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Abstract: Controlled potential electrolyses of caffeine (CAF) were carried out at a Pt electrode
in undried acetonitrile (ACN) and ACN-H2O and the products of the anodic oxidation were
analyzed by HPLC-PDA-ESI-MS/MS. A higher current efficiency occurred in ACN-H2O, but an
analogous chromatographic outline was found in both media, evidencing a reactive pathway of the
electrogenerated radical cation CAF•+ with water, added or in trace, as nucleophile. No dimeric
forms were evidenced, excluding any coupling reactions. Neither was 1,3,7-trimethyluric acid found,
reported in the literature as the main oxidative route for CAF in water. Four main chromatographic
peaks were evidenced, assigned to four proposed structures on the base of chromatographic and
spectral data: a 4,5-diol derivative and an oxazolidin-2-one derivative were assigned as principal
oxidation products, supporting a mechanism proposed in a previous work for the primary anodic
oxidation of the methylxanthines olefinic C4 = C5 bond. Two highly polar degradation products were
also tentatively assigned, that seemed generating along two different pathways, one opening the
imidazolic moiety and another one opening the purinic one.
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1. Introduction

The widespread natural caffeine (1,3,7-trimethylxanthine, CAF, Scheme 1), taken daily with the
diet as an important component of highly popular beverages as coffee and tea, has been widely studied
for decades. Many systemic and physiological effects of CAF in humans are well known, and some
therapeutic properties have been used in medicine for different pathologic contexts, such as respiratory
disease and cardiovascular disease [1–6]. Beneficial health effects have been more recently proposed on
obesity and diabetes, fertility, and neurodegenerative disease as Alzheimer’s and Parkinson’s disease;
in these last cases the proper mechanism of caffeine-induced protection has not been fully clarified
yet. Some detrimental effects also suggested an intrinsic complexity and concern due to the wide
consumption [7]. A protective effect towards oxidative damage has been supported by in vitro and
in vivo experiments [8–10], and a possible antioxidant ability of CAF has been studied [11,12], the role
of CAF remaining nevertheless an open discussion.

CAF has been also investigated for synthetic applications in the sustainable pharmaceutical
chemistry. In fact, the xanthine structural core of CAF represents a useful natural renewable starting
material in the synthesis of known and/or new drugs, especially addressed to diseases related to
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oxidative stress [13–16]. Because of its high chemical stability, CAF needs drastic conditions to react,
while an easier reactivity is shown by electrochemical route. In this regard, the electrochemical
reduction of CAF in organic solvent has been recently reported, the methodology leading to an
amino-functionalized imidazole, not chemically obtainable, with valuable applications in organic
synthesis [17,18]. It is in fact well known that in some cases electrochemistry can lead to different
products than those obtained by classical chemical reactions [19].

A larger number of reports are available in literature regarding the electrochemical oxidation of
CAF that occurs quite easily if compared to the electrochemical reduction. The great interest in the
analyte CAF, present in many beverages and drug formulations among the most consumed products all
over the world [20], continuously encourages the research in the analytical field, where electrochemical
methods based on the anodic oxidation of CAF at a multitude of different electrode materials and
nanomaterials join more conventional methods [21–25].

Although CAF presents both hydrophilic and lipophilic properties, the caffeine electrochemical
oxidation has been reported mainly in aqueous medium, where an irreversible four electrons process
has been found and a pathway involving a slow first oxidation to trimethyluric acid followed by a fast
formation of the corresponding 4,5-diol derivative, has been proposed (Scheme, Equation (1)) [26,27].
Various mechanisms have been proposed also for the chemical oxidation of CAF by radical species
differently generated, water being the medium [28,29].
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Scheme 1. Proposed oxidation mechanisms in literature: (1) [26,27]; (2) [30]; (3) [31].

