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Antiradical activity of catecholamines and
metabolites of dopamine: theoretical and
experimental study†

D. Dimić, a D. Milenković, b J. Dimitrić Marković a and Z. Marković *c

The importance of molecules with antiradical potency that are produced in the human body has

significantly increased. Among others, neurotransmitters and their metabolites act as the first line of

defense against oxidative stress in the peripheral endocrine and the central nervous systems. Dopamine

(DO), epinephrine (EP), norepinephrine (NE), L-DOPA, catechol, and three metabolites of dopamine

(3-methoxytyramine (3-MT), homovanillic acid (HO), and 3,4-dihydrophenylacetic acid (DOPAC)) were

investigated for their antiradical potency via computational methods and DPPH assay. Density functional

theory calculations were used to determine the most probable reaction mechanism based on the

thermodynamic parameters. These results suggested that hydrogen atom transfer (HAT)/proton-coupled

electron transfer (PCET) and sequential proton loss electron transfer (SPLET) mechanisms are preferable

in polar solvents. Several techniques were employed to differentiate between HAT and PCET

mechanisms via examination of the transition state structures. Kinetic studies of HAT/PCET and electron

transfer (ET) reactions, the second step of SPLET, have proven that ET is much faster for an order of

105–106. Based on this, it was concluded that SPLET was the dominant mechanism for the antiradical

activity towards DPPH radicals in polar solvents. The findings suggest that all the investigated molecules

can be classified as excellent antiradical scavengers, except for 3-MT and homovanillic acid.

Introduction

Free radicals, chemical species with unpaired electron(s), are
usually produced by a normal aerobic metabolism and also by
other processes and agents such as smoking, herbicides and
pesticides, drugs, ionizing radiation, and pollutants. Although
they are necessary to life, excess amounts can shift the balance
between oxidant and antioxidant statuses, causing oxidative
stress.1–3 When oxidative stress occurs, organisms attempt to
restore the redox balance by activation of internal and external
antioxidants. Oxidative stress is assumed to play an important
role in the pathogenesis of many, if not all, diseases such as
hypertension, inflammation, cancer, cardiovascular disease,
and neurodegenerative disorders such as Parkinson’s, Alzheimer’s,
and Huntington’s disease.3

Generally, all neurodegenerative disorders are characterized
by changes in nerve cells at the molecular level that result
in cell degeneration and death. Besides the changes in neuro-
transmitter concentrations, oxidative stress, which causes lipid
peroxidation and protein structural changes, is essentially
found to be the origin of these diseases.4–9

Dopamine, norepinephrine, and epinephrine are catechol-
amines that function as hormones and neurotransmitters in
the peripheral endocrine and the central nervous systems.10–13

They are involved in movement control and posture, mood
modulation, decision-making, reward processing, attention,
working memory and learning, attentiveness, emotions, sleeping,
and dreaming. The above-mentioned molecules are produced
from tyrosine through a step that includes 3,4-dihydroxy-L-
phenylalanine (L-DOPA).14 In this complex mechanism, dopamine
is decomposed to several molecules, including 3,4-dihydroxy-
phenylacetic acid, homovanillic acid, and 3-methoxytyramine.
The most important metabolite of dopamine in the brain is
3,4-dihydroxyphenylacetic acid (DOPAC).15,16 It is produced by
a two-step oxidation mechanism catalyzed by aldehyde dehydro-
genase and monoamine oxidase. Homovanillic acid (4-hydroxy-3-
methoxyphenylacetic acid) differs from DOPAC by one methoxy
group, and its role as a neurotransmitter is also known.17 The
extracellular metabolite of dopamine, 3-methoxytyramine (3-MT),
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is produced by catechol-O-methyltransferase and it represents a
neuromodulator;18 elevated concentrations of this can be indicative
of brain and carcinoid tumors,19 schizophrenia, and Parkinson’s
disease.20,21 All the above-mentioned molecules, except for 3-MT
and homovanillic acid, contain the catechol moiety, and this is the
reason why catechol is simultaneously investigated.

Because these molecules play such diverse roles in human
behavior and cognition and have extraordinarily important
functions in vivo, they continue to receive considerable research
attention.11–13,22 The facts that suggest an association between
neurodegenerative diseases and oxidative stress indicate that
antioxidants can potentially act as therapeutic agents.22 More
than 20% of the body’s oxygen is used in the brain, so the
above-mentioned neurotransmitters are exposed to significant
amounts of reactive oxygen species.23,24 Also, in this tissue
there is a considerable amount of unsaturated fatty acids that
are highly susceptible to oxidation. The limited permeation
through the blood–brain barrier (BBB) of the external anti-
oxidants leads to increased attention to molecules synthesized
in the brain itself.25

Several in vitro experimental studies have been conducted on
the antiradical activity of catecholamines and some of their
structural analogues or metabolites, proving their significant
reactivity towards biologically relevant radicals.14,26–30 Detailed
quantum-chemical calculations of the reactivity of dopamine,31

norepinephrine, and epinephrine32 towards hydroxyl and
hydroperoxyl radicals have been performed, and a multitude
of possible reaction pathways with different probabilities have
been found. It was also concluded that, under the proper
conditions, all the above-mentioned molecules can be regener-
ated to their original form.32

For the above reasons, there is a constant need to understand
the role of the investigated molecules in the overall antiradical
activity. Moreover, this type of activity is very common for
molecules containing the catechol moiety.

