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Abstract 

Chloroperoxidase catalyzed oxidation of substituted indoles yields the corresponding oxindoles in virtually quantitative 
yield. These include 5-chloro-oxindole, a precursor for the anti-inflammatory agent Tenidap, which was obtained in 95% 
yield. The reactivity of the substituted indoles depends on the nature and the position of the substituent. Both electronic and 
steric effects of substituents appear to be important. All of the oxygen in the product is derived from hydrogen peroxide. A 
mechanism is proposed for the hydroxylation which is consistent with these observations. 
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1. Introduction 

Oxindoles and aza-oxindoles are of interest 
due to their biological properties [1-7]. Further- 
more, some derivatives are pharmaceutical in- 
termediates, for example 5-chloro-oxindole is 
an intermediate in the synthesis of Tenidap 
( 1 - c a r b a m  o y l - 5 - c h l o r o - 3 - [ h y d r o x y ( 2 -  
thienyl)methylene]indol-2-(3H)-one) [8], an 
anti-inflammatory drug. There are several known 
procedures to synthesize (substituted) oxindoles, 
for example nucleophilic substitution of haloni- 
trobenzenes by dimethyl malonate and subse- 
quent ring closure [9], Friedel-Crafts alkylation 
of ~-chloro acetanilides [10], cyclization of N- 
acyl phenylhydrazines by Call 2 [11], Gassman 
cyclization of azasulfonium salts [12], addition 
of ketene silyl radicals to nitrobenzenes [13], 
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functionalization of nitrotoluenes [14], photo-in- 
duced cyclization of mono- and dianions of 
N-acyl-o-chloroanilines [15], acid-catalyzed cy- 
clization of e~-hydroxy-acetanilides [7], photo- 
induced cyclization of 2-(N-methylanilino)- 
acetoacetates followed by oxidative rearrange- 
ment [16], cyclization of N-(o-bromo-phenyl)- 
acrylamides with Pd(II) [17] and Wolff-Kishner 
type reduction of isatin derivatives by hydrazine 
[18]. 

Methods for the synthesis of aza-oxindoles 
are less numerous. These include oxidation of 
7-aza-indole to 3,3-dibromo-oxindoles followed 
by reduction to the corresponding oxindole [19], 
synthesis from 2-aminonicotinic acid, diazo- 
methane and N, N-dimethylaniline [20] and ther- 
mally induced cyclization of aminopyridine- 
acetic acid [21]. 

Most of these methods comprise multi-step 
procedures for the preparation of the oxindoles. 
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Fig. 1. Oxidation of indole to oxindole. 

Often harsh conditions are necessary or low 
yields are obtained. Furthermore, starting mate- 
rials with the substituent meta relative to the 
reactive group often lead to more than one 
product. Straightforward oxidation of indoles 
generally takes place at the electron-rich 3-posi- 
tion, unless this position is substituted [22]. 
Oxidation of indole at the 3-position leads to 
indoxyl, an intermediate for the manufacture of 
indigo [23]. However, the direct oxidation of 
indole (1) to oxindole (2) is known to be cat- 
alyzed by the enzyme chloroperoxidase from 
Caldariomyces fumago [24] (Fig. 1). Isolated 
yields were moderate however, and as the reac- 
tion was performed in water the reactant con- 
centration was limited. Furthermore, no indole 
derivatives with substituents in the benzene ring 
were tested whilst these are the most interesting 
ones for pharmaceutical application. 

Chloroperoxidase is a versatile catalyst which, 
in addition to its ability to chlorinate organic 
substrates [25], can catalyze other useful reac- 
tions such as the enantioselective oxidation of 
sulfides to sulfoxides [26] and alkenes to epox- 
ides [27,28]. We have recently found [29] that 
chloroperoxidase performs well in tert-butyl al- 
cohol-water  mixtures containing up to 70% 
tert-butyl alcohol (v /v) .  Therefore, we have 
investigated the oxidation of indole in this 
medium and explored the scope of chloroperox- 
idase catalyzed oxidation of substituted indoles 
as a general synthetic method for the synthesis 
of the corresponding oxindoles. 

