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The reactions of oxidizing radicals •OH, N3
•, Br2

•-, and NO2
• with tryptamine (Tpe) and 5-hydroxytryptamine

(HTpe) were studied by pulse radiolysis and analyzed by quantum chemical calculations. Barring NO2
• radical,

the rate constants for their reaction with Tpe and HTpe were found to be diffusion controlled and the rates
in the NO2

• radical reaction with HTpe are lower by 2 orders of magnitude with k ∼ 1 × 107 dm3 mol-1 s-1.
The transient spectra formed on oxidation of Tpe and HTpe exhibited peaks at 330 and 530 nm (indolyl
radical) and 420 nm (indoloxyl radical), respectively, and the latter is in reasonable agreement with the
calculated value (407 nm). Both radicals decay through direct recombination, but only the indoloxyl radical
was observed to react with the parent molecule to give a (HTpe-Ind)• radical adduct for [HTpe] g 50 ×
10-6 mol dm-3. The calculated optimized geometries in water revealed the formation of two distinct types of
radical adducts, one through the H-O bond and the other by C-C linkage. The H-O bonded radical adduct
was found to be exothermic with a reaction enthalpy of -4 kcal mol-1 and bond length 0.1819 nm and the
C-C bonded radical adducts are endothermic and rate determining but are finally driven by exothermic
processes involving intermolecular H transfer followed by intramolecular reorganization through H shift
resulting in stable C4-C4′ and C2-C4′ dimers with reaction enthalpies of -39 and -44 kcal mol-1,
respectively, and this process was found to be thermodynamically as efficient as direct recombination of
indoloxyl radicals. The formation of the two dimer products was also seen in steady-state radiolysis. The
lack of adduct formation in the case of indolyl radical with Tpe is due to the positive free energy change (∆G
) 10 kcal mol-1). The energetics for the •OH addition have shown dependence on the site of activation with
(HTpe-OH)• adducts at C2 and C4 and the (Tpe-OH)• adduct at C2 being more thermodynamically stable
and the water elimination to give the indoloxyl radical proceeds fast from (HTpe-OH)• adduct at C4 due to
favorable geometry.

Introduction

5-Hydroxytryptamine, also well-known as serotonin, is an
important biomolecule that is found in significant amounts in
the central nervous system.1–3 The analysis of HTpe in various
regions of mammalian brain revealed concentrations ranging
from (0.7 to 42) × 10-6 mol dm-3 in wet tissue, but much higher
concentrations are usually present in central and peripheral
nervous systems.3 The free radical induced oxidative modifica-
tion of serotoninsforming toxic dihydroxylated dimer productssis
implicated in neurodegenerative diseases.3,4 Thus, anomalous
oxidation of serotonin is reported4 to cause Alzheimer and
Parkinsonism diseases. The oxidation of serotonin and other
5-hydroxyindoles has been studied5–14 earlier by radiation
chemical and other methods. Of particular mention are the
studies on electrochemical oxidation of indoles by Dryhurst and
co-workers.3

NO2
• is an important radical15 in biology and can be

conveniently generated by pulse radiolysis using N2O saturated
aqueous solutions containing buffered sodium nitrite or N2-
saturated solution of a mixture of nitrite and nitrate. It can

undergo several reactions such as recombination with radical
species, addition to double bonds, electron transfer, and hydro-
gen abstraction from C-H bonds of unsaturated compounds.16,17

It is interesting to investigate the reactions of NO2
• radical with

serotonin as it was not studied earlier.

