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4099–1030, Porto, Portugal

(Received July 6, 2006; Accepted October 27, 2006)

3,4-Methylenedioxymethamphetamine (MDMA or “Ecstasy”) is a widely abused, psychoactive recreational
drug. There are growing evidences that the MDMA neurotoxic profile may be highly dependent on its hepatic
metabolism. MDMA metabolism leads to the production of highly reactive derivates, namely catechols, cate-
chol thioethers, and quinones. In this study the electrochemical oxidation-reduction processes of MDMA human
metabolites, obtained by chemical synthesis, were evaluated by cyclic voltammetry based on an electrochem-
ical cell with a glassy carbon working electrode. The toxicity of α-methyldopamine (α-MeDA), N-methyl-α-
methyldopamine (N-Me-α-MeDA) and 5-(glutathion-S-yl)-α-methyldopamine [5-(GSH)-α-MeDA] to rat cortical
neurons was then correlated with their redox potential. The obtained data demonstrated that the lower oxidation
potential observed for the catecholic thioether of α-MeDA correlated with the higher toxicity of this adduct. This
accounts for the use of voltammetry data in predicting the toxicity of MDMA metabolites.

Key words —— 3,4-Methylenedioxymethamphetamine, Neurotoxicity, Cyclic voltammetry, Metabolites, Rat
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INTRODUCTION

The research in the area of drug abuse is mainly
focused in its direct or indirect effects on receptors
and transmitters1) and less attention has been given
to the putative chemical reactivity of their metabolic
products. However, there are overwhelming evi-
dences indicating that metabolites are often crucial
participants in the action of drugs and toxins.

The ring-substituted amphetamines, 3,4-
Methylenedioxymethamphetamine (MDMA), 1
and methylenedioxyam-phetamine (MDA), 2 are
well established serotonergic neurotoxicants.2, 3)

MDMA, also known as “Ecstasy,” is a widely
abused psychoactive recreational drug associated
with acute and long-term toxic effects. MDA, a
well characterized metabolite of MDMA, has also
been used as a drug of abuse. Various studies

∗To whom correspondence should be addressed: REQUIMTE/
CQFB, Departamento de Quı́mica, FCT, Universidade Nova de
Lisboa, 2829–516 Caparica, Portugal. Tel.: +351-212948300;
Fax: +351-212948550; E-mail: psb@dq.fct.unl.pt

in laboratory animals and humans have been
demonstrating that the exposure to MDMA may
elicit long-term changes in the neurochemistry and
behavior. These changes result from the selective
neurotoxicity to the 5-hydroxytryptamine (5-HT)
containing axon terminals.4)

Systemic metabolism seems important for the
neurotoxic response since, in some animal stud-
ies, direct injection of MDA or MDMA into the
brain did not cause long-term 5-HT deficits.5–7) The
metabolism of MDMA and MDA starts with O-
demethylenation to N-methyl-α-methyldopamine
(N-Me-α-MeDA), 3 and α-methyldopamine (α-
MeDA), 4 respectively, both of which are cate-
cholamines that can undergo oxidation to the cor-
responding ortho-quinones 5 and 6 (for detailed in-
sights on MDMA metabolism see Fig. 1).8, 9) These
quinones are highly active redox molecules, which
can enter redox cycles with their semiquinone radi-
cals, leading to formation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS).10, 11)

The toxicity of these metabolites has been corre-
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Fig. 1. Proposed Pathway for MDMA Metabolism Leading to Reactive Intermediates Capable of Alkylating Cellular Components

lated with electron transfer (ET), ROS formation
and consequent oxidative stress (OS).12, 13) A cyclic
voltammetry study on the oxidation-reduction be-
havior of bioactive catecholamines14, 15) showed the
straightforward formation of the corresponding o-
quinones via electro-oxidation (a two electron trans-
fer process). These o-quinones can readily undergo
reduction, indicating the potential for ET occur-
rence in vivo. Alternatively, the reactive o-quinone
intermediates are Michael acceptors, and cellular
damage can occur through alkylation of crucial cel-
lular proteins and/or DNA. In the presence of other
bionucleophiles, as GSH, o-quinones may conju-
gate to form adducts. These conjugates remain re-
dox active being in turn readily oxidized to the cor-
responding quinone-adducts, which are susceptible
to an addition of a second nucleophile molecule.16)

