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Abstract. The results of studies on chemiluminescence of
indole and its derivatives are critically analyzed. It is shown
that chemical transformations of indoles lead, depending on
the structure and experimental conditions, to various elec-
tronically excited products and emission of light. Many
reactions considered are used as a basis for highly sensitive
methods for detection of indoles in biology, medicine,
ecology and forensics. The bibliography includes 100 refer-
ences.

I. Introduction

In the early 1960s it was found that luciferins of some
glowing living organisms (the ostracod Cypridina, the
marine worm Balanoglossus) contain an indole fragment in
the molecule. The strong smell of indole served as the tracer
for isolation of marine worm luciferin. This prompted the
idea that indole plays an important role in bioluminescence;
therefore, the chemiluminescence properties of indoles have
become subjects of active research.

Currently it is known for certain that chemiexcitation of
the above-mentioned luciferins is not related to transforma-
tions of the indole fragment but the interest in chemilumi-
nescence (CL) of indoles arising during oxidation in both
biological and non-biological systems is retained. This is not
surprising because some derivatives of indole (1) are very
important, including the essential amino acid tryptophan
(2); the neuromediator serotonin (3); the hormones melato-
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nin (4) and indol-3-ylacetic acid (5); a great number of
alkaloids and biologically active compounds (vinblastine,
reserpine, ajmaline, strychnine, brucine, efc.), and exotic
compounds such as skatole (6) having a strong fecal odor
(or jasmine odor on high dilution).
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The problem of indole determination in mixtures is
encountered by specialists in various fields, including biol-
ogists, medical scientists, ecologists, forensic medicine
experts and criminal experts, food industry workers, and
others. Chemiluminescence-based detection methods, which
are fast and highly sensitive, are best suited for this purpose.
The review considers the more than 50-year history of
investigations of indole CL the results of which underlie
the analytical applications.
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II. Early studies

1. Chemiluminescence of indoles in the presence of a base

Chemiluminescence in indole reactions was first reported at
the Symposium on Chemiluminescence in 1965.1-2 In one of
the cited works,! CL of 22 compounds was studied under
conditions designated as A1l and B1. Conditions Al: aque-
ous aerated solution of a sample (2.5 mmol litre—') in the
presence of NaOH (0.5 mol litre—!') and K»S,Og (0.08 mol
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Table 1. The maximum CL intensity for some indole compounds depending on the conditions.

Compound Al Bl A9 B9
H,O-NaOH-S,03~ DMSO-KOH EtOH-H,0-KOH-H,0,-K3Fe(CN)s DMSO-H,0-KOH

3-Methylindole 0.6 95.0 0.5 13.0
2-Methylindole 0.3 20.0 0.5 0.05
1,2-Dimethylindole 0.4 2.9 — —
Indol-3-ylacetic acid 0.07 0.9 1.5 0.4
Indole-5-carboxylic acid 0.4 0 - -
L-Tryptophan 0.2 0 — 0
2,3-Dimethylindole 0 29.0 — 31.0
2,5-Dimethylindole 0 5.7 — -
Oxindole 0 1.1 — —
2-(Indol-3-yl)propionic acid 0 1.1 — —
3-Acetylindole 0 0.6 — —
Indole-3-carbaldehyde 0 0.3 — —
Indol-3-ylacetaldehyde — — — 13.0
3-(2-Diisopropylaminovinyl)- — — 590.0 -

indole

Note. All values are referred to the CL intensity of indole.

litre—!); conditions B1: aerated solution of a sample
(0.05 mol litre=1) in dimethyl sulfoxide (DMSQ) in the
presence of KOH." Chemiluminescence was found for com-
pound 1 and six derivatives under conditions A1l and for 11
compounds under conditions Bl (Table 1). No CL was
found for 2-phenylindole, indole-3-carboxylic acid, indol-
3-ylacetonitrile, 3-chloroindole, 5-nitroindole, 3-acetyl-
2-methylindole, 2,3-dichloroindole, 1-methyl-2,3-dipheny-
lindole, 1-ethyl-2,3-diphenylindole, isatin or gramine.
Berger et al.? cited data from the report* on the CL of
indole (1), indole-5-carboxylic acid and 3-methylindole,
from which it follows that Philbrook et al.! observed CL
of these compounds not only under conditions Bl but also
in dimethylformamide (DMF) in the presence of 0.67 mol
litre=! of Bu'OK and that the highest intensity of CL of
3-methylindole in DMF was almost 4 times higher than in
DMSO. The observation of CL in DMF is important in
relation to the problem of reactive oxygen species involved
in these reactions. In 1981 it was shown? that in aerated
solution of DMSO¥ (but not DMF), dissolved oxygen is
converted under the action of alkali into superoxide radical
anion the concentration of which can reach 0.4 mmol
litre—!. As the H,O content in DMSO increases, the con-
centration of the superoxide radical anion decreases.®
McCapra et al.> were initially interested in peroxides, in
particular, tetrahydrocarbazole hydroperoxide (7), whose
melting or heating in xylene is accompanied by blue light
flash. This gives lactam as a major product. In compound 7,
the oxygen atoms are arranged asymmetrically relative to
the C(2)—C(3) bond, while in compound 8, they are
arranged symmetrically. As regards the reaction mecha-
nism, a discussion between Witkop’s and Beer’s groups
was started in the early 1950s. Witkop proposed a decom-

T The solubility of KOH in anhydrous DMSO does not exceed
0.003 mol litre—! [see M Vasilescu, T Constantinescu, M Voicescu,
H Lemmetyinen, E Vuorimaa J. Fluoresc. 13 315 (2003)].