In the one-electron oxidation by Br2
•- radical of 5-hydroxy-

tryptophol and tryptophol, it has been shown14 that the indoloxyl
radical adds to 5-hydroxytryptophol whereas no such reaction
was seen in the case of tryptophol. It was further shown that
[5-hydroxytrptophol] as low as 5 × 10-5 mol dm-3 resulted in
the dimerization. On the basis of theoretical calculations in the
gas phase, the authors proposed that the reaction occurs through
the C-C linkage from interaction of 5-hydroxytryptophol and
the indoloxyl radical. Furthermore, on the basis of semiempirical
methods at the ZINDO level of theory on PM3 optimized
geometry, their excited state calculations in the gas phase for
the above three transients have shown absorption maxima at
370-380 nm and the other three possible stable conformers
for O-C linked radical adducts were predicted to absorb at
∼300 nm with small oscillator strengths (f ∼ 0.02). The product
distribution of HTpe on electrochemical oxidation is affected
by secondary reactions in contrast to the radiation-induced
oxidation which is selective. Radiation chemistry can, thus,
provide valuable information on kinetics, transient spectra, and
the reaction mechanism.
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There is, therefore, a need for a detailed investigation to
ascertain the nature of bonding of the radical adduct and
subsequent chemical reactions occurring in indole derivatives.
In this work, two model compounds, tryptamine (Tpe) and
5-hydroxytrptamine (HTpe) (see Scheme 1 for structures) have
been chosen to study their oxidation by •OH, N3

•, Br2
•-, and

NO2
• radicals by pulse radiolysis and quantum chemical methods

using B3LYP/6-31+G(d,p) level of theory. A few experiments
on product analysis by HPLC were also carried out. This paper
will particularly address the following: why does the radical
adduct formation occur only with the indoloxyl radical and not
with the indolyl radical, what is the mechanism for the formation
of toxic dimer products, how efficient are these processes
thermodynamically, which reductants are effective for the repair
of indoloxyl radical, and finally what are the relative stabilities
of isomeric (HTpe-OH)• adducts toward the formation of
indoloxyl radical by dehydration.

Experimental Section

Chemicals. Tpe, HTpe, and ABTS2- (2,2-azino-bis-3-ethyl-
benzothiazoline-6-sulfonate) from Sigma and MV2+ (methyl
viologen) from Aldrich were obtained and used as received.
All other chemicals and N2/N2O gases used were of high grade
purity. Solutions were prepared with water purified by a
Millipore Milli-Q system, and freshly prepared solutions were
used for each experiment. pH was adjusted with NaOH/HClO4

or the phosphate buffer.
Irradiations. Pulse radiolysis studies were performed with

high-energy electron pulses (7 MeV, 50 ns) at the National
Centre for Free Radical Research, University of Pune, Pune18,19

coupled to an optical detection system. The dose delivered per
pulse was determined by thiocyanate dosimtery.20 The dose per
pulse was in general kept between 8 and 12 Gy. Pulse radiolysis
experiments were carried out in Suprasil cuvettes with a cross-
sectional area of 1 cm2 at 25 °C. Radiolysis of water (reaction
1) produces three highly reactive species (•OH, •H, e-aq) in
addition to the formation of less reactive or inert molecular
species (H2, H2O2, H3O+). The hydrated electron (e-aq) reacts with
N2O and is converted into hydroxyl radical (reaction 2). N2O
saturated aqueous solutions containing 2 × 10-2 mol dm-3 nitrite
were pulse radiolysed to produce NO2

• radical (reaction 3).
In aqueous solutions, the NO2

• radical exists in equilibrium
with its dimer, dinitrogen tetroxide (N2O4) (reaction 4). Dimer-
ization is fast in aqueous solutions (k ) 4.5 × 108 dm3 mol-1s-1)
and the solubility of the dimer in water is about 100 times higher
than that of nitrogen dioxide.21,22 Once formed N2O4 decays by
a relatively fast reaction with water to produce nitrite and nitrate
(reaction 5).15,23,24

The one-electron oxidants, N3
• and Br2

•- radicals, were generated
by radiolysis of N2O saturated aqueous solutions containing 5
× 10-2 mol dm-3 NaN3 and 0.1 mol dm-3 KBr, respectively.11,13,14

HPLC Analysis. The Shimadzu HPLC system (Prominence
20A) and a RP-18 column (25 cm × 0.45 cm) were used. Two
different protocols were used. The protocol 1 consisted of H2O/
MeOH (35:65 v/v) (flow rate 1 mL min-1). Protocol 2 is
identical to that reported earlier25,26 in electrochemical oxidation
consisting of 3 mL of 25% ammonia and H2O/MeCN (100:7
v/v, solvent A) and (100:40 v/v, solvent B) at pH 3.5. The
measurements were done with 100% solvent A during 0-30
and 30-55 min but with flow rates of 0.35 and 1.25 mL min-1,
respectively, and 100% solvent B for the last 5 min (55-60
min) with a flow rate 1.5 mL min-1. The eluent was monitored
at 275 nm in both cases.

