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A B S T R A C T

Background: Antioxidant properties have been recently suggested for caffeine that seems showing protective ef-
fects against damages caused by oxidative stress. In particular, a HO scavenging activity has been ascribed to
caffeine. Even if the oxidation of caffeine has been widely studied, the antioxidant mechanism is still far to be
understood.
Methods: The electrochemical behavior of caffeine, theobromine and theophylline was studied in aprotic medium
by cyclic voltammetry and electrolysis in UV–vis cell; a computational analysis of the molecular structures based
on the Density Functional Theory was performed; the reactivity of all substrates towards lead dioxide, superox-
ide and galvinoxyl radical was followed by UV–vis spectrophotometry.
Results: Results supported the mono-electronic oxidation of the C⁠4 C⁠5 bond for all substrates at high oxidation
potentials, the electron-transfer process leading to a radical cation or a neutral radical according to the starting
methylxanthine N⁠7-substituted (caffeine and theobromine) or N⁠7-unsubstituted (theophylline), respectively. A
different following chemical fate might be predicted for the radical cation or the neutral radical. No interaction
was evidenced towards the tested reactive oxygen species.
Conclusions: No reactivity via H-atom transfer was evidenced for all studied compounds, suggesting that an an-
tiradical activity should be excluded. Some reactivity only with strong oxidants could be predicted via elec-
tron-transfer. The acclaimed HO scavenging activity should be interpreted in these terms. The study suggested
that CAF might be hardly considered an antioxidant.
General significance: Beyond the experimental methods used, the discussion of the present results might provide
food for thought to the wide audience working on antioxidants.

1. Introduction

Among methylxanthines, caffeine (1,3,7-trimethylxanthine, CAF),
theobromine (3,7-dimethylxanthine, TBr) and theophylline (1,3-di-
methylxantine, TPh) are widely distributed in nature, where are pre-
sent in almost one hundred species of the Plant Kingdom, including cof-
fee, cacao (the major natural source of TBr) and tea (the major natural
source of TPh) [1].

Thus methylxanthines have been included in human diet for a long
time and are nowadays generally assumed in the diet because wide-
spread in many products highly consumed all over the world, from tra-
ditional coffee, tea and chocolate, to soft and energy drinks and more
recently as food supplements.

Many systemic effects in humans have been ascribed to methylxan-
thines, but mechanisms underlying their biological effects are not yet
fully understood. Anyway, these relevant biological effects combined
with a relatively low toxicity make these natural compounds pharmaco-
logical tools with increasing therapeutic potentialities [1].

CAF is by far the most studied methylxanthine. Both positive and
negative physiological effects of CAF are well known, from stimula-
tion of the central nervous system, diuresis and gastric acid secretion
[2] to nausea, trembling and nervousness [3]. It is known to increase
psychomotor performance [4], and because of its analgesic effects in
headache and pain it is added in analgesic and antipyretic drug for-
mulations [5,6]. Pharmacological effects of CAF and related methylx-
anthines on respiratory, cardiovascular, neurological and neurodegen
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erative diseases as well as a positive impact on obesity, diabetes, fer-
tility and cancer have been also widely reported in literature [1]. The
beneficial effects of CAF and methylxanthines have been ascribed, at
least in part, to a putative high antioxidant capacity. In fact, CAF has
been also investigated for its potential antioxidant capacity towards ox-
idative damage and literature reports in vitro and in vivo studies evi-
dencing some protective effects [7–9], mainly ascribed to a scavenging
activity towards HO radicals [10,11]. Computational analysis based on
the Density Functional Theory supported a strong HO scavenging ac-
tivity, while predicted modest, poor or no activity towards alkoxyl radi-
cal, HOO and O⁠2

⁠−, respectively [12]. On the other hand, CAF resulted
inactive towards moderate hydrogen/electron scavengers as DPPH and
ABTS ⁠+ [11]. The term “antioxidant” is generally used for both antioxi-
dant and antiradical activities, but while antioxidant activity represents
the capability of a compound to inhibit an oxidative process, the anti-
radical activity represents the capability of a compound to react with
free radicals, as clearly reported in literature [13]. As a consequence,
antioxidant and antiradical activities occur through different molecular
mechanisms, and compounds with antiradical properties might be inef-
fective as antioxidant and vice versa.

Further, experimental conditions of test systems for radical scaveng-
ing activity may strongly differ from in vivo environment. As an exam-
ple, the hydroxyl radical scavenging activity measured by generating in
situ high amounts of HO , even if very popular as a method, has no
practical meaning, actually, because of the very high reactivity of HO

with the most of substrates, including itself [13]. So, the understand-
ing of the reactivity of a given compound, in terms of molecular mecha-
nism, is required to explore and evaluate its antioxidant and/or antirad-
ical potentialities.

