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The electrochemical oxidation of 3,7-dimethylxanthine has been
studied in the pH range 2.1-10.7 at pyrolytic graphite, platinum
and glassy carbon electrodes. The electrooxidation of 3,7-dimethyl-
xanthine at solid electrodes proceeds in a single 4e, 4H* pH depen-
dent step to give a diimine species which decomposes in chemical
followup steps. The UV absorbing intermediate generated during
electrooxidation of 3,7-dimethylxanthine decayed approximately at
the same rate as that of xanthine and followed the first order ki-
netics. The products of electrooxidation of 3,7-dimethylxanthine
were characterized and a reaction scheme is suggested to explain
their formation. The effect of introducing methyl groups into the
electrooxidation of xanthine is also presented.
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INTRODUCTION

Methylated xanthines possess a remarkable potency as adenosine anta-
gonists! and inhibit many of its physiological effects. The central behaviou-
ral stimulant activity of theobromine and other methylated xanthines was
shown to be correlated with their potencies by Snyder et al.?2 Xanthines also
have cardiovascular effects in man® and play an important role in the man-
agement of asthma.* 3,7-Dimethylxanthine has been found to partially over-
ride the mitotic block induced by ionizing radiation in the human bladder
carcinoma cell line RT 112.% In view of the importance of methylxanthines
as drugs, it was considered desirable to study the electrooxidation of a sim-

* Author to whom correspondence should be addressed.
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ple dialkyl xanthine, 3,7-dimethylxanthine (1) at a stationary pyrolytic gra-
phite electrode, glassy carbon electrode and platinum electrodes. It was ob-
served that the electrode reaction at pyrolytic graphite and the glassy car-
bon electrode was essentially similar whereas no oxidation peak was obser-
ved at the platinum electrode.
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1

EXPERIMENTAL

3,7-Dimethylxanthine (Research Biochemical Inc. MA, USA) and 3,7-dimethyl-
uric acid (Adams Chemical Co. USA) were used as received. N,N-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) and silylation grade acetonitrile were obtained from
Pierce Chemical Co., USA. Electrochemical studies were performed in Phosphate
buffers® of ionic strength of 0.5 M, prepared from reagent grade chemicals. All poten-
tials are referred to the SCE at an ambient temperature of 20 + 2 °C.

Voltammetric studies were carried out on a Cypress Model CS-1090 microproces-
sor based electrochemical system and spectral studies during electrolysis were car-
ried out on a Beckman DU-6 spectrophotometer. The working electrodes (pyrolytic
graphite, glassy carbon and platinum) were prepared by the method reported earlier’
and had an area of 8, 12 and 3 mm?, respectively. The surfaces of the PGE and plati-
num electrodes were renewed each time by polishing on a 600 grit metallographic
polishing disc while that of GCE was renewed by the procedure of Chan et al.?

The stock solution of 3,7-dimethylxanthine (1 mM) was prepared in doubly dis-
tilled water. For voltammetric studies, 2 mL of stock solution was mixed with 2 mL
of phosphate buffer of appropriate pH and the nitrogen gas was bubbled for 8-10
min before recording the voltammograms. Controlled potential electrolysis of 3,7-di-
methylxanthine was carried out at different pH in a conventional H-type cell using a
rectangular pyrolytic graphite plate (6 x 1 cm?) or glassy carbon rod (6 x0.5 cm?) as
working, cylindrical platinum gauze as auxillary and SCE as reference electrode, re-
spectively. The number of electrons involved in electrooxidation was determined by
graphical integration of the current time curve as reported by Lingane.’

For products separation, 8-10 mg of 3,7-dimethylxanthine was electrooxidized
by applying a 100 mV more positive potential to the anodic peak I,. The progress of
electrooxidation was monitored by observing the decrease in peak current I, in cyclic
voltammetry. When peak I, completely disappeared, the exhaustively electrolyzed
solution was removed from the cell and lyophilized. The freeze-dried material was
dissolved in 1-2 mL of water and passed through a glass column packed with
Sephadex G-10, using doubly distilled water as eluent. The flow-rate was adjusted to
1.0 mL/min. Fractions (5 mL each) were collected and their absorbance was moni-
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tored at 210 nm. The absorbance was then plotted against the volume. At pH 3.0,
three peaks — P; (150-190 mL), P, (190-200 mL) and P; (225-275 mL) were obser-
ved whereas at pH 7.0 only two peaks — P; (150-200 mL) and P, (220-250 mL) were
noticed. The volume under these peaks separately collected and lyophilized. The
dried material obtained was analyzed by m.p., 'H NMR and mass spectra.

