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H
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H
R=H
o, J,
H
v
|
-~
-~ N ' HR:J.
HCO
H

Chart 3
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The reaction path to 2-acyiindole in Chart 3 is the same as that originally proposed
by Wassermunzo, who explained the reaction path to dioxindole and hydroxyketoamide

in different way from that shown in Chart 3.

b¢QOH a

RJ
, »OH _
— Qe - QR
\ (I;
~-C-CH-R"

CO-H
H éH

Another pathway to dioxindole was pro-(‘oosed by Lee’rew
R T
e — — QL
2 Hg R N0

Little mechanistic study has been carried out on the formation of the 3-hydroperoxy-
indolenine. However, it can be understood in the following way from the knowledge of
general Oz—oxidc‘rion ; as indoles are electron ~rich heferocyclic compounds32

i) In the presence of radical initiator:

Inz —s In’

O - — QL
N )

H

O+ COH
: 30 RH
Y QL e QL™ QL
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ii} In the dbsence of the initiator

z 30 (e -H* @—j: + +OOH
Q/I\NI/( + 70, ———,[@@Eozj——ﬁ\lr\!l
N .

H

O0H
0
2
Qg — e QUL

Distinguishing between above two mechanisms in actual examples is difficult, becouse it
is not 5o easy fo'prove the absence of a radical initiator as an impurity in the indole
subjected to the oxidation. Furthermore, light , even room light, moy accelerate the
oxidation through mechanisms such as radical formation via the excited state and excited

2
charge fransfer srqfea .
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IV Autoxidation of Indoles having a Hetero Atom Substituent ot the 2~Posifion
1. Autoxidation of 2-aminaindoles
2-Aminoindole(41) was found to be susceptible to aereal oxidation, but none of the

oxidation products has been reporredss.

o, — O
N

41

Facile autoxidation of a 2-aminoindole derivative in aqueous solution was found when
3-methyl-2-piperidinoindolenine hydrobromide(42), obtained by the catalytic hydrogenation
of N=(3-methylindolyl-2-}pyridinium bromide was basified in aqueous solution and
extracted with methylene chloride. Evaporation of the solvent gave the hydroxyindolenine

(44) instead of the free base(43)34.

e on- He—* M o @_j_HM
oy oty Ot ook

42 43 A

The presence of the free base(43) us the intermediate was demonstrated by the nmr spectrum
of 42 taken in CDCI3 immediately after basification. On the other hand the T-methyl

derivative(45) is resistant to aereal oxidation under similar conditions and can be purified
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in the usual monner35. In contrast with 2,3-dialkylindoles, 2-amino-3-methylindole(43)

QIEE,O

is too unstable to isolate, and immediately oxidizes to 3~hydroxyindolenine in good yield.

‘ M
45 -

Similar oxidation was observed when 46 was reduced with LiAIH4. After isolation and

purification the product was identified os the 3-hydro§yindofenine(48)36.

CH
DE (S wi NG - e
N N“™N N
H H - H ~

LG L7 48

N
H

Autoxidation of some other 3-alkyl-2-aminoindoles has also been repor’red37.
Several 2-aminoindoles(49) without any substituent at the 3-position are also oxidized by

air fo 3-oxo derivatives(50 or 51) if one of the substituents(R, - R.) is a hydrogen, but

] 3)

a dimer similar to 2 obtained in case of 2-methylindole was not isolated. Again 49 can

be purified only as salt 1‘70rm35

L =C00L,  OGL
NSN3 N-SNR N" N
R \RZ Me Z .

49 50 51
a: R]= Me; R2=CH2CH20H; R3=H ;b R]= Me; R2= CH2CH2C1; R3= H
c R]= Me; R2= Pr; R3= H; d: R]= Me; R2= i-Pr; R3= H
e: R]= H; R2= Bu; R3= H . f: R]= H; R2+R3= —(CH2)5—




Oxidation of 49 was relatively slow and gave some other polymeric compounds besides 50
or 51, |t is interesting to note that the oxidation state of 44 and 50 was different,