Only two studies, at least up to our knowledge, have been reported on the electrochemical oxidation
of CAF in non-aqueous medium, both evidencing a mono-electronic first oxidation process leading
to a radical cation [30,31]. A different fate was predicted for the electrogenerated CAF•+: a reaction
with a hydrogen atom donor was proposed in a strongly dry acetonitrile to give the diamagnetic
cation CAFH+, the last one evidenced by comparison with the chemical oxidation product (Scheme,
Equation (2)) [30], and a quite stable radical cation was proposed in anhydrous acetonitrile as a substrate
available for a following nucleophilic attack to give 4,5-saturated derivatives (Scheme, Equation (3)) [31].
A different behavior has been proposed for the radical cation obtained by the electrochemical oxidation
of theophylline (1,3-dimethylxanthine, TPh) in anhydrous acetonitrile, suggesting a fast deprotonation
of TPh•+ and 8-substituted derivatives as final oxidation products [31]. The anodic oxidation of TPh in
organic solvents, also in the presence of equimolar amount of water, has been recently reported and
dimers of TPh as 8-substituted oxidation products as well as 4,5-disubstituted derivatives have been
evidenced [32].

In the present work, the electrochemical oxidation of CAF was carried out in acetonitrile,
considered a good environment to investigate radical species, and in aqueous acetonitrile, to provide
a controlled amount of water as nucleophilic reactant. The oxidation products were analyzed by
HPLC-PDA-ESI-MS/MS, with the aim to investigate on the nature and the reactivity of the radical
cation of caffeine and shed light on a current topic as the behavior of caffeine under oxidative conditions
in lipophilic environment.
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2. Materials and Methods

2.1. Materials

All reagents (Sigma-Aldrich) and HPLC grade acetonitrile (Carlo Erba) were used as received.
Et4NBF4 was kept at reduced pressure at 70 ◦C for 24 h before the use; HPLC grade water was obtained
with the Milli-Q purification system (Millipore).

2.2. Cyclic Voltammetry

Voltammetric measurements were carried out on an Amel 552 potentiostat, an Amel 566 function
generator, an Amel 563 multipurpose unit, and an Amel 863 recorder, using a cell equipped with three
electrodes; CorrWare and CorrView for Windows version 2.8d1 Scribner were the acquisition and
elaboration softwares. A glassy carbon (GC, Amel 492/GC/3) microelectrode was used, a Pt wire as
counter electrode and as reference a modified saturated calomel electrode (mSCE: SCE with organic
solvent junction; the oxidation peak potential of ferrocene on GC electrode in DMF-0.1M Et4NBF4 is
EoxFc = +0.512 V vs. mSCE). Scan rate: ν = 0.200 Vs−1. All cyclic voltammetries were recorded at room
temperature on 5 mL of solvent/0.1 M Et4NBF4.

2.3. Controlled Potential Electrolysis

Controlled potential electrolyses were performed at constant potential (E = +1.85 V, vs. SCE),
at room temperature, in N2 atmosphere, with an Amel Model 552 potentiostat and an Amel Model
731 integrator. All electrolyses were performed in a home-made divided glass cell (previously
described [33]). A porous glass plug filled up with a layer of gel (i.e., methyl cellulose 0.5% vol in
DMF-0.1 M Et4NBF4) was the separator; Pt spirals (apparent area 0.8 cm2) were used as both cathode
and anode. Anolyte: 0.10 mmol of caffeine in 5 mL of CH3CN-0.1 M Et4NBF4 with or without 1 eq of
H2O. Catholyte: 2 mL of CH3CN-0.1 M Et4NBF4. After 12 C (corresponding to 1 F), the anolyte was
sampled and analyzed. After 25 C (corresponding to 2 F) the flow of current was stopped, and the
anolyte was analyzed.

2.4. HPLC-PDA-ESI-MS/MS Analysis

HPLC separation was performed by a 1525µ Waters module (Milford), on a Waters XBridge C18
(150 × 2.1 mm i.d.) 5 µm analytical column. The elution gradient, with a flow rate of 0.20 mL min−1,
was: 0–20 min, 5%–60% B; 20–40 min, 60% B; 40–42 min, 60%–5% B; 42–62 min, 5% B, where A was
water/formic acid 0.02% and B was acetonitrile/formic acid 0.02%.

