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Electrochemical oxidation of 4-hydroxyindole has been studied at pyrolytic graphite electrode
in aqueous phsophate buffers of pH 2.1–10.1. Oxidation has been found to proceed in a single
well-defined peak. The number of electrons involved under CV conditions were found as
1.3 6 0.1 and were different than CPE (2.7 6 0.2). The spectral studies during oxidation
indicated that no UV-absorbing intermediate is generated in the reaction. The products of
oxidation were separated by HPLC and characterized by m.p., 1H NMR, and mass spectra as
a hydroxy tetramer. A single dose of the oxidation product at LD50 value on intracranial injection
in albino mice produced substantial changes in blood parameters and indicated liver disorder
and hyperthyroidism conditions. q 1999 Academic Press
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1. INTRODUCTION

Indole and its derivatives have been reported to produce long-lasting depletions of
serotonin in brain tissues (1,2). Biochemical evidences suggest that depletion occurs
mainly due to degeneration of axons and terminals of serotonin containing neurons
(3,4). Hydroxy derivatives of indole, particularly 5,6-dihydroxytryptamine, have
shown an affinity to serotonin uptake system and produce cytotoxic effects (5), which
have been assigned to the formation of aminochrome of the indole type by oxidation
(6). In spite of their toxicity, indole derivatives have been used in the treatment of
osteoporosis (7) and antithromotics (8) and as allergy inhibitors (8). Audia et al. (9)
used 4-hydroxyindole in the preparation of 3-(4-indolyloxy)-2-hydroxypropanamines,
as a serotonin IA receptor antagonist and partial agonist, and found it useful for
alleviating the symptoms of nicotine and tabacco withdrawal and the treatment of
depression, anxiety, hypertension, etc. Hydroxyindoles are the precursor of indolic
neurotransmitter 5-hydroxytryptamine, and abnormal oxidation chemistry or biochem-
istry of indolic neurotransmitters has been implicated in the etiology of several psy-
chotic diseases, such as schizophrenia, major depression, and neurodegenerative Alz-
heimer’s disease. Recently our laboratory initiated electrochemical oxidation studies
on indole (10). It was observed that oxidation of indole yields trimer as the major
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product of oxidation in aqueous phosphate buffers. Since many hydroxyindole deriva-
tives are formed during the oxidation of indolic neurotransmitters, it was considered
interesting to study the oxidation behavior of hydroxyindoles.

This paper presents oxidation chemistry of 4-hydroxyindole (I), used as a precursor
in the composition of oxidative hair dyes. It is anticipated that the results obtained
will provide deep insights into oxidative chemistry of indole derivatives used as
neurotransmitters.

2. EXPERIMENTAL

4-Hydroxyindole was obtained from Sigma Chemical Co. (U.S.A.) and was used
as received. The diagnostic kits for the determination of urea, cholesterol, alanine
transaminase (ALT), aspartate transaminase (AST), blood sugar, and alkaline phospha-
tase of serum were obtained from SPAN Diagnostics Ltd. (Surat), India. Phosphate
buffers used in this investigation were prepared by the method reported in literature
(11) and had an ionic strength of 0.5 M. The equipments used for linear and cyclic
voltammetry, controlled potential electrolysis and coulometry were essentially the
same as reported earlier (12,13). UV spectral studies during oxidation of 4-hydroxyin-
dole were carried out using Hitachi-3200 spectrophotometer.

Pyrolytic graphite electrode (area ,0.4 cm2), used as a working electrode, was
prepared in the laboratory by the method reported earlier (14). Platinum wire and
SCE were used as auxiliary and reference electrode, respectively. The value of n, the
number of electrons involved in the oxidation were determined by connecting a
coulometer in series during controlled potential electrolysis, whereas, to achieve
complete oxidation in a short period of time electrolysis was carried out in thin layer
cell (volume 258 ml) as described earlier (15).

3. PROCEDURE

A stock solution of 4-hydroxyindole (1.0 mM) was prepared in double-distilled
water. For recording voltammograms, 5.0 ml of the stock solution was mixed with
5.0 ml of phosphate buffer (ionic strength 5 1.0 M) of appropriate pH, so that the
overall ionic strength of the solution became 0.5 M. Voltammograms were recorded
after passing nitrogen gas for 10–12 min.