Our group has previously evaluated the toxi-
city of MDMA and three of its metabolites, ob-
tained by synthesis, namely N-Me-α-MeDA, α-
MeDA and 5-(glutathion-S-yl)-α-methyldopamine
[5-(GSH)-α-MeDA], 7, in rat cortical neuronal
serum free cultures under normal (36.5◦C) and
hyperthermic (40◦C) conditions.17) It was shown
that these metabolites are more neurotoxic than
the parent compound MDMA, being 5-(GSH)-α-

MeDA the most toxic. We have also previously
demonstrated that the metabolism is important for
MDMA-induced toxicity to peripheral organs.18–20)

The underlying mechanisms of MDMA and
MDA-induced neurotoxicity, namely the toxic ef-
fects mediated by its metabolite(s), remain to be
completely elucidated. Herein we present cyclic
voltammetry studies that provide evidence for a cor-
relation between the toxicity of MDMA and MDA-
metabolites and their redox potential.

MATERIALS AND METHODS

Reagents and Apparatuses —— N-Acetylcysteine
(NAC), GSH, mushroom tyrosinase (4400
units/mg) and other chemicals were obtained
from Sigma-Aldrich R© (Steinheim, Germany).
MDMA (HCl salt) was extracted and purified from
high purity MDMA tablets that were provided by
the Portuguese’s Criminal Police Department. The
obtained salt was pure and fully characterized by
NMR and mass spectrometry methodologies.

Solvents were dried by standard methods21) and
distilled before use. Analytical thin-layer chro-
matography was conducted on Merck (Darmstadt,
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Germany) Kieselgel 60, F254 silica gel 0.2 mm
thick plates; column chromatography was per-
formed on Merck Kieselgel 60 (240–400 nm) silica
gel or reverse-phase RP-18 modified silica. Melt-
ing points were recorded on a Reichert-Thermovar
hot stage apparatus and are reported uncorrected.
InfRaRed (IR) spectra were recorded on a Perkin
Elmer (Beaconsfield, UK) Spectrum 1000 as potas-
sium bromide (KBr) pellets or as film over sodium
chloride (NaCl) windows. UV/vis spectra were
recorded between 200 and 500 nm on a Thermo
Electron Helios γ. Proton and carbon nuclear mag-
netic resonance spectra (1H- and 13C-NMR) were
recorded on a Bruker (Wissembourg, France) ARX
400 spectrometer at 400 and 100.62 MHz respec-
tively. Chemical shifts are expressed in ppm, down-
field from trimethylsilyl (TMS, δ = 0) as an in-
ternal standard; J-values are given in Hz. The ex-
act attribution of NMR signals was preformed using
two dimensional NMR experiments. Low resolu-
tion mass spectra were acquired with a Micromass
(Manchester, UK) GC-TOF Gas Chromatogra-phy
Time-of-fly (GCT) mass spectrometer. HPLC was
conducted on a Merck Hitachi (Tokyo, Japan) sys-
tem consisting of an L-7100 pump, a Rheodyne
type injector, a D-7000 interface, and an L7450A
diode array spectrometric detector. Cyclic voltam-
mograms were run at room temperature on an Auto-
lab (Utrecht, Netherlands) PGSTAT12 potentiostat
connected to a conventional three-electrode cell-
assembly (saturated calomel electrode (SCE) as ref-
erence, Pt wire as counter electrode and glassy car-
bon as working electrode).

Chemical Synthesis
Hydrobromide salts of N-methyl-α-methy-

ldopamine (3) and α-methyldopamine (4). N-Me-
α-MeDA.HBr and α-MeDA.HBr were prepared fol-
lowing the procedures of Borgman22) and Pizarro23)

starting from the corresponding benzaldehyde and
nitroethane.

Hydrobromide salt of 1-(3′,4′,5′-Trihy-
droxyphenyl)-2-aminopropane (5-OH-α-MeDA,
13) was prepared following the previously
procedure starting from the corresponding 3,4,5-
trimethoxybenzaldehyde and nitroethane.