1 It was shown that available DMSO samples (without special purifica-
tion) contains Fe(1l) and Cu(Il) ions in a concentration of up to
3 mmol litre ! [see X Qiao, S Chen, L Tan, H Zheng, Y Ding, Z Ping
Magn. Reson. Chem. 39 207 (2001)].

position mechanism of peroxide 7 via a four-centre transi-
tion state, dioxetane 9. One could hardly foresee at that
time the significance dioxetane structures would acquire for
chemiluminescence studies 15— 20 years later.’
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McCapra et al.? observed CL on treatment of hydro-
peroxide 7 or 10 in DMSO or the N-methyltryptamine in the
presence of O, with Bu'OK. In 1966 McCapra and Chang
reported bright CL on treatment of solutions of 2,3-dime-
thylindolenyl 3-hydroperoxide (11) and hydroperoxide 10
in DMSO with ButOK.”-8 It was found that the peaks in the
CL spectra of these compounds (518 and 495 nm) coincide
with the fluorescence maxima of the anions of amidoaceto-
phenones, which are formed as the major reaction products.
The transformations of the studied hydroperoxides are
shown in Scheme 1.

The above-cited studies %78 stimulated the interest in
the CL of indoles. In 1967-1968, a group of Japanese
chemists published a series of four studies®~'? devoted to
indole CL; later one more related publication appeared.'?
Sugiyama et al.® performed the search for CL among
42 compounds under conditions A9 and B9. According to
conditions A9, 1 ml of a sample solution in an alkaline
(0.1 mol litre=! KOH) solution of ethanol was mixed with
1 ml of an aqueous solution containing H>O> (1.5%) and
K3Fe(CN)g (1.5%); according to conditions B9, 1 ml of a

§ If the energy released in the transformation
0-0 O O
1 4
LR ﬂRl7// e
R2 R R2 R3
is estimated from the bond energies, this value will exceed 300 kJ mol—!.
This energy can ensure electronic excitation of the products. Therefore,

now dioxetanes are often called high-energy molecules or light storage
molecules.
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R = 4-MeOC¢H, (10), Me (11).

sample solution (I mmol litre—!) in DMSO was mixed with
1 ml of an aqueous solution of KOH (5 mol litre—!). Some
data from this work are presented in Table 1. Comparison
of the results obtained under conditions B1 and B9 has
shown that they are similar for 2,3-dimethylindole but differ
considerably for 3-methylindole and 2-methylindole. This
seems strange because conditions B1 and B9 formally differ
only in the sample and water concentrations in DMSO.
Peroxide CL was also reported® for compounds 11 and
2,3-diethylindolenyl 3-hydroperoxide. Chemiluminescence
of  2,3-dimethylindole and hydroperoxide 11  was
studied '%-1! in more detail under conditions similar to B1.
It was shown that CL of 2,3-dimethylindole required oxy-
gen, while CL of compound 11 did not. o-Acetamidoaceto-
phenone formed as the final product in both the oxidation
of 2,3-dimethylindole and the alkaline decomposition of
hydroperoxide 11. The maxima of the CL spectra of
2,3-dimethylindole and compound 11 occur at 520 nm,
which corresponds to the maximum of the fluorescence
spectrum of o-acetamidoacetophenone. This provided solid
grounds for assuming that o-acetamidoacetophenone is the
CL emitter, while compound 11 is an intermediate of
autooxidation of 2,3-dimethylindole. A number of indole
derivatives have been studied,!! namely, 2,3-dimethylindole,
2,3,5-trimethylindole, and 5-methoxy-2,3-dimethylindole.
The positions of peaks in the CL spectra of these com-
pounds are 520, 532, and 548 nm, respectively. The CL
spectral peaks coincided with the positions of CL of the
corresponding 3-hydroperoxides and the fluorescence max-
ima of amidoacetophenones. The transformations resulting
in CL are presented in Scheme 2. This pattern differs from
the authors’ one in that the latter indicated additionally the
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isomeric forms of the excited anions with the substituents
—CCH>O~ and —COC~Ha,.

The effect of 5- and 6-substituents in the series of
2,3-dimethylindoles (8 compounds) and hydroperoxides 11
(4 compounds) on the chemiluminescence properties of
compounds have been studied.'? Linear correlations of the
logarithm of light yield with the Hammett function (o) were
found; the proportionality factors (p) were —1.24 for the
indole series and —2.04 for the peroxide series. When
constructing the dependences for 6- and 5-substituents, o
values corresponding to para- and meta-substituents were
taken. Interpretation of the found correlations is hampered
by the fact that the light yield in a chemiluminescence
reaction is determined by the product of three terms: the
chemical yield along the light reaction pathway, the chemi-
excitation yield, and luminescence yield; each term depends
on the starting compound structure.

In 1968 a group of chemists from the USA published the
results of CL studies of more than 50 indole derivatives in
the DMSO -Bu'OK system.!* Analysis of the vast exper-
imental knowledge led the authors to conclusion that
3-alkylindoles are the most effective chemiluminophores in
this system as regards the light yield, in particular, 5-benzyl-
oxy-3-methylindole, 5-methoxy-3-methylindole, 3-methyl-
indole, 3,5-dimethylindole and 3-ethylindole were most
effective (this sequence corresponds to a decrease in this
parameter). The CL spectra of 3-methylindole (corrected
for self-absorption of the solutions, Amax &~ 500 nm, uncor-
rected, 490 nm) and 2,3-dimethylindole (Amax =~ 530 and
516 nm, respectively) coincide with the fluorescence spectra
of o-formamidoacetophenone and o-acetamidoacetophe-
none anions, respectively (Fig. 1).

The acylamide anions were identified as primarily
excited products of indole autooxidation and CL emitters.
It was found that the anionic form of the corresponding
derivative is the starting oxidation substrate. The authors
also presented the transformation scheme for 3-methylin-
dole; this is similar to Scheme 2. The most important points
of this scheme are the formation of peroxide intermediate
and its conversion to unstable 1,2-dioxetane. The quantum
yield of CL of 3-methylindole is (1.5+0.6) x 10—3 Einstein
mol—!; hence, for the chemical yield of o-formamidoaceto-

Intensity (rel.u.)