2. Experiental 

2.1. Materials and analytical methods 

Chloroperoxidase from Caldariomyces fu- 
mago was isolated and purified as described in 

the literature [29]. The enzyme preparation con- 
tained 8000 U / m l  according to the method of 
Morris et al. [30], with a purity of R z = 1.3. 
Vanadium chloroperoxidase from Curvularia 
inaequalis was received as a gift from the Uni- 
versity of Amsterdam and contained 21 U / m l  
according to the method of Morris et al. [30]. 
Microperoxidase- 11 was purchased from Sigma. 
Coprinus cinereus peroxidase SP 502 (10 
k P U / m l )  and SP 676 (2263 k P U / g )  were re- 
ceived as a gift from NOVO Nordisk. 1 peroxi- 
dase unit (PU) is the amount of enzyme which 
catalyzes the conversion of 1 ixmol of H202 
per minute in a system in which 2,2'-azino-bis- 
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) 
is oxidized under standard conditions (pH = 7, 
[H202] = 0.88 mM, [ABTS] = 1.67 mM, 30°C). 

Hydrogen peroxide 35% was obtained from 
Merck. All indole derivatives, pyrrole, quino- 
line, benzofuran, benzothiophene, and nicotinic 
acid were purchased from Aldrich Chemical 
Company. Labelled H21802 (2.7% solution) was 
obtained from Campro Scientific. 

2.1.1. HPLC analysis 
Samples were diluted with methanol /water  

(50:50, v / v )  saturated with NazSO 3. After fil- 
tration through a 0.4 tx membrane filter the 
samples were analyzed by reversed phase HPLC. 
A custom-packed 8 X 100 mm 10 Ix Nucleosil 
C 18 Waters Radial Pak cartridge (quinoline and 
nicotinic acid) and a 8 X 100 mm 4 ix Novapak 
C 18 cartridge (all other reactants) contained in a 
Waters RCM 8 X 10 compression unit were 
used. Eluents (flow 1.0 ml /min )  used: for in- 
dole derivatives, benzofuran and benzothio- 
phene: methanol /water  (50:50, v /v ) ;  for pyr- 
role: methanol /water  (10:90, v /v ) ,  for quino- 
line: methanol/0.1 M aqueous ammonium 
formiate buffer pH 3 (40:60, v /v ) ,  which con- 
tains 2.0 g /1  pentadecafluorooctanic acid, for 
nicotinic acid: 0.1 M aqueous ammonium form- 
iate buffer pH 3. Dual-channel detection was 
performed using a Shimadzu SPD-6a UV spec- 
trophotometer at 254 nm and an Erma ERC-7510 
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RI detector, tert-Butyl alcohol was used as in- 
ternal standard. 

NMR spectra were recorded on a Varian 
VXR-400S spectrometer, using TMS as an in- 
ternal standard and CDCI 3 or DMSO-d 6 as the 
solvent. 

Mass spectra were obtained using a VG 70-SE 
spectrometer. GC-MS was performed on a CP- 
SIL5CB-MS column (25 m x 0.25 ram). 

2.2. General experimental 

At room temperature 0.5 mmol of reactant 
(indole derivative, quinoline, nicotinic acid, 
benzofuran, benzothiophene or pyrrole) was dis- 
solved in 50 ml of solvent, consisting of tert- 
butyl alcohol/0.1 M aqueous acetate buffer pH 
4 (50:50, v,/v). 400 U chloroperoxidase was 
added to the reaction mixture, followed by 5 
min of stirring. The reaction was started by the 
continuous addition of 1.66 M H20 2 over 60 
rain until 1 equiv, of H ,O,  had been added. 
The reactions were monitored by removing 
aliquots and analyzing by HPLC. Reactions with 
indole and pyrrole were repeated with no en- 
zyme present. 

The reaction with indole was repeated at the 
same conditions as above with microperoxidase 
(0.25 rag). Reactions with peroxidase from Co- 
prinus cinereus (SP502 4 kPU, SP676 20 kPU) 
were similarly performed in tert-butyl 
alcohol/0.1 M aqueous phosphate buffer pH 
6.5 (50:50, v/v) .  Reactions with vanadium 
chloroperoxidase (6.3 U) were performed in 5 
ml tert-butyl alcohol/0.1 M aqueous acetate 
buffer pH 6 (50:50, v/v) .  