IR spectra of the products were recorded as KBr pellets using a Perkin-Elmer
FTIR spectrometer. Mass spectra were recorded on a Jeol, JMS D 300 instrument.
For silylation, about 500—-100 ng of the product was treated with BSTFA — acetoni-
trile (50 pL each) in a sealed 3.0 mL vial at 110 °C for 10—15 min in an oil bath. The
vial was then cooled at room temperature and 2 uL of the sample was injected into
the GC-MS.

RESULTS AND DISCUSSION

Linear sweep voltammetry of 0.5 mM 3,7-dimethylxanthine at a sweep
rate of 10 mV s7! exhibited a single well-defined anodic peak (I,) only in the
pH range 7.0-10.7 at PGE and GCE. No peak was observed at the platinum
electrode. At pH < 7.0, the peak merged with the background and only a
small clink was occasionally noticed. The peak at the GCE was much broader
in comparison to PGE and the shape of peak I, was spiky at pH > 7.0 at
PGE. It was interesting to observe that peak potentials of peak I, were
more or less the same at the glassy carbon electrode and at the PGE in the
entire pH range. The peak potential of peak I, was dependent on pH and
shifted to less positive values with an increase in pH in the entire pH range
at both electrodes (Figure 1). The dependence of the E, of peak I, on pH at
PGE and GCE was linear and can be described by the equation:

Ep (pH 7.0 - 10.7) = [1700 — 60 pH] mV vs. SCE.

In cyclic sweep voltammetry, at a sweep rate of 200 mV s, a well-de-
fined anodic peak I, was observed only at pH > 7.0. At pH < 7.0, peak I, was
occasionally seen as a bump and, due to its high oxidation potential, it ap-
peared to merge with the background. In the reverse sweep, a cathodic peak
III, was observed and in the subsequent sweep towards positive potentials
one more anodic peak (II,) was noticed in the pH range 2.1-6.0. Some typi-
cal cyclic voltammograms of 3,7-dimethylxanthine are presented in Figure
2. The peak potential of peak II, was also dependent on pH and shifted to
less positive potential with an increase in pH in the pH range 2.1-6.0. The
plot of E, vs. pH for peak II, was also linear as shown in Figure 1 and can
be described by the equation:

Ep (pH 2.1 -6.0) = [850 — 58 pH] mV vs. SCE.
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Figure 1. Dependence of E, on pH observed for 0.5 mM 3,7-dimethylxanthine in
phosphate buffers of dlfferent pH (u = 0.5 M), sweep rate 100 mV s™1 at PGE (0) and
GCE (A).
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Figure 2. Typical cyclic voltammograms of 0.5 mM 3,7-dimethylxanthine at GCE (A)
pH 3.0 (B) pH 7.0, sweep rate 200 mV s~}

Cyclic voltammograms were also recorded by changing the direction of
the negative going sweep at different potentials. It was observed that peak
II, systematically increased when the sweep was extended to more negative
potentials. This behaviour suggests that the species responsible for peak II,
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(8,7-dimethyluric acid) is formed not by oxidation of starting compound but
by reduction of the 4e product at negative potentials. The presence of me-
thyl groups in 3,7-dimethylxanthine would make N-3 and N-7 positions suf-
ficiently electron rich due to the electron donating effect of methyl groups
and hence these positions would be protonated with pK, > 11.0.1°

The effect of concentration on the peak current of peak I, was studied at
pH 7.0 in the concentration range 0.1 to 2.0 mM at PGE and GCE. The peak
current of peak I, increased at both electrodes with the increase in concen-
tration of 3,7-dimethyl xanthine. The i, versus concentration plot (Figure 3)
was practically linear up to 0.4 mM concentration and had a tendency to
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Figure 3. Dependence of peak current on concentration for 3,7-dimethylxanthine at
pH 7.0, sweep rate 100 mV s71.
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Figure 4. Plot of ip/s/v vs. logarithm of sweep rate for peak I, of 0.5 mM 3,7-dimethyl-
xanthine at pH 7.0.
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limit at higher concentrations. This behaviour suggested adsorption of 3,7-
dimethylxanthine at the surface of GCE and PGE.!! The adsorption compli-
cations'? were further confirmed by the increase in peak current function
(ip/\/;) with the increase in log v (Figure 4).