1.0

N~
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Figure 1. Chemiluminescence spectrum of 2,3-dimethylindole (/) and
fluorescence spectrum of o-acetamidoacetophenone (2).
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phenone equal to 0.4 and its luminescence quantum yield
under the reaction conditions equal to 0.2, the excitation
yield of the o-formamidoacetophenone anion in this reac-
tion is ~0.02.

Note that the spectral data on the CL of 2,3-dimethyl-
indole and hydroperoxide 11 reported by various authors
do not coincide. This is due to the difficulty of experimental
measurement of the spectra of weakly glowing subjects
whose glow intensity varies with time. One more point is
that the CL spectra either coincide or not with the fluo-
rescence spectra of the putative emitters.

In the general case, the chemi- and photoluminescence
spectra do not necessarily coincide. For example, lack of
coincidence of the spectra was noted '*>~!7 in a comparison
of the CL that accompanies decomposition of some sub-
stituted 1,2-dioxetanes with the photoluminescence of car-
bonyl compounds formed upon dioxetane decomposition,
i.e., CL emitters. However, in two of the cited studies,!>-1¢
different effects of the medium for photo- and chemiexcita-
tion were found, whereas in the third work,!” the difference
(tens of nanometres) between CL and fluorescence spectra
was attributed to structural features of the reactants. The
presence of bulky substituents such as an anthrylphenol
fragment results in different stereochemistry of the elec-
tronically excited state of the CL emitter, viz., anthrylphe-
nol-substituted ketoester, either generated upon the
chemical reaction or populated by the photon absorption.
These observations can be interpreted qualitatively in the
following way.

Photoexcitation is a vertical Franck —Condon radiative
transition with fixed nuclei of the molecular system. The
transition takes place between spectroscopic minima on
multidimensional potential energy surfaces (PES) of the
ground and excited states of, in this case, the ketoester.

Chemiexcitation is a much more complex process. It
takes place upon horizontal transition, namely configura-
tional rearrangement of atomic nuclei, i.e., migration of the
imaginary point along the reaction coordinate on the

Energy

Reaction
coordinate

Reaction coordinate

Figure 2. Scheme of transitions between potential energy surfaces.
(a) Photoluminescence: (/) photon absorption (vertical radiative tran-
sition from the spectroscopic minimum), (2) fluorescence (vertical
radiative transition from the spectroscopic minimum of the excited
surface). () Chemiluminescence: (/) chemiexcitation (horizontal non-
radiative transition to the excited surface), (2) quasi-intersection region
of the potential energy surfaces, (3) vertical radiative transition from
the spectroscopic minimum (the CL spectrum coincides with the
fluorescence spectrum), (4) vertical radiative transition from the local
minimum (the CL spectrum does not coincide with the fluorescence
spectrum).

ground state PES from the reactant (dioxetane) potential
well to the product (ketoester) potential well. Half-way the
system gets into the region where the ground and excited
state PES are proximate (quasi-intersection area), it ‘iner-
tially’ crosses to the excited state PES (of course, far from
the minimum) and continues to move along towards the
spectroscopic minimum. Also, the molecule can pause in
another local well (corresponding to a product conformer)
and from there, undergo a radiative transition to the ground
surface (Fig. 2). Therefore, the spectrum of CL differs from
the spectrum emitted upon photoexcitation.

2. Chemiluminescence of indoles in the absence of a base
The above-noted publication '3 occupies a special position,
and this is due to the fact that in all previous works, the
indole CL was observed in highly alkaline medium, while
this work reports CL of 3-methylindole, indole and 3-phe-
nylindole in the reaction with peroxybenzoic acid in chloro-
form in the absence of a base. The CL intensity under these
conditions was very low, and its spectrum was not meas-
ured.

Chemiluminescence of tryptophan (2) in sulfuric acid
(~0.2 mol litre—') was found on oxidation with Ce(1V)
ions '8 or peroxynitric acid (ONO,H),!° which was prepared
in the reaction vessel by mixing solutions of H»>O»
(0.25 mol litre~ ') and KNO> (0.1 mol litre ') directly dur-
ing the experiment. Under similar conditions, tryptophan
CL sensitized by trivalent terbium was observed upon
oxidation with peroxynitric acid.?? The CL intensity in the
presence of Tb(11I) (0.02 mol litre—!) increases more than
5-fold. The spectra of non-sensitized CL recorded in two
studies '%-2° do not coincide [peaks at 550 (Ref. 19) and
525 nm (Ref. 20)].

ITI. Chemiluminescence of indoles without pyrrole
ring opening

Chemiluminescnce of indigo (12) was observed on air
oxidation in the presence of strong alkali in DMSO and
DMF.2! The CL quantum yield reached 5.3 x 10—# Ein-
stein mol—!. The isatin (indole-2,3-dione) anion (13) was
the stable reaction product and a possible emitter. The
authors suggested the intermediate formation of dioxetane
at the 2—2' double bond of indigo (Scheme 3).

Scheme 3
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The chemiluminescence reaction has a complex kinetics
and has not yet been studied. The most intriguing points are
the following: narrow temperature range (9—12 °C) in
which CL is observed; unexpected sharp repeated CL
build-up 3-4 min after the start of the reaction (Fig. 3),
and giant enhancement of the CL upon the second addition
of a solution of NaOH to the reaction medium.
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Figure 3. Chemiluminescence kinetics in aerated solution of indigo
(12) in DMF.
The arrows mark the instants of addition of a NaOH solution.
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Figure 4. Photoluminescence spectrum of aldehyde 16
(1.72 mmol litre—') in deaerated DMSO in the presence of Bu'OK
(15 mmol litre = 1); Jexcit = 300 nm.