Theoretical Studies. Density functional theory (DFT) cal-
culations were carried out using Becke’s three-parameter
functional (B3)27,28 in combination with the Lee, Yang, and Parr
(LYP) correlation functional.29 The molecular geometries,
energies, and frequency analysis were calculated both in the
gas phase and in water at the same B3LYP/6-31+G** (Jaguar
version 7.0 program30) level of theory. The solvent correction
was applied using the UB3LYP/6-311+G(d,p)/SCRF)CPCM
method and was analyzed using Jaguar’s dielectric continuum
Poisson-Boltzmann solver, which fits the field produced by
the solvent dielectric continuum to another set of point charges.31

The frequency analysis was made on the structures optimized
in gas phase to obtain thermodynamic parameters such as zero
point energy (ZPE), entropy (S), and Gibbs free energy (∆G)
at 298 K. The electronic transition spectra were calculated using
the unrestricted time dependent (UTD)32 B3LYP/6-31+G(d,p)
method as implemented in Gaussian 03 program.33

Results and Discussion

Kinetics and Spectra. Tpe. The rates of the reaction of •OH
radical with Tpe were determined by monitoring the growth at

SCHEME 1: The Reaction Sequence for the •OH Radical Addition (Reaction 1) to HTpe and Tpe and for the Water
Elimination (Reaction 2)

H2O f
•OH, •H, e-aq, H2, H2O2, H3O

+ (1)

e-aq + N2O f N2 + OH- + •OH (2)

NO2
- + •OH f NO2

• + OH- (3)

NO2
• + NO2

• f N2O4 (4)

N2O4 + H2O f NO3
- + NO2

- + 2H+ (5)
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the absorption maxima (315-330 nm), and the pseudo-first-
order rate constants were found to be linearly dependent in the
concentration range (0.5-2.5) × 10-4 mol dm-3. The measured
rate constants in buffered solutions (pH 7) were found to be
nearly diffusion-controlled with k ) 8.6 × 109 dm3 mol-1 s-1.
The values remained unaffected in the pH 5-9 with k ) (6-8)
× 109 dm3 mol-1 s-1. With the N3

• radical, the rate constant
measured with Tpe at pH 7 is 3.6 × 109 dm3 mol-1s-1, which
is similar to that measured in acidic and basic media.

Figure 1 depicts the transient absorption spectra measured
in the reaction of •OH and •N3 radicals with Tpe at pH 1 and 7.
The reaction at pH 1 was carried out using HClO4 in aerated
solutions containing Tpe (1 × 10-3 mol dm-3), where the •OH
radical (G ) 2.8 per 100 eV) reacts with Tpe and the H atom
with oxygen (reactions 6 and 7).

The spectrum measured in the N3
• radical reaction with Tpe

in neutral solution (Figure 1) at 40 µs has two distinct peaks at
330 and 530 nm, with the former having higher intensity. No
differences in the spectral features were seen in the range pH
5-9. The spectrum recorded by us in the reaction of Br2

•- with
Tpe in neutral solutions (not shown) is similar to that measured
in N3

• radical reaction. Though the features in the spectrum of
indolyl radical reported by Hela et al.6 are the same, it has
slightly higher intensity at the longer wavelength but all our
spectra are identical to those reported on radiation-induced
oxidation of tryptophol14 and 5,6-dimethoxyindole.8b The extinc-
tion coefficients estimated from our spectra for the indolyl
radical in neutral solutions are ε330 ) 3300 and ε530 ) 2400
dm3 mol-1cm-1.

The absorbance values obtained in the •OH radical reaction
with tryptamine at pH 1 (Figure 1) were doubled to normalize
with those measured in N2O saturated solutions. It can be seen
that the spectrum recorded at 40 µs in acidic medium has two
distinct peaks at 340 nm and a broad maxima around 570 nm.
A comparison of this spectrum with that measured in the N3

•

radical reaction shows that the two peaks are red-shifted. Such
behavior was reported8b earlier in the case of 5,6-dimethoxy-
indole. On going to pH 7, the spectrum recorded at the same

time (40 µs) exhibited a sharp peak at 315 nm and a weak peak
at 540 nm with a shoulder at 420 nm and is identical to that
measured at 35 µs in the earlier6 work. This spectrum is mostly
made up of the •OH radical adduct since the characteristic
indolyl radical peak at 540 nm is weak.