The effect of sweep rate on the E of peak I, was studied in the sweep
range of 50-800 mV s~! at PGE and GCE. At sweep rate > 400 mV s71, peak
I, merged with the background on using GCE even at pH 7.0 and hence ac-
curate determinations of peak potentials were not possible at GCE. The plot
of AEp, / Alog v versus log v at pH 7.0 was S-shaped at PGE and indicated
the nature of the electrode reaction as EC, in which charge transfer is fol-
lowed by irreversible chemical reactions.31

As uric acid was found as an intermediate during the electrochemical
oxidation of xanthine,!® it was considered interesting to check the formation
of 3,7-dimethyluric acid during the oxidation of compound I. For this pur-
pose, cyclic voltammograms of 3,7-dimethyluric acid in the pH range 2.2—
10.7 were recorded. A well-defined oxidation peak was observed at the same
potential, a similar dE /dpH value as noticed for peak II, in the case of 3,7-
dimethylxanthine. Hence, it was concluded that peak II, corresponds to the
oxidation of 3,7-dimethyluric acid, generated by the reduction of peak III,
species.

Controlled potential electrolysis at peak I, potential of 3,7-dimethylxan-
thine exhibited a decrease in i, for peak I,, exponentially with time. The log
i, = f(t) plot was a straight line for the first 8-10 min of electrolysis, where-
after a large deviation from the straight line was observed. The deviation
from the straight line clearly indicated that the electrode reaction followed
a simple path only for the first 8—10 min, of electrolysis and then the fol-
lowup competitive chemical reactions played a significant role.!%17 The ex-
perimental values of n for the dimethylxanthine were found to be 4.0 £ 0.2
in the entire pH range studied at both electrodes.

UV-Spectral Studies

The UV spectra of 3,7-dimethylxanthine were recorded in the region
200— 350 nm at pH 3.0, 5.0, 7.0 and 8.9 to detect the UV absorbing interme-
diate generated during the reaction. In the entire pH range, two 1,,, at
around 272 and 207 nm were observed in the UV spectrum of compound 1.
The spectral changes observed at pH 5.0 are presented in Figure 5. Thus,
the UV spectrum of 3,7-dimethylxanthine at pH 5.0, exhibited two well-de-
fined bands with A,,, 207 and 272 nm and a shoulder at 230 nm (Figure 5
curve 1). Upon application of peak I, potential, the absorbance at 272 nm
systematically decreased whereas an increase in the absorbance in the
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Figure 5. A) Spectral changes observed during electrooxidation of 0.1 mM 3,7-dime-
thylxanthine at pH 5.0, Pot. 1.5 V vs. SCE. Curves were recorded at intervals of
5 min. B) Spectral changes observed after turning off the potential after recording
curve (4) in Figure 5A. Curves were recorded at 5 min. intervals.

longer wavelength region 300-350 nm was observed. The absorbance in the
225-260 nm region as well as in the shorter wavelength region (207 nm) in-
creased for the first 5 min (curve 2) and then systematically decreased
(curves 3 to 7). If potential was turned off after recording curve 4 in Figure
5A, a systematic decrease in absorbance in the region 215 to 320 nm was ob-
served (Figure 5B).

The kinetic study of the decomposition of the UV-absorbing intermediate
was performed at selected wavelengths. For this purpose, the electrolysis
was terminated when absorbance at 1., reached ~50%. The absorbance of
the intermediate species was monitored at 260, 290 and 320 nm as a func-
tion of time and the resulting curves were exponential in nature (Figure 6).
The plots of log (A-A,) versus time were linear at all pH values and hence
suggested that the decomposition reaction of the UV-absorbing intermediate
followed first order kinetics. The values of % calculated from log (A-A,) ver-
sus time plots at different pH are summarized in Table I.