IV. Dioxetanones, dioxetanimines and record
chemiluminescence of dioxetanes

1. Dioxetanones and dioxetanimines

In 1976 biochemists from Brazil 22 detected CL for S-phenyl
indol-3-ylthioacetate 14 and indol-3-ylacetonitrile (15) in an
aerated DMSO solution (at a sample concentration of
0.6 mmol litre—!) in the presence of Bu!OK (4 mmol
litre—!). The maximum of the CL spectrum occurs at
435 nm in both cases; this corresponds to the luminescence
maximum of aldehyde 16, which was also detected among

the reaction products.
@\TCHZ -4

The authors suggested that dioxetanone 17 and
dioxetanimine 18 shown in Scheme 4 are intermediates
preceding the formation of the excited aldehyde (we took
the liberty to draw the indole fragment as an anion, which
corresponds to both the reaction conditions and the con-
ditions of recording the luminescence spectrum of aldehyde
16 presented in Ref. 22).

Scheme 4
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In the authors’ opinion, the observed CL is emitted by a
chemiexcited singlet molecule of aldehyde 16. In the study
cited,?? the photoluminescence spectrum of compound 16 in
a highly alkaline deaerated DMSO is reported (Fig. 4). The
two-band structure of the spectrum (recall that the fluo-
rescence of indole in ethanol has one band at 330 nm) and
the absence of oxygen (phosphorescence quencher) in the
solution suggest that the long-wavelength emission of com-
pound 16 is phosphorescence. Thus, triplet aldehyde 16 is
the major chemiexcited product. This is also in line with the
results of other studies,??~2¢ namely, with the fact that on
dioxetanimine decomposition, the yield of chemiexcited
triplet molecules is several orders of magnitude higher
than the yield of singlet molecules.

An interesting feature of CL of compound 14 is that
under certain conditions (the initial concentration
>0.7 mmol litre !, temperature of the reaction medium
<44 °C), the spectrum exhibits an additional band at
525 nm apart from the band at 435 nm. The authors
demonstrated that the exciplex formed by the excited
molecule 16 and molecule 14 is responsible for the emission
in the green spectral band (This also implies that excited
molecule 16 exists in the triplet state, because the exciplex
formation by singlet excited molecule 16 is unlikely.)

2. Record chemiluminescence of dioxetanes

Compound 19 known among indole dioxetanes is converted
to diester 20 on heating from —46 °C to room temper-
ature.?’

Characteristics of the CL of dioxetane 19 are unique, at
least, among organic chemilumonophores. The maximum of
the CL spectrum in non-polar solvents (e.g., hexane) occurs
in the UV region (320 nm), i.e., upon chemiexcitation, a
large portion of energy (> 377 kJ mol—') transforms from
chemical energy to electronic excitation. The chemiexcita-
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tion during the rearrangement of compound 19 to diester 20
is highly efficient, its yield exceeding 0.5 (the CL yield is
0.036). In polar solvents (CHCls, tetrahydrofuran, CH,Cl,,
acetone), a peak at 400—415 nm appears in the CL spec-
trum. This is assigned to light emission by the ‘intramolec-
ular exciplex’ excited by charge transfer between the indole
and benzoate chromophores. However, an attempt to syn-
thesize a fluorescing molecule with the geometry of the
hypothetical exciplex failed.

Indole dioxetanes relatively stable at room temperature
were prepared.?®2° The increase in the stability was
attained by acylation of nitrogen of the indole fragment.

V. Indoles and reactive species

1. Indoles and singlet oxygen
One route to dioxetanes is addition of singlet oxygen to the
C=C bond.?® This reaction was used to obtain indole-
containing dioxetanes at the C(2)—C(3) bond for the
subsequent chemiluminescence determination.

Kawatani er al.3' obtained singlet oxygen by oxidation
of sodium molybdate with hydrogen peroxide

MoO3~
2H20, ——Ps 10, + 2 H,0.

In this process molybdate functions as a catalyst of
hydrogen peroxide disproportionation, the generation rate
of singlet oxygen is 4 x 10~% mol litre=! s—! at an H,0,
concentration of more than 0.07 mol litre—! and MoOj;~
concentration of more than 1 mmol litre ="' (Ref. 32). The
data on light yield during the first 200 s (Z200) under
reaction conditions where 100-pl portions of H»>O>
(0.1 mol litre—"), indole derivative (1 mmol litre—!') and
MoO?{ (0.02 mol litre — 1) solutions were mixed successively
are summarized in Table 2.

Table 2. Light yield in the reactions of indole and its derivatives.

Compound 2500 Relative
(arb. u.) to indole
Melatonin (N-acetyl-5-methoxytryptamine) 1.2 x 108 364.0
3-Methylindole 7.5%10° 23.0
Indol-3-ylacetic acid 6.1x10° 19.0
Serotonin (5-hydroxytryptamine) 1.5x 106 5.0
5-Hydroxyindol-3-ylacetic acid 1.4x10° 4.0
5-Hydroxyindole 8.9x10° 3.0
5-Hydroxytryptophan 6.5x10° 2.0
Tryptamine 3.4x10° 1.0
Indole 3.3x10° 1.0
Tryptophan 3.6 x10* 0.1
Indole-3-carbaldehyde 1.2x10% 0.04
Ethanol (control run) 2.0x103 —

Note. Reaction conditions: H>O» and sodium molybdate are used as
aqueous solutions, indoles are dissolved in EtOH, pH of the mixture
~10.

By using a flow-type reaction cell and by increasing the
temperature of the reaction mixture, the authors attained a
detection limit for compound 4 of about 2x 10~° mol -
litre=! (sample volume 100 pl); the CL signal obeyed a
linear dependence on the melatonin (4) concentration in the
range of 1078103 mol litre— .

Lu er al3® obtained singlet oxygen by the reaction
between nitriles and hydrogen peroxide 34

R*CEN + HzOz —_—> 102 + RCONH2 + Hzo.
The authors?33 proposed the addition of 'O, to the

C(2)—C(3) double bond and the subsequent reactions
according to Scheme 5:¥

Scheme 5
MeO NHAc
4+10, — 0 —>
N T
H H
(0]
MeO. ‘ NHAc
—> + hy
NH
O¢ H 21

This is a hypothetical scheme. The participation of singlet
oxygen was substantiated 33 using inhibitor analysis (CL
quenching by 1,4-diazabicyclo[2.2.2]octane and dimethyl-
furan). The formation of N'-acetyl-N?-formyl-5-methoxy-
kynuramine (21) on melatonin oxidation with singlet
oxygen was proved in another study.?>

Under conditions similar to those used to observe CL in
Ref. 33, the CL of 3-glyoxyl derivatives of indole (22) 3¢ and
2,3-bis(indol-3-yl)maleimide (23)37-3% was found.

o O
R2 Il
e
N

R! = Cl, OH, OMe, NMey;
R2 = H, OH, OPh.