The computed UV-vis spectrum for the indolyl radical shows
the maxima at 313 and 460 nm in vacuum and the latter is
slightly red-shifted to 471 nm in water. The maximum at the
lower wavelength is in accord with the experimental value
(315-330 nm), but the longer wavelength value differs (Figure 1S
in Supporting Information).

HTpe. The spectra recorded at 10 µs after the pulse in the
•OH radical reaction with 1 × 10-3 mol dm-3 HTpe at pH 5
exhibited peaks at 375 and 420 nm and the decrease in
absorption at lower wavelength with corresponding increase at
420 nm was seen on going to 200 µs (Figure 2). However, the
spectra measured in neutral and basic media did not show any
such transformation and the usual bimolecular decay was seen
at the two wavelengths.

Energetics and Reactivity Parameters of (HTpe-OH)• and
(Tpe-OH)• Adducts. The •OH radical is electrophilic in
nature,34 and its reactivity is structure dependent. Therefore, DFT
calculations to examine the selectivity of its attack on HTpe
and Tpe are interesting and the energetics of the •OH addition
and the water elimination for the •OH adducts of both systems
were determined using B3LYP/6-31+G(d,p) level of theory.
Such calculations35 on the relative stabilities for a number of
•OH adducts of pyrimidines and purines were recently carried
out. The thermodynamic parameters calculated for reactions 1
and 2 (Scheme 1) are tabulated in Table 1 in the case of HTpe.

It can be seen that the overall enthalpy of reactions 1 and 2
for (C2-OH)• adduct is exothermic with ∆H0 ) -37.1 kcal
mol-1 and ∆G ) -38.2 kcal mol-1. The first step, namely, •OH
radical addition to HTpe, seems to depend strongly on the site
of reaction. For example, the more energetically favorable
positions were calculated to be 2 and 4. The two competing
effects that dominate the reaction36–38 are the frontier orbital
π-electron density and the atomic Mulliken charge. However,
no correlation of relative stabilities (∆E0) of different •OH radical
adducts was found with Mulliken charge distribution in HTpe.

The distribution of unpaired electron spin density in the
indoloxyl radical is shown in Figure 3 along with the π-electron
density distribution from highest occupied molecular orbitals
HOMO and HOMO-1 of the singlet ground state. According
to chemical reactivity theory of Klopman and Salem,36–38 the
reaction proceeds in a way to produce the most favorable
interaction energy, which is controlled by two factors: an

Figure 1. Transient absorption spectra obtained at 40 µs after pulse
in the reactions of •OH (a and b) and N3

• (c) radicals with 1 × 10-3

mol dm-3 Tpe under different solution conditions: (a) aerated at pH 1
and (b) N2O saturated solutions at pH 7; (c) N2O saturated solution
containing 5 × 10-2 mol dm-3 NaN3 at pH 7. The intensities of
spectrum a were doubled to normalize with spectra b and c. Dose per
pulse ) 8 Gy.

e-aq + H+ f H (6)

H + O2 f HO2 (7)

Figure 2. Transient absorption spectra obtained on reaction of •OH
radical with HTpe (1 × 10-3 mol dm-3) at pH 5. Dose per pulse ) 8
Gy.
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electrostatic interaction approximated by atomic charges and a
frontier orbital interaction.

The electron distribution from highest occupied molecular
orbitals HOMO and HOMO-1, which are close in energy (Figure
3A), shows that the most reactive places of HTpe ground state
molecule are C2, C4, and C6 with the largest electron density
and C4 and O in the case of the HTpe radical (Figure 3B).

Thus, in the case of HTpe, the •OH radical addition reaction
is, apparently, governed by the high π-electron density at C4
from HOMO leading to the preferred formation of the
(C4-OH)• adduct. The •OH radical addition at C2 should be
also considered because of high π-electron density on C2 in
HOMO-1, which are close in energy (0.2 eV) with HOMO.