Given the potentialities of CAF, any progress made in order to un-
derstand the molecular mechanisms underlying beneficial or harmful ef-
fects could meaningfully impact biomedical research.

Studies on the oxidation of CAF by radical species in water have
been reported in literature and various mechanisms proposed [14–16].
Also the electrochemical oxidation of CAF in water has been studied
since '70, and a pathway involving an irreversible overall four electrons
process per molecule has been proposed [17,18]: the oxidation was sup-
posed starting from the imidazole C⁠8 N⁠9 double bond and yielding the
methyl-uric acid first and the methyl-uric acid 4,5-diol as final prod-
uct. The electrochemical oxidation of CAF in aprotic medium has been
instead sparingly studied, only one report in literature, at least up to
our knowledge [19]. Noteworthy, the aprotic medium can be considered
more suitable to investigate mechanisms involving radical species, by
reducing chemical reactions they might undergo. Further, due to both
hydrophilicity and lipophilicity properties, CAF can distribute through
all body fluids and cross all biological membranes when administered
to humans or animals [1], and the aprotic medium provides an environ-
ment closer to the lipophilic one.

With the aim to get a deeper insight into the oxidative mechanisms
CAF might undergo through under oxidative conditions, and to explore
the potentialities of CAF as an antioxidant towards reactive oxygen
species (ROS) main responsible of oxidative stress, the electrochemical
behavior of CAF was studied in aprotic medium by cyclic voltammetry
and controlled potential electrolysis, carried out in an UV–vis cell mod-
ified for spectroelectrochemistry. TBr and TPh were also studied under
the same experimental conditions.

A computational analysis based on the Density Functional Theory
(DFT) was performed on CAF and TPh molecular structure as a precious
tool to interpret the electrochemical data.

The reactivity of CAF, TBr and TPh towards reactive oxygen species
as superoxide radical anion O⁠2

⁠− and galvinoxyl free radical (G) was
also investigated, and the reactions were followed by UV–vis spec-
trophotometry.

2. Experimental

2.1. Materials

Caffeine powder, ReagentPlus® (CAS Number 58-08-2), Theo-
bromine analytical standard (CAS Number 83-67-0), Theophylline an-
hydrous, ≥99%, powder (CAS Number 58-55-9), Galvinoxyl free radical
(CAS Number 2370-18-5), 2,6-lutidine purified by re-distillation, ≥99%
(CAS Number 108-48-5), dicyclohexano-18-crown-6, 98% (CAS Number
16069-36-6), potassium superoxide, powder (CAS Number 12030-88-5),
acetonitrile anhydrous, 99.8%, <0.001% water (CAS Number 75-05-8),
N,N-Dimethylformamide anhydrous, 99.8%, <0.005% water (CAS
Number 68-12-2) were purchased from Sigma–Aldrich and used with-
out further purification.

Potassium superoxide was used as DMF saturated solution contain-
ing 0.15molL⁠−1 dicyclohexano-18-crown-6, added to increase the solu-
bility of KO⁠2 (0.05molL⁠−1 final concentration) [20]. Tetraethylammo-
nium perchlorate (TEAP) was purchased from BDH and dried under vac-
uum after crystallization. Water was deionized by Millipore Milli-Q Pu-
rification System. Lead dioxide PbO⁠2 was freshly prepared [21].

2.2. Methods

2.2.1. Cyclic voltammetry
Cyclic voltammetry was performed with a three-electrode multipo-

larograph AMEL 472 coupled with a digital x/y recorder AMEL 863,
using a working static glassy-carbon electrode (GC, Ø=3mm), Ag-Ag-
ClO⁠4 (0.1molL⁠−1)/AcN-fine porosity fritted glass disk-AcN/NaClO⁠4
(0.1molL⁠−1)-sintered glass disk [22] as reference and a platinum wire
as counter electrode, in the range of scan rate 0.020–0.200Vs⁠−1. The
accuracy of the potential was ±5mV. Experiments were carried out at
room temperature on nitrogen purged solution of anhydrous acetonitrile
(AcN) containing TEAP 0.1molL⁠−1 as supporting electrolyte, substrate
5×10⁠−4molL⁠−1 and increasing amounts of 2,6-lutidine as deprotonat-
ing agent or water as protonating agent.