The autoxidation of 43 was rapid and gave the 3-hydroxyindolenine as a sole product
which was not chserved in the autoxidation of 2,3-dialkylindoles, and the hydroperoxy-
indolenine could not be isolated even under mild conditions. Therefore,we investigated
the oxidation of 43 in detci|38. On mole of oxygen was absorbed during 30 min when
an ethanolic solution of 42 was stirred under 02 atmosphere in the presence of base.
Increasing the base from 1 mole equivalent to 4 mole equivalents does not increase: the
oxidation rate, indicating that the oxidation is not a buse—catalyzed. A similar oxygen-
upteke was observed when the reaction was carried ouf in dichloroefhune—EfSN. Uptake
of one mole oxygen suggests that the primary intermediate of the oxidation is a hydroper-
oxyindolenine, and 44 is not derived fl;om the reaction of 52 and 43 which was sometimes
propésed for the formation of 3-hydroxyindolenine, Therefore, reductive cleavage of the

O-0 bond should occur during the reaction or some species which has oxidizing power

0 OH
42 43— @ﬁ"b ——=> 44 + [OH]

52

should be present in the reaction mixture, To prove the presence of an oxidizing agent
the reaction was carried out in Isopropyl alcohol insiead of ethanol. Acetone was isolated
in low yield and identified as its 2,4-dinitrophenylhydrazone. Furthermore when the
reaction was carried out in ethanol in the presence of Hantsch ester, the corresponding
pyridine derivative was obtained in 94% yield after 3 hr. Without 42 Hantsch ester was

not oxidized under similar conditions.
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As the instability of the hydroperexyindolenine(52) is considered to be due to the
nitrogen atom at 2-posifion, reaction of 3-hydfoperoxy-3-methy!—2—pheny!indo!enine(]6},
a stable hydroperoxide, with triethylamine was carried out. Without triethylamine, 16

was stable in CH2C|2 at room temperature for 3 days , but hydroxyindolenine(17) was

OH HMe
Me . [: ) ,i Et3N=0
@:N:Rh + BN e nen TOF

16 17

isolated in 64% yield when a solution of 16 and 0.7 mole equivalent of triethylamine in
CH2C12 was stirred for 5 hr af room temperature. In the presence of an excess of triethyl—
amine 17 was obtained in quantifative yield, and triethylamine N-oxide was isolated as
the hydrochloride in 27% yield. As on N-oxide (53) was not obtained in the autoxidation
of 43, the piperidino-nitrogen in 43 did notf act as a reducing agent, but must have cata—
lyzed the cleavage of O-O bond, though hew is not clear. Also one mole oF- oxygen was
absorbed in the oxidation of 49, However the hydroperoxide(54} was not reduced to the
hydroxy derivative, but converted fo the oxo derivative by an a-cleavage. Facile a-
cleavage of secondary hydroperoxides is well known,

H
CH3
NZ N

oL - 53

OOH o

dcn, — |G | — QL +mo

N" NR N"SNR N"SNR 2
['gMeH (<] 50 e
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The 3-umincindole derivatives(55, 57, and 60) were also reported to be oxidized by
39,40

air to 2-hydroxy derivatives(56, 59, and 61) and ketoamide{58)

NH ; , NH
@1 s @Eﬁﬁw
N Pn ether N

MePh 56 |
ONH2 NH
@r:t = o
f?‘“COF’h PhPh ¢
58 9
air
@[—L:) c N
AcOEt H OH
61

2. Awutoxidation of 2-ethoxyindeles
2-Ethoxy-3-methylindolenine hydrogen tetrafluoroberate salt(62), prepared from 3-
methyloxindole with Meerwein reagent, was also oxidized easily to the 3~hydroxyindolenine

(64) quantitatively when treated with bcse4] . Rate of oxygen uptake was similar to that

H _ H CH CH
@CH3 OH7 [mcng-+ T ] _O2 TCH3
N oEq N"~OEt N OEt N""0E¢
62 BF, 63 64
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of the 2-amine derivative and one mole of oxygen was absorbed in 30 min .38 The cor-
responding hydroperoxyindolenine(63) was not isolated in this case either, oxidation
proceed as in the cuse of 43. As expected 2-sthoxy-1,3-dimethylindole(65) was stable to
air. In contrast with the 2-aminoindole derivative(49), 2-ethoxyindole(66) was rather