23 H

For 3-indoleglyoxylyl chloride, two reaction pathways
resulting in light emission were proposed (Scheme 6).

The CL spectral maximum of compound 23 is located
near 430 nm; the CL emitter is octacarbonyl 24, which is
formed upon rearrangement of a complex molecule incor-
porating three (!) dioxetane fragments. This molecule is
formed upon addition of three molecules of singlet oxygen
to the pyrrole and two indole fragments [to the C(2)=C(3)
double bonds].

H
o=_N_o
= XN
| 4 |

X 0 0 o

N N

e &

NS /
24

Note that in the studies cited,3!:32:36-38 CL was
observed in alkaline media, and the researchers observed
considerable attenuation of CL at pH < 9. This might be

9 Scheme 5 is reproduced with corrected mistakes in the structural
formulas.
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the reason for the fact that in another study3° where '0;
was generated by the reaction between hydrogen peroxide
and hypochlorite in acidic medium, only energy transfer
was detected from singlet oxygen dimol to the indole
fluorophore, tryptophan.

The chemiluminescence of indoles in the presence of
hydrogen peroxide and hypochlorite in alkaline medium
was employed for hypochlorite 4%-4! and melatonin #? deter-
mination (with a detection limit of 5 x 10—8 mol litre—!) in
tap water.

Below we discuss the works on the indole CL where the
participation of singlet oxygen is highly probable but not
adequately substantiated.

Chen et al.*?® observed CL by incubating aqueous sol-
utions of indoles 1, 2, 5 in acidic medium in the presence of
hydrogen peroxide and Fe? " ions followed by addition of a
solution of NaOH. Decomposition of H>O; to O, and H>,O
catalyzed by Fe3™ ions in low concentration is known to
follow a radical chain mechanism giving intermediately
HOj, HO™ and Fe?™ (see Ref. 44). The formation of singlet
oxygen under these conditions is quite likely. Low CL was
observed 4° in the H,O, —Fe3* system in the visible spectral
region (apparently, this is luminescence of the singlet oxy-
gen dimol).

The CL of bopindolol (25), a pharmaceutical agent used
to treat cardiac arrhythmia and hypertension, has been

studied.*¢
O/\/\NHBu‘
O
O e
Me N
H 25

The chemiluminescence of bopindolol occurs in a car-
bonate buffer (pH 9.3) upon oxidation during H>O> decom-
position by Co(I1) complex with ethylenediaminetetraacetic
acid. The maximum of the CL spectrum occurs at
~ 500 nm; the spectrum has an additional peak for singlet
oxygen dimol luminescence at 640 nm.

2. Indoles and carbonate radical anion

An important role of the COj3° radical anion in the
oxidation and CL of melatonin (probably, not only mela-
tonin) was revealed.4” In the presence of this radical, the CL
intensity increases severalfold. In the reaction medium,
COj3 " appears upon oxidation of the HCO3 anion added
to the system. In aerated alkaline solutions, especially in
alkaline DMSO, the HCO3 anions arise upon absorption of
CO; from air.

—00~
[NaOH, H0, ©\—/(
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3. Indoles and superoxide radical anions
The question of the ways of participation of superoxide
radical anion in the indole CL was answered in a number of
works. 4850

Shen et al.*® studied radiolysis of the products of one-
electron oxidation of indoles 1, 6, 26 c—e. It was found that
one-electron oxidation of compounds 1, 6, 26 ¢,d in neutral
solutions gives radicals 28a—d as primary products, while
radical cations 27a—d are formed only in acidic solutions.

R3 R3

i N ‘R i ﬁ/ ‘R RI_R* R
]‘{1 }‘{1 aH H H
1,6,26c—e 27a—d b H H M
¢ H Me Me
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28a—d

When the radical cations (as shown for indole 27e) react
with O ", electron transfer takes place

27e + 07" —> 26e + O,.

The authors noted that this reaction could yield singlet
oxygen.

The reaction of radicals 28 with O5 " affords the corre-
sponding 3-hydroperoxide anion, which initiates the light-
generation (see Scheme 1).

Okajima and Ohsaka“%°0 generated the superoxide
radical anion by electroreduction of dissolved oxygen in
acetonitrile in the presence of tetraethylammonium perchlo-
rate (supporting electrolyte) on pyrolytic graphite electrode.
Synchronously, cyclic voltammogram and the CL signal
were recorded. It was found that voltammograms measured
in the presence and in the absence of compounds unable to
act as proton donors are almost identical. In the presence of
indoles, which are proton donors, the anodic current
decreases, while the cathodic current increases; in addition,
one more anodic current peak appears (without a pair in the
cathodic region). The chemiluminescence is recorded at the
instant of ‘passage’ of the additional anodic peak.

The authors explained the results by the following set of
processes:

(i) proton transfer from the indole derivative (IndH) to
the superoxide radical anion to give the hydroperoxide
radical and the low-mobility anion of the indole compound
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05"+ IndH —> HO;+ Ind—,

(i1) single-electron electrooxidation of the Ind — anion in
the region of additional anodic current peak to give the Ind’
radical

Ind~—e —> Ind’,

(iii) addition of the HO; radical (or O5 ") to the carbon
atom in position 3 of the indole fragment of the Ind’
radical,

(iv) the subsequent steps are the same as in Scheme 1.

Thus, it can be concluded that the superoxide radical
anion is necessary for CL of indoles provided that they have
undergone preliminary single-electron oxidation.