2.2.2. Controlled potential electrolysis in UV–vis cell
Controlled potential electrolyses were carried out with a poten-

tiostat AMEL 552 coupled with an integrator AMEL 731 and a x/
y recorder LINSEIS L250E, using a three-electrode UV–vis cell modi-
fied for spectroelectrochemistry, and an Agilent 8453 diode array spec-
trophotometer. A platinum wire was used as working electrode, an
Ag-AgClO⁠4 (0.1molL⁠−1)/AcN-fine porosity fritted glass disk-AcN/Na-
ClO⁠4 (0.1molL⁠−1)-sintered glass disk as reference and a platinum wire
as auxiliary electrode (placed on the inner wall of a glass tube con-
taining AcN/TEAP 0.1molL⁠−1 and connected to the solution via a sin-
tered glass-disk). Experiments were carried out at room temperature
on solution of anhydrous AcN containing TEAP 0.1molL⁠−1 and CAF
7×10⁠−5molL⁠−1 or TPh 1×10⁠−4molL⁠−1, in turn. The electrolysis so-
lutions were stirred by purging with a continuous nitrogen flux pass-
ing through a bubbler containing AcN to limit evaporation during pro-
longed experiments. Spectra were recorded at short time intervals dur-
ing electrolysis.

2.2.3. Chemical reactivity towards ROS: UV–vis experiments
UV–vis experiments were carried out with an Agilent 8453 diode ar-

ray spectrophotometer. Chemical reactivity of CAF, TBr and TPh was
studied in anhydrous AcN, purged with nitrogen, by adding a) PbO⁠2,
b) KO⁠2 and c) G, in turn, directly in the UV–vis cell, according to the
following procedures: a) small amounts of PbO⁠2 were added to the
starting solution containing 1×10⁠−4molL⁠−1 of CAF, TBr or TPh, and
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then spectra were recorded every 30s for 5min; b) an amount of a KO⁠2
solution, prepared as described above, was added to the starting solu-
tion containing CAF, TBr or TPh until to obtain the same final con-
centration of 1×10⁠−4molL⁠−1 for tested substrate and superoxide, and
then spectra were recorded every 30s for 5min; c) an amount of so-
lution containing in turn CAF, TBr or TPh was added to the starting
solution containing G until to obtain the same final concentration of
1×10⁠−4molL⁠−1 for tested substrate and galvinoxyl, and then spectra
were recorded every 30s for the first 5min and every 15min for the fol-
lowing 60min. The characteristic absorption of G at λ=859nm, in a
spectral range free from interferences, was monitored to evidence possi-
ble variation.

2.2.4. DFT calculation
CAF and TPh have been studied in the context of ab-initio total

energy calculations based on the Density Functional Theory [23,24].
To this aim, the two molecules have been simulated in cubic super-
cells (size of 30 Ang.) with periodic boundary conditions using a plane
wave basis sets. Norm conserving Troullier-Martins pseudopotentials
[25] have been employed with an energy cutoff of 90 Ry for the plane
waves and 360 Ry for the electron density. Geometric optimizations
have been performed using the Perdew-Burke-Ernzerhof (PBE) [26] gen-
eralized gradient approximation for the exchange-correlation energy
functional. After geometric optimization, the electronic structure and
properties have been studied using the HSE hybrid functional [27] with
25% of exact exchange. In all the cases, Makov-Payne correction to the
total energy has been applied [28]. The calculations have been per-
formed using the Quantum Espresso suite [29].

3. Results

3.1. Cyclic voltammetry

Cyclic voltammograms of CAF and TBr (both N⁠7-methyl substituted
xanthines) appeared almost identical and characterized by a well-de-
fined mono-electronic anodic peak (by comparison with ferrocene under
the same experimental conditions [30,31]) at the same anodic potential
value E⁠ap of +1.26V vs Ag/AgClO⁠4; a corresponding well-defined ca-
thodic wave was observed in the reverse scan, at the cathodic potential
values E⁠cp of +1.14V and+1.15V, respectively (see Table 1). Cyclic
voltammogram of CAF was shown in Fig. 1 (solid line).

Electrochemical data of CAF and TBr were analyzed according to
the diagnostic tests reported in literature [32] and evidenced for both
substrates a quasi-reversible anodic process diffusion controlled (based
on the linear relationship of the anodic current intensity I⁠ap versus the
square root of scan rate ν⁠1/2, R=0.9949 for CAF and R=0.9999 for
TBr). Diagnostic tests were consistent with a chemical reaction follow-
ing the primary oxidation process, supporting for CAF and TBr an EC
mechanism. The chemical reaction rate constants for these EC systems
were estimated from the working curve [33] of the cathodic/anodic
current ratio I⁠cp/I⁠ap as a function of log kτ, where τ is the time re-
quired to cross the potential range from the half wave potential to the

switching potential; the I⁠cp/I⁠ap experimental values found for CAF (0.32,
scan rate 0.200Vs⁠−1) and TBr (0.27, scan rate 0.200Vs⁠−1) lied in the
linearity range of the working curve and values of k≅7s⁠−1 for CAF and
k≅42s⁠−1 for TBr were estimated.