42,43

stable to air, but gradually oxidized to indirubin on long standing . On the other

hand, the 2-ethoxyindole{67} was reported to give hydroperoxyindofenine(68) 44

CHs c é E
2 N N
Ne OEt N OFt OEt OEt

65 G6 67 68

3. Autoxidation of 2-ethylthioindoles

Unlike 2-gmino- and 2-ethoxyindole, 2-ethyithio-3-methylindole (6%), prepared by
ethylation of 3-methy!-2-indolinethione or reaction of skatole with ethanesulfenyl chloride,
can be purified os itself, However, oxidation with 02 did occur to give the 3-hydroxy-
indolenine(70) and sulfoxide(71} in equal amount when a hexane solution of 6% was stirred

at room temperature

H
@d — (ri N W
N SEt N SEt {_4‘ %B-Et
\ Q0H
[( HMG J 71
+ 69

NP gEy
72
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The oxidation did not proceed in ethanol or dichioroethane. Uptake of oxygen in eyclo-

hexane wos slower than that of the 2-amino- or 2-gthoxy derivatives, and sfopb'ed af
slightly over a half mole after 6 hr38. Thus formation of 70 and 71 was understood by the
reaction of the hydroperoxyindolenine{72) with unreacted indole(69). The hydroperoxide(72)
might oxidize the thicether inframolecularly to form 73, but thicether of 69 was oxidized
easier than that of 72 which is not simple thioether but a thioiminoether. Oxidation of 69
in cyclohexane in the presence of sodium ethoxide gave only the hydroxyindolenine,
probably due to rapid reduction of 72 with base. On the other hand the sulfoxide(71) was
the major product when the oxidation of 6% was carried out in the presence of 43, indicafing

hydroperoxyindolenine can oxidize the thicether of 6938

73

3-Benzyl-2~ethylthicindole(74) was similarly oxidized to the 3-hydroxyindolenine(75)
and the sulfoxide(76) in chloroform solu’rion45. The 3-hydroxyindolenine(75) was dehyd-
rated to 3-benzylidene-2-ethylthicindolenine(77) on freaiment with conc. sulfurié acid.
This is the first example of oxidation of a 3~alkylindole to a 3—clkyiideneindo|enine4
OH ,
CHaPh HoPh i HePh
O — (LA™ + Oy
N-"SEt N" sE¢ HoOTEt
H O
7%. i Hy SO, 76

: in-Ph
Et 77

I=+
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The indole ring in 69 thus oxidized easier than the thioether group with oxygen, but the
thicether was preferentially oxidized with hydroperoxyindolenine, This was further
confirmed by the oxidation of 69 with hydrogen peroxide in acetic acid which gave
sulfoxide(69) and the proportion of sulfone obtained depends upon amount of hydrogen
peroxide used and reaction rempemfure46. However, the indole ring of the sulfone(78) was
oxidized with further mole of hydrogen peroxide to 80 via 79 accompanying rearrangement

of the ethylsulfonyl group%

| K Me
o - [Qde, ] e Qe
N"S0Et N7 S0zE T H

78 79 80

Unlike 2-amincindole and 2-ethoxyindole, 2-ethylthicindole(81) was stable to air.

]
H
%1
In summary the effect of o heteroatom substituent at the 2-position towards autoxidation
decreases in the order N>Q >S5 . The same effect was cbserved in the fautomerism between

indole and indolenine, where the indolenine is prefered in 2-amino derivative and the

indole form is prefered in 2-ethylfhioindo!e35

(763}



4. Autoxidation of 2-indolinethiones
2-Indolinethione is tautomeric with 2-mercaptoindole. The former is predominant in
most cases, but the presence of the thiol form has been observed in 3-aryl derivatives in
solufion47. Unlike the simple thiol, 2-mercaptfotryptophan is reported to be easily
oxidized by air to the corresponding disulfide in neutral condi’rion48. We examined

O ,,~oxidafion of various 2-indofinethiones(82) in ethanal without baose.