Since cyclic voltammetric studies indicated that peak II, is due to the
formation of 3,7-dimethyluric acid, spectral changes were also monitored for
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TABLE I

Comparison of observed first order rate constant
for decomposition of the UV intermediate for xanthine
and 3,7-dimethylxanthine

pH A/nm k-10%/s7t

3,7-Dimethylxanthine

3.0 245 1.2
272 1.2
320 1.4

5.0 245 1.0
272 1.3
320 1.0

7.0 245 1.3
272 1.5
320 1.8

Xanthine

3.0 225 0.9
320 -

5.0 225 1.8
320 1.3

7.0 225 1.3
320 1.6

3,7-dimethyluric acid (Figure 7). At pH 5.0, dimethyluric acid exhibited three
Amax at 290, 237 and 208 nm. Upon application of the potential corresponding
to peak II, the absorption at 1., systematically decreased whereas absor-
bance in the region 216-225 nm showed no systematic pattern. An increase
of absorbance in the longer wavelength region (300-350 nm) was also no-
ticed. If potential at any stage of oxidation was turned to zero volt, a sys-
tematic decrease in the absorbance in the 260—-295 and 310-330 nm regions
was observed. A plot of absorbance vs. time observed at pH 5.0 and at A = 290
nm is presented in Figure 6A. The values of the pseudo first order rate con-
stants (k) were calculated at 260, 290 and 320 nm and were found in the
range 1.5 — 2.0 x 10~3 s71. It was interesting to note that the values of & for
3,7-dimethylxanthine and 3,7-dimethyluric acid were essentially similar
and hence further augmented our conclusion that the same UV — absorbing
intermediate species was generated in both cases. The UV-spectral changes
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Figure 6. Observed changes in absorbance with time and plot of log (A-A,) versus
time at pH 5.0 for the UV-absorbing intermediate generated at 290 nm for (A) 3,7-

dimethyluric acid (B) 3,7-dimethylxanthine.
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Figure 7. Observed spectral changes during electrooxidation of 3,7-dimethyluric acid
at pH 5.0, Pot. 800 mV vs. SCE.

observed for 3,7-dimethylxanthine at pH 3.0 and 8.9 were basically similar
to pH 5.0.
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Product Isolation and Characterization

The products of electrooxidation of 3,7-dimethylxanthine were characte-
rized at pH 3.0 and 7.0 at pyrolytic graphite and glassy carbon electrodes.
The exhaustively electrolyzed solution was lyophilized and the products
were separated by gel permeation chromatography (see experimental). In
gel permeation chromatography, at pH 3.0, three peaks, P;, P, and P;, were
observed. Peak P; (150-180 mL) and P, (180-200 mL) were found to contain
buffer constituents (particularly phosphate) and were therefore discarded.

The volume under peak P; (225-275 mL) was collected and freeze-dried.
The colourless material obtained exhibited a single spot in TLC (R; ~ 0.40)
with m.p. 151 °C. The mass spectrum of the material gave a clear molecular
ion peak at m/z 174 and thus the molar mass of the material was found as
174. The other high mass peaks observed in the fragmentation were at 137
(5.4%), 136 (2.9%), 129 (5.8%), 128 (94.7%), 109(19%) and 100 (562.7%). The
IR spectrum of the product exhibited prominent bands at 3837, 3785, 3700,
2472, 2319, 1719, 1677, 1434, 1122, 939 and 861 cm™! and the IR spectrum
was superimposable by the IR spectrum obtained for the authentic 1-methyl-
alloxan. This product was further confirmed as 1-methylalloxan by record-
ing its 'H NMR, in which the following signals were obtained — &/ppm: 2.82
(s, 1H, N-H); 8.20 (s, 3H, C-H) and 8.42 (s, 2H).