Trans-1-(3′,4′,5′-trimethoxyphenyl)-2-nitro-
propene. Obtained in 50% yield. Recristalized
from ethanol/water, mp 97–98◦C [lit.24) 94◦C]; IV
(KBr, νmax cm−1): 1645, 1580, 1512; 1H-NMR
(CDCl3, δ): 2.49 (3H, s, CH3), 3.89 (6H, s, OCH3),
3.91 (3H, s, OCH3), 6.66 (2H, s, ArH), 8.03 (1H, s,

HC).
1-(3′,4′,5′-Trimethoxyphenyl)-2-aminopro-

pane hydrochloride. To a solution of LiAlH4

(0.4 g, 0.01 mol) in dry tetrahydrofuran (THF,
10 ml) was added dropwise a solution of trans-
1-(3′,4′,5′-trimethoxyphenyl)-2-nitropropene (1 g,
3.97 × 10−3 mol) in THF (10 ml). The solution
was refluxed for 3 hr after which the excess of
LiAlH4 was destroyed by slow addition of 2 ml of
water followed by 2 ml of aqueous 15% NaOH and
finally 5 ml of water. The mixture was filtered and
the residue washed with THF. The solution was
dried with anhydrous Na2SO4 and evaporated to
dryness. The yellow oil was dissolved in hexane
and the compound precipitated by freezing. The
product was obtained as its hydrochloride salt by
precipitation of the salt by slow addition of an HCl
dry ethyl ether solution: mp 221–223◦C (lit.25)

216–217◦C), IV (KBr, νmax cm−1): 3400, 2938,
1587, 1514, 1321, 1246, 1136, 1092; 1H-NMR
(CDCl3, δ): 1.14 (3H, d, J = 6.2, CH3), 2.42 (1H,
dd, J = 13.0 and 8.4, CH2), 2.68 (1H, dd, J = 13.0
and 4.8, CH2), 3.19–3.14 (1H, m, CH), 3.83 (3H, s,
OCH3), 3.85 (6H, s, OCH3), 6.41 (2H, s, ArH).

5-OH-α-MeDA (13). A solution of 1-(3′,4′,5′-
trimethoxyphenyl)-2-aminopropane hydrochloride
(0.1 g, 3.82×10−4 mol) in 10 ml of 48% HBr was de-
gassed for one hour, warmed to 125◦C for 3 hr and
finally stirred 1 hr at room temperature. The prod-
uct purification was performed by reverse-phase
RP-18 modified silica column chromatography with
water. The solution was concentrated to dryness.
The air sensitive 1-(3′,4′,5′-trihydroxiphenyl)-2-
aminopropane hydrobromide was obtained as a or-
ange oil (0.06 g) in 60% yield. 1H-NMR (D2O, δ):
1.16 (3H, d, J = 6.5, CH3), 2.58 (1H, dd, J = 13.9
and 7.7, CH2), 2.66 (1H, dd, J = 13.9 and 6.7,
CH2), 3.45–3.39 (1H, m, CH), 6.29 (2H, s, ArH);
13C-RMN (D2O, δ): 17.6 (CH3), 39.6 (CH2), 49.1
(CH), 109.6 (CAr2′+6′), 128.5 (CAr1′+3′/5′), 131.3
(CAr3′/5′), 145.5 (CAr4′); MS (Field desorption):
m/z 184.1030 (MH+) calculated for C9H14NO3:
184.0974.

Synthesis of the conjugated adducts of
N-methyl-α-methyldopamine and α-methyl-
dopamine with GSH and NAC. 5-(GSH)-
α-MeDA (7), 5-(glutathion-S-yl)-N-methyl-α-
methyldopamine hydrobromide [5-(GSH)-N-Me-
α-MeDA, (8)], 5-(N-acetylcystein-S-yl)-α-methyl-
dopamine hydrobromide [5-(NAC)-α-MeDA,
(9)] and 5-(N-acetylcystein-S-yl)-N-methyl-α-
methyldopamine hydrobromide [5-(NAC)-N-
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Me-α-MeDA, (10)] were prepared according
to previously published methods26, 27) with the
modifications reported bellow.