The electrochemical behavior of the N⁠7-unsubstituted TPh appeared
different from that one of CAF and TBr. Cyclic voltammogram of TPh
under the same experimental conditions (shown in Fig. 2, solid line)
was characterized by a slightly broadened anodic peak at the less posi-
tive E⁠ap of +1.22V vs Ag/AgClO⁠4 (see Table 1), and no cathodic peak
was observed in the reverse scan. The process involved slightly less
than one-electron by comparison of the I⁠ap value with that one of the
mono-electronic system of ferrocene under the same experimental con-
ditions [30,31]. Electrochemical data, analyzed according to the diag-
nostic tests [32], were consistent with an irreversible anodic process
diffusion controlled (based on the linear relationship of I⁠ap versus ν⁠1/2,
R=0.9981). Because of the irreversibility of the anodic process, no ki-
netic data related to a possible following chemical reaction could be dis-
cussed on the base of cyclic voltammetry.

The effect of a deprotonating agent was checked on both CAF and
TPh by adding increasing amounts of 2,6-lutidine to the tested solutions.
No effect was observed for CAF, as predictable because of the lack of
hydrogen atoms available for a proton transfer. On the contrary, the an-
odic peak of TPh decreased of about 14% when an equimolar amount
of 2,6-lutidine was added to the tested solution and a second broadened
anodic peak was observed at the less positive potential +0.86V (see Fig.
2, dotted line).

The effect of a protonating agent was also checked on both CAF
and TPh by adding increasing amounts of Milli-Q deionized water to
the tested solutions. When an equimolar amount of water was added
to the solution containing CAF, the cathodic peak in the reverse scan
disappeared, the anodic peak was anodically shifted of 80mV
(E⁠ap

a=+1.34V, Table 1) and the anodic peak current increased till
doubling, with I⁠ap

a/I⁠ap=2.2 (Fig. 1, dotted line). When an equimo-
lar amount of water was added to the solution containing TPh, a
similar behavior was observed, the anodic peak current increasing to
I⁠ap

a/I⁠ap=2.6 and the anodic peak potential anodically shifting of 50mV
(E⁠ap

a=+1.27V, Table 1). The anodic potential shift had been previ-
ously observed for CAF in acidic medium [34], and might be likely as-
cribed to the protonating effect of water on one of the N-atoms, in the
whole making harder the oxidation of the substrate.

All electrochemical data were resumed in Table 1.

3.2. Controlled potential electrolysis in UV–vis cell

The anhydrous AcN solution of CAF, characterized by absorptions
at λ/nm 205 and 274 and by a weak band in the region 220–230nm
(Fig. 3a, 1), was electrolyzed at a working platinum electrode at the
experimental value E⁠ap of +1.20V, and spectra were recorded at short
time intervals. Electrolysis was stopped when the current reached a con-
stant plateau, in correspondence of which no further spectral changes
were observed, with a total current consumption corresponding to 1.5
electrons per mole of substrate. After the consumption

Table 1
Electrochemical data of CAF, TBr and TPh in anhydrous AcN/TEAP 0.1molL⁠−1, at a GC electrode, scan rate 0.200Vs⁠−1; substrate concentrations 5×10⁠−4molL⁠−1; potential values are vs
Ag/AgClO⁠4.

[S] E⁠ap (V) E⁠cp (V) E⁠ap
⁠a (V) E⁠cp

⁠a (V) E⁠ap
⁠b (V) E⁠cp

⁠b (V)

CAF +1.26 +1.14 +1.34 – +1.26 +1.14
TBr +1.26 +1.15 Not measured Not measured Not measured Not measured
TPh +1.22 – +1.27 – +0.86; +1.22 –

a In the presence of an equimolar amount of water.
b In the presence of an equimolar amount of 2,6-lutidine.
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Fig. 1. Cyclic voltammetry of CAF in anhydrous AcN/TEAP 0.1molL⁠−1, at GC electrode,
vs Ag/AgClO⁠4, scan rate 0.200Vs⁠−1, in the absence (solid line) and in the presence (dotted
line) of an equimolar amount of water.