Electrochemiluminescence of tryptophan and indole in
the presence of hydrogen peroxide was used’! for their
determination with a detection limit of 10=7 mol litre ~!

4. Indoles as non-specific participants
of the chemiluminescence process
In some chemiluminescence reactions, indoles take part as
reducing agents and ligands in coordination compounds.
These reactions were used to develop chemiluminescence-
based detection of a number of biologically active indole
compounds in high performance liquid chromatography
and in flow injection analysis.’?~ 0 They are highly sensitive
providing the following detection limits (nmol litre=!): for
compound 3, 2;>* for tryptamine, 5;% for compound 4, 20;°
for compound 5, 0.6,57 115;°® and for compound 2, 10,55
25,59 and 2.5.9°

Highly sensitive methods of chemiluminescence detec-
tion of indoles as dansyl derivatives (for N-methyltrypt-
amine, 5-methyltryptamine, a-methyltryptamine, bufotenin
and psilocin) and as 6-aminomethylphthalhydrazide deriv-
atives (for 5-hydroxyindol-3-ylacetic acid and a-methylser-
otonin) have been developed.o!¢2

VI. Ultraweak luminescence of biological objects

The ultraweak luminescence (UWL) of biological objects ¢3
has long been attributed to peroxide oxidation of
lipids.®* In recent years, weighty grounds appeared for
assuming that the oxidative degradation of amino acids
and proteins can also make a considerable contribution to
the UWL.

COH CozH
©j/\< 00 /()2 ©j(\<

The CL of bovine serum albumin (BSA) on oxidation
with peroxynitrite in the phosphate buffer at pH 8 was
detected.®-¢¢ A study of the effects of dibromoanthracene
(DBA) added as a test for triplets and diphenylanthracene
(DPA) added as a test for singlets (20 pmol litre—!) showed
that DPA additive induces a marked increase in the CL
intensity. This attests to a singlet nature of the emitter in
BSA chemiluminescence. In oxidation of pure amino acids
with peroxynitrite, it was found that only tryptophan
oxidation is accompanied by pronounced CL.%¢ The emis-
sion maximum for both BSA and tryptophan (2) is located
at 475—575 nm. It was concluded that compound 2 is the
substrate of oxidative CL of proteins.

Chemiluminescence that accompanies the initiated oxi-
dation of proteins and amino acids was studied.®”-¢8
2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH)
was used as water-soluble radical initiator. Of all amino
acids studied, only tyrosine and tryptophan show pro-
nounced oxidative CL. Comparison of the chemilumines-
cence behavior of these amino acid and some proteins in the
presence of AAPH elicited the existence of general trends
for light generation during initiated free radical oxidation.
Aspée and Lissi ¢7-68 proposed Scheme 7 for the mechanism
of CL of tryptophan, a key participant of the ‘protein’
UWL processes. The Scheme is largely based on the knowl-
edge on oxidative degradation of this amino acid initiated
by other methods under other conditions. Tryptophan
hydroperoxide (29) is a key intermediate product formed
in the reaction of compound 2 with single-electron oxidants
in the presence of oxygen.*®-67-7! Intermediate 30 was
found in the photooxidation products of compound 2.7?

Scheme 7 shows the light reaction pathways (the dark
reaction pathways are ignored) and the key peroxide inter-
mediates that can be formed in the oxidative processes
involving different reactive oxygen species. This Scheme
was also used to describe the tryptophan CL during oxida-
tion with singlet oxygen.”3

In recent publications dealing with singlet oxygen oxi-
dation of compound 2 (both free 74 and as a part of proteins
and peptides 7%), the attention is concentrated on the goal to
identify and structurally characterize the products and
intermediates. However, Ronsein et al.’* admitted that,
despite the progress attained to date, it is still much to be
done to establish the detailed mechanism of CL arising
during oxidation of compound 2.

The chemiluminescence properties of hydroperoxide 30
were studied.’ This compound is formed as a mixture of

COH
O NH, —>
: :N; |

Scheme 7

OH
29
Co.H 7
COQH
(‘) H —> v
o —H
31
—OH
N COvH CO-H
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cis- and trans-isomers in the oxidation of compound 2.
Their thermal transformation is accompanied by lumines-
cence whose spectrum shows two bands with peaks at 436
and 510 nm. The shorter-wavelength band (436 nm) corre-
sponds to the fluorescence spectrum of formylkynurenine
(31), while the origin of the longer-wavelength is still not
entirely clear. In the opinion of the researchers cited,’ the
nature of the latter emission band may be different ranging
from the formation of exciplexes to a peculiar effect of the
intramolecular hydrogen bond (between the N—H and
carbonyl groups) in molecule 31 on chemiexcitation. It is
also noteworthy that the CL of hydroperoxide 30 was
enhanced upon introduction of alkali; this was attributed
to catalytic acceleration of the decomposition of dioxetane
intermediate 32, which can also apparently be formed from
hydroperoxide 30.

Note that works considering the interaction of reactive
oxygen species with tryptophan and the CL that accompa-
nies these processes continue the studies on stimulated CL
of tryptophan, glycyltryptophan and proteins carried out by
I I Sapezhinsky and his followers.”® The acquaintance with
his works at a new phase of investigations is both a tribute
of respect to the forerunners and considerable time saving,
since, as noted in N Turro’s interview to the journal
Spectrum: ‘Three months in the laboratory can save a
couple of hours in the library.’f

VII. Chemiluminescence of indoles in enzymatic
processes

The studies of CL that accompanies oxidation of indoles in
enzymatic systems started in the late 1960s.”” The main
investigation objects in the 1970—1990 included, among
indoles, indol-3-ylacetic acid (5) and, among enzymes,
animal or plant peroxidases.