5-(GSH)-α-MeDA (7) and 2-(Glutathion-S-
yl)-α-methyldopamine hydrobromide [2-(GSH)-
α-MeDA, (11)]. To a solution of 4 as hydrobromide
salt (0.020 g, 8.06 × 10−5 mol) in sodium phosphate
buffer (80 ml, pH 7.4, 50 mM) at 25◦C it was added
mushroom tyrosinase (8000 units, 100 U/ml buffer).
The solution became red, indicating the formation
of o-quinone. GSH (0.124 g, 4.03 × 10−4 mol) was
added and the solution red color changed with time
to yellow (1 hr). The solution was carefully con-
centrated by rotary evaporation at room temperature
and diluted in 1 ml of water. The product’s purifica-
tion was performed by reverse-phase RP-18 mod-
ified silica column chromatography, first with wa-
ter (150 ml) and then the product separated using
10×7.5 ml of formic acid/water/methanol (1:49:50).
Each fraction was checked for the presence of
adduct using a UV/vis detector. Fractions contain-
ing maxima at 264 and 294 nm were separated and
lyophilized to dryness. Product 7 (2.7 × 10−2 g) was
obtained as an oil in 60% yield and the adduct 11
(1.6 × 10−3 g) also as an oil in 3.1% yield. The
compound’s purity was checked by HPLC using a
LiChrospher 100 RP-18 column, with two mobile
phase solvents. Solvent A was prepared by adding
concentrated trifluoroacetic acid (TFA) to deionized
water until pH was 2.15. Solvent B was prepared by
adding TFA to a 1:1 mixture of acetonitrile (MeCN)
and deionized water until pH 2.15. The following
mobile phase gradient was used: 0–2 min, 100% of
solvent A; 2–10 min, 100–65% of solvent A; 10–
20 min, 65–0% of solvent A; 20–25 min, 100% of
solvent B; 25–30 min 100% of solvent A. The com-
pounds 7 and 11 eluted in 13 and 11.7 min respec-
tively. The peaks were monitored at 290 nm. 5-
(GSH)-α-MeDA (7): 1H-NMR (D2O, δ): 1.15 (3H,
d, J = 6.2, CH3), 2.01–1.96 (2H, m, Glu-β), 2.35
(2H, t, J = 7.1, Glu-γ), 2.64 (2H, d, J = 6.6, CH2),
3.08–3.02 (1H, m, Cys-β), 3.26–3.22 (1H, m, Cys-
β), 3.42–3.40 (1H, m, CH), 3.59 (2H, m, Gly-α),
3.65–3.62 (1H, m, Glu-α), 4.28–4.26 (1H, m, Cys-
α), 6.64 (1H, s, ArH2′/6′), 6.72 (1H, s, ArH2′/6′);
13C-RMN (D2O, δ): 17.5 (CH3), 26.2 (CGlu-β),
31.4 (CGlu-γ), 34.9 (CCys-β), 39.3 (CH2), 42.3
(CGly-α), 49.1 (CH), 53.2 (CCys-α), 54.1 (CGlu-α),
117.4 (CAr2′/6′ ), 119.4 (CAr5′), 126.3 (CAr2′/6′),
128.8 (CAr1′), 144.2 (CAr4′), 144.6 (CAr3′), 172.1
(COCys), 173.9 (COGlu), 174.6 (COGlu), 174.8
(COGly); MS (FD): m/z 472.9340 (MH+), calcu-

lated for C19H29N4O8S: 473.1706.
2-(GSH)-α-MeDA (11): 1H-NMR (D2O, δ):

1.15 (3H, t, J = 5.6, CH3), 1.96 (2H, m,
Glu-β), 2.37–2.27 (2H, m, Glu-γ), 2.96 (2H, d,
J = 7.2, CH2), 3.14–3.06 (1H, m, Cys-β), 3.22–
3.18 (1H, m, Cys-β), 3.44–3.39 (1H, m, CH),
3.52 (2H, s, Gly-α), 3.61–3.60 (1H, m, Glu-α),
4.30–4.25 (1H, m, Cys-α), 6.65 (1H, d, J =

8.1, ArH6′), 6.80 (1H, d, J = 8.1, ArH5′);
13C-RMN (D2O, δ): 17.4 (CH3), 26.2 (CGlu-β),
31.5 (CGlu-γ), 34.9 (CCys-β), 38.7 (CH2), 43.4
(CGly-α), 49.3 (CH), 53.8 (CCys-α), 54.2 (CGlu-α),
116.7 (CAr5′/6′), 118.6 (CAr2′), 121.9 (CAr5′/6′),
131.9 (CAr1′), 144.1 (CAr4′), 147.6 (CAr3′), 171.6
(COGly/Cys), 174.2 (COGlu), 174.8 (COGlu), 176.2
(COGly/Cys); MS (FD): m/z 473.1940 (MH+), cal-
culated for C19H29N4O8S: 473.1706.