Controlled potential electrolysis was carried out in a conventional three compart-
ment cell using platinum gauge as auxiliary electrode, SCE as reference electrode,
and pyrolytic graphite plate (area 6.0 3 1.0 cm2) as a working electrode. Nitrogen
atmosphere was also continously maintained during the course of controlled poten-
tial electrolysis.

The products of electrooxidation of compound I were analyzed using High per-
formence liquid chromatography (HPLC), employing a Perkin–Elmer Unit (Model
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SDD 10A). For this purpose, exhaustively electrolyzed solution of 4-hydroxyindole
was lyophilized and the freeze dried material was extracted with methanol (AR, 2 3
10 ml). The buffer constituents were insoluble and were separated by filtration using
millipore membrane filter (4 mm). The methanolic solution of the oxidation products
was once again filtered and 10 ml of the solution was injected in a reversed phase
(C18) column to which precolumn was attached. The mobile phase solvent used was
HPLC grade methanol (E. Merck) at the rate of 0.5 ml/min. The absorbance of the
eluent was determined at 260 nm. The column was equilibrated for 10 min before
the next injection was made. The volume collected under HPLC peak 3 after several
injections was again lyophilized and the greenish black coloured material obtained
was characterized using FT-IR, 1HNMR, and mass spectra. The mass spectrum of
the material was recorded using a JEOL, JMS D 300 mass spectrometer and 1HNMR
spectrum was recorded with a Bruker AC 300 F instrument.

4. BIOLOGICAL STUDIES

In vivo experiments employed outbred male mice (25–30 g) of ICR albino strain,
which were obtained from the animal house of Indian Drugs and Pharmaceuticals
Ltd. (Rishikesh). These mice were housed six per cage and allowed access to food
and water ad libitum. The mice were allowed to adjust in the laboratory environment
for 7 days and then were used in experiments. Control animals were treated with 10
ml of isotonic saline (0.9% NaCl) containing 1 mg/ml of ascorbic acid, whereas
various doses of product of oxidation were administered by dissolving them in isotonic
saline. Light ether anesthesia was given before injection and all injections were made
intracranially in the vicinity of the left lateral ventricle using a 10-ml Hamilton syringe.
A teflon stopper was placed on the injection needle so that the insertion depth remained
constant (3 mm) in all the injections.

5. RESULTS AND DISCUSSION

Linear sweep voltammetry of 4-hydroxyindole (0.5 mM) at a sweep rate of 10
mVs21 exhibited a well-defined oxidation peak (1a) in the entire pH range of 2.1–10.1.
The peak potential of peak 1a was found to be dependent on pH and shifted to less
positive potential with increase in pH. The Ep vs pH plot was linear (Fig. 1) and the
dependence of Ep on pH can be expressed by the relation

Ep (pH 2.1–10.6) 5 [560 2 50 pH] mV vs SCE

In cyclic sweep voltammetry at a sweep rate of 100 mVs21, 4-hydroxyindole
exhibited one well-defined peak 1a when sweep was initiated in the positive direction.
When the direction of sweep was reversed after scanning peak 1a, a cathodic peak
(11c) was noticed which formed a quasireversible couple with peak 11a observed in
the subsequent sweep toward positive potentials. Some typical cyclic voltammograms
of 4-hydroxyindole are presented in Fig. 2. Peak potentials of peaks 11a and 11c were
also found to be linearly dependent on pH and can be expressed by the relations

Ep (pH 2.1–10.1) 5 [170 2 60 pH] mV vs SCE (for peak 11a)

Ep (pH 2.1–6.6) 5 [115 2 53 pH] mV vs SCE (for peak 11c)
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FIG. 1. Observed dependence of Ep on pH at the PGE for the voltammetric peaks of 0.5 mM
4-hydroxyindole.

The peak potentials separation for peaks 11a /11c was close to ,25 mV in the entire
pH range. The ip values for redox couple 11a /11c decreased with increase in pH.
However, the peak current ratio indicated a value close to 0.8 in the entire pH range
and hence further indicated quasireversible nature of the redox couple 11a /11c.