Different reaction mechanisms between antiradical molecules
and radicals have been proposed. They can generally be grouped
into two types of processes: H-atom abstraction and radical
adduct formation. H-atom abstraction processes may occur via
at least four different mechanisms: hydrogen atom transfer
(HAT), proton coupled electron transfer (PCET), sequential
proton loss electron transfer (SPLET), and single electron transfer
followed by proton transfer (SET-PT).33,34 All the mechanisms
have the same net results.

The HAT mechanism is characterized by rapid hydrogen
atom transfer from a molecule (ArOH) to a free radical:

ArOH + R� - ArO� + RH (1)

The PCET mechanism gives the same products as the HAT
mechanism, but electrons and protons are transferred in a
single kinetic step via different routes. The PCET mechanism is
present in many biological and biochemical processes with
significant implications.35,36 These two mechanisms will be
considered together (noted as HAT/PCET) in the first part of
this paper, but for the transition state structures for reactions
with DPPH, these two are differentiated and explained in detail.

The SPLET mechanism is a two-step mechanism that includes
the successive formation of an anion and a radical of the
investigated molecule (eqn (2a) and (2b)) and protonation of
the radical anion (eqn (2c)).

ArOH - ArO� + H+ (2a)

ArO� + R� - ArO� + R� (2b)

R� + H+ - RH (2c)

The SET-PT mechanism implies two steps, the first in which
the molecule loses an electron, yielding the corresponding
radical cation (eqn (3a)), and the second in which the radical
cation is deprotonated (eqn (3b)).

ArOH + R� - ArOH�+ + R� (3a)

ArOH�+ + R� - ArO� + RH (3b)

The present paper comprises in vitro experimental and theore-
tical approaches proposing a possible explanation for the
antiradical activity of major catecholamines (dopamine, nore-
pinephrine, and epinephrine), catechol, L-DOPA, and three
metabolites of dopamine (3-methoxytyramine, homovanillic
acid, and 3,4-dihydroxyphenylacetic acid). As a model system,
the DPPH radical and its corresponding assay are used. The
thermodynamic and mechanistic schemes were employed for
the theoretical description of reactions.

Experimental

The investigated compounds, dopamine hydrochloride, 3-methoxy-
tyramine hydrochloride (3-MT), epinephrine, norepinephrine
hydrochloride, catechol, homovanillic acid, L-3,4-dihydroxy-
phenylalanine (L-DOPA), 3,4-dihydroxyphenyl acetic acid (DOPAC),
and 2,2-diphenyl-1-picrylhydrazyl (DPPH), were purchased from
Aldrich Chemical Co. The chemicals were of reagent grade.

The DPPH radical scavenging activity was measured using a
method described in a previous contribution.37 The concen-
tration of DPPH was held constant (0.1 mM) and the concen-
trations of the selected molecules varied from 0.01 to 0.4 mM.
A Cintra GB-10 UV-Vis spectrometer was used to monitor the
change in concentration of DPPH at 517 nm. EC50 values were
obtained for all the investigated molecules and are presented in
Table 1.

Computational methods

All the calculations were performed using the Gaussian Program
Package.38 The equilibrium geometries of neurotransmitters and
metabolites, as well as their radicals, radical cations, and anions,
were optimized with the empirical exchange–correlation func-
tional M06-2X39 and the split valence basis set 6-311++G(d,p).40

This combination of basis set and functional was used in numerous
studies for the calculation of antiradical parameters.41–43

The absence of imaginary frequencies proved that the local
and global minima were found. In order to account for the
solvent effects, three solvents were investigated (water, methanol,
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and benzene) using the implemented SMD method.44 The solvent
effects were taken into account for all the investigated species.
The selected solvents were used in order to obtain valuable data
about the change in thermodynamic parameters in polar (water
and methanol) and non-polar (benzene) environments. The anti-
radical DPPH assay used was performed in methanol, and this
was an additional reason for the optimizations in this solvent.
NBO analysis45 of all species was obtained at the mentioned
level of theory. This approach was used to obtain a better insight
into the stabilizing and destabilizing interactions between the
occupied and unoccupied orbitals.