5-(GSH)-N-Me-α-MeDA (8). To a solution
of 3 as hydrobromide salt (2 × 10−2 g, 7.6 ×
10−5 mol) in sodium phosphate buffer (35 ml, pH
7.4, 50 mM) at 25◦C it was added mushroom ty-
rosinase (3500 units, 100 U/ml buffer). The so-
lution became red, indicating the formation of o-
quinone. GSH (0.11 g, 3.82 × 10−4 mol) was added
and the solution red color changed with time to
yellow (3 hrs). The solution was carefully concen-
trated by rotary evaporation without heating and dis-
solved in 1 ml of water. The product purification
was performed by reverse-phase RP-18 modified
silica column chromatography using the following
gradient: water (200 ml), 10% methanol (MeOH)
(100 ml), 20% MeOH (50 ml) and 50% MeOH (col-
umn wash). Each fraction was checked for the pres-
ence of adduct using a UV/vis detector. Fractions
containing maxima at 232, 264 and 294 nm were
separated and lyophilized to dryness. The prod-
uct 8 (3.2 × 10−2 g) was obtained as oil in 74%
yield; 1H-NMR (D2O, δ): 1.12 (3H, d, J = 6.2,
CH3), 2.00 (2H, q, J = 6.8, Glu-β), 2.36 (2H, t,
J = 7.3, Glu-γ), 2.58 (3H, s, N-CH3), 2.60 (1H,
s, CH2), 2.79–2.76 (1H, m, CH2), 3.07 (1H, dd,
J = 13.9 and 8.6, Cys-β), 3.25 (1H, dd, J = 14.2
and 4.5, Cys-β), 3.31–3.30 (1H, m, CH), 3.49 (2H,
d, J = 3.5, Gly-α), 3.64 (1H, t, J = 6, Glu-α), 4.29
(1H, m, Cys-α), 6.64 (1H, s, ArH2′/6′), 6.71 (1H,
s, ArH2′/6′); 13C-RMN (D2O, δ): 14.9 (CH3), 26.3
(CGlu-β), 30.0 (N-CH3), 31.5 (CGlu-γ), 34.9 (CCys-β),
37.4 (CH2), 43.4 (CGly-α), 53.2 (CCys-α), 54.2
(CGlu-α), 53.5 (CH), 111.7 (CAr2′/6′ ), 118.9 (CAr5′),
126.1 (CAr2′/6′), 128.3 (CAr1′), 144.18 (CAr4′),
144.7 (CAr3′), 171.5 (COCys-α), 174.0 (COGlu-α),
174.8 (COGlu-γ), 176.1(COGly-α); MS (FD): m/z
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487.2291, calculated for C20H31N4O8S: 487.1863.
5-(NAC)-α-MeDA (9) and 2-(N-acetyl-

cystein-S-yl)-α-methyldopamine hydrobromide
[2-(NAC)-α-MeDA (12)]. To a solution of 4 as
hydrobromide salt (2 × 10−2 g, 8.06 × 10−5 mol) in
sodium phosphate buffer (30 ml, pH 7.4, 50 mM)
at 25◦C it was added mushroom tyrosinase (3960
units, 132 U/ml buffer). The solution became red,
indicating the formation of o-quinone. NAC (6.5 ×
10−2 g, 4.04 × 10−4 mol) was added and the solution
red color changed with time to light orange (2 hrs).
At the terminus of the reaction 1 ml of formic acid
88% was added and the solution was carefully con-
centrated by rotary evaporation without heating and
dissolved in 1 ml of formic acid 1%. The product’s
purification was performed by reverse-phase RP-18
modified silica column chromatography using the
following gradient: water (200 ml), 10% MeOH
(100 ml), 20% MeOH (50 ml) and 50% MeOH
(column wash). Each fraction was checked for the
presence of the adduct using a UV/vis detector.
Fractions containing maxima at 264 and 294 nm
(eluted with 10% MeOH) contained the adduct
12 and fractions containing maxima at 267 and
297 nm (eluted with 20% MeOH) contained the
adduct 9 were separated and lyophilized to dryness.
Compound 9 (9.0 × 10−3 g) was obtained as an oil
in 28% and compound 12 (1.0 × 10−3 g) also as an
oil in 3.0%.