2.3. Preparatil'e scale 

2.3.1. bldole dericatives 
1.25 mmol of indole derivative was dissolved 

in 25 ml of solvent, consisting of tert-butyl 
alcohol/0.1 M aqueous acetate buffer pH 4 
(50:50, v/v) .  To the reaction mixture was added 
chloroperoxidase (1-6 kU) and the reaction was 
started by continuous addition of 1.66 M H202; 
1.1 equivalent of H ,O,  was added in 160 min. 

Subsequently the reaction was stopped by addi- 
tion of Na2SO 3 and the products were extracted 
with 3 × 25 ml of ethyl acetate. The combined 
fractions were dried over NazSO4, filtered and 
concentrated in vacuo. All products contained 
trace amounts ( <  2%) of coloured side prod- 
ucts, probably due to oligomerization of the 
reaction product. 

2.3.2. Pyrrole 
5 mmol (330 mg) of pyrrole was dissolved in 

50 ml of solvent, consisting of tert-butyl alco- 
hol/0.1 M aqueous acetate buffer pH 4 (50:50, 
v/v) .  To the reaction mixture was added 
chloroperoxidase (4 kU) and the reaction was 
started by continuous addition of 1.66 M H 202 ; 
1.1 equivalent of }-I202 was added in 16 h. 
Subsequently the reaction was stopped by addi- 
tion of NazSO 3, the solvent was evaporated in 
vacuo and the residue was dissolved in dioxane. 
After removing the remaining salts by filtration 
dioxane was removed by evaporation in vacuo 
and a yellow syrup was obtained. 

The conversion and purity of the isolated 
products were determined by HPLC. All iso- 
lated products are known compounds and have 
been described in literature [9,12,14,19,31 ]. 

2.3.3. Oxindole 
Yield of oxindole in the preparative synthe- 

sis: 166 rag, purity (HPLC): 96%, yield 96%. 
~3C NMR (400 MHz, CDCI3): 8 36.26 (C-3), 
109.79 (C-7), 122.31 (C-5), 124,56 (C-4), 
125,27 (C-3a), 127.91 (C-6), 142.55 (C-7a), 
177,98 (C-2). ~H NMR (400 MHz, CDC13): 
3.55 (s, 2H, H-3), 6.90 (d, J4,5 = 7.9 Hz, 1H, 
H-4), 7.01 (dd, ,/4,5 = Js,6 = 7.2 Hz, 1H, H-5), 
7.21 (dd, Js,6 = J6,7 = 7.5 Hz, 1H, H-6), 7.23 (d, 
J<7 = 7.5 Hz, 1H, H-7), 9.09 (s, 1H, H-l). MS: 
role 133 (C~HvNO). 

2.3.4. 7-Aza-oxindole 
Yield of 7-aza-oxindole in the preparative 

synthesis: 164 mg, purity (HPLC): 99%, yield 
97%. 13C NMR (400 MHz, CDC13): 8 35.56 
(C-3), 117.94 (C-5), 120.08 (C-3a), 132.33 (C- 
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4), 146.27 (C-6), 157.86 (C-7a), 175.67 (C-2). 
1H NMR (400 MHz, CDC13): g 3.60 (s, 2H, 
H-3), 6.95 (dd, J4,5 = 7, J5,6 = 5 Hz, 1H, H-5), 
7.50 (dm, J4,5 = 7  Hz, 1H, H-4), 8.19 (dm, 
J5,6 = 5 Hz, 1H, H-6), 10.50 (s, 1H, H-I). MS: 
m / e  = 134 (C7H6N20).  

2.3.5. 4-Chloro-oxindole 
Yield of 4-chloro-oxindole in the preparative 

synthesis: 191 rag, purity (HPLC) 76%, yield 
70%. 13C NMR (400 MHz, DMSO-d6): g 35.15 
(C-3), 107.83 (C-7), 120.81 (C-5), 124,05 (C- 
3a), 128.84 (C-6), 129.25 (C-4), 144.98 (C-7a), 
175.03 (C-2). 1H NMR (400 MHz, DMSO-d6): 

3.49 (s, 2H, H-3), 6.79 (d, ,/5,6 = 8 Hz, 1H, 
H-5), 6.98 (d, J6,7 = 8 Hz, 1H, H-7), 7.2 (dd, 
-/5,6 = J6,7 = 8 Hz, 1H, H-6), 10.60 (s, 1H, H-I). 
MS: m / e  = 167 (C8H6NOC1). 