The thermodynamic parameters governing the mentioned
mechanisms are: the Bond Dissociation Energy (BDE) of ArOH
in the HAT/PCET mechanism, the Ionization Potential (IP) of
ArOH and the Proton Dissociation Enthalpy (PDE) of ArOH+� in
the SET-PT mechanism, the Proton Affinity (PA) of ArOH, and
the Electron Transfer Enthalpy (ETE) of ArO� in the SPLET
mechanism. These values were calculated from the enthalpies
of the respective species as shown by eqn (4)–(8).46,47

BDE = H(ArO�) + H(H�) � H(ArOH) (4)

IP = H(ArOH�+) + H(e�) � H(ArOH) (5)

PDE = H(ArO�) + H(H+) � H(ArOH�+) (6)

PA = H(ArO�) + H(H+) � H(ArOH) (7)

ETE = H(ArO�) + H(e�) � H(ArO�) (8)

The thermodynamic parameters were calculated at 298 K for
species optimized by employing the SMD method with methanol
as solvent. The enthalpies for protons and electrons were taken
from the literature.48 One of the important parameters, the
radical stability, was determined as the stabilization energy
(DEiso) by taking the reaction with phenol (PhOH) and the
phenoxy radical (PhO�) into account:

DEiso = H(ArO�) + H(PhOH) � H(ArOH) � H(PhO�) (9)

The transition state structures (TS) were obtained by synchronous
transit guided quasi-Newton methods at the M06-2X/6-31G(d,p)

level of theory. The intrinsic reaction coordinates (IRC), as
implemented in the Gaussian program package, were traced
to the reactant complex (RC) and product complex (PC), both of
which are considered as single structures. The RC and PC,
taken from the IRC routine, were additionally optimized without
movement restrictions. The optimization and energy calculation
for the TS, RC, and PC did not include any constraints to separate
charges; therefore, the global charge and spin multiplicity were
the same for all the mentioned structures. The obtained struc-
tures were verified by normal mode analysis to be minima (no
imaginary frequencies, PC and RC) or maxima (one imaginary
frequency, TS) on the potential energy surface.

Rate constants were calculated using TheRate program49 for
a 1 M standard state. Based on conventional transition state
theory (TST), the rate constant is calculated as follows:

kHAT=PCET ¼ sk
kBT

h
exp �DG

z

RT

� �
(10)

In the previous equation, kB and h are the Boltzmann and Planck’s
constants, DG‡ is the free activation energy, s is the reaction path
degeneracy, which counts the possible reaction pathways, and k is
the tunneling correction. The thermodynamic data and partition
functions were taken from the quantum chemical calculations. The
tunneling correction was calculated as the Boltzmann average of the
ratio between the quantum and classical probabilities and was
calculated using the zero-tunneling approach.

Together with the HAT/PCET investigation, the Marcus
theory50 was applied in order to kinetically examine the electron
transfer (ET) mechanism. The activation barrier for this reaction
depends on two thermodynamic parameters – the free energy of
the reaction and the nuclear reorganisation energy as follows:

DGzET ¼
l
4

1þ DG0
ET

l

� �2

(11)

In the previous equation, l is the reorganizational energy, which is
defined as the difference between the nonadiabatic energy difference
between reactants and products and the activation barrier:

l E DEET � DG0
ET (12)

Table 1 Antiradical activity, HOMO and LUMO energies, energy gaps, and stabilization energies of the investigated molecules

Compound EC50 � 10�6 Stoichiometric factor HOMO (eV) LUMO (eV) HOMO–LUMO gap DEiso (kJ mol�1)

Catechol 13.92 � 0.05a

11.9c
4.20 �0.295 0.053 0.348 �31.32

Homovanillic acid 26.6c 1.88 �0.296 0.044 0.341 �24.32
3-MT 63.16 � 0.91a

36.1c
1.38 �0.291 0.057 0.348 �29.32

Dopamine 10.50 � 0.51a

10.5c
4.76 �0.290 0.056 0.346 �37.32

DOPAC 7.1b

7.8c
6.41 �0.295 0.044 0.340 �33.32

Epinephrine 11.27 � 0.01a

10.5c
4.76 �0.294 0.055 0.349 �36.32

Norepinephrine 10.87 � 0.12a

10.6c
4.72 �0.294 0.055 0.350 �35.32

L-DOPA 5.67 � 0.01a

6.9c
7.24 �0.293 0.036 0.328 �63.32

a Ref. 26. b (In ethanol) ref. 57. c Measurements from this study.
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Theoretical investigation of the various reactions showed that
the calculated rate constant can be comparable to the diffusion-
limited rate constant. Therefore, the apparent rate constant
(kapp) is calculated according to the Collins–Kimball theory.51

In order to obtain this value, the steady-state Smoluchowski
rate constant (kD)31 has to be calculated under the assumption
of the irreversible bimolecular diffusion-controlled reaction.
Both the formulas are shown:

kapp ¼
kDk

kD þ k
(13)

kD = 4pRDABNA (14)

The parameters have the following meaning: R is the reaction
distance, DAB is the diffusion coefficient of the reactants, in this
case the DPPH radical and antioxidants, and NA is Avogadro’s
constant. The parameter DAB can be calculated from DA and DB,
which on the other hand are estimated from the Stokes–
Einstein approach:

D ¼ kBT

6pZa
(15)

The newly introduced parameters in this equation are the
viscosity of the solvent, Z, and a, which is the radius of the
solvent.31

Results and discussion
DPPH antiradical scavenging activity

The DPPH antiradical activity (Table 1) of all the selected
compounds (Fig. 1) was examined and this was proven to be
in good accordance with the literature data.26 The stoichio-

metric factor, calculated as n ¼ ½DPPH�0
2EC50

, is usually taken as a

complementary factor to the EC50 value and for good antiox-
idants has a value of n Z 2.52 Although this parameter can be
ambiguous because it depends on the concentration of DPPH
and the measurement time, the experiments in this contribu-
tion were done with the same standard solution and for the
same time. Based on these measurements, all the molecules
have significant antiradical activity.