2
H 3}
R
R % AT
N EtOH N> —
R R 2
82 83
a b e d e f 9 h i i k ! m
R H H Me Me Me Me H Me H H H
R' Ph @ @ @ Ph @ @ @ H Me CHy 1-Bu
OMe Br NO,  OMe Br NO, Ph

From the rate of 02 uptake and the UV spectral change O.-oxidation of 2-indolinethiones
can be divided info four group547

1) Rapid oxidation ; complete within 4~12 hr
82b, 82d, 82h

2) Moderate oxidation ; complete within 24 hr
82a, B2f, 821, 82k

3) Slow oxidation ; complete within 48 hr
82c, 82e, 82g

4) Resist to the oxidation ; practically no O
82i, 82j, 82m

2 absorption within 24 hr
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This order does not paraliel the stability of the thiol form. The 02- oxidation of 82 did
not proceed in aichioroerhane, but was accelerated by the addition of NaOMe (4 mol
equivalents), FeC|3(0.] mol equiv.), and Cu(OAc)2(0.2 mol equiv.) in efhcno|49.

The oxidation of 1-methyl-2-indelinethione(82]) in ethanol under O atmosphere for
2-weeks gave a small amount of 1-methyl~3-oxo-2-indolinethione (84} besides recovered
82;. The compound(84) corresponds to 50 obtained by the Oz—oxidaﬁon of 2-amincindole

(49).

Ok

Me

g4

Uptake of oxygen during the oxidation of 2-indoiinethiones ceased at @ half mole of
oxygen o one mole of 2-indolinethione, instead of a quarter mole, suggesing the .

following equation.

2RSH + O, ------ > R-S-S-R + H,0,

The detailed mechanism of the oxidation to the disulfide is not clear, but the following

path may be considered .

R‘ R’ 02 @Iie’
: N: \S :é; :519 N g, + Oé

R
82 85 86 pﬂ__,._ 83
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Acceleration by p-nitrophenyl group may be understood intramolecular electron-transfer

in 85.
f//o +u 6
I\'l‘-o-— N-.Oe
Uidee — O s 8340
NG @ N"5.
R R

Acceleration of nitrobenzene derivatives in the 02- oxidatfion of carbanion is well known50

V Autoxidation of other Indole Derivatives
2-(2-Mydroxyphenyl)-3-methylindole(87) is oxidized with oxygen to hydroxyindolenine
(88) upon boiling its selution in light petroleum exposed to the atmosphere. As the similar

compounds such as 89, 90, and 91 did not oxidized under similar conditions, stabilization

of 92(R=H, OOH, or OH) by the hydrogen bond shown may be responsible for the oxidaﬁonST

OH
Me O Me
- .:N%/ O
Ho HO
o7 88
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The aminocanalog(93) of 87 was also oxidized to the hydroxyindolenine in low yield on

heating its solution in light pefroleum for 9 weekssz.

Me ?
dw ——
N

Since the parent compound, 3-methyl-2-phenylindole(18), is easily oxidized in non-polar
solvents at room femperature upon exposure to the atmosphere, the inhibitory effects of
hydroxy and amino groups on the benzene ring should be considered. The hydrogen bond-
ing in 92 reduces the inhibitory effect. As O2 oxidation at elevated temperature somefimes
causes the reverse reaction, oxidation under milder conditions might give different results.
The compounds(?5 and 96) were reported to give the oxindole derivative(97) on exposure

to air and sun light. In the former case Cyr C3, and C4—hydrocorbons and formaldehyde

were detected in the reaction mixfure

e Me Me
(HM&* . Qe e O
N-T~C N N"SCH
MeO Me3 Me Me 2
H 6

2
25 97

V1 3-Hydroperoxyindolenines as Oxidizing Agents
As described above, 3-hydroperoxyindolenine(52) oxidized isopropy| alcoho!, triethyl—

amine, and Hantsch ester, so hydroperoxyindolenines seem to be interesting mild oxidizing
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agent, Examples of the oxidation are limitted at present, though oxidation with alkyl

hydroperoxide is widely known54. Methionine derivatives{98) were oxidized 1o the
sulfoxide(99) with 52 or 16 in methanol at room remperqfuress. Oxidation with 52 was
carried out by the addition of NaOMe to a methanolic solution of 98 and 3-methy|-2-
piperidinoindole{42} under 02 atmosphere. Oxidation of benzoylmethionine methyl ester
(98, R=PhCO ; R’ = Me) with 16 gave the sulfoxide(99, mixture of diastereomers( ca 1:1))
in quantitative yield., With an excess of reagent the corresponding sulfone was scarcely

observed.