2.3.6. 5-Chloro-oxindole 
Yield of 5-chloro-oxindole in the preparative 

synthesis: 208 mg, purity (HPLC) 99%, yield 
99%. 13C NMR (400 MHz, DMSO-d6): ~ 36.16 
(C-3), 110.55 (C-7), 125.09 (C-4), 126.90 (C- 
3a), 127.76 (C-5), 127.96 (C-6), 140.91 (C-7a), 
176.94 (C-2). 1H NMR (400 MHz, DMSO-d6): 
8 3.50 (s, 2H, H-3), 6.80 (d, J6,7 = 8 Hz, 1H, 
H-7), 7.20 (dm, J6,7 = 8 Hz, 1H, H-6), 7.26 
(sin, 1H, H-4), 10.50 (s, 1H, H-I). MS: m / e  = 
167 (CsH6NOC1). 

2.3. 7. 6-Chloro-oxindole 
Yield of 6-chloro-oxindole in the preparative 

synthesis: 200 mg, purity (HPLC) 99%, yield 
96%. 13C NMR (400 MHz, CDC13): ~ 35.74 
(C-3), 110.36 (C-7), 122.34 (C-5), 123.51 (C- 
3a), 125,49 (C-4), 133.65 (C-6), 143.49 (C-7a), 
177.50 (C-2). 1H NMR (400 MHz, CDC13): 
3.52 (s, 2H, H-3), 6.91 (d, J5,7 = 2 Hz, 1H, 
H-7), 7.00 (dd, J4,5 = 8 Hz, J5.7 = 2 Hz, 1H, 
H-5), 7.14 (d, J4.5 = 8 Hz, 1H, H-4), 8.78 (s, 
1H, H-l). MS: m / e  = 167 (CsH6NOC1). 

2.3.8. 5-Bromo-oxindole 
Yield of 5-bromo-oxindole in the preparative 

synthesis: 240 mg, purity (HPLC) 95%, yield 

86%. 13C NMR (400 MHz, DMSO-d6): g 35.66 
(C-3), 110.77 (C-5), 112.69 (C-7), 127.12 (C-4), 
128.41 (C-3a), 127.91 (C-6), 142.92 (C-7a), 
175.77 (C-2). IH NMR (400 MHz, DMSO-d6): 

3.51 (s, 2H, H-3), 6.76 (d, J6,7 = 8 Hz, 1H, 
H-7), 7.34 (dm, J6.7 = 8 Hz, 1H, H-6), 7.38 
(sm, 1H, H-4), 10.50 (s, 1H, H-I). MS: m / e  = 
211 (C8H6NOBr). 

2.3.9. 5-Methyl-oxindole 
Yield of 5-methyl-oxindole in the preparative 

synthesis: 183 mg, purity (HPLC) 94%, yield 
93%. 13C NMR (400 MHz, DMSO-d6): ~ 20.60 
(CH 3 ), 35.71 (C-3), 108.78 (C-7), 125.02 (C-4), 
125.77 (C-3a), 127.53 (C-6), 129.83 (C-5), 
141.16 (C-7a), 176.24 (C-2). 1H NMR (400 
MHz, DMSO-d6): 8 1.11 (sm, 3H, CH3) , 2.28 
(s, 2H, H-3), 5.57 (d, J6,7 = 8 Hz, 1H, H-7), 
5.83 (dm, J6,7 = 8 Hz, 1H, H-6), 5.88 (s, 1H, 
H-4), 9.14 (s, 1H, H-I). MS: m / e =  147 
(C9H9NO). 

2.3.10. 5-Methoxy-oxindole 
Yield of 5-methoxy-oxindole in the prepara- 

tive synthesis: 197 mg, purity (HPLC) 95%, 
yield 92%. 13C NMR (400 MHz, CDC13): 
36.71 (C-3), 55.81 (OCH3), 110.02 (C-4), 
111.81 (C-7), 112.54 (C-6), 126.65 (C-3a), 
136.01 (C-7a), 155.72 (C-5), 177.70 (C-2). 1H 
NMR (400 MHz, CDCI3): ~ 3.52 (s, 2H, H-3), 
3.78 (s, 3H, OCH3), 6.74 (dd, J6.7 = 8 Hz, 
J4,6 = 2.6 Hz, 1H, H-6), 6.79 (d, J6,7 = 8 Hz, 
1H, H-7), 6.84 (sm, 1H, H-4), 8.93(s, 1H, H-I). 
MS: m / e  = 163 (C9H9NO2). 