Further, due to the favorable geometry, the water elimination
from the (C4-OH)• adduct is likely to proceed faster.

Similar calculations done for (Tpe-OH)• adducts have shown
that the (C2-OH)• adduct is the only stable addition product
in comparison to back reaction to the reactants which subse-
quently eliminates water to give the indolyl radical. The overall
process was found to be exothermic with ∆H0 ) -27.3 kcal
mol-1 and ∆G ) -27.9 kcal mol-1 for reactions 1 and 2.

NO2
• and Br2

•- Radical Reactions with HTpe. The rates
of reaction of NO2

• radical with HTpe were measured in neutral
solutions where HTpe is in the protonated form and k ∼ 1 ×
107 dm3 mol-1 s-1 was determined. No reactivity of NO2

• radical
with (1 × 10-3 mol dm-3) Tpe was noticed. The second-order
rate constant for the reaction of Br2

•- with HTpe evaluated from
the linear plot (inset d of Figure 4) in neutral solution is near
diffusion-controlled with k ) (3.7 ( 0.1) × 109 dm3 mol-1 s-1.
The lower reactivity of NO2

• radical is due to its lower reduction
potential than that of Br2

•- radical.

TABLE 1: Calculated Reaction Parameters of Different (HTpe-OH)• Adducts: Relative Stability ∆E0, Reaction Enthalpy ∆H0

and Gibbs Free Energy ∆G in kcal mol-1 for Reactions 1 and 2 (Scheme 1) after Zero Point Energy Correction

Figure 3. (A) Electron density distribution from HOMO and HOMO-1
of HTpe singlet ground state and (B) Distribution of unpaired electron
spin density in HTpe radical.

Figure 4. Transient absorption spectra obtained in reaction of Br2
•-

radical with N2O saturated solution of HTpe (1 × 10-3 mol dm-3) at
10 µs after pulse (pH 7). Dose per pulse ) 11.7 Gy. Inset (d) shows
the linear plot of kobs measured as a function of [HTpe] at 420 nm.
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The absorption spectra in the reaction of Br2
•- radical were

recorded in the range 300-600 nm and the spectrum obtained
with HTpe at pH 7 shown in Figure 4 exhibited a peak at 420
nm, which is attributed to the formation of the indoloxyl radical
produced within 10 µs by the one-electron oxidation followed
by deprotonation at the OH group.14 Considering G (Br2

•-) )
6.9 per 100 eV at 0.1 mol dm-3 Br- concentration in N2O
saturated solutions, based on the work of Schuler et al.,39 the
molar absorptivity at 420 nm was determined to be 5900 dm3

mol-1 cm-1. In contrast to the behavior observed with Br2
•-

radical, the absorption intensity at 420 nm measured in the NO2
•

radical reaction is lower which may be due to the escape of
NO2

• radical via reactions 4 and 5.
Excited-state calculations were done for the indoloxyl radical,

and its calculated spectrum exhibited strong absorption at 370
nm and a shoulder at 330 nm in the gas phase. In contrast to
the behavior observed with the indolyl radical, the solvent seems
to have a profound effect on the indoloxyl radical spectrum in
solution with three bands at 340, 380, and 407 nm and the value
in the visible range is in good agreement with the experimentally
measured maximum at 420 nm.

Radical Adduct Formation. In order to examine the radical
adduct formation in the case of the indolyl radical, traces were
recorded for different concentrations in the reaction of Tpe with
N3

• radical at pH 7 and Figure 5A depicts the growth of
absorption (530 nm) at 10 µs where the intensities did not show
any marked increase when the [Tpe] was increased from (0.4
to 1.0) × 10-3 mol dm-3 and only the usual bimolecular decay
was seen on 1 ms (Figure 5B) suggesting lack of addition.

In contrast, in oxidation by Br2
•- radical, an increase in

intensities with rising concentration clearly indicating significant
addition of indoloxyl radical to HTpe was seen as is evident
from the absorption traces recorded at 420 nm in the range (0.1
to 0.5) × 10-3 mol dm-3 (Figure 6A) and its decay recorded
on 1 ms (Figure 6B, trace a) shows marginal decrease. Further,
the first half-life of bimolecular decay for [radical adduct] ) 6
× 10-6 mol dm-3 was estimated to be 10 ms (not shown).