To elucidate the behavior of redox couple 11a /11c cyclic voltammograms were also
recorded after changing the direction of positive sweep at different potentials. It was
interesting to observe that if sweep is reversed just before peak 1a potentials, a new
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FIG. 2. Typical cyclic voltammograms of 4-hydroxyindole at pH (A) 3.0, (B) 6.7, (C) 7.9, and (D)
10.1, Sweep rate 100 mVs21.

redox couple 111c /111a is observed (Curve A, Fig. 3) at a sweep rate $ 100 mVs21.
When the sweep is extended to more positive potentials the redox couple 111c /111a

increases and another couple 11c /11a started appearing at more negative potentials
(curve C). With further sweep extension couple 11c /11a increased and 111c /111a

decreased as shown in curves D and E. Appearance of the couple 111c /111a clearly
indicated that oxidation peak 1a is composed of two overlapping oxidation steps (E1

and E2), whose Ep are very close to each other. The couple 111c /111a is responsbile
for the product generated in reaction E1 as it appears even before reaching peak
potential of peak 1a and couple 11c /11a is due to reaction E2 whose peak potential is
close to E1. The decrease in peaks 111c, 111a, and increase in 11c, 11a with extended
sweep further suggested that the species responsible for couple 111c /111a further
oxidised in E2 reaction to generate a product responsible for couple 11c /11a.

Cyclic voltammograms were also recorded at different times by holding the potential
soon after recording peak 1a. These studies clearly indicate that redox couple 111c /
111a decreases with increase in potential holding time. Interestingly the second redox
couple 11c /11a increased systematically up to 10 min and then started decreasing.
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FIG. 3. Effect of potential of reversal observed on oxidation peak 1a for 0.5 mM 4-hydroxyindole
at pH 6.7, sweep rate 100 mVs21.

The exhaustively electrolyzed solution did not exhibit any reduction peaks. Thus, it
is concluded that species responsible for peaks 111c /111a is unstable and further
oxidized. As exhaustively electrolyzed solution did not exhibit any reduction peaks,
it is reasonable to conclude that products formed in CPE are different than observed
under cyclic voltammetric conditions.

The peak current of peak 1a, was found to increase with increase in concentration
of 4-hydroxyindole in the range 0.05–1.5 mM. The ip vs concentration plot was
practically linear up to ,1.0 mM, and at concentrations greater than 1.0 mM, the
peak current had a tendency to limit (Fig. 4). This behavior indicated strong adsorption
of reactant at the surface of PGE (16,17).

Controlled potential electrolysis of 4-hydroxyindole was carried out in phosphate
buffer of different pH. The coulometric n values were calculated from the total
coulombs passed and the value of n was found as 2.7 6 0.2 in the entire pH range
studied. On the other hand the values of n observed from i vs t curves during
electrolysis in thin layer cell were always found as 1.3 6 0.1.

6. SPECTRAL STUDIES

The UV spectra of 4-hydroxyindole were recorded in the entire pH range studied
and two absorption maxima at 262 and 288 nm with a shoulder at 278 nm were
observed. The spectral changes during electrooxidation of 4-hydroxyindole were
monitored at pH 3.0 and 7.0 to detect the formation of UV absorbing intermediate
generated during oxidation. Curve 1 in Fig. 5 presents a UV-spectrum of 4-hydroxyin-
dole at pH 7.0 just before the oxidation and two well-defined lmax at 262 and 288
nm were noticed. When potential corresponding to peak 1a was applied, a systematic
decrease in absorbance at both the lmax was noticed (Curves 2–10). Curve 11 was
recorded after 90 min of electrolysis and the absorbance at lmax reduced to less than
40%. If potential at any stage of electrolysis is switched off to zero volt, the absorbance
changes immediately cease, and hence it is concluded that no UV-absorbing intermedi-
ate is generated during the oxidation of 4-hydroxyindole. The decrease in absorbance
with time at different wavelengths was found to be exponential.
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FIG. 4. Observed dependence of peak current for peak 1a on concentration of 4-hydroxyindole at
pH 6.7. Sweep rate 100 mVs21.