2.3.11. 2,5-Dihydropyrrol-2-one 
Conversion of pyrrole: 61% (HPLC). Yield 

of 2,5-dihydropyrrol-2-one in the preparative 
synthesis: 226 mg, purity (HPLC) 92%, yield 
50%. 13C NMR (400 MHz, DMSO-d6): ~ 48.20 
(C-4), 127.08 (C-3), 146.81 (C-2), 173.65 (C-l). 
1H NMR (400 MHz, DMSO-d6): ~ 3.95 (m, 
J3,5 = J4,5 = 1.7 Hz, 2H, H-5), 6.04 (m, J3,4 = 
5.7 Hz, J3.s--- 1.9 Hz, J1,3 = 1.9 Hz, 1H, H-3), 
7.29 (m, J3,4 -- 5.7 Hz, J4.5 = 1.9 Hz, Jl,4 = 1.9, 
1H, H-4), 8.18 (s, 1H, H-I). 
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2.4. H 2 0 2  dependence 3. Results and discussion 

The dependence of the reaction velocity on 
the hydrogen peroxide concentration was mea- 
sured at room temperature in 5 ml tert-butyl 
alcohol/0.1 M aqueous acetate buffer pH 4 
(50:50, v / v )  containing 5 mM indole and 11 U 
chloroperoxidase. The hydrogen peroxide con- 
centration was varied between 0.2 and 2 mM. 
The reaction was monitored for 90 s. Samples 
were analyzed on reversed phase HPLC as de- 
scribed under analysis and initial reaction rates 
were calculated. 

2.5. Kinetic experiments 

The kinetic experiments were carried out at 
400 txM H202 concentration at 20°C. tert-Butyl 
alcohol/0.1 M aqueous acetate buffer pH 4 
(50:50, v / v )  was used as solvent. The substrate 
concentration was varied between 2 and 400 
mM. 1 to 4 U / m l  chloroperoxidase was added 
to start the reaction. Every 30 s a sample was 
taken which was added to a methanol/water 
solution containing Na2SO 3 to stop the reaction 
immediately. The reaction was monitored for 90 
s. Samples were analyzed on reversed phase 
HPLC as described under analysis. All experi- 
ments were carried out in triplicate. Initial reac- 
tion rates were calculated and kinetic parame- 
ters were determined using the Scientist pro- 
gram. Enzyme concentrations were determined 
using a molar extinction coefficient of 91200 
M -  J cm-  ~ at 400 nm [30]. 

2.6. H2180 2 studies 

To a 8 mM solution of indole (2.5 ml acetate 
buffer, 0.1 M, pH 4) was added chloroperoxi- 
dase (100 U). Oxidation was started by the 
stepwise addition of H2|802 (2.7%). Every 
minute, 5 /,tl of H21802 was added to a total of 
50 Ixl. 5 min after the last addition the reaction 
mixture was extracted with dichloromethane and 
analyzed with GC-MS.  

3.1. General experiments 

The reactivity of a number of substituted 
indoles was compared in small-scale experi- 
ments which were run at a low reactant concen- 
tration (10 mM) with 400 U of chloroperoxidase 
(Table l). 

It should be noted that chloroperoxidase is 
inactivated by hydrogen peroxide in the micro- 
molar range, therefore its concentration should 
be kept low, preferably rate-limiting, by contin- 
uous addition [32]. Even then slow deactivation 
of the enzyme still takes place due to non-per- 
fect mixing of the reaction mixture which leads 
to local high concentrations of hydrogen perox- 
ide. Furthermore, in the course of a batch reac- 
tion the reactant concentration declines as the 
reaction proceeds and in the first order region 
the reaction rate will decrease proportionally. 
As soon as a surplus of hydrogen peroxide 
builds up in the solution it will rapidly deacti- 
vate the catalyst and the reaction will stop. 