The formation of 1l-methylalloxan suggests that the imidazole ring
breaks and the other products of electrooxidation should be N-methylurea.
However, N-methylurea could not be identified in the present studies. Due
to its low molecular weight, it was found to elute between volume 160-180
mL under identical conditions and hence must have been eluted with phos-
phate, as reported in the case of uric acid and other purines.!8

At pH 7.0, the chromatographic peak P, corresponded to phosphate. The
colourless lyophilized material obtained under peak P, exhibited a single
spot in TLC (R; ~ 0.36). It did not give a clear molecular ion peak in the
mass spectrum. Hence, it was converted to its trimethylsilyl derivative to
make it volatile. GC-MS of the derivatized product exhibited a clear peak
with R, ca. 25.1 min. having a molar mass of 389 (7.2%). The other high
mass peaks observed in the fragmentation were at 374 (30.2%), 299 (5.0%),
273 (4.1%), 272 (10.6%) and 262 (2.6%). The molar mass of 389 suggests the
product to be 5-hydroxy-1-methylhydantoin-5-carboxamide having three
silyl groups. The formation of 5-hydroxyhydantoin-5-carboxamide has been
reported during electrooxidation of uric acid.!® Hence, it is not unusual to
get 5-hydroxy-1-methylhydantoin-5-carboxamide during oxidation of 3,7-di-
methylxanthine. However, it was found that due to steric hindrance, the H
atom of OH group present between C=0 and N-CHj groups does not undergo
silylation. Thus, at pH 7.0 the pyrimidine ring of 3,7-dimethylxanthine opens
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to give the ultimte products. The rupture of pyrimidine ring of purines in
neutral and alkaline media during chemical oxidation has been well docu-
mented in the literature.?’

0 CH 0 CHg
QHT 3 . OH |
HZN/uj:N o BSTFA/Acelonltrllci BCH3)3Si]2N N
= 5 > - =0
o) N 1n0°C
H © Nl
Si(CH3)3

m/z=389

Hence, it is concluded that the products of oxidation of 3,7-dimethylxan-
thine are 1-methylalloxan and N-methylurea at pH 3.0 and 5-hydroxy-1-me-
thylhydantoin-5-carboxamide at pH 7.0. The same products were obtained
at the glassy carbon electrode.

The results presented above clearly indicate that the electrooxidation of
3,7-dimethylxanthine proceeds in a single 4e-, 4H* pH dependent step to
give the corresponding diimine II, as shown in Scheme 1. Peak I, thus rep-
resents conversion of compound I to II. The diimines obtained during the
oxidation of purines have been found unstable due to two C=N bonds and
are readily attacked by water to give imine alcohol.?! The half-life of diimi-
ne formed in uric acid oxidation has been found to be 20 ms.22 Thus, it is ex-
pected that the diimine II would also be unstable and readily attacked by
the water in a chemical followup step to give imine alcohol III. The presence
of methyl groups produced a diimine with a positive charge, localized at Ny
and N; positions. Hence, the rate of hydration of diimine II seems to be
greatly accelerated.

This increase in hydration reaction did not permit the reverse peak to
appear in cyclic voltammetry even at a sweep rate of 1 V/s.

The reduction of species III at C=N in 2e~, 2H* step (peak III,) would
give dihydro molecule IV which on losing a molecule of water would give
3,7-dimethyluric acid (V). It is observed that peak II, is noticed in the pH
range 2.1-6.0 only when the first negative sweep is extended to peak III, po-
tentials. The product of peak III, reaction, 3,7-dimethyluric acid, can also
undergo oxidation at PGE to give diimine II. The formation of 3,7-dimethyl-
uric acid thus occurs by the reduction of imine alcohol III and not by 2e,
2H" oxidation of I. Further hydration of imine alcohol species IIT appears to
be the step responsible for the decay observed in the first order reaction in
the absorbance vs. time plot to give diol VL
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Scheme 1. A tentative mechanism proposed for the electrooxidation of 3,7-dimethyl-

xanthine at solid electrodes.