The knowledge on the classification and the current
state of the studies of plant peroxidases have been presented
in a number of publications.”®~83 In the context of this
review, we would like to note that peroxidase, in particular
horseradish peroxidase (HRP) isolated from the horseradish
roots is a haem-containing enzyme (molecular mass
~40000), which accomplishes its peroxidase function in
the presence of hydrogen peroxide, while in the absence of
H>0: (or RO;H) and in the presence of Oo, it functions as
an oxidase. The HRP-catalyzed oxidation of compound 5 is
a rather complex process. During this process, the initial
enzyme transforms into a number of catalytically active and
passive forms, which differ in the oxidative state of the
haem iron [Fe(II), Fe(1ll) and Fe(I1V)] and its environment.
Compound 5 is oxidized along a number of pathways,
differing by both the intermediates and products. Unlike
animal peroxidases, HRP has a specific centre of binding of
compound 5.

The peroxidase cycle operates with various oxidizable
substrates; it can be represented by the sequence of three
transformations:

E + H,O, —> EI + H,0,
El+SH —» EIl + S,
EHN+SH+H* — E+ H,0+ S,

where E, EI, EII are native enzyme and its forms: com-
pound I and compound II, and SH and S’ are the substrate

T Spectrum 17 (1) 3 (2004).

and the product of its single-electron oxidation, respec-
tively.

The aerobic oxidation of HRP is highly specific to the
substrate. It starts with the formation of the enzy-
me—5—0, ternary complex in which the radical cation
5% and the superoxide radical anion are formed. The
radical cation 5% is then decarboxylated to give the
skatolyl radical (Ind-3-CH3), which is oxidized with oxygen
to peroxyl radical. In neutral medium, radical cation 5*° is
rapidly deprotonated to give neutral radical the decarb-
oxylation of which is more than 100 times slower.

Switching from the peroxidase oxidation to aerobic
(oxidase) oxidation depends on the pH and on the concen-
tration ratio of HRP to 5.

In the radical pool formed in the S—HRP-H>0,—-0>
system, a series of radical (including chain) reactions take
place in the case of both peroxidase and oxidase action of
enzyme, some of these being accompanied by chemiexcita-
tion and light emission.34

Of particular interest are reactions that accompany the
aerobic oxidation as highly specific to indole 5. First, the
attention of researchers was attracted by the CL of com-
pound 5 in the IR range, related to the appearance of
excited oxygen molecules in the 'A, state. The formation
of singlet oxygen in the peroxidase-catalyzed aerobic oxida-
tion of compound 5 was first assumed?®3-8¢ and then
established reliably®” based on light emission in the IR
range (~ 1270 nm), which is the ‘visiting card’ of singlet
oxygen. The mechanism of formation of singlet oxygen
assumed in the mentioned works 8- 8¢ was based on energy
transfer from primarily excited indole-3-carbaldehyde trip-
let to oxygen, while in other studies,87-8% this was the
Russell mechanism 8 of disproportionation of Ind-3-
CH,O0O" radicals to give six-centre tetroxide, which decom-
posed to oxygen, an alcohol and a carbonyl compound.
Note that CL of compound 5 in the IR range is observed
only for pH < 5 and disappears in the neutral medium.8’
The lifetime of singlet oxygen in D>O is more than 10 times
longer than in H»O; therefore, the IR CL that accompanies
oxidation of 5 is much more intense in heavy water, where it
was found in experiments described by Kanofsky.8”

Apart from the IR emission band (1270 nm), singlet
oxygen also had an emission band of singlet oxygen dimols
in the red region (635 nm).3>-86

In a number of works,?°~22 the CL spectra were
recorded in the range of 350—570 nm upon aerobic oxida-
tion of compound 5 in neutral medium. The CL spectra in
the HRP—5-0; system are shown in Fig. 5. The conditions
of recording spectra / and 2 are closely similar: the HRP
concentration is 0.4 umol litre—! (/) and 1.1 umol litre !
(2), the concentrations of compound 5 are 0.2 and
0.5 mmol litre—!, pH is 7.0 and 7.4, temperature is 25 and
37 °C, respectively. However, the spectra differ consider-
ably, although the principal maximum is at 410—430 nm in
all three cases. It was assumed®! that several emitters are
involved. This assumption could be verified by a published
method,”? which consists of recording the CL kinetics in
several, relatively narrow spectral ranges corresponding to
the emission maxima of the assumed emitters. If the
intensity ratios recorded in different spectral channels are
time-dependent, then participation in the CL of several
emitters arising in different chemical pathways can be
assumed. Conversely, a constant ratio would be evidence
in favour of only one emitter.
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Figure 5. Chemiluminescence spectra in the HRP—-5-0; system at
neutral pH from Refs 90 (/) and 92 (2).
The arrows mark the positions of the spectral peaks from Ref. 91.

To estimate the proportion of light emitted by singlet
oxygen dimols in the total flux of the emitted light, the CL
kinetic curves were recorded 2 in the presence and in the
absence of a red light filter mounted between the reaction
vessel and the photodetector. It was found that at pH 7.4,
emission in the red region provides a minor portion of the
emitted light, and the profiles of the kinetic curves are
different. At pH 5, the CL kinetics considerably differs
from that observed at pH 7.4: the CL intensity considerably
decreases, the proportion of the red light increases, and the
kinetic profiles become similar. It was shown °° that CL in
the HRP-5-0; system occurs in the pH range from 5 to 9
and the light yield is maximum at pH 7. The replacement of
H>O by D»,O in the pH optimum is accompanied by a
considerable decrease in the light yield. These data, together
with the spectral kinetic results °2 indicate that CL observed
at 350—570 nm at neutral pH is not a consequence of
generation of singlet oxygen by the mechanism proposed
by Khan and Kasha.?*

It was also noted° that the addition of a free radical
inhibitor (2,5-di-tert-butylhydroquinone) in 19 pmol litre —!
concentration gives rise to an induction period in the kinetic
curve of CL, which considerably increases as pH grows
from 5 to 7. The effect of phenolic antioxidants on CL in the
HRP-5-0, system was studied in detail.”> Among the
inhibitors of aerobic oxidation of compound 5, special
mention should be made of hypaphorine (33), tryptophan
betaine. According to a publication,’ compounds 33 and 5
compete for the peroxidase binding site specific to com-
pound 5. The use of hypaphorine in CL studies is of interest,
first of all, as a tool of targeted interference.