From Table 1, it can be concluded that all the molecules
containing the catechol moiety have this parameter in the
range of good antioxidants. The antiradical activity of L-DOPA
and DOPAC is very similar to that of quercetin and gallic acid,26

while dopamine, epinephrine, norepinephrine, and catechol
have higher activity than the reference antioxidants – Trolox,
ascorbic acid, and (+)-a-tocopherol.26 For 3-MT and homova-
nillic acid, the values are slightly lower but still in the range of
good antiradicals, as measured in the comprehensive study by
Sârbu and coworker.26

From a structural point of view, the number of OH groups
plays an important role in the antioxidant activity.46 In this
study, molecules with two OH groups attached to the aromatic
ring have significantly lower EC50 values and stoichiometric

parameters than in the case when only one hydroxyl group is
present. When the catechol moiety is present, high antiradical
activity can be expected because of the ease of proton donation
from these groups and the additional stabilization of the
radicals formed, which is due to the formation of intra-
molecular hydrogen bonds. The computational methods were
used for the in-depth analysis of the structural and electronic
parameters governing the antioxidant activity, as described in
the next few sections.

Thermodynamic parameters

Five of the most stable conformers for each of the molecules
were taken from the literature and optimized again at the
M06-2X/6-311++G(d,p) level of theory in three solvents water,
benzene, and methanol.15,17,53–56 All the substances were inves-
tigated in their neutral form because the experiments were
performed in methanol, and significant protonation is not
expected. The protonated forms of dopamine, epinephrine,
norepinephrine, and 3-methoxytyramine might show different
activity compared to neutral molecules, but this effect is not
investigated in this contribution. The same applies to the
anionic forms of the molecules. The most stable conformations
of catecholamines and metabolites of dopamine in methanol
are given in Fig. S1 (ESI†). The possible positions of XH (X = O,
N) bond breakage and thermodynamic parameters, for all
the investigated molecules, were determined and calculated.
The structures of the corresponding radicals, radical cations,
and anions were optimized from the structure of the most
stable conformer.

From the structures shown in Fig. 1, it is possible to
conclude that there are different numbers of ‘‘active’’ positions
relevant to the antiradical activity of the selected molecules:
one for catechol (because of the symmetry of the molecule), two
for homovanillic acid (p-OH and COOH groups) and 3-MT
( p-OH and NH2 groups), and three for dopamine (two catechol
OH and NH2 groups), DOPAC (two catechol OH and COOH
groups), epinephrine (two catechol OH and NH groups),
norepinephrine (two catechol OH and NH2 group), and L-DOPA
(two catechol OH and COOH groups). Table 2 lists the thermo-
dynamic parameters relevant to the antiradical activity mechanisms
calculated according to eqn (4)–(8).

Fig. 1 Structures of investigated molecules.
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HOMO and LUMO orbital energies

HOMO and LUMO energy differences can be useful parameters
where the chemical reactivity is concerned. Higher energy of
the HOMO orbital implies that a molecule is a better electron
donor. Therefore, HOMO orbitals are visualized for all the
investigated molecules in the ESI† (Fig. S2).

From the data presented in Table 1, it is evident that all the
molecules have similar HOMO orbital energy values, although
it is evident that molecules containing a carboxyl group have
higher states, implying the importance of this group in the
antiradical activity. L-DOPA had the lowest HOMO–LUMO
energy gap, which indicates its high reactivity towards the
radical species. As previously discussed, the presence of two
OH groups and a carboxyl group gives a good basis for
reactivity. The gap is generally low for molecules containing
the carboxyl group because of the proximity of n and p*
orbitals. It is interesting to notice that 3-MT has an energy
gap similar to dopamine, proving that electrons of the methoxy
group are not included in the formation of orbitals, while the
corresponding EC50 values are significantly different. The
molecules of dopamine, epinephrine, and norepinephrine have
almost the same energy gap, as reflected in the experimental

antiradical activity. But it should be borne in mind that with a
group of molecules that have distinct structural features, this
type of analysis can be ambiguous.

Stabilization energies

The stabilization energy method (eqn (9)) can be used to predict
the possible antiradical activity towards different radicals.58

The stabilization energy values in methanol shown in Table 1
successfully reflect the obtained experimental results. All the
values are negative, predicting the possible antiradical activity
and stability of the radicals formed from parent molecules. The
importance of the additional hydroxyl group is proved by
a change in the stabilization energy by several kJ mol�1.
Molecules containing the carboxyl group also have lower values.
Again, L-DOPA was proven to have the highest antiradical
activity.