Table 1 
Conversion of substituted indoles to the oxindoles ~' 

Indole derivative Conversion (%) after: 

15 min 60 rain 

indole 25 96 

7-aza-indole 25 83 

3-COOH < 1 < 1 
3-CH~ b 

3-CH 2 - C O O H  b 

4-CH 3 1 2 
4-OCH .~ 1 I 

4-CI 8 9 

5-CH 3 7 11 

5-OCH 3 9 10 
5-C1 19 47 

5-Br 9 19 

6-CH 3 < I < I 
6-C1 19 46 

7-CH 3 < 1 < 1 

Indole derivative 0.5 mmol,  tert-butyl alcohol-0.1 M acetate 
buffer pH 4 (50:50, v / v ) ,  50 ml; CPO 400 U; H_,O 2 (1.66 M in 

0.1 M acetate buffer pH 4) 0.5 mmol over 60 min. 
b A complex mixture of reaction products was observed. 
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Indole and 7-aza-indole proved to be the 
most reactive substrates. Their conversion into 
oxindole and 7-aza-oxindole, respectively, 
nearly kept pace with the addition of hydrogen 
peroxide (Table 1). Indoles bearing a substituent 
at the 3-position either did not react with 
chloroperoxidase (3-COOH) or gave rise to a 
complex mixture of products which probably 
result from non-selective radical reactions (3- 
CH 3 and 3-CH2COOH). This deviation from 
the general pattern is ascribed to steric hin- 
drance of the 2-position by substituents at the 
3-position and, in the case of 3-carboxy-indole, 
its deactivation by the electron withdrawal. 

Indoles which were substituted at the ben- 
zene ring were less reactive than indole itself; 
their conversion into the corresponding oxindole 
ranged from less than 1% to 47% (Table 1). 
This is mainly ascribed to unfavourable steric 
interactions of the reactants with the restricted 
active site of chloroperoxidase. In a similar way 
the enantioselective sulfoxidation of alkyl aryl 
sulfides is negatively influenced by the size of 
the alkyl group: increasing the size of the sub- 
strate from p-methylphenyl methyl sulfide to 
p-methylphenyl ethyl sulfide and p-methyl- 
phenyl propyl sulfide gives a large decrease in 
enantiomeric excess of the (R)-sulfoxide [26]. 
Also the enantioselective epoxidation of cis-2- 
alkenes is limited to smaller alkenes ( <  C 9) 
[28]. In order to study the effects of the sub- 
stituents on binding and catalysis, kinetic exper- 
iments were performed. 

3.2. Kinetic experiments 

Step 1 CPO + I-~O2 P CPO-I + H20 

Step 2 CPO-I + ~ ~- CPO + 
/ 

H 

~ O  
H 

Fig. 2. Ping-pong mechanism of chloroperoxidase. 

sition to molecular oxygen and water also oc- 
curs [33]. 

In the first step, the enzyme is oxidized by 
hydrogen peroxide to compound I, which is two 
oxidation equivalents above the resting state of 
the enzyme. In step 2 compound I is reduced by 
reactant to the free enzyme and the oxidized 
product is obtained (Fig. 2.). 

A reliable measurement of the kinetic param- 
eters of the indole oxidation requires that the 
experiments are carried out in an oxidant con- 
centration range within which the enzyme re- 
mains saturated with hydrogen peroxide. A high 
oxidant concentration (millimolar range) is un- 
desirable, because then the catalase activity, 
deactivation of CPO and formation of com- 
pound III interfere and the oxidation rate of 
indole will decrease [24]. The dissociation con- 
stant of CPO for hydrogen peroxide is reported 
to be very low (in the micromolar range [33]), 
therefore a high hydrogen peroxide concentra- 
tion would seem unnecessary. Preliminary ex- 
periments confirmed that the oxidation rate of 
indole is independent of the hydrogen peroxide 
concentration between 200 ~xM and 400 txM 
(Table 2). Hence kinetic experiments were car- 
ried out in this concentration range (Table 3). 