CO;
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H 33

The wide use of HRP in analysis stimulated the interest
in the search for new chemiluminogenic substrates, in
particular, among indoles.

It was found®® that 5-bromo-4-chloroindol-3-yl-B-D-
galactopyranoside (34) is an effective chemiluminogenic
substrate in the HRP—H»0,— 0O system at pH 7—9. Prob-
ably, compound 34 is oxidized in the peroxidase cycle (no
CL is observed without H»O» or upon the addition of
catalase to the reaction mixture, and superoxide dismutase
does not affect CL). It is noteworthy that glycoside 35,
which exhibits oxidative CL under the action of Fenton’s
reagent, does not show CL in the HRP—-H>0,—0O; sys-
tem.97-98
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Ximenes et al.®® performed a search for chemilumino-
genic substrates among 22 indoles in the HRP-H>0,- 0>
system at pH 9.3 and a temperature of 37 °C. Data on the
chemiluminescence activity of these compounds are sum-
marized in Table 3. It should be emphasized that, as in the
above-mentioned study,’® this concerns enzymatic oxida-
tion in the peroxidase cycle (CL is absent after thermal
inactivation of the enzyme and in the absence of H»05).
Analysis of the data presented in Table 3, especially in

Table 3. Light yield relative to indole for HRP-catalyzed oxidation of
indole derivatives.

Compound Light yield
2-Methylindole 1672.0
2,5-Dimethylindole 221.0
3-Methylindole 5.12
2,3-Dimethylindole 2.27
Melatonin 1.41
6-Chloromelatonin 1.06
Indole 1.00
6-Methoxyindole 0.98
4-Methoxyindole 0.96
2-lodomelatonin 0.67
5-Methylindole 0.47
5-Methoxyindol-3-ylacetic acid 0.31
N-Methylindole 0.31
2-Methyl-5-methoxyindol-3-ylacetic acid 0.20
7-Methoxyindole 0.20
Indol-3-ylacetic acid 0.10
5-Methoxyindole 0.08
2-Phenylindole 0.04
6-Hydroxymelatonin 0
S-Hydroxytryptamine (serotonin) 0
5-Methoxytryptamine 0
Tryptophan 0

Note. Oxidation conditions: [HRP] = 0.2 pmol litre !, [H20,] =
5 mmol litre !, pH 9.3, indole concentration 1 mmol litre =
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comparison with Tables 1 and 2, showes the following.
First, this is the effect of position of the methoxy group in
the benzene fragment (methoxylation into positions 4 and 6
does not affect, while that into positions 5 and 7 decreases
the light yield 5—12-fold). Second, the effect of the position
of the methyl group among methylindoles, the resulting
sequence differing from that observed for non-enzymatic
systems. Third, the enormous (more than 1600-fold) differ-
ence between the light yields for 2-methylindole compared
to indole.

A study of 2-methylindole CL demonstrated °° that an
increase in the pH from 4.8 to 11.6 entails an increase in the
light yield by a factor of more than 1400 and a decrease in
the oxygen consumption rate by a factor of 470. This means
that CL arises upon the peroxidase action of HRP; how-
ever, the oxidase cycle also functions and is also important
for CL, as indicated by CL quenching by superoxide
dismutase.

It may seem that the sequence of steps along the light
reaction pathway is beyond doubt: the substrate undergoes
single-electron oxidation in the peroxidase cycle, 2-methyl-
indole being converted to the radical; the oxidase cycle is the
supplier of O, " radicals; the indole radical derivative is
coupled with O; * to give the 3-hydroperoxide anion and the
subsequent events follow Scheme 1. However, in solution at
pH 9, the dioxetane anion should undergo fast hydrolysis to
give neutral dioxetane, and decomposition of neutral dioxe-
tane gives rise to o-acetamidobenzaldehyde for which emis-
sion from the singlet level is at about 430 nm. However, the
CL maximum of 2-methylindole is located at about 510 nm,
which is apparently emitted by the acetamidobenzaldehyde
anion (the luminescence maximum of the o-acetamidoace-
tophenone anion is at about 520 nm, see Fig. 1). Presum-
ably, 2-methylindole and O5 * radicals interact if the pyrrole
fragment of the molecule is located in the hydrophobic
pocket of the enzyme, which protects the dioxetane anion
from hydroysis. This assumption is also prompted by the
enormous effect of the derivative structure on the CL (see
Table 3).

Using investigation of the CL in the 5— HRP-0O,—-H,0>
system as an example, we demonstrated that this phenom-
enon is intricate. Although the CL of indoles in other
enzymatic systems is also known, we do not dare to plunge
the reader more into this topic, at least, in this review.

VIII. Conclusion

The studies that were started as a result of incidental
coincidence provided lots of non-trivial findings. Com-
pounds that are only slightly inferior to luciferins in the
chemiexcitation yield were obtained. The mechanisms of
chemiluminescent transformations were established,
although not universal but still covering a broad range of
reactions involving various reagents. Many of the discov-
ered reactions provided the grounds for highly sensitive
methods of analysis, while some other bring about new
questions.

Some of the publications dealing with the CL of indoles,
specifically, the works dealing with light-induced CL of
tryptophan and indol-3-ylacetic acid remained beyond the
scope of this review, as they were considered in our previous
work.100

When summing up, one cannot help considering
whether it is accidental that the indole fragment can be
found both in luciferins and hormones that regulate the

circadian rhythm and in other metabolites. Perhaps, the
expressions ‘shine with happiness’ and ‘light with pleasure’
are not without grounds and have a ‘bioluminescence’
sense.

The authors are grateful to the Division of Chemistry
and Materials Science of the Russian Academy of Sciences
(Programme 01-OKhNM RAN) and the Russian Science
Support Foundation for the financial support.
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