Fig. 2. Cyclic voltammetry of TPh in anhydrous AcN/TEAP 0.1molL⁠−1, at GC electrode,
vs Ag/AgClO⁠4, scan rate 0.200Vs⁠−1, in the absence (solid line) and in the presence (dotted
line) of 2,6-lutidine as deprotonating agent.

of an amount of current consistent with the theoretical value for a
mono-electronic process, a strong decrease of absorbance at both
205nm and 274nm and the increase of a new weak absorption in the
region 350–410nm (Fig. 3a, 2) were observed. The UV–vis spectrum
of the final electrolyzed solution was characterized by a red-shift of
205nm to 216nm, a blue-shift of 274nm to 266nm, the loss of the
weak band at 220–230nm, and a further increase of the new band at

350–410nm (Fig. 3a, 3). This final spectrum remained unchanged for at
least 15min after electrolysis had been stopped.

The starting solution of TPh showed the characteristic absorption at
λ (AcN)/nm 201 and 272, slightly blue shifted with respect to CAF, in
agreement with the calculated values reported below (265nm), and a
weak band in the region of 220–230nm (Fig. 3b, 1). Electrolysis was
carried out at the experimental value E⁠ap of +1.20V and a different
trend with respect to CAF was observed. Electrolysis was stopped when
the current reached a constant plateau, in correspondence of which no
further spectral changes were observed, with a total current consump-
tion consistent with a mono-electronic process. The UV–vis spectrum of
the final electrolyzed solution (Fig. 3b, 2) was characterized by a de-
crease of the absorption at 201nm and a very small decrease of the ab-
sorption at 272nm, with a 2nm blue-shift (270nm). The weak band in
the region 220–230nm was still present.

3.3. DFT calculations

A computational analyses based on the DFT was performed on CAF
and TPh molecular structure: the ground state configurations of CAF
and TPh were shown in Fig. 4, and the relevant bond distances and an-
gles of both studied compounds were reported in Table S1.

The geometric configurations of CAF and TPh resulted quite simi-
lar concerning the hexa-cyclic moiety, while some differences regarding
mainly the angles were found for the penta-cyclic moiety: the distortions
particularly affected the angles with N⁠7 and C⁠8 at the vertices. The den-
sity of states (DOS) involving the last occupied molecular orbital (MO)
of CAF and TPh were shown in Fig. 5, where the reference zero energy is
the HOMO energy; the HOMO-1 and HOMO-2 molecular orbitals of TPh
appeared shifted upwards with respect to those ones of CAF by nearly
50meV (Fig. 5).

The projected density of states (PDOS) of the HOMO orbital was
shown in Fig. 6 and indicated for CAF (Fig. 6a) a large contribute
due to the C⁠4 C⁠5 bond, i.e. the bond shared by the hexa-cyclic and
penta-cyclic moieties, besides contributes due to the oxygen atoms O⁠13

and O⁠11 and, at a lesser extent, to C⁠6 and C⁠2.
The HOMO-LUMO energy difference was measured and resulted in

nearly 4.6538eV for CAF, corresponding to an absorption peak at λ
266nm, close to the experimental value of 274nm reported above.

The PDOS analysis of TPh (Fig. 6b) showed different features es-
pecially concerning the HOMO, that in this case contained also large
contributes from both N⁠7 and C⁠8 of the imidazole group, besides being
shared by the oxygen atoms and the C⁠4 C⁠5 bond similarly to CAF.

Also in this case, the HOMO-LUMO energy difference was measured
and corresponded to an adsorption peak at 265nm, rather close to the
experimental value of 272nm reported above.

The PDOS HOMO decomposition differences between CAF and TPh
evidenced that, excluding the O atoms, the lowest energy electrons were
spread on the C atoms with some prevalence on the hexa-cyclic moiety
in the case of CAF, while in the case of TPh the lowest energy electrons
state was shared by C⁠4 C⁠5 atoms and the N atoms of both moieties,
with a large contribute from the imidazole penta-cyclic moiety.

3.4. Chemical reactivity towards ROS: UV–vis experiments

Chemical reactions of CAF, TBr and TPh towards PbO⁠2, O⁠2
⁠− and G

were carried out in UV–vis cell and monitored recording spectra at short
time intervals, as described above. In all the cases, no spectral change
was observed, as evidenced in Fig. 7 where the behavior of CAF towards
PbO⁠2, O⁠2

⁠− and G was reported, as an example.
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Fig. 3. UV–vis spectral changes relative to the anodic oxidation of CAF (a) and TPh (b) in anhydrous AcN/TEAP 0, 1molL⁠−1, at a Pt working electrode: (1) starting substrate; (2) substrate
after the mono-electronic oxidation; (3) final oxidized solution of CAF.

Fig. 4. CAF (left) and TPh (right) ground state configurations.

Fig. 5. CAF and TPh density of states (DOS) of the highest occupied MO states.