OH
CH3SCH2CH2CHCOOR + |: :] N [ ——> CH3SCHyCHCHCOOR’

I\O & NH
R 99 R
% < OOH>
3a-Hydroxypyrroloindole{ 100) was smoothly oxidized with 16 in CHCI3 to 1,2-oxazino-

indole(101) via N—oxide56

H H OH
O e —(Qph) — QL

N
H Me H Fje‘O
100 101
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Vit Oxidation of Indoles with Oxygen in Basic Media

Oxidation of carbanions and sulfides( R=S") with oxygen proceeds more rapidly than
does that of the hydrocarbons and thiols themselves, and numerous dafa are cwc:ilt::bley
On the other hand, oxidation of indoles with oxygen in basic media was interesting in re-
lation to chemiluminescence and bicluminescence, When a peilet of potassium hydroxide
was added to a DMSO solution of skatole in the dark, blue chemiluminescence was
observedss. Chemiluminescence of maﬁy indole derivatives has been reporied58’59’60’6] .
Base catalyzed decomposition of the 3-hydroperoxyindolenine has been proved to be the

59,60 Furthermore, decomposition of the dioxetane

origin of the chemiluminescence
intermediate derived from 3-hydroperoxyindolenine is proposed as a key step in the chemi-
Iuminescenceéz. The most strong chemiluminescent emitters in the indoles so far studied
are 102, and products cbfained are 103, 104, and 10562. in these studies the products

after chemiluminescence were not investigated thoroughly except for o few examples, in

which many compounds were obtained.

e KOH- O,
w : Products + light
H DMSO
O0OH t=-BuQK @‘ @:N—/i:%
(@Me [
R DMSO
102
@é A @C;" )
-COR

H
— light + - e
NHCOR - !
105 M
103

104
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QCH

-8u0K 0
- _g;_@o_d,ngm+@j(j+%
N | i x
CORD ¢ O

) "

The research on the chemiluminescence of indole derivatives has declined since 1967,
as the origin of bioluminescence in the crustacean Cypriding has been shown fo be the
imidazolopyrazine part of the Cypridina fuciferin and not the indole ring. However, chemi-

and bioluminescence are an active field in bioorganic chemisfryés. During this research ,
indole derivatives which are rather stable towards 02 in neutral media, such as 3-mono-
alkylindoles, were found 1o be oxidized in basic conditions.

Winterfeldt ingeniously applied this oxidation in basic media to the total synihesis

. e 4
of camptothecin in a biomimetic way6

02
————
N ! N f“BUOK
P DMF
CCoMe
Me3C0,C" COClHeq
—— s e Tl

0
RS

Camptothecin
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Oxidation of skatcle with DMSO—KOH—OZ(bubeing) ot room temperaiyre gave anthra-
nilic acid(106): in 31% yield besides a smal! amount of the quinoline derivative(107) which
was derived from the condensation of two moles of amincketone(108). When a mixfure of
skatole-DMSO-KOH wos stirred on exposure to atmesphere, oxidation ceased at the
aminokefone(108) stage, and the quinoline deriveative(107) was obtained as the major

product instead of anthranilic crcid65

OOH

CH3 kou , _KOH , 072 NHR
@—L\/ + NH
N DMSO 2

H

Ph CPh
i — s F’h +  PnhCOPh
h HCOPh

N
H
110

Oxidation of 2,3-diphenylindole with DMSO-KOH—Oz(bubeEng) on the other hand,
gave the ketoamide(109) in 68%, besides the indoxy!(110) in 14% and benzophenone in
4%. Oxidation of skatole was rapid and most of skatole disappeared within 20 hr, but
17% of 2,3-diphenylindole was recovered after 48 hr.

Oxidation of tetrahydrocarbazole(111, n=4) and cyclooctanoindole(111, n=6) under
similar conditions gave 4-quinolone derivatives(112) in 41% and 47% respectively,
indicating that the ring size effect was not observed in basic media, Another major
product in these oxidations is dimethy| sulfone, which is not observed in the oxidation of

2,3-diphenylindole. Obviously the sulfone is derived from the oxidation of the solvent
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with 3~hydroperoxyindolenine, but hydroxyindolenine or indoxy! were not obtained
us major products. Therefore, oxidation of hydroxyindolenine derivative to 4-quinolene

derivotive(112) via the ketoamide may occur under the reaction conditions.