The association constant (K) for the radical adduct formation
in the Br2

•- reaction from the traces shown in Figure 6A for
[HTpe] ) (0.1-0.5) × 10-3 mol dm-3 was estimated to be (4.2

( 0.5) × 104 dm3 mol-1. Similar behavior was also seen in the
•OH radical reaction where the association constant for [HTpe]
) (0.05-1.0) × 10-3 mol dm-3 was determined to be (4.9 (
0.2) × 104 dm3 mol-1. Since the concentration range is limited
in the former reaction, the error in the measured value is larger.
However, in the case of NO2

• radical, the association constant
was estimated to be 2.4 × 103 dm3 mol-1, which is an order of
magnitude lower than that observed in the above two reactions
indicating that relatively higher solute concentrations are needed
for the addition to occur.

Reaction Pathways. All possible structures of the radical
adduct formed from the interaction of the indoloxyl radical with
both protonated and deprotonated forms of HTpe were consid-
ered for optimization. No significant differences were seen in
the reaction enthalpies calculated for protonated and deproto-
nated forms of HTpe. But the values calculated for the
protonated form were found to be sensitive when the solvent
effect was applied and, therefore, only data obtained with the
deprotonated form after applying solvent correction are dis-
cussed further.

Among the possible structures of the radical adduct that could
be optimized from the interaction at C4′ and O′ positions of
indoloxyl radical with C2, C4, and C6 of HTpe, only the
structures (reactions 1-3) bonded through the C4′ of the
indoloxyl radical due to the high-spin density (Figure 3) and
the one formed through the H-O bond (reaction 4) are given
in Scheme 2. The C-O bonded radical adducts are excluded
because their subsequent reactions leading to the formation of
stable dimer products, unlike in the case of C-C bonded
structures, were not noticed.

All the C-C bonded structures of radical adduct were found
to be endothermic in the gas phase. When the solvent effect
was taken into account (optimized geometries in the gas phase
and in water), the endothermicity was reduced in water.
However, an energetically favorable exothermic structure formed
through the H-O bond (Scheme 2) was obtained with a reaction

Figure 5. The absorption growth (A) and decay (B) at 530 nm
generated by the pulse radiolysis of N2O saturated aqueous solutions
containing different concentrations of Tpe and 0.05 mol dm-3 NaN3 at
pH 7. Dose per pulse ) 9 Gy. Figure 6. (A) Buildup of radical adduct measured at 420 nm in the

reaction of Br2
•- with HTpe ((0.1-0.5) × 10-3 mol dm-3) at pH 9.

(B) Decay of indoloxyl radical in the presence of (a) 0, (b) 50 × 10-6,
and (c) 100 × 10-6 mol dm-3 of ascorbate at pH 7. Dose per pulse )
9 Gy.
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enthalpy of formation ∆H ) -4 kcal mol-1 and bond length
0.1819 nm. It should be noted that due to uncertainty in the
calculations of hydrogen bonded systems in water, the estimated
values may not be accurate. The H-O bonded radical adduct
does not lead directly to C-C dimer products, but because of
its exothermicity, it helps in the approach of the two reactants
(indoloxyl radical and HTpe) with subsequent C-C radical
adduct formation.

Similar to the indoloxyl radical, excited state calculations for
the H-O bonded radical adduct (structure 4, Scheme 2) in the
gas phase have shown the absorption maximum at 382 nm, but
the solvent correction could not be applied. The calculation of
its excitation energies in water (dielectric continuum model)
was unsuccessful because of the convergence problem caused
apparently by its large size, but it is expected to have the same
spectral features as that of indoloxyl radical in water because
of similar distribution of unpaired spin in both.

Calculations were extended to the formation of stable dimer
products from the three corresponding C-C radical adducts
and the sequence of reaction channels beginning from the
interaction of indoloxyl radical with HTpe to the final
formation of C4-C4′ dimer product, as an example, is de-
picted in detail in Scheme 3.