A detector Waters 996 photodiode array (PDA) was set for recording one spectrum per second in
the 200–800 nm range, and a Quattro Micro Tandem MS-MS detector with an electrospray ionization
(ESI) source Waters (Micromass) was set for acquiring full scan data in positive (pESI) and negative
(nESI) modes, in the mass range 140–500 Da. ESI source parameters: capillary voltage 3000 V, cone
voltage 25 V, source temperature 120 ◦C, desolvation temperature 350 ◦C, cone gas flow 40 L h−1,
desolvation gas flow 600 L h−1.

The same instrument was used for infusion experiments in pESI and nESI modes, carried out
in daughter mode; collision gas: argon. Direct infusion of samples into the source using an external
syringe pump with a set flow rate of 5 µL min−1 was carried out; for each analyzed mass the parent
ion and optimized collision energy (CE) value to obtain the best fragmentation pattern were selected.
In detail: [M+H]+ = 229.10 m/z CE 12 eV and 25 eV; [M+H]+ = 251.22 m/z CE 12 eV and 15 eV; [M+Na]+

= 211.06 m/z CE 15 eV and 18 eV and [M-H]− = 187.09 m/z CE 15 eV and 16 eV; [M-H]− = 212.03 m/z
CE 12eV and 16 eV.

MassLynx Software 4.1 v (Data Handling System for Windows, Micromass) allowed data
acquisition and handling and instruments control.



Electrochem 2020, 1 47

Samples dilution of the electrolyzed solution was 1:100 with mobile phase A/B (95:5, v:v); 20 µL of
the filtrate was injected for the analysis (Cronus Syringe Filter 0.45 µm). The samples were analyzed at
least in duplicate in independent runs.

The [M+H]+ and/or [M-H]− m/z values of CAF and main oxidation products were extracted from
the pESI and/or nESI Total Ion Chromatograms (TIC), the resulting pure peaks were integrated, using
areas for current efficiency/yield calculation.

3. Results

3.1. Anodic oxidation of CAF

Cyclic voltammetry of CAF was carried out at a GC and Pt electrodes in acetonitrile (ACN) in
the absence and in the presence of controlled amount of added water, at the scan rate of 0.200 Vs−1.
An irreversible anodic peak was observed at the potential value Eap of +1.87 V vs. mSCE on GC electrode,
with a slight anodic shift to +1.92 V observed after the addition of 1 equivalent of water. The same
behavior was obtained on Pt electrode (see CV curves in Supplementary Material). Furthermore,
an increase of the peak current density was observed in the presence of added water, doubling the
starting peak current value (I = 6.6 × 10−4 Acm−2 in ACN and I = 1.4 × 10−3 Acm−2 in the presence of 1
equivalent of water). Electrochemical data are resumed in Table 1. Cyclic voltammograms without
and with added water are shown in Figure 1, left and right, respectively (red curves).

Table 1. Cyclic voltammetric data of CAF at a GC working electrode in ACN without and with 1
equivalent of added water at the scan rate of 0.200 Vs−1.

ACN ACN/1eq H2O

Eap (V) a +1.87 +1.92
I (A cm−2) b 6.64 × 10−4 1.4 × 10−3

I2F/I0
c 42% 14%

a values are vs. mSCE; b I = current density; c I0 = CAF CV peak current density value before electrolysis, I2F = CAF
CV peak current density value after 2 F electrolysis
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Figure 1. Cyclic voltammograms of caffeine (CAF) in undried acetonitrile (ACN) (left) and in ACN
with 1 equivalent of added water (right), at a glassy carbon (GC) electrode, vs. modified saturated
calomel electrode (mSCE), scan rate 0.200 Vs−1: ACN/0.1 M Et4NBF4 (black lines); CAF 0.02 M in
ACN/Et4NBF4 (red lines); CAF in ACN/Et4NBF4 after 2 F anodic oxidation (blue lines). (a) CV in
undried ACN; (b) CV in ACN with added water.
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The observed behavior was in agreement with data previously reported in the very few works
on the electrochemistry of CAF in organic solvent [30,31] that supported the one electron first anodic
oxidation of CAF to the corresponding radical cation. The increase of the peak current density in
the presence of added water might be ascribed to the reactivity of the electrogenerated radical cation
towards water, as previously reported [31].