Bond dissociation enthalpy and proton affinity

The formation of radicals is possible when the OH or NH bonds
are homolytically broken. The stability of the formed radicals
plays an important role in the overall mechanism of the
antiradical activity. There is no significant difference between

Table 2 Thermodynamic parameters for the three most common antiradical mechanisms for catecholamines and their metabolites (in kJ mol�1)

Molecule Site

Aqueous phase Benzene phase Methanol phase

HAT/PCET SET-PT SPLET HAT/PCET SET-PT SPLET HAT/PCET SET-PT SPLET

BDE IP PDE PA ETE BDE IP PDE PA ETE BDE IP PDE PA ETE

Catechol 490 656 508
OH 348 21 139 372 334 91 425 322 344 11 137 382

Homovanillic acid 482 634 500
p-OH 354 35 154 363 360 139 469 304 351 26 153 372
COOH 412 94 109 466 350 129 426 337 413 88 108 479

3-MT 474 621 492
p-OH 349 38 157 355 356 148 478 291 346 28 156 364
NH2 412 100 320 255 418 210 644 187 414 97 324 265

Dopamine 479 632 496
p-OH 342 26 143 363 332 113 424 321 338 16 141 372
m-OH 347 31 141 369 328 109 426 315 342 21 139 378
NH2 412 96 320 255 418 200 638 193 415 93 323 266

DOPAC 487 649 504
p-OH 346 22 140 369 335 98 418 329 342 21 137 379
m-OH 347 23 139 371 333 96 419 327 343 13 137 381
COOH 418 94 110 471 347 111 422 338 418 88 109 483

Epinephrine 483 631 498
p-OH 344 24 140 367 330 111 431 312 339 15 136 377
m-OH 346 27 138 371 334 116 432 315 341 17 136 380
NH2 384 64 313 234 393 174 577 229 388 64 — —

Norepinephrine 483 637 499
p-OH 345 25 140 368 329 105 439 303 340 16 138 377
m-OH 349 28 140 372 332 108 426 320 344 20 138 381
NH 422 101 206 379 423 199 577 259 425 101 297 303

L-DOPA 471 659 474
p-OH 332 24 131 364 331 85 411 333 340 13 139 375
m-OH 335 27 130 368 334 87 408 339 342 16 137 380
COOH 417 109 106 474 482 235 429 466 429 103 116 488
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HAT/PCET values for polar solvents (water and methanol) and
for benzene (Table 2). The geometries of molecules were
equivalent in methanol and water for all the investigated
molecules, and this explains small differences in the thermo-
dynamic parameters in these two solvents. As can be observed
in Table 2, the most stable radicals are formed when the OH
bonds of the ring-bound groups are broken. The values of the
BDE (Table 2) are influenced by the presence of the second OH
group. The absence of the second OH group results in higher
BDE values for 3-MT and homovanillic acid by up to 20 kJ mol�1

in all solvents. For molecules with the catechol moiety, the BDE
values for the two OH groups are very similar. One of the reasons
for this might be the optimization of the radical structure that
included groups positioned in the way that the intramolecular
hydrogen bond is formed because this additionally stabilizes the
structure. Immediately after deprotonation, before the second OH
group rotation, the values of the BDE should be different and a
lower value is expected for the p-OH group. The values of the
BDE are very similar for the rest of the investigated molecules,
proving that the presence of the aliphatic side chains does not
significantly influence the bond breakage. This also proves that
OH groups are more likely to be broken when compared to NH2

groups, which on average need more energy, up to 40–80 kJ mol�1.
The BDE values for the carboxyl group are significantly higher than
for the OH group, on average 70 kJ mol�1, and according to the
HAT mechanism, they are less likely to break when compared to
the latter. The stability of radicals can be understood based on
the delocalization of spin density and delocalization of the
SOMO orbital (Fig. 2 and Fig. S2, ESI†). Radicals with good spin
delocalization are easily formed and are more stable. In all the
molecules, the unpaired electron is spread over the aromatic
ring, with significant contribution on the oxygen atom in the
o-position with respect to the broken OH bond. This proves
that the aromatic ring and attached OH groups are the most
important structural parameters with respect to the antioxidant
activity. The SOMO orbitals of the investigated molecules show
delocalization over the involved oxygen, the neighboring carbon
atoms of the aromatic ring, and the second oxygen atom. Additional
stabilization is due to delocalization inside the aliphatic group.

The analysis of the SOMO orbital additionally confirms the high
stability of the formed radicals.

In order to obtain more quantitative parameters for the
stabilization of the respective radicals, NBO analysis has been
performed. Based on the second order perturbation theory,
there is an important donor–acceptor interaction between
oxygen atoms in the formed radical and the m-OH group
with respect to the aliphatic chain. The stabilization energy is
1.05 kJ mol�1 (Table S3, ESI†). Table S3 (ESI†) also shows that
the charge on the oxygen atom in the formed radical is similar
for all the investigated molecules.