7. PRODUCT CHARACTERIZATION

The products of oxidation of 4-hydroxyindole were separated by using HPLC.
Curve A in Fig. 6 presents the chromatogram observed for compound I just before
the oxidation was initiated and a peak at Rt , 5.23 min was noticed. With progress
of electrolysis the peak at Rt , 5.23 systematically decreased and at least four new
peaks emerged in the HPLC chromatogram. Curve B presents a chromatogram ob-
served for exhaustively electrolysed solution of 4-hydroxyindole and peaks at 4.96
(P1), 6.92 (P3), 8.80 (P4), and 9.90 (P5) min were observed. The material called under
peaks P1, P4, and P5 was never enough to permit complete characterization and hence
the greenish-black colored material obtained under peak P3 was analyzed by m.p.,
1HNMR, and mass spectrum.

The greenish-black material obtained had a m.p. 588C. It gave prominent peaks in
FT-IR spectrum at 3068, 1624, 830, 770 [aromatic C-H]; 1624, 1532 [C5C]; 3430,
3350, 1291 [secondary . NH]; 1130 [C-O-C]; 3563 [2OH]; 1342 [C-O] cm21. The
mass spectrum of the material exhibited a clear peak at m/e 575 (4.8%, P11) and
suggested the molar mass of the material as 574. Other prominent high mass peaks
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FIG. 5. Spectral changes observed during oxidation of 0.1 mM 4-hydroxyindole at pH 7.0, Pot. 0.35
V vs SCE. curves were recorded at (1) 0; (2) 5; (3) 10; (4) 20; (5) 30; (6) 40; (7) 50; (8) 60; (9) 70;
(10) 80; (11) 90 min of electrolysis.

observed in the fragmentation pattern were at 264 [32.2%], 265 [8.1%], 368 [10.9%],
133 [60.2%], 134 [9.6%], 131 [18.1%], 396 [7.1%], and 528 [0.3%]. The molecular
ion peaks at m/e 133 and 134 and 264 and 265 correspond to the monomer and dimer
of 4-hydroxyindole. The fragmentation pattern also exhibited a clear peak at 396
[7.1%], which corresponded to trimer formation. The 1HNMR spectrum of the product
exhibited following signals d 10.89 (d,2H), 10.80 (s,2H); 7.13 (s,6H); 6.75 (m,9H)
amd 6.45 (s,3H). The signals at d 10.89 and d 10.80 correspond to proton of NH
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FIG. 6. HPLC Chromatograms observed at (A) 0 min and (B) 4 h of electrolysis of 4-hydroxyindole
at pH 3.0.

group of indoles and the aromatic protons were observed as clustor in the aromatic
region of d 6.4–7.3. It was not possible to distinguish the signals of one aromatic
ring protons to another because of close overlapping of the signals. However, on
integration the total number of aromatic protons were found as 12.

The molar mass of 574 of oxidation product suggests that atleast four 4-hydroxyin-
dole units are attached. FT-IR and 1HNMR spectra indicated the presence of two NH
groups with one proton at adjacent carbon atom and two NH groups having no proton
to adjacent carbon, which suggested that of four rings of 4-hydroxyindole two are
attached through position 2 to other rings. FT-IR spectrum showed a strong band
at 1130 cm21 and suggested the presence of C-O-C linkage in tetramer. Such a linkage
can be obtained by combination of two rings at positions 7 and 48 through free radicals
generated in the primary electrode reaction. Other two rings are attached to position
2 and 3 via positions 59 and 2-, respectively, which are the only likely positions for
attachment and further substaintiated by the fragmentation pattern observed in the
mass spectrum. FT-IR spectrum gave a sharp band at 3563 cm21, which indicated
the presence of 2OH group, and 1HNMR indicated the presence of six 2OH groups.
It appears that the compound (VIII) obtained in CPE is formed by oxidation of
tetramer in presence of water. Such an oxidation occurs only during large scale
electrolysis and leads to trihydroxy derivative of tetramer (VII). The likely positions
for attachment of 2OH in tetramer (VII) are 5,79, and 5-.
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8. REACTION MECHANISM

The results obtained above indicate that electrooxidation of 4-hydroxyindole occurs
in peak 1a involving more then one electron. A one-electron oxidation of 4-hydroxyin-
dole can give a free-radical species, which has several resonating structures as shown
in Scheme 1. On the basis of information obtained from the characterization of the
product, two free-radical species, IIA and IIC, seem to combine readily to form dimer
IIIA, in which two units are linked to each other through oxygen. The dimer (IIIA)
will instantly aromatize to give stable phenolic dimer (IIIB). It is well documented

SCHEME 1. Tentative mechanism proposed for the electrooxidation of 4-hydroxyindole.