To investigate on the fate of the radical cation of CAF, controlled potential electrolyses of CAF
were carried out in ACN without and with added water, at the constant potential E of +1.85 V vs. SCE,
on a Pt electrode, under a nitrogen atmosphere and at room temperature.

The electrolyzed solutions were analyzed after a controlled current consumption, corresponding
to one Faraday (1 F) and two Faradays (2 F), respectively, by cyclic voltammetry and chromatographic
separation followed by UV–vis spectrophotometric and mass spectrometric detection.

Cyclic voltammograms recorded on the electrolyzed solutions after 2 F electrolysis are shown as
blue curves in Figure 1.

A higher current efficiency was found when the electrolysis was carried out in the presence of 1
equivalent of added water, as evidenced by the strong decrease of the anodic peak of CAF after 2 F
electrolysis (Figure 1 right, blue curve): the ratio between the peak current density I measured after
2 F electrolysis (I2F) and that one measured before starting the electrolysis (I0) evidenced a 14% of
the starting material left, versus a 42% evidenced in the electrolysis carried out without added water
(Figure 1 left, blue curve). Data are resumed in Table 1.

The electrolyzed solutions were then analyzed by HPLC-PDA-ESI-MS/MS in order to get structural
information on the oxidation products.

3.2. HPLC-PDA-ESI-MS/MS Analysis of Oxidation Products

Aliquots of the electrolyzed solutions were diluted 1:100 with mobile phase A/B (95:5, v:v), filtered
and injected for the analysis.

The PDA chromatogram evidenced a similar profile for electrolyzed solution in ACN without and
with added water, as shown in Figure S1 (Supplementary Materials), a and b, respectively. Four main
peaks can be observed there: one at retention time (RT) 5.39 min was assigned to CAF by comparison
with the starting material, one peak was at RT lower than CAF (3.35 min), suggesting a compound
with higher polarity, and two peaks were at RT higher than CAF (6.94 and 8.37 min, respectively),
suggesting compounds less polar than CAF. The intense peak around 2.50 min was due to DMF,
released by the cell junction; in fact, it was already present in the analyzed starting solution, and
increased with electrolysis advancing. The PDA chromatograms of anolyte before, after 1 F and after
2 F anodic oxidation of CAF in ACN-H2O are shown in Figure S2 (Supplementary Materials).

From the analysis of the pESI and/or nESI Total Ions Chromatograms (TIC), another peak at the
lower RT 2.75 min was evidenced, not detectable in the PDA chromatogram because it was eluted
under the large DMF peak. The characteristic molecular m/z value evidenced for each peak, in pESI
and/or nESI, was extracted from the corresponding TIC to obtain peaks with high purity. The extracted
chromatograms at the experimental m/z value (reported in Table 2) of the five peaks evidenced in the
TIC in pESI and/or nESI are shown in Figure 2, where they have been reported according to the elution
order, from bottom to top (a–f).
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Table 2. Tentative assignation of anodic oxidation products of CAF in ACN 0.1 M Et4NBF4 containing 0.02 M water, at Pt electrodes, r.t., N2 atmosphere, E = +1.85 V,
vs. SCE.