The heterolytic cleavage of OH and NH bonds leads to the
formation of the corresponding anions, which is quantified by
the values of the proton affinity listed in Table 2. These values
show even higher resemblance in water and methanol. The
values for the PA of the catechol moiety are approximately
140 kJ mol�1 and they increase to 155 kJ mol�1 when only one
OH group is present, because no stabilization effect is present
due to the formation of the hydrogen bond. The same effect of
similar thermodynamic PA parameters for the two OH groups
in the catechol moiety is observed and an equivalent explana-
tion can be given. Lower values for the PA are found in the
carboxyl groups, due to the stabilization effect of the charge
delocalization inside –COO�. It should be borne in mind that
deprotonation of carboxyl groups is preferable in methanol and
water and therefore these groups are not further investigated
with respect to their antiradical activity, although their contri-
bution is expected. This activity is probably very dependent on
the pH of the solution. The PA values for amino groups are
more than two times larger, probably due to the low stability of
the –NH� group formed. The high values of the PA indicated
that amino groups are probably not included in the mechanism
of the antiradical activity. There is also a significant difference
between the PA values of polar solvents and benzene, showing
that this first step of the SPLET mechanism is thermodynami-
cally more probable than HAT/PCET and is more likely to occur
in polar solvents due to dipole–dipole interactions. In non-
polar solvents, the order is reversed. The same stabilization
effects of hydrogen bond formation can be seen in anions, with
the stabilization energy being double that in radicals. Table S3
(ESI†) gives the charges on the oxygen atom of the broken OH
bond. The negative charge is solely concentrated on this atom
without further delocalization over the aromatic ring. Because
of this, a stronger hydrogen bond than for the respective
radicals is formed. The energy of this bond is about 2.2 kJ mol�1

(Table S3, ESI†). These effects additionally explain the reasons
for the higher stability of anions formed from molecules with the
catechol moiety.

Ionization potential

When one of the electrons is lost, the respective radical cation
is formed. Generally, molecules with lower IP values are readily
engaged in chemical reactions with free radicals.58 All the
investigated molecules have somewhat similar values for the
IP (Table 1). This step requires almost 250 kJ mol�1 less energy
in polar solvents than in benzene. The IP values are the lowest

Fig. 2 Spin density distribution in the most stable radicals in methanol:
(a) catechol, (b) homovanillic acid, (c) 3-MT, (d) dopamine, (e) DOPAC,
(f) epinephrine, (g) norepinephrine, (h) L-DOPA.
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for L-DOPA in all solvents. The introduction of the second
hydroxyl group does not influence this value, which is proven
when dopamine and DOPAC are compared to 3-MT and homo-
vanillic acid, respectively. This step in the SET-PT mechanism is
energetically less probable than the first step of the SPLET or
HAT/PCET mechanisms; therefore, it cannot be considered as
dominant in solution.

Antiradical mechanisms in water, methanol, and benzene

The antiradical activity of catecholamines and metabolites of
dopamine was proven through the experiments with DPPH. The
possible mechanisms can be discussed based on the thermo-
dynamic parameters (BDE, IP, PDE, PA, and ETE) calculated in
different solvents. The lowest value implies the preferability of
the selected mechanism. The thermodynamic parameters prove
that significant antiradical activity can be expected for all the
investigated molecules. The presence of the second hydroxyl
group attached to the aromatic ring lowers the value of the
thermodynamic parameters, implying the importance of the
catechol moiety. Because of the resonance effect in –COO�,
carboxyl groups have low PA values, which makes this structural
parameter important for the radical scavenging activity. When
both of the structural parameters are taken into consideration, L-
DOPA and DOPAC have the highest probability of being good
antiradical molecules, which was shown in the experimental
section. A comparison of the first step in each of the three
mechanisms (BDE, IP, and PA) shows that the values of the IP
are the highest, which makes the SET-PT mechanism less
probable compared to the other two in both solvents. In polar
solvents, the PA values are lower than the BDE, while in benzene
the opposite applies. In a non-polar environment, the difference
between the BDE and the PA is much lower, which implies the
competitiveness of both mechanisms. This difference in polar
solvents is more than 200 kJ mol�1, indicating the heterolytic
dissociation of OH bonds and the SPLET mechanism as the
prevailing one in polar environments. In order to prove this,
a more detailed kinetic description is given for the HAT/PCET
and SPLET mechanisms in the two following sections.

HAT versus PCET mechanism

According to the EPR measurements that were previously
carried out, the HAT mechanism is considered as the dominant
one for the investigated compounds.30,59 The hydrogen exchange
reaction between four selected catecholamines and DPPH was
studied using the M06-2X/6-31G(d,p) level of theory in vacuum.
Corresponding transition state structures were obtained for
dopamine, epinephrine, norepinephrine, and L-DOPA, as the
most abundant and biochemically most important of the inves-
tigated molecules. The coordinates for transition state structures
are given in Tables S4–S7 (ESI†).