5-(NAC)-α-MeDA (9): 1H-NMR (D2O, δ):
1.20–1.18 (3H, m, CH3), 1.78 (3H, s, CH3CO),
2.74–2.62 (2H, m, CH2), 3.0–2.95 (1H, m, Cys-
β), 3.28 (1H, d, J = 14 and 2.8, Cys-β), 3.46–
3.45 (1H, m, CH), 4.12–4.10 (1H, m, Cys-α), 6.67
(1H, s, ArH2′/6′ ), 6.79 (1H, s, ArH2′/6′ ); 13C-
RMN (D2O, δ): 17.6 (CH3), 21.9 (CH3CO), 36.0
(CCys-β), 39.3 (CH2), 49.1 (CH), 54.7 (CCys-α),
117.2 (CAr2′/6′), 120.5 (CAr5′), 126.3 (CAr2′/6′),
128.8 (CAr1′), 143.9 (CAr4′), 144.6 (CAr3′), 173.5
(COCH3), 176.7 (COOH); MS (FD): m/z 329.1163
(MH+) calculated for C14H21N2O5S: 329.1171.

2-(NAC)-α-MeDA (12): 1H-NMR (D2O, δ):
1.14 (3H, m, CH3), 1.70 and 1.67 (3H, 2s, COCH3),
3.00–2.91 (3H, m, CH2 and Cys-β), 3.28–3.24 (1H,
m, Cys-β), 3.44–3.42 (1H, m, CH), 4.10–4.98 (1H,
m, Cys-α), 6.68 (1H, d, J = 8.0, ArH5′/6′), 6.79
(1H, d, J = 8.0, ArH5′/6′ ). MS (FD): m/z 329.1122,
calculated for C14H21N2O5S: 329.1171.

5-(NAC)-N-Me-α-MeDA (10). To a solution
of 3 as hydrobromide salt (2.5 × 10−2 g, 9.54 ×
10−5 mol) in sodium phosphate buffer (50 ml, pH
7.4, 50 mM) at 25◦C it was added mushroom ty-

rosinase (3500 units, 132 U/ml buffer). The solution
became red, indicating the formation of o-quinone.
NAC (7.8 × 10−2 g, 4.77 × 10−4 mol) was added
and the solution red color changed with time to yel-
low (2 hrs). At the terminus of the reaction 1 ml of
formic acid 88% was added and the solution yel-
low color change immediately to green. The so-
lution was carefully concentrated by rotary evap-
oration without heating and dissolved in 1 ml of
formic acid 1%. The product purification was per-
formed by reverse-phase RP-18 modified silica col-
umn chromatography using the following gradient:
water (150 ml), 10% MeOH (150 ml), 20% MeOH
(50 ml) and 50% MeOH (column wash). Each frac-
tion was checked for the presence of adduct using
a UV/vis detector. Fractions containing maxima at
232, 264 and 294 nm contained the adduct 10 were
separated and lyophilized to dryness. Compound 10
(1.3 × 10−2 g, 3.08 × 10−5 mol) was obtained as oil
in 33%. 1H-NMR (D2O, δ): 1.14 (3H, d, J = 5.8,
CH3), 1.76 (3H, s, CH3CO), 2.57 (3H, s, N-CH3),
2.67–2.61 (1H, m, CH2), 2.78 (1H, dd, J = 13.9 and
6.4, CH2), 2.97 (1H, dd, J = 14.1 and 8.4, Cys-β),
3.27 (1H, dd, J = 14.1 and 3.8, Cys-β), 3.34 (1H,
dd, J = 13.0 and 6.5, CH), 4.16–4.11 (1H, m, Cys-
α), 6.65 (1H, s, ArH2′/6′), 6.78 (1H, s, ArH2′/6′);
13C-RMN (D2O, δ): 15.0 (CH3), 21.9 (COCH3),
30.0 (N-CH3), 36.0 (CCys-β), 38.0 (CH2), 54.7
(CCys-α), 56.4 (CH), 117.2 (CAr2′/6′ ), 120.6 (CAr5′),
126.3 (CAr2′/6′), 128.4 (CAr1′), 143.9 (CAr4′), 144.5
(CAr3′), 173.5 (COCH3), 176.5 (COOH); MS (FD):
m/z 343.1353 (MH+), calculated for C15H23N2O5S:
343.1328.
Cyclic Voltammetry —— Solutions for cyclic
voltammetry measurements had concentrations be-
tween 0.8 to 1.5 mM (0.9 for 1, 0.8 for 4, 1.5 for
3, 0.8 for 7, 0.9 for 8, 1.5 for 9, 0.9 for 10, 0.9
for 11 and 1.5 for 13) in 50 mM phosphate buffer
(pH 7.4), as supporting electrolyte. A solution of
K4[Fe(CN)6]. 3H2O 1.5 × 10−3 M and 0.1 M and
NaCl was used for calibration. The sweep was per-
formed between 1000 and −500 mV.
Correlation of the Redox Potential of Com-
pounds 3, 4 and 7 and Their Toxicity —— The
redox potential of compounds 3, 4 and 7 was plot-
ted against their toxicity to rat cortical neurons. The
toxicity data was obtained previously and published
by our group,17) and correspond to the neuronal vi-
ability of these cultures measured by the 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay.
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Fig. 2. Representative Scheme for the Preparation of MDMA Metabolites and Their Conjugates with GSH and NAC