Compound RT (min) M (Da) caltd [M+H]+ caltd/expt [M-H]− cald/expt λ (nm) Structure Data in SM 2 F/1 F

1 2.75 250.09 251.10/251.22 - 294 a
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Figure S3 +57%

2 3.35 188.09 [M+Na]+
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Figure S6 −28%

a weak; b weak band in the range; caltd = calculated; expt = measured.
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Figure 2. Chromatograms extracted from Total Ions Chromatograms (TIC) at the characteristic m/z
value for each of the four analyzed peaks and CAF, reported in the elution order from bottom to top.
Curve a: RT = 2.75 min, [M+H]+ at m/z 251.22, compound 1 in Table 2; curve b: RT = 3.35 min, [M+Na]+

at m/z 211.06; curve c: [M-H]− at m/z 187.09, compound 2 in Table 2; curve d: RT = 5.39 min, [M+H]+

at m/z 195.04, CAF, compound 3 in Table 2; curve e: RT = 6.94 min, [M-H]− at m/z 212.03, compound
4 in Table 2; curve f: RT = 8.37 min, [M+H]+ at m/z 229.10, compound 5 in Table 2. (a) compound 1;
(b) compound 2 in ES+; (c) compound 2 in ES-; (d) compound 3; (e) compound 4; (f) compound 5.

The peaks of CAF (Figure 2d) obtained by extracting in pESI mode the [M+H]+ value of 195.04
m/z from the TICs of anolyte, before starting electrolysis and after 2 F anodic oxidation, were integrated
to evaluate the consumption of CAF, and a 14% of residual CAF after 2 F electrolysis was found, in
agreement with voltammetric data (see Table 1). Data of CAF are included as compound 3 in Table 2.

Results for each of the other four peaks were reported according to the elution order, as follow.
The first peak, eluted at 2.75 min, was characterized by a [M+H]+ value of m/z 251.22 (Table 2,

Figure 2a) and an UV–vis spectrum with a very weak absorption with λmax around 294 nm.
The fragmentation profile evidenced a main fragment [M+H-OH]+ with m/z 234.08 and other
fragments corresponding to the loss of H2O and –NCH3. On the base of spectral data and elution
order, the structure with molecular mass M = 250.09 Da reported as compound 1 in Table 2 has been
proposed. UV–vis spectrum, pESI mass spectrum and pESI fragmentation pattern at two different
collision energy (CE) values, are shown in Figure S3 (Supplementary Materials).

The second peak, eluted at 3.35 min, was characterized in pESI by a sodium adduct [M+Na]+

value of m/z 211.06, and in nESI by a corresponding better evidenced [M-H]− value of m/z 187.09,
evidence for the presence of an acidic H-atom in the structure. The fragmentation profile in pESI was
characterized by the loss of H2O while in nESI the loss of –NH2 and –NH2CO was evidenced.

Absorptions at λ 203 nm and 234 nm were evidenced by the UV–vis spectrum. On the basis of
spectral data and elution order, the structure with M = 188.09 Da reported as compound 2 in Table 2
has been proposed; UV–vis spectrum, pESI and nESI mass spectra and fragmentation patterns, at two
different CE values in both nESI and pESI modes, are shown in Figure S4 (Supplementary Materials).

The fourth peak, eluted at 6.94 min, was characterized by a [M-H]− value of m/z 212.03 in nESI,
suggesting the presence of an acidic H-atom in the structure. The fragmentation profile in nESI
was characterized by a main fragment m/z 168.03, corresponding to a loss of 44 Da and likely due
to the fragment [M-H-CO2]−. The UV–vis spectrum shows a weak absorption band in the range
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of 220–240 nm. On the base of spectral data and elution order, the structure with M = 213.07 Da
reported as compound 4 in Table 2 has been proposed. UV–vis spectrum, nESI mass spectrum and nESI
fragmentation pattern at two different CE values are shown in Figure S5 (Supplementary Materials).

The fifth peak, eluted at 8.37 min, was characterized by a [M+H]+ value of m/z 229.10 in pESI and
an UV–vis spectrum with absorptions at 209 nm and 276 nm. The fragmentation profile in pESI was
characterized by two main fragments with m/z 172.29 and 143.82, assigned to the loss of -CONCH3

and the further loss of –CO, respectively. On the basis of spectral data and elution order, the structure
with M = 228.09 Da reported as compound 5 in Table 2 has been proposed; UV–vis spectrum, pESI
mass spectrum and pESI fragmentation pattern at two different CE values are shown in Figure S6
(Supplementary Materials).