@—/@H yy KOH~0p d\/@ﬂ Ino1 + MeSO,Me

H DMSO
111 _ n=4,5

These results showed that the reactivity of 3-hydroperoxyindolenine depends upon iis
structure. The cyclization of the hydroperoxy anion o form dioxetane might be rapid
in 2,3-dipenylindole, but it might be slower than the reduction with DMSO in cyclo-

alkansindoles,

<)
/ —
|
N/ —— N — _%__
) &
02
DMSO H
N7
+
Me SOZMe
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The Grignard reagents are known to give hydroperoxides or alcohols on treatment
with oxygen. A few indole Grignard reagenfs are reported to give 3-hydroxyindolenines
66 _— . . . .
on treatment with oxygen . Oxidation of Grignard reagents is believed to proceed in

radi cal mechanism shown below.

"
' % Swe
@,\j@ CHpClp , O 7

MgX

My X
RMgX + O,  =------- s R+ MgXT + 0,
Re + O2 --------- # ROO-
Y /R
ROO» + RMgX =-=-- 9[ROOM9\ ) ------> ROOMgX + R-
X
ROOMgX +RMgX ——--— > 2 R-O-MgX

(773)




VI Oxidation of Indoles with Oxygen catalyzed by Mefal complexes

It is well known that autoxidation is catalyzed by metal ions Such as Cu, Fe, or Co.
However few examples are known in the indole derivatives. When oxygen was bubbled
through o solution of 3-substituted indoles in methanol in the presence of bis(salicylidene)
ethylenediaminatocobal (1) (Co(salen)) «at room temperafure, ketoamides were cbtained
in good yieldsés. These indole derivative are rather stable to 02 in neutral media

without metal catalyst.

‘I,rR 02 , Colsalen) @CCOR
N A o HCHO
[: ) \ H

R=CH,, CH2C02Me, CHZCH2C02Me, CH2CH2NHAc, CHZ(I:H CO,Me
NHAc
Although active species of oxygen in this oxidation is not thoroughly clarified, the

following complex is proposed.

Similar oxygenation with porpyrin-Co complexes was also reporfed69.
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IX Examples of Autoxidation in Indole Alkaoids

Catalytic oxygenation of ibogaine gave the 3-hydroperoxyindolenine which was
reduced cafalytically to 3-hydroxyindo|énine70. The same hydroxyindolenine was obtained
when a benzene solution of ibogaine was aerated. The oxidation virtually did not proceed

in ethanol . The hydroxyindolenine was converted to iboluteine on treatment with alkali

%—*%*%

ibogaine
_ g OOH ipoluteine

@:i

Ibogamine gave the similar results. Tabernanthine was oxidized to the hydroxyindolenine

on catafytic oxygenation and reduction,

Voacangine was reported to give the hydroxyindolenine on exposure of its CEHCI:3

1977

solufion te oir72. However, a lactam was obtained by catalytic oxygenation of voacangine.

H
MeO Gy . OH~ MeO
o —= A — N
N N

N
H MeQ.C
M(-:~02C 2

voacangdine vealuteine
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Reaction of the Grignard reagent derived from vouacangine with O2 also gave the hydroxy-
Indolenineéé. Voacangine and voacristine gave the corresponding 3-hydroxyindolenine
on exposure of their benzene solution to Ozand uv |Egh’r72.

Quebrachamine is reported fo give 3-hydroperoxyindolenine on catalytic oxygenation

in AcOH, but not in AcOEt, which is a popular solvent for these catalytic oxygeanion73

H
i “ RaTI/N —'—*@—i
N ACOH N
H

Quebrachamine
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X Conclusion

The most of the indoles having a hydrogen at the 1-position have been oxidized by
triplet oxygen in neutral or basic media or in the presence of metal complex. AI’.rhough
a variety of oxidation products have been obtained depending upen the Si‘rL‘chUres and
reaction conditions, the first intermediate is assumed to be 3-hydroperoxyindolenines
some of which are actually isolated as stable crystailine compounds. On the other hand,
T-substituted indoles are stable towards triplet oxygen in most cases.

Dye-sensitized oxygenation of indole derivatives which is effective to both 1-unsub-
74,75

'

sfituted and 1-substituted indoles, has been extensively studied in recent years

but it beyonds the scope of this review.
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