4. Discussion

A new insight into the redox properties of CAF was obtained com-
bining theoretical calculations on CAF and TPh molecular structures

with the comparative electrochemical study of CAF, TBr and TPh, and
the chemical study of interactions of CAF, TBr and TPh with ROS mim-
ics, in aprotic medium favorable to radical intermediates.

The electrochemical study evidenced strong similarities between
CAF and TBr, suggesting that N⁠1 atom (see Fig. 4) could not be in-
volved in the oxidation mechanism, while a different behavior was
found for TPh, suggesting that different oxidative pathways might occur
for N⁠7–substituted and N⁠7–unsubstituted methylxanthines.

First, cyclic voltammetry evidenced a quasi-reversible mono-elec-
tronic anodic oxidation for CAF and TBr, and an irreversible mono-elec-
tronic anodic oxidation for TPh (Section 3.1).

Second, an identical E⁠ap value was measured for CAF and TBr
(+1.26V, vs Ag/AgClO⁠4) while a less positive E⁠ap value was measured
for TPh (+1.22V, vs Ag/AgClO⁠4). The same trend had been previously
observed in aqueous medium [18], and had sounded unexpected al-
ready at that time. In fact, an opposite trend could be predicted on the
bases of the stabilizing effect due to the N⁠7-methylation of CAF and TBr
with respect to TPh, especially if the double bond C⁠8 N⁠9 (Fig. 4) was
supposed to be involved in the primary oxidation process as mainly re-
ported in literature. According to our knowledge, no interpretation of
this behavior has been proposed up to now.

Some differences regarding the penta-cyclic moiety were also evi-
denced by computational analysis of CAF and TPh molecular structure:
a) the angles distortion, particularly affecting the angles with N⁠7 and C⁠8

at the vertices (Table S1), b) the density of states (DOS) of the last oc-
cupied MO, with HOMO-1 and HOMO-2 of TPh shifted of 50meV up-
wards with respect to CAF (Fig. 5), and above all c) the PDOS HOMO
decomposition (Fig. 6), evidencing that the lowest energy electrons of
CAF were spread on the hexa-cyclic moiety with a large contribute from
the C⁠4 C⁠5 bond, while the lowest energy electrons of TPh were shared
with the penta-cyclic moiety with a large contribute from both N⁠7 and
C⁠8 atoms (Section 3.3). This analysis supported the electrochemical data
suggesting that different oxidative pathways might occur for CAF (and
likely TBr) and TPh.

Calculations and experimental data of the present study were con-
sistent with the mono-electronic oxidation of the C⁠4 C⁠5 double bond
of CAF to the corresponding radical cation CAF ⁠+, stable enough to be
reversibly reduced to the starting material (Fig. 1, solid line) or avail
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Fig. 6. Projected density of states (PDOS) HOMO decomposition of CAF (a) and TPh (b).

able to react with a nucleophilic substrate (water, as an example), ac-
cording to an EC mechanism. In fact, the reversibility of the system
CAF/CAF ⁠+ was removed by adding an amount of water equimolar with
substrate, and the observed doubling of the anodic peak current (Section
3.1) (Fig. 1, dotted line) might be explained with a following chemical
reaction (EC mechanism) whose product could be furtherly oxidized at
the same potential value. A pattern for the reactivity of the electro-gen-
erated CAF ⁠+ in the presence of water as a nucleophilic reagent was
shown in Scheme 1.

Calculations and experimental data of TPh were instead consistent
with an irreversible mono-electronic oxidation coupled with a consec-
utive proton transfer, likely from N⁠7, to give the corresponding neutral
radical TPh . The involvement of a proton transfer was supported by
the effect of a deprotonating agent added to the TPh solution: in fact,
the second anodic peak at the less positive potential +0.86V evidenced
in the presence of an equimolar amount of 2,6-lutidine (Fig. 2, dotted
line) might be likely ascribed to the easier oxidation of the imidazolium
anion of TPh to the corresponding neutral radical. The broadened shape
of this anodic peak at +0.86V was also in agreement with the involve-
ment of an acid-base equilibrium, the pK⁠b value of 2,6-lutidine and the
pK⁠a value of imidazole (chosen as a reference value for –N⁠7H of TPh)
being 7.40 and 6.95, respectively.

Noteworthy, the electrochemical analogies between CAF and TBr
suggested that a neutral radical might be excluded for TBr, in spite of
the presence of a proton available on N⁠1 atom, to further support the
involvement of the N⁠7 atom in the oxidation of TPh.