In Table 2, the calculated monoisotopic molecular mass M, and both the calculated and the
experimental values for [M+H]+ and/or [M-H]− and/or [M+Na]+ for each proposed structure have
been reported.

4. Discussion

The electrochemical behavior of CAF has been in general sparingly studied, and the literature
mainly reports studies in water, the story of CAF being strongly related to that of its corresponding
uric acid: in fact, the anodic oxidation of CAF in water was proposed to involve the C8 position of
the imidazolic unit, on the basis of the methylated uric acid and its degradation products obtained
after exhaustive electrolysis, with a whole four electrons process [26,27]. A bi-electronic anodic
oxidation had been reported for uric acid, with the involvement of the C4 = C5 and a pathway towards
high degradation products has been proposed [34]. 1,3,7-trimethyluric acid was also found after
photooxidation of CAF in slightly alkaline solution [28].

The indirect electrochemical oxidation of CAF for environmental applications as removal of CAF
from wastewater has been more recently reported, and the analysis of by-products was carried out by
liquid chromatography-time of flight-mass spectrometry technique: the indirect oxidation of CAF was
reported to involve other electrogenerated agents, such as hypochlorite [35].

In aprotic medium, the anodic oxidation of CAF was studied in strongly dry ACN: a mono-
electronic process to form the radical cation CAF•+ was evidenced, and under these experimental
conditions the caffeinium cation CAFH+ was found as the only product, likely deriving by reaction of
CAF•+ with a H-atom donor (Scheme, Equation (2)) [30].

In a previous work, the electrochemical behavior of CAF and TPh in aprotic medium was studied
by cyclic voltammetry and UV–vis spectroelectrochemistry, joined by theoretical calculations [31]:
a different behavior was found, and the N7 atom was suggested making the difference. Experimental and
theoretical data were in agreement with the one-electron oxidation, likely involving the C4 = C5 olefinic
bond, to CAF•+. This latter was proposed to be quite stable in the case of the methylsubstituted-N7

CAF, and to undergo fast deprotonation to the neutral radical in the case of the unsubstituted-N7 TPh,
with a different reactivity predictable for the neutral radical TPh• and the radical cation CAF•+.

A later study of the anodic oxidation of TPh evidenced the formation of dimeric forms of TPh,
prevalently in organic solvents, supporting the neutral radical of TPh, but also the formation of highly
oxidized products, prevalently in water [32].

The anodic oxidation of CAF, reported in the present work, has been studied to investigate on the
reactivity of the CAF•+ in a proton-poor medium, as might occur to CAF under oxidative stress in a
lipidic environment.

CAF has been oxidized at a Pt electrode until a 2 F current consumption, in both ACN and
ACN containing 1 equivalent of water. A higher current efficiency was found in the presence of
water: only 14% of the starting material was found in the final 2 F electrolyzed solution versus a
42% in ACN, as calculated by both HPLC-PDA-ESI-MS/MS and voltammetric data. Noteworthy is
that the determination of CAF, eluted with solvents/formic acid 5mM and detected as CAFH+ by
pESI mode, provided the same percentage values calculated by cyclic voltammetric data, therefore
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excluding CAFH+ as an oxidation product under the present experimental conditions. A H-atom
transfer (HT) reaction between a H-atom donor and CAF•+ might likely occur only under strongly dry
conditions [30], or lipidic environment, while in the present work, the used ACN (HPLC grade) had a
0.02% nominal content of water, corresponding to about 10% of the starting amount of CAF.