ELECTROXIDATION OF 4-HYDROXYINDOLE 249

that attachment of hydroxyl group at position 4 of indole species makes phenyl
ring active (18) and hence formation of free radical also takes place in the phenyl
ring of 4-hydroxyindole. Redox couple 111c /111a observed in CV during potential
holding experiment indicated the reduction of dimer (IIIB) in a quasireversible process
to give species (IV). The dimer (IIIB) is activated by oxygens at positions 4 and 7
and hence it is easily oxidized at the electrode surface to give trimer (V). Thus, 4e
and 4H+ are involved in trimer formation. As position 2 of the indole nucleus has
been considered as most nucleophilic (19) it seems reasonable to conclude that third
moiety of 4-OH indole will attach at positon 2 via positon 59. The redox couple
11c /11a observed in CV is due to the reduction of trimer in 2e, 2H+ step to give
species (VI). Thus, under CV conditions the product of oxidation appears to be trimer
which further oxidizes under CPE condition to give oxygenated tetramer.

During controlled potential electrolysis 1e, 1H+ oxidation of trimer (VB) leads to
the formation of a free radical. This removal of electron can occur from the OH group
at position 4 of the parent indole nucleus or position 49 of the adjacent phenyl ring.
Thus, several tetramers are possible due to the attack of fourth indole ring at various
free radical sites. Thus, attack of (IID) on (VB) can give three tetramers because the
free radical is available at position 5, 29, and 79. As the ultimate product is trihydroxy
oxygenatedtetramer in CPE, the most probable structure is VIIA, which on 6e, 6H+

oxidation can lead to the formation of a product having three 2OH groups (m/e 5
574) as shown in Scheme 1. Two other structures possible for the tetramer (VIIB and
VIIC) were ruled out on the basis that their hydroxylation under CPE conditions will
usually form only a dihydroxy product. The 1H NMR data did not distinguish between
the various structures of tetramers because of the cluster observed for N-H signals
and hence more elaborate studies are needed to get better insights.

9. BIOLOGICAL STUDIES

Albino mice were used to evaluate the toxicity of the parent compound 4-hydroxyin-
dole and its oxidation product. LD50 value, the dose at which 50% animals survived
24 h was found to be 320 6 20 mg [mean 6 standard deviation on a log microgram
scale] for the oxidation product of 4-hydroxyindole (22). The LD50 value for the
parent compound was 620 6 2.0 mg.

Behavioral effects evoked by compounds (I) and (VIII) were monitored after
intracranial injection of lethal doses of these compounds and were more or less similar.
Animals exhibited stretched fore limbs and hind limbs after recovery from light ether
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TABLE 1

Observed Changes in Blood Parameters of Albino Mice after Interacranial Injection of 4-Hydroxyindole(I) and Compound (VIII) (n56)

Control Compound (I) Compound (VIII)

Parameters 1 day 3 days 1 week 2 weeks 1 day 3 days 1 week 2 weeks 1 day 3 days 1 week 2 weeks

Cholesterol 148.2 6 4.0 133.3 6 4.0 148.2 6 4.0 140.7 6 4.0 130.7 6 3.0 155.6 6 4.0 133.3 6 3.0 115.9 6 3.0* 88.9 6 2.0* 192.6 6 4.0* 170.4 6 4.0* 163.0 6 4.0*
(mg/100 ml)

Sugar 86.4 6 2.0 90.9 6 2.0 81.8 6 2.0 86.4 6 2.0 45.5 6 2.0* 50.0 6 3.0* 54.6 6 3.0* 63.6 6 3.0* 72.7 6 3.0* 68.2 6 3.0* 77.3 6 2.0 77.3 6 2.0
(mg/100 ml)