The C4-C4′ bonded radical adduct (structure 1, Scheme 2)
undergoes disproportionation between two adducts to give
products b and c (Scheme 3). Subsequently, compound c
rearomatizes by intramolecular H shift to give finally the

C4-C4′ dimer d. The overall reaction enthalpy for the whole
process is exothermic with ∆H )-39 kcal mol.-1 Accordingly,
∆H values calculated for other two C2-C4′ (dimer a, Figure 2S
in Supporting Information), C6-C4′ (dimer b) dimers are -44
and -21 kcal mol-1, respectively.

Due to lack of (HTpesInd)• radical adduct formation for low
serotonin concentrations (e50 µM), the stable dimer products
are formed by direct recombination of indoloxyl radical and
the reaction enthalpies determined for the two C4-C4′ and
C2-C4′ dimer products are -35 and -40 kcal mol-1, respec-
tively. It can be seen that the magnitude of reaction enthalpies
in both cases, i.e., through radical adduct formation or direct
dimerization of indoloxyl radical, does not significantly differ.

Our calculations were also extended to Tpe at the same
B3LYP/6-31+G(d,p) level. According to the spin density
distribution, the reactive sites of indolyl radical were found to
be C3 and N1 and from the π-electron density distribution in
HOMO, the reactive place of the Tpe ground state molecule
was determined to be C2. Of the several structures optimized
for the radical adduct from the interaction of the indolyl radical
with deprotonated Tpe, only the C2-N1′ structure was found
to be exothermic ∆H )-4 kcal mol-1 (Figure 3S in Supporting
information). However, ∆G turned out to be positive with +10
kcal mol-1 indicating low probability of its formation in accord
with the lack of radical adduct formation with Tpe observed in
our pulse radiolysis experiments. However, the recombination
of indolyl radicals leading to N-N bonded dimer product is

SCHEME 2: Structures of Possible C-C and H-O Bonded Radical Adducts Formed from Interaction of Indoloxyl
Radical with HTpe and the Corresponding Reaction Enthalpies
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exothermic with ∆H and ∆G being -34 and -19 kcal mol-1

and the sequence of reaction pathways for formation of radical
adduct by reaction of indolyl radical with Tpe molecule and
stable dimer product by its direct recombination is shown in
Figure 4S in the Supporting Information.

Product Analysis. The product analysis was performed by
HPLC under steady-state radiolysis conditions for high (1 ×
10-3 mol dm-3, chromatograms A-D) and low (5 × 10-5 mol
dm-3, chromatogram E) HTpe concentrations and relevant
chromatograms are shown in Figure 7. In the former case,
experiments were conducted with (chromatograms A and C)
and without (chromatograms B and D) 0.3 × 10-3 mol dm-3

K3Fe(CN)6. The formation of a single product with protocol 1
(chromatograms C and D) and an additional product using
protocol 2 was formed during the first 35 min (chromatograms
A, B, and E) and no further products were seen up to 60 min.
On the basis of retention times in their work, the two products
2 and 3 formed using the protocol 2 are identified as C4-C4′
and C2-C4′ dimers (chromatograms A and B), respectively.
The product eluted in protocol 1 is assigned to the symmetric
dimer 2 (chromatograms C and D) which is expected to be the
major product.

The detailed reaction sequence only for the C4-C4′ product
formed with and without ferricyanide is shown in Scheme 3,
since the same mechanism is operative for the C2-C4′ product.
In the absence of ferricyanide, the dimer d is formed in a
bimolecular reaction (reaction 1, Scheme 3) as discussed above
from the H abstraction-H shift pathways by 2:1 stoichiometry.
In contrast, in the presence of ferricyanide, the reaction proceeds
by oxidation followed by deprotonation with 1:1 stiochiometry
(reaction 2) by doubling its yield. This is evident from the
observed peak areas for dimer d (product 2) in chromatograms
A and B where the absorbed dose (240 Gy) in the former is
lower by 4-fold. A similar trend was also observed in chro-
matograms C and D using the other protocol. Considering
G(Br2

•-) ) 6.9 per 100 eV and assuming that the intermediate

radicals are entirely converted into the two isomeric C4-C4′
and C2-C4′ dimers and their molar extinction coefficients are
comparable, their yields are estimated to be G(C4-C4′) ) 4.1
and G(C2-C4′) ) 2.8. Though the C2-C4′ dimer product is
thermodynamically more stable by 5 kcal mol-1, the lesser
HOMO-1 energy and weaker overlap of orbitals result in its
lower yield. On the other hand, the formation of C4-C4′ dimer
is kinetically more favored due to the large electron spin density
on C4 position of both the reactants.