From the thermodynamically most favourable position deter-
mined in the first part (p-OH group with respect to the aliphatic
chain), only a single transition state is obtained for each of these
molecules. However, it is expected that there are several other
possible reaction pathways for hydrogen exchange through other
investigated groups presented in the previous sections. This is

especially true due to the possibility of hydrogen bond formation,
which can be an important parameter for this mechanism as
suggested in the literature.60,61 All the investigated reactions are
described additionally by application of a transition state theory
that incorporates the quantum mechanical tunnelling effect. The
transition state structure between dopamine and DPPH is given in
Fig. 3.

The activation energies, rate constants, and the changes
in the Gibbs free energy of the reactions are given in Table 3.
The obtained reaction constants are similar for the investigated
molecules, although slightly lower for dopamine. These values
are in good agreement with research performed on similar
molecules, namely phenol, 4-MeO-phenol, and 3-MeO-phenol,
in the extensive investigation of Foti and coworkers,62 which
aimed to compare the theoretically and experimentally obtained
values for energies of activation and rate constants. The experi-
mental reaction constants for the reactions of dopamine, epine-
phrine, norepinephrine, and L-DOPA with the galvinoxyl radical30

were of the same order of magnitude as for the reactions investi-
gated here. It should be kept in mind that all the transition state
structures were investigated in vacuum, while in the experimental
measurements, a significant solvent effect was proven.63

One of the questions raised in this research was whether
the reaction occurs through the HAT or the PCET mechanism.
Both the mechanisms have important biological implications,
as discussed in the introduction. Several techniques for distin-
guishing between these two mechanisms are used in the study.
One of the common requirements for the PCET mechanism,
the formation of a hydrogen bond35,36 in the pre-reaction
complex and transition state, is fulfilled here. If present, this
requirement is usually insufficient as discussed by Mayer
and co-workers.36 From a structural point of view, the angle
Y(O–H–N) is 1651, which deviates from linearity because of
steric hindrance,62 while in the ‘‘pure’’ HAT mechanism, this
angle should be close to 1801. The dihedral angles can also be
used to differentiate between the HAT and PCET mechanisms.
If the transferring H atom is in plane with C–N–N and O–C–C,
then the dominating mechanism is HAT (angle is 01), while for
PCET, this angle is 901. The angles in the dopamine-DPPH
complex have the following values: j(H–O–C–C) = 451 and

Fig. 3 The reaction pathway for the reaction of dopamine and DPPH.
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j(H–N–N–C) = 431. The structural features for the rest of the
transition state complexes are within 11 of the respective values
for the dopamine–DPPH reaction. This indicates that the
transition state structure deviates from both mechanisms,
which is probably due to steric effects.

One of the methods of distinguishing between the HAT and
PCET mechanisms is by investigation of the SOMO density
surface.64 The HAT mechanism is characterized by a significant
SOMO density along the donor-H-acceptor axis. On the other
hand, PCET involves p-type orbitals that are orthogonal to the
transition vector. The SOMO orbital of the dopamine-DPPH
transition state is shown in Fig. 4, with the enlarged section
showing the part of interest. As can be seen, the orbitals
included in this transition state deviate from linearity, although
there is significant SOMO density along the reaction axis,
which gives partial characteristics of both mechanisms. The
H-transferring atom interacts with the p-type orbitals of the N
atom and the oxygen lone pair orbitals, as observed in similar
molecules.62

A review paper by Galano64 proposes a simple way to differ-
entiate between the two mechanisms, which is based on the
change in charge and spin density on the H-donor, H-acceptor,
and transferring H atoms along the reaction coordinate. The sign
of the charge on the donating and accepting atoms is modified
along the coordinate for the PCET mechanism, while in HAT,
charges stay negative for the whole reaction.65 As well as the sign

of the charge, the shape of the curve for the change in spin density
and charge can be a distinguishing factor. A smooth change in the
atomic charge indicates the HAT mechanism, while PCET is
characterized by an abrupt jump in the value of this parameter
around the position of the transition state structure. Data for the
partial charges and spin density for the reaction complex, the
transition state, and the product complex between dopamine and
the DPPH radical are given in Table S4 (ESI†). The charges on
oxygen and nitrogen are negative in all the investigated structures
with no change in sign, while the charge on the hydrogen atom is
B0.5 e, which falls between the values obtained by Sirjoosingh
and Hammes-Schiffer65 for systems with pure PCET and HAT
mechanisms. Fig. 5 and Fig. S9 (ESI†) present the change in
atomic charge and spin density for relevant atoms in the reaction
versus the reaction coordinate obtained from the IRC. The change
in charge of the oxygen and nitrogen atoms along the coordinate
is relatively smooth, but a significant difference is observed
around the transition state although without intersection of the
two curves. When the dependence of the spin density is compared
to Fig. 8 from ref. 64. It can be deduced that the shape of the curve
has the characteristics of both mechanisms. This analysis leads to
the same conclusion as the structural and SOMO orbital investi-
gations, that both mechanisms are present.