At pH 3.0, the imidazole ring opens to give 1-methylalloxan (VII) and
N-methylurea, whereas at pH 7.0, the pyrimidine ring breaks and decarbo-
xylation gives 5-hydroxy-1-methylhydantoin-5-carboxamide. The rupture of
imidazole ring of purines in acidic medium and of pyrimidine ring in neu-
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TABLE II

Comparison of peak potentials (Ep) of oxidation peak I,
of xanthines at pH 7.0 and sweep rate 20 mV s}

Compound E,/mV
Xanthine 700
3-Methylxanthine 912.5
7-Methylxanthine 925
3,7-Dimethylxanthine 1300

tral and alkaline media during chemical oxidation has been extensively re-
ported in literature.232*

A comparison of the electrochemical behaviour of 3,7-dimethylxanthine
with xanthine was also made to determine the effect of methylation on xan-
thine oxidation. It was found that the peak potential of xanthine (0.70 V at
pH 7.0) shifted to a more positive potential in the presence of methyl
groups. The extent of the shift towards positive potential at pH 7.0 was
close to 600 mV. One of the possible reasons for the shift is the protonation
of methyl groups with pK, > 11.0.19 The positive charge thus produced in py-
rimidine as well as imidazole rings makes the removal of electrons difficult.
A comparison of E, of xanthine, 3-methylxanthine, 7-methylxanthine and
3,7-dimethylxanthine at pH 7.0 is presented in Table II. It was clearly no-
ticed that the shift in E, for 3- or 7-methylxanthine from xanthine is ~ 200
mV. Thus, the shift expected for 3,7-dimethylxanthine is 400 mV. However,
the experimental values of E|, observed for 3,7-dimethylxanthine indicated a
shift of 600 mV. Thus, the substituent effect is not additive and one of the
possible reasons for such non-additivity is the distortion in the planar na-
ture of the molecule, which may restrict the proper orientation of the mole-
cule at the electrode surface before the electron transfer can take place.

The rate of decay of the UV absorbing intermediate in xanthine and
3,7-dimethylxanthine did not show much difference and the values were 1.3
x 1073 and 1.7 x 1073 s71, respectively. It was interesting to observe that, at
pH 3.0, oxidation of 3,7-dimethylxanthine gave products similar to xanthine
and that the products were appropriately methylated. On the other hand, at
pH 7.0, oxidation of xanthine gives allantoin as the major product along
with 5-hydroxyhydantoin-5-carboxamide. In dimethylxanthine, no forma-
tion of allantoin was observed and 5-hydroxy-1-methylhydantoin-5-carbox-
amide was obtained as the major product. This difference in behaviour can
be accounted for by the presence of methyl groups at positions 3 and 7,
which limit the number of possible resonating structures and produce steric



508 R. N. GOYAL AND A. RASTOGI

effects. The presence of methyl groups at positions 3 and 7 does not permit
the ring contraction either due to the presence of positive charge in the py-
rimidine ring and imidazole ring, which is the primary requirement for the
formation of allantoin.?® Thus, the presence of methyl groups at positions 3
and 7 in xanthine makes the oxidation difficult and alters the redox behav-
iour by its electron donating nature. At this stage it is not possible to corre-
late the central behavioural stimulant activity with the observed oxidation
behaviour. However, it is possible that various species generated in the re-
dox mechanism (Scheme 1) may act as competitive antagonists to adenosine
at A; and A, receptors due to their structural similarities.
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SAZETAK
Kemija oksidacije 3,7-dimetilksantina
Rajendra N. Goyal i Arshi Rastogi

Proucavana je elektrokemijska oksidacija 3,7-dimetilksantina u podrudju 2,1 <
pH < 10,7, i to na pirolitickom grafitu, platini i staklastim ugljikovim elektrodama.
Elektrooksidacija 3,7-dimetilksantina na krutim elektrodama odvijala se u jednom
pH-ovisnom koraku, dajuéi diimine koji su se raspadali u nekoliko koraka. Interme-
dijar koji je apsorbirao UV i koji je nastajao za vrijeme elektrooksidacije 3,7-dimetil-
ksantina, raspadao se priblizno istom brzinom kao 3,7-dimetilksantin, slijededi ki-
netiku prvoga reda. Karakterizirani su produkti elektrooksidacije 3,7-dimetilksan-
tina, te je predloZena reakcijska shema njihova nastajanja. Razmotren je takoder
utjecaj metilnih skupina na elektrooksidaciju ksantina.