By analogy with the oxidation of  
N, N, N', N'-tetramethyl-p-phenylenediamine b y  
chloroperoxidase the oxidation of indole pre- 
sumably proceeds through a ping-pong mecha- 
nism when the reactant concentration exceeds 
the hydrogen peroxide concentration [33]. If the 
concentration of the oxidant is not significantly 
lower than the concentration of the reactant, 
enzyme catalyzed hydrogen peroxide decompo- 

Table 2 
Effect of [H202] a on the reaction rate 

[H202 ] Vinitial 
(I~M) (Ixmol/mg min) 

2000 30 
1000 38 
500 57 
400 62 
200 62 

a For details see Experimental section. 
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Table 3 
Kinetic parameters of substituted indoles ~ 

Indole derivative Vm~ X kca , K m kca t / K  m 
( ixmol/mgmin) ( l / s )  (mM) ( l / m M s )  

indole 360 250 22 11.4 
4-C1 220 160 200 0.8 
5-C1 125 84 24 3.5 
5-OCH 3 680 475 400 1.2 
6-C1 375 263 75 3.5 

" For details see Experimental section. 

Table 4 
Preparative scale synthesis of oxindole derivatives a 

Indole derivative CPO Yield Purity 
(kU) (%) (%) 

indole 1 96 96 
7-aza-indole 2 97 99 
4-C1 6 70 76 
5-C1 2 99 99 
5-Br 3 86 95 
5-CH 3 6 92 94 
5-OCH 3 6 93 95 
6-C1 2 96 99 

The kinetic data confirm our observation that 
indole is the most reactive substrate. An elec- 
tron donating substituent at the 5-position (5- 
methoxy-indole) increases the catalytic turnover 
frequency (kcat), whilst an electron withdrawing 
substituent (5-chloro-indole) at this position de- 
creases the turnover frequency. The electron 
withdrawing property of the 6-chloro substituent 
does not affect the turnover frequency. 

For all substituents the K m value is in- 
creased. This strongly suggests that the binding 
of the indole derivative to the enzyme is nega- 
tively influenced by substituents. This effect is 
very pronounced at the 4-position where the K m 

value for chloro-substituted indole is highest. 
5-Chloro-indole is still bound well (in the same 
range as indole) whilst 5-methoxy-indole binds 
much weaker. 6-Chloro-indole also has a larger 
K m value than indole, suggesting that the bind- 
ing of this reactant to the enzyme is weaker than 
for indole. The observed low reactivity of 7- 
CH3-indole (Table 1) similarly suggests that a 
substituent at this position exerts an important 
steric effect. 

3.3. Preparatiue scale 

Preparative scale experiments were carried 
out with indoles which showed sufficient reac- 
tivity (Table 1). The amount of chloroperoxi- 
dase was adjusted to the reactivity of the sub- 
strate. Nearly all oxindoles were obtained in 
quantitative yield with a high purity (Table 4). 
Only in the case of 4-chloro-indole did the 
reaction stop before completion resulting in con- 

For details see Experimental section. 

tamination of the product with starting material. 
All products were coloured due to the presence 
of trace amounts ( <  2%) of oligomeric prod- 
ucts. 

3.4. Other substrates 

Other hetero-aromatic compounds were also 
tested as substrates in chloroperoxidase-media- 
ted oxidations with hydrogen peroxide. Nico- 
tinic acid and quinoline were unreactive, consis- 
tent with the lower reactivity of the pyridine 
ring compared to the pyrrole ring. This is also 
consistent with the results of the oxidation of 
7-aza-indole, where oxidation at the pyridine 
moiety was not observed. 

Benzothiophene and benzofuran were not ox- 
idized by CPO, suggesting that the presence of 
a nitrogen atom is essential for reactivity. Pyr- 
role (3) was selectively oxidized at the 2-posi- 
tion to yield 2,5-dihydropyrrol-2-one (4 in Fig. 
3, the most stable tautomer [34]). In contrast 
with the oxindoles it was not possible to obtain 
4 in quantitative yield (maximum conversion 
67%). 

3 4 
most stable 
tautomer 

Fig. 3. Oxidation of pyrrole by chloroperoxidase. 
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3.5. Other enzymes 

Vanadium chloroperoxidase from Curvularia 
inaequalis did not oxidize indole to oxindole. 
Recently, the crystal structure of vanadium 
chloroperoxidase has been elucidated [35]. It 
was shown that this enzyme has a narrow chan- 
nel (5 ,~) at the active site entrance. Hence, 
direct oxidation is restricted to small molecules 
such as chloride. 