Because of the complexity of the radical structure and steric
hindrance, the reaction between dopamine (and other catechol-
amines) cannot be described purely as HAT or PCET. The
investigated system falls into the explanation given by Skone
and co-workers, who suggested that the actual differentiation of
these mechanisms is not possible in all cases because of the
quantum mechanical behaviour of protons and electrons.35,66

SPLET mechanism

The thermodynamic parameters governing the first step in
SPLET are proven to be lower than for HAT/PCET (Table 2);
therefore, this should not be the limiting step in the process of
the antioxidant activity. The second step in SPLET is electron
transfer from the antioxidant anion to the radical, and from
Table 2, it can be concluded that this is energetically less
favourable than HAT/PCET or the first step in SPLET. Kinetic
parameters for this reaction were investigated using the Marcus

Table 3 Values for the transition-state theory quantities

Reaction DG‡ (kJ mol�1) kTST (s�1) DGr (kJ mol�1)

L-DOPA + DPPH� 67.6 8.8 15.3
Dopamine + DPPH� 77.1 1.9 � 10�1 19.3
Norepinephrine + DPPH� 60.1 1.8 � 102 2.59
Epinephrine + DPPH� 56.4 8.2 � 102 �0.88

Fig. 4 SOMO orbital of the transition state between dopamine and DPPH.
Fig. 5 Atomic charge change along the reaction coordinate for the
relevant atoms for the reaction between dopamine and DPPH.
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theory as explained in the Computational section. Table 4 gives
the activation free energy, the free energy of reaction for electron
transfer, and the reorganisation energy, as well as the rate constant
from TST, the rate constant for the irreversible bimolecular
diffusion-controlled reaction, and the apparent rate constant.

The given results lead to the conclusion that the rates of
the ET reaction are of the order of 106 M�1 s�1 for all the
investigated molecules. The obtained rate constants from
the transition state theory are much larger, but because of the
diffusion, the apparent rate constant is of the above-mentioned
order. All the reactions are exergonic. The actual values for
different catecholamines are comparable, leading to the conclu-
sion that there are no significant but small differences, with
L-DOPA having the largest value. This is well reflected in the
experimental results. It is important to compare the rates of
HAT/PCET and the ETE from Tables 3 and 4. The activation free
energy is much lower in case of the ET, rate constants are larger
(106 compared to 101 M�1 s�1), and the free energy of reaction
is negative. All this proves that ET is faster than HAT/PCET.
This result, together with the lower change in enthalpy for the
first step of SPLET, when compared to HAT/PCET, leads to
the conclusion that SPLET is the dominant mechanism for
the reaction between L-DOPA, dopamine, epinephrine, and
norepinephrine with the DPPH radical in methanol. Because
of the resemblance of these molecules to the rest of the inves-
tigated molecules, this conclusion can be generalized to all the
catecholamines in this study.

Conclusions

In this contribution, the antiradical potency of naturally occurring
catecholamines (catechol, dopamine, epinephrine, norepinephrine,
and L-DOPA) and three metabolites of dopamine (homovanillic
acid, DOPAC, and 3-MT) has been investigated. Experimentally, the
antiradical activity has been proven in the reaction with the DPPH
radical in methanol. All the investigated molecules, except for 3-MT
and homovanillic acid, have antiradical activity comparable to the
most potent antiradical molecules. The theoretical consideration
through the calculation of the thermodynamic parameters, for the
most common antiradical mechanisms, has shown that all the
present species can be considered as good antiradicals, except
homovanillic acid and 3-MT, which have only one OH group
attached to the aromatic ring. This has been explained by the
stabilization effect of the intramolecular hydrogen bond present in
radicals and anions of the corresponding molecules. The lowest
values for the thermodynamic parameters have been calculated for
the p-hydroxyl group. The additional groups, carboxyl, amino, and
hydroxyl groups attached to the aliphatic chain, can also be sites of

hydrogen exchange. The obtained results pointed to SET-PT as an
implausible radical scavenging mechanism due to high IP values.
The SPLET mechanism is the most probable in polar solvents,
while in non-polar solvents SPLET and HAT/PCET are competitive.

The transition state structures for the reactions of dopamine,
epinephrine, norepinephrine, and L-DOPA with the DPPH
radical were used for the differentiation of the HAT and PCET
mechanisms through several suggested strategies. The conclusion
based on the geometry, SOMO orbital density, and changes in
charge and spin density of the atoms of interest, is that both
mechanisms are present because of the steric hindrance of the
radical, which influences its stability towards the antiradical
molecules. The rate constants for the HAT/PCET reaction are
of the order of 10�1 to 102 M�1 s�1. The second step of SPLET
was also kinetically investigated by application of the Marcus
theory. The values for the rate constants, after corrections due
to diffusion, were of the order of 106 M�1 s�1. This finding,
together with the higher thermodynamic preferability of the
first step of SPLET compared to HAT/PCET, proved that the
dominant mechanism of the antiradical activity of catechol-
amines in polar solvents is SPLET.
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