Spectral changes evidenced during controlled potential electrolysis
of CAF and TPh (Section 3.2) were in agreement with these different
oxidative paths leading to the radical cation CAF ⁠+ and the neutral rad-
ical TPh , respectively. In fact, the UV–vis spectrum recorded after the
selective mono-electronic anodic oxidation of CAF evidenced a strong
decrease of absorptions at 205nm and 274nm (Fig. 3a, 2), in agree-
ment with the loss of the basic conjugated structure of CAF ⁠+ (Scheme
1, I). On the contrary, the UV–vis spectrum recorded after the selec-
tive mono-electronic anodic oxidation of TPh evidenced a decreased ab-
sorbance at 201nm but a very slight decrease of absorption at 272nm
(Fig. 3b, 2). This was in agreement with a conjugated structure mainly
preserved, as expected for the neutral radical TPh generated by fast de-
protonation of the electro-generated radical cation (Scheme 2, II).

Spectra 2 in Fig. 3a and b recorded after the mono-electronic anodic
oxidation of CAF and TPh, respectively, might be assigned as the UV–vis
spectra of the radical cation CAF ⁠+ and the neutral radical TPh , respec-
tively.

Also UV–vis data of full electrolysis of CAF and TPh seemed to sup-
port the nature of their first oxidation products. As discussed above,

the electro-generated radical cation CAF ⁠+ can be considered an easy
substrate for nucleophiles; so the total current consumption, higher than
that one expected for a mono-electronic process, might be due to the
oxidation, at the same operative potential, of the product of a following
chemical reaction (see Scheme 1). In fact, despite the use of anhydrous
solvent, the presence of water in trace in the electrolyzed solution could
not be ruled out, mainly because of the prolonged purging with nitro-
gen.

The same might occur to the neutral radical TPh (as evidenced by
cyclic voltammetry in the presence of stoichiometric amount of water,
discussed above), but the electrolysis contest might be more favorable
to a coupling reaction because of the high amount of TPh produced,
and in that case no further oxidation at the same potential should occur.

The reaction pattern proposed for the reactivity of CAF ⁠+, resumed
in Scheme 1, seemed also in agreement with the involvement of the
4,5-diole derivative of CAF postulated in literature to explain some
degradation products of CAF detected by mass spectrometry [16]. Sim-
ilarly, the reaction pattern proposed for the reactivity of TPh , resumed
in Scheme 2, seemed also in agreement with the formation of a dimeric
form of TPh under anodic oxidation reported in literature [35].

The reactivity of CAF towards ROS, here briefly discussed, was also
evaluated by reacting CAF with: (a) PBO⁠2, an oxidant mainly working as
H-atom acceptor [30], (b) O⁠2

⁠−, a quite important ROS considered re-
sponsible of oxidative stress, whose complex reactivity includes ET and
HT mechanisms as well as proton-induced disproportionation leading
to strong oxidants [36], and (c) the O-centered stable free radical G, a
model for ROS and a different reactant with respect to the N-centered
stable radical DPPH towards which CAF had been reported inactive in
literature [11].

No spectral changes were observed for CAF in all the cases (Section
3.4, Fig. 7), suggesting that antiradical activity, that is the capacity to
react with free radicals in a single reaction [13], can hardly be predicted
for CAF. This data suggested that no H-atoms of CAF, the methyl ones as
well as that one on C⁠8, can be considered available for an H-atom trans-
fer (HT) mechanism.

Results towards O⁠2
⁠− were also in agreement with literature [12];

on the other hand, an ET mechanism between CAF and superoxide could
be excluded on the base of the respective electrochemical potential val-
ues, the reduction potential of superoxide being too negative [20] to
oxidize CAF. Also a proton transfer from CAF to O⁠2

⁠− might be hardly
predicted, on the base of the behavior of CAF in the presence of a base
(described above), that means no proton-induced disproportionation of
superoxide should be expected, at least due to CAF, to produce other
ROS.

Also in the case of TBr and TPh, with other H-atoms available on
N⁠1 and N⁠7, respectively, no reactivity was observed, furtherly to support
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Fig. 7. UV–vis spectral changes relative to the chemical reaction of CAF with (a) PbO⁠2, (b) KO⁠2 and (c) G, in anhydrous AcN.

that antiradical properties should be ruled out for these methylxan-
thines.

In the light of the results of the present study, the acclaimed scav-
enging activity of CAF towards HO should be reviewed; the reported
reactivity should be better interpreted in terms of an ET mechanism
and based on the strong oxidative power of HO rather than on pre

sumed antioxidant properties of CAF. In fact, with its reduction poten-
tial value, highly positive, of +2.72V, +2.31V and +1,77V (vs NHE)
at pH values 0, 7 and 14, respectively [36], HO can react thermo-
dynamically with most of the reductant substrates, also the weakest.
CAF can be considered a very weak reductant because of its highly
positive potential of +1.26V vs Ag/Ag⁠+ (+1.64V vs SCE, measured

7
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Scheme 1. Mono-electronic anodic oxidation of CAF and a following reaction pattern proposed for the radical cation CAF ⁠+ (I) in the presence of water as a nucleophile.