SCHEME 3: Reaction Pathways of C4-C4′ Radical Adduct a by Disproportionation and H Shift (Reaction 1) and by
K3Fe(CN)6 Oxidation/Deprotonation (Reaction 2) Leading to Corresponding Stable Dimer Product d

Figure 7. HPLC chromatograms obtained on irradiation of 1 × 10-3

mol dm-3 HTpe at pH 7 in the presence (A and C) and absence (B and
D) of 0.3 × 10-3 mol dm-3 K3Fe(CN)6 and 5 × 10-5 mol dm-3 HTpe
(E). Protocol 1 (C and D) and protocol 2 (A, B, and E) and dose 240
(A and C) and 1000 Gy (B, D and E). Products: (1) K3Fe(CN)6, (2)
C4-C4′ dimer, (3) C2-C4′ dimer, and (4) HTpe.
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In the case of low HTpe concentration, the direct coupling
of the indoloxyl radical gives C4-C4′ and C2-C4′ stable
dimers (products 2 and 3, chromatogram 7E), and the sequence
of reactions showing their formation (products b and c) is shown
in reaction 1, Scheme 4.

The redox properties of the indoloxyl radical formed were
studied using the reductants, ABTS2- and ascorbate with
reduction potentials 0.63 and 0.3 V, respectively. Less than 20%
of 6 × 10-6 mol dm-3 indoloxyl radical produced on radiolysis
was scavenged by 6 × 10-5 mol dm-3 ABTS2- (reaction 2,
Scheme 4). The remaining underwent, in competition, radical
adduct formation. On the other hand, under similar conditions,
about 75% of the indoloxyl radical was repaired by ascorbate
(reaction 3, Scheme 4 and Figure 6B, traces b and c) consistent
with its reduction potential.

Similarly, the oxidation of the intermediate radical adducts
was tested using MV2+, but the yield of MV•+ was found to be
negligible (reaction 3, Scheme 3) suggesting that these radical
adducts require a stronger oxidant such as ferricyanide as found
in our product analysis (reaction 2, Scheme 3).

Conclusions

Radiation-induced oxidation of Tpe and HTpe by •OH, N3
•,

and Br2
•- radicals was carried out by pulse radiolysis and

analyzed by DFT calculations. All the rate constants measured
in this work are nearly diffusion-controlled. Even the weakly
oxidizing NO2

• radical was found to oxidize serotonin (k ∼ 1
× 107 dm3 mol-1 s-1) to give the indoloxyl radical. The
indoloxyl radical undergoes addition to HTpe resulting in the
formation of radical adducts for concentrations usually encoun-
tered in living organisms (>1 × 10-3 mol dm-3) and the lifetimes
of these radical adducts were found to be tens of milliseconds.
The addition step was found to be endothermic with a barrier
of 18-26 kcal mol-1 and is rate determining because the
subsequent sequence of reactions leading to neurotoxic stable
dihydroxy C-C dimer4 products is exothermic. A significant
finding of our theoretical calculations is that the formation of
lethal dimer products both by (HTpe-Ind• radical adduct H
abstraction-H shift) reaction and direct recombination of
indoloxyl radical are equally efficient thermodynamic processes
that could interfere with the normal metabolic pathways. The
repair of the indoloxyl radical was observed to be effective only

with a relatively stronger reductant such as ascorbate and, thus,
any defect in the serotonin metabolism will lead to the formation
of toxic dimer products. In contrast, such adduct formation of
the indolyl radical with Tpe was not noticed with ∆G being
positive. The salient feature of this work is that the indolyl
radical is less reactive with tryptamine but it is far more reactive
with itself than is the indoloxyl radical. Quantum chemical
calculations complemented our pulse radiolysis data in the
understanding of the reaction mechanism and determination of
relative stabilities of HTpe-OH adducts toward the formation
of indoloxyl radical by dehydration.
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