Urea 20.8 6 1.0 19.6 6 1.0 19.6 6 1.0 19.6 6 1.0 12.7 6 2.0* 13.9 6 2.0* 13.9 6 2.0* 17.3 6 2.0 10.4 6 2.0* 11.5 6 2.0* 11.5 6 2.0* 16.2 6 2.0
(mg/100 ml)

BUN 9.7 6 1.0 9.2 6 1.0 9.2 6 1.0 9.2 6 1.0 5.9 6 1.6* 6.5 6 1.6* 6.5 6 1.8* 8.1 6 1.8 4.9 6 1.6* 5.4 6 1.6* 5.4 6 1.6* 7.5 6 1.6
(ml/100 ml)

Alk. Phosphatase 6.7 6 1.0 6.7 6 0.1 8.3 6 0.1 6.7 6 0.1 9.2 6 0.1 12.5 6 0.2* 14.2 6 0.2* 14.2 6 0.2* 10.7 6 0.2* 10.7 6 0.2* 12.5 6 0.2* 8.3 6 0.1
(KAU)

ALT (IU/ml) 30.3 6 0.5 36.0 6 0.5 30.7 6 0.5 34.1 6 0.4 42.0 6 0.5 36.7 6 0.4 36.7 6 0.5 36.7 6 0.2 50.0 6 0.5* 48.2 6 0.5* 43.7 6 0.4* 45.6 6 0.4*
AST (IU/ml) 49.0 6 1.0 46.7 6 1.0 46.7 6 1.0 49.0 6 1.0 53.3 6 2.0 57.1 6 2.0 86.4 6 2.0* 66.4 6 2.0* 59.1 6 2.0 52.4 6 2.0 50.9 6 1.0 54.2 6 1.0

* P , 0.05.
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anesthesia (typically 4–5 min). The animals exhibited aggressive behavior and stared
rapidly moving in the cage. After 1 h of injection all animals exhibited behavior
similar to that of controls.

The effects of parent compound (I) and product (VIII) on blood parameters were
determined after 1 day, 3 days, 1 week, and 2 weeks of administration and are
presented in Table 1. The first three parameters, viz. Hb, RBC, and WBC, were not
significantly affected by administration of compound (I) and (VIII) and were 11.0 g/
100 ml; 5.1 and 6.8 3 1026 (mm3) for control animals. The value of cholesterol was
found to decrease for both the compounds after 1 day of administration, suggesting
hyperthyroidism condition in which cholesterol values as low as 80–100 mg/100 ml
have been reported in literature (23). Low values are rarely obtained in pernicious
anemia and in other anemias. A significant increase in cholesterol values was then
observed after 3 days of administration, which then showed a decreasing trend to
reach to the normal values in 2 weeks time. Such an increase in cholesterol may be
due to pronounced nephrosis, xanthometosis, and related conditions produced (24).
Blood sugar, urea, and blood urea nitrogen were found to decrease significantly in
case of compound (I) after 1 day and the values then increased. However, these values
still remained significantly lower in comparison to controls. In the case of oxidation
product of 4-hydroxyindole, the decrease in sugar, urea, and BUN is observed. The
extent of decrease of sugar is relatively less in comparison to parent compound (I).
Decreased values of blood sugar suggest hypoglycemic conditions, which occur by
stimulating the b-cells of Islets of Langerhans followed by secretion of insulin (25).
The low value of blood sugar has also been found in the case of overdose of insulin
(26,27). A significant decrease in blood urea and BUN even after 2 weeks of adminis-
tration clearly shows a severe liver disorder. The values of ALT, AST, and alkaline
phosphatase were found to increase by the administration of both the compounds.
The normal levels of AST and ALT are reported to increase (28) in blood serum
under the action of hepatotoxic agents (29). Thus an increase in AST and ALT after
administration of compound (I) indicates the leakage of these enzymes from the tissue
to the plasma probably due to tissue damage which alters the membrane permeability.
Increase in the values of both the enzymes in the case of compound (VIII) is a rather
common observation in the case of liver disorder, viz. acute infective hepatitis, which
is further supported by the low values of urea and high value of alkaline phosphatase.
Thus, the product of CPE oxidation of compound (I) appears to be more toxic than
parent compound and a single dose at LD50 level causes liver damage in albino mice.
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