Since the analysis of the electrolyzed solutions in ACN and ACN-H2O evidenced a quite similar
diode array (PDA) chromatographic profile, as shown in Figure S1, a and b, respectively, the structure
of the oxidation products were investigated by chromatographic and spectral data relative to the
electrolysis of CAF in ACN-H2O. In fact, the main chromatographic peak, at lower RT (3.35 min,
compound 2 in Table 2), was evidently due to a compound with polarity higher than CAF (RT = 5.39 min,
compound 3 in Table 2), suggesting the presence of an oxygenated product of CAF in ACN-H2O as
well as in undried ACN, even if to a minimum extent (Area(CAF)/Area(peak 2) = 0.83 in CAN vs. 0.70 in
ACN-H2O).

The mass spectral analysis evidenced a total of four main peaks besides CAF, as shown in
Figure 2a–f, where the extracted TICs at each molecular peak value have been reported: two peaks were
observed only in pESI (Figure 2a,f, respectively), one peak was observed only in nESI (Figure 2e) and
another one was observed in both pESI and nESI modes (Figure 2b,c, respectively). The mass spectra
of detected peaks excluded the presence of dimeric forms of CAF and/or de-methylated dimeric forms,
unlike what was reported for the anodic oxidation of TPh under the same experimental conditions.
This result supported the radical cation CAF•+, unable to undergo a subsequent proton transfer because
of the methylated N7 position: any coupling reaction following the primary anodic process could be
therefore excluded.

The four chromatographic peaks were suggested to be due to compounds deriving from chemical
reactions of the electrogenerated CAF•+ with a potential nucleophile present in the electrolyzed
solution, likely water. All the chromatographic peaks were found increasing for advancing electrolysis
except CAF and the named 5, in Table 2, whose intensity was found decreased after 2 F with respect to
1 F (Figure S2 and Table 2). This seemed to suggest 5 as a first reaction product of CAF•+ with water.
The peak at 8.37 min was tentatively assigned to the 4,5-diol CAF derivative, structure 5 (Table 2): the
UV–vis spectrum showed a characteristic λmax at 276 nm, lightly shifted with respect to CAF, likely
ascribed to the presence of batochromic substituents offsetting the loss of the C4 = C5 conjugation [32];
the strong molecular peak, only in pESI, [M+H]+ with m/z 229.10, was in agreement with the absence
of acidic H-atom, and the fragmentation pattern was in agreement with the preserved methylxanthine
structure, with the characteristic -57 fragment [M+H-CONCH3]+ [32] (Figure S6); last, the elution
order was in agreement with a less polar structure, due to the possibility of intra-molecular H-bond.

The decreasing of this peak along the electrolysis (-28% from 1 F to 2 F, Table 2) suggested the
transformation towards degradation product, namely compound 1 (Table 2). The peak at 2.75 min
was tentatively assigned to the structure 1 on the base of the mass spectrum in pESI evidencing two
strong peaks, [M+H]+ at m/z 251.22 and [M+H-OH]+ at m/z 234.08, and a complex fragmentation
pattern consistent with the proposed structure (Figure S3); the possibility of intramolecular H-bond
for the –NH function justified the absence of spectrum in nESI, and the –OH functions on the opened
imidazolic unit explained well the very low RT (2.75 min, Table 2, Figure 2). Also, the loss of the
xanthine characteristic absorption in the UV–vis spectrum agreed with the proposed structure 1.

The tentatively assigned structures 5 and 1 (1 being a degradation product of 5) strongly supported
the anodic oxidation of C4 = C5 to CAF•+, the following nucleophilic attack by water to give the
mono-substituted radical intermediate and its further easy oxidation at the same applied potential
(evidenced by the doubling peak current intensity I in the presence of stoichiometric added water,
Figure 1b, blue curve) to the final 4,5-diol derivative, in agreement with to the mechanism previously
proposed [31]. Structure 5 had been also hypothesized in a study on the chemical degradation of CAF
by HO• [29], but this is the first experimental evidence for the 4,5-diol derivative of CAF, at least up to
our knowledge. A 4,5-diol derivative was also found among the anodic oxidation products of TPh [32].
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The other two peaks were tentatively assigned to the structures 2 and 4 (Table 2), presenting the
main difference of substitution on C8 position, with respect to compounds 1 and 5 discussed above.