As known from the literature, horseradish 
peroxidase oxidizes indole to a mixture of prod- 
ucts, with a trimer as the major product and 
only traces of oxindole [36]. Coprinus cinereus 
peroxidase which is known to catalyze the same 
kind of reactions as horseradish peroxidase 
showed no activity for the formation of oxin- 
dole. However, a very slow reaction occurred 
when a large amount of Coprinus cinereus per- 
oxidase (20 kPU of SP676, conversion 17%) 
was used and unidentified products were ob- 
tained, probably due to radical reactions at the 
~-heme edge comparable to the reaction of in- 
dole with horseradish peroxidase. Microperoxi- 
dase-11, which is an undecapeptide containing a 
heme group, showed no activity for indole oxi- 
dation. 

3.6. Proposed mechanism 

To investigate whether the oxygen in oxin- 
dole is derived from H~O 2 a reaction was per- 
formed with labeled H 2 80 2. The reaction mix- 
ture was analyzed with GC-MS.  The results 
were compared to a reaction mixture in which 
H21602 was used as the oxidant. It was shown 
that all oxygen ( >  97%) in oxindole is derived 
from hydrogen peroxide. This implies that the 
reaction is a two electron oxygen transfer reac- 
tion proceeding via a concerted mechanism or 
via two fast consecutive one-electron transfer 
reactions. The chloroperoxidase catalyzed sul- 
foxidation [37] and epoxidation reactions [38] as 
well as the oxidation of aryl amines to N-oxides 
[39] similarly appear to involve direct oxygen 
transfer. 

~, + Fear-- O- 

H 1 ] 

%: 
I 
H 

Ia lb [c 

lcv  + FelV.~ O- :=, 
ely 

H I 

~ H  ~O.__F "H+ ~ "Fel~l 
e l  I , i= e I +H  + 

III IV 

H H 
v 2 

Fig. 4. Putat ive mechan i sm for the oxidat ion o f  indole to oxindole 

by  chloroperoxidase .  

We propose the mechanism in Fig. 4 for the 
observed hydroxylation. The first step is a one 
electron transfer between oxoiron(V) and indole 
(1) affording an indole radical cation (I) to- 
gether with an oxoiron(IV) species analogous to 
the traditional peroxidase reaction mechanism. 
The resonance structures (Ia) and (Ib) presum- 
ably are the most stable ones, because the posi- 
tive charge in Ia is stabilized by the adjacent 
nitrogen atom and because Ia and Ib represent a 
benzylic radical. Furthermore, this mechanism 
explains the positive influence of an electron 
donating group at the 5-position on the catalytic 
turnover frequency. This electron donating group 
stabilizes the intermediate radical cation. 

A possible explanation for the observation 
that the oxidations of benzofuran and benzothio- 
phene are not catalyzed by chloroperoxidase 
and 1-methyl-indole is oxidized at a much lower 
rate than indole [24], is that proton abstraction 
by the enzyme would stabilize the positive 
charge on the nitrogen. 

In the second step of the oxidation the 2-posi- 
tion of the indole radical cation is attacked by 
the oxy anion, followed by an electron transfer 
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to Fe TM to give Fe m. After deprotonation of (III) 
at the 2-position and substitution of Fe HI by a 
proton, 2-hydroxy-indole is obtained which 
spontaneously converts to the more stable oxin- 
dole (2). 

4. Conclusions 

Chloroperoxidase efficiently catalyzes the se- 
lective oxidation of substituted indoles to oxin- 
doles and of pyrrole to 2,5-dihydropyrrol-2-one. 
High yields of substituted oxindoles can be 
obtained in tert-butyl alcohol/water mixtures, 
in which a high concentration of reactant is 
possible. 

The reactivity of substituted indoles depends 
on the position and the nature of the substituent. 
A substantial variation of the substituent is pos- 
sible at the 5-position: electron withdrawing 
substituent8 have a negative effect on the reac- 
tion velocity as does the bulkiness of the sub- 
stituent. It is possible to obtain 5-chloro-oxin- 
dole. a precursor for the drug Tenidap, in high 
yield using this method. Reactions with 4- and 
6-substituted indoles are also possible, however, 
these positions are more sterically hindered so 
these substrates are weakly bound to the en- 
zyme. The oxidation of indole to oxindole in- 
volves direct oxygen transfer from hydrogen 
peroxide to the substrate. An initially formed 
radical cation is proposed to afford the oxindole 
in a subsequent oxygen rebound reaction with 
the oxoiron(IV) anion. 
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