Scheme 2. Mono-electronic anodic oxidation of TPh and a pattern proposed for possible competitive reactions of the neutral radical TPh (II).

value, +1.89V vs NHE, calculated value) but can be thermodynami-
cally oxidized by HO , at least at pH from acidic to neutral (+2.72V
and +2,31V, respectively, vs NHE). In highly alkaline solution, the
most similar to a lipophilic environment, the anodic potential value of
HO (+1.77V at pH=14, vs NHE) appeared even less positive than
CAF (+1.89V in aprotic medium, vs NHE), but an ET might be still pre-
dicted on the base of the Marcus theory, according to which an ET re-
action may occur even when the E⁠cp (oxidant) is less positive than the
E⁠ap (reductant) with a difference not bigger than 0.4V [37]. So CAF was
expected to react with HO as the most of reductant substrates. An anal-
ogous behavior might be predicted for TBr and TPh.

A possible reaction pattern for the oxidation of CAF as well as of TPh
by HO has been proposed in Scheme 3a and b, respectively.

5. Conclusions

The present work arose from the need to clear up the role of CAF
as a potential antioxidant. In fact, a hydroxyl free radical scavenging
ability has been recently acclaimed for CAF and a potential antioxidant
capacity towards ROS proposed as a consequence. A new insight into

the oxidative mechanism of CAF was obtained by using as combined
tools cyclic voltammetry, controlled potential electrolyses carried out in
UV–vis cell, DFT calculations and an investigation on the chemical re-
activity towards ROS mimics, carried out by UV–vis spectrophotometry.
All the experiments were carried out in a medium poor of proton, closer
to a lipophilic environment and more favorable to radical intermediates.
The study was extended to TBr, N⁠7-substituted as CAF, and to the N⁠7-un-
substituted TPh.

All data were consistent with the primary oxidation of the C⁠4 C⁠5

double bond of the studied methylxanthines, according to an ET process
leading to the corresponding quite stable radical cation for the N⁠7-sub-
stituted CAF and TBr, and an ET process coupled to a consecutive proton
transfer and leading to the corresponding neutral radical for the N⁠7-un-
substituted TPh. A different following reactivity was then predicted for
the radical cation CAF ⁠+ (and likely TBr ⁠+) and the neutral radical TPh
, due to their own different nature. 4,5-Saturated derivatives might be

expected from the oxidation of CAF and 8-substituted derivatives might
be expected for TPh.

No interaction was evidenced between CAF, TBr or TPh, and ROS as
PbO⁠2, superoxide radical anion and galvinoxyl free radical, suggesting

Scheme 3. A possible oxidative pathway proposed for the reactivity of methylxanthines differently N⁠7-substituted towards the hydroxyl free radical HO via an ET mechanism: (a) CAF
and (b) TPh.
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that antiradical properties should be excluded for these methylxan-
thines.

With regard to the antioxidant properties, the high oxidation poten-
tial, in aprotic medium and even higher in aqueous medium, makes CAF
and related compounds hard to be oxidized, suggesting that these com-
pounds can hardly be considered antioxidants, in general. The hydroxyl
free radical scavenging activity ascribed to CAF should be interpreted in
terms of ET mechanism, according to the reactivity of most of the reduc-
tants, also weak as methylxanthines, in the presence of strong oxidants
as HO .

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.05.011.
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A computational analyses based on the DFT was performed on CAF
and TPh molecular structure: the ground state configurations of CAF
and TPh were shown in Fig. 4, and the relevant bond distances and an-
gles of both studied compounds were reported in Table S1.

Some differences regarding the penta-cyclic moiety were also evi-
denced by computational analysis of CAF and TPh molecular structure:
a) the angles distortion, particularly affecting the angles with N⁠7 and C⁠8

at the vertices (Table S1), b) the density of states (DOS) of the last oc

cupied MO, with HOMO-1 and HOMO-2 of TPh shifted of 50meV up-
wards with respect to CAF (Fig. 5), and above all c) the PDOS HOMO
decomposition (Fig. 6), evidencing that the lowest energy electrons of
CAF were spread on the hexa-cyclic moiety with a large contribute from
the C⁠4 C⁠5 bond, while the lowest energy electrons of TPh were shared
with the penta-cyclic moiety with a large contribute from both N⁠7 and
C⁠8 atoms (Section 3.3). This analysis supported the electrochemical data
suggesting that different oxidative pathways might occur for CAF (and
likely TBr) and TPh.
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