The peak at RT 6.94 mn was assigned to structure 4, whose odd molecular mass 213.07 Da was in
agreement with the loss of an N-atom from the original xanthine structure. The nESI spectrum was
well justified by the acidic H-atom in C4, as well as the intense fragment [M-H-44]− at m/z 168.03 was
easily assigned to the loss of CO2. 1,3,7-trimethyluric acid was not found in the electrolyzed solutions
as well as the 4,5-diol- trimethyluric acid, as expected in agreement with studies on CAF in water that
reported a proposed mechanism of slow oxidation to CAF uric acid, followed by fast oxidation to
4,5-diol CAF uric acid and a subsequent fast degradation process [26]. The proposed structure 4 might
likely result from the same mono-substituted intermediate described above, giving a di-substituted
derivative on C8 for resonance effect. A rearrangement by eliminating an -NH unit might lead to the
final 4. A similar behavior was also found for a dimeric derivative of TPh [32].

The main chromatographic peak at RT 3.35 min, tentatively assigned to the structure 2 (Table 2),
seemed to support what was discussed for 4. The UV–vis spectrum with λmax at 234 nm was in
agreement with the loss of the methylxanthine structure, whose characteristic λmax is in the range of
272–276 nm [31,32]; the intense molecular peak in the nESI mass spectrum, [M-H]− with m/z 187.09, and
the weak but detectable ion in the pESI mass spectrum [M+Na]+ with m/z 211.06, were in agreement
with the presence of an acidic H-atom (-N9H) and a carbonyl (-C8O) suitable for a sodium adduct [36],
for a compound with molecular mass 188.09 Da; the fragmentation pattern in both pESI and nESI
modes also strongly supported the proposed structure (Figure S4).

Noteworthy is that different kinds of degradation products seemed to occur for the 4,5-diol
derivative 5 and the oxazolidin-2-one derivative 4, with the opening of the imidazolic unit (product 1)
or the purinic unit (product 2), respectively.

5. Conclusions

The analysis of the products obtained by the anodic oxidation of caffeine under the controlled
conditions of (i) applied potential and current as oxidant, (ii) water as reactant, and (iii) acetonitrile
as friendly medium for mechanistic studies, has been described herein to get a further insight on the
behavior of this natural widespread methylxanthine under oxidative conditions and on the reactivity
of its radical cation, for useful synthetic applications in biomedical research as well as to shed light on
its reactivity in a non-hydrophilic environment.

Electrolyses were carried out in undried ACN and ACN-H2O; a higher current efficiency was
found in ACN-H2O, but a similar chromatographic profile was shown in both media. Four main
products were evidenced by chromatographic separation followed by UV–vis spectrophotometric
and mass spectrometric detection. Four corresponding structures have been tentatively assigned
to the peaks on the base of elution order, mass spectrum in positive and/or negative electrospray
ionization (pESI and/or nESI) recorded in full scan, fragmentation mass spectrum recorded in pESI
and/or nESI by selecting the molecular mass evidenced for each peak as parent ion before entering the
collision cell at different collision energy values, and UV–vis spectrum. A 4,5-diol derivative 5 and an
oxazolidin-2-one derivative 4 were proposed as assigned structures, well supported by all experimental
data. Both products well supported the mechanism previously proposed [31] regarding the primary
anodic oxidation of the methylxanthine olefinic C4 = C5 bond. Two highly polar degradation products
were also found, whose proposed structures 1 and 2 were well supported by all experimental data.
Compound 1, characterized by the opening of the imidazolic unit, was suggested originating from the
4,5-diol derivative 5, while compound 2, characterized by the opening of the purinic unit, was suggested
originating from the oxazolidin-2-one derivative 4. These results offer an interesting new insight on
the reactivity of the radical cation of CAF, for useful synthetic applications and a better understanding
of the behavior of CAF under stress oxidative conditions.
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