RESULTS

Chemical Synthesis
Hydrobromide salts of N-Me-α-MeDA (3) and

α-MeDA (4) were prepared following the proce-
dure of Borgman22) and Pizarro23) starting from
the corresponding benzaldehyde and nitroethane.
Their conjugate adducts with the bionucleophiles,
GSH and NAC, 5-(GSH)-α-MeDA (7), 5-(GSH)-
N-Me-α-MeDA (8), 5-(NAC)-α-MeDA (9), 5-
(NAC)-N-Me-α-MeDA (10), were prepared by en-
zymatic oxidation according to previously pub-
lished methods26, 27) with modifications. Although
the synthesis of adducts 8 and 10 are reported on
literature26, 28) they omit the complete structural elu-
cidation as we here describe.

The enzymatic oxidation of 4 followed by GSH
or NAC addition allowed the isolation of the newly
synthesized adducts 2-(GSH)-α-MeDA (11) and 2-
(NAC)-α-MeDA (12) (Fig. 2). Compound, 5-OH-
α-MeDA (13) was likewise prepared. Structural
determination was based on the two dimensional
NMR experiments that allowed the clear attribution

of all the protons. The aromatic pattern for the 5-
adducts (7–10) shows two singlets for each which
agrees with the GSH and NAC covalently bonded
at the 5-position. Also, the heteronuclear multiple
bond correlation (HMBC) spectra showed the cor-
relation between the aromatic C5 and the protons
of cysteine β-CH2. As expected when the GSH or
NAC are bonded to the 2 position the two remain-
ing orto protons presents a pair of doublets with J
= 8 Hz. Mass spectrometry agrees in all cases with
the monoadduct formation.

Cyclic Voltammetry Studies
The synthesized MDMA metabolites 3 and 4 (as

hydrobromide salts), its adducts 7 to 11 and also
the related compound 13, were subjected to cyclic
voltammetry studies and the results compared with
those observed for the parent compound MDMA.
The cyclic voltammetry of these compounds was
conducted in a phosphate buffer at pH 7.4 (50 mM)
at a sweep rate (ν) of 200 mV s−1. Table 1 presents
the oxidation potential of MDMA and its tested hu-
man metabolites as well as the related compound



No. 1 37

Table 1. Oxidation Potential of MDMA and its Human
Metabolites

Entry Compound
Ep

(mV)
1 MDMA, 1 –a)

2 α-MeDA, 4 349
3 N-Me-α-MeDA, 3 420
4 5-(GSH)-α-MeDA, 7 228
5 5-(GSH)-N-Me-α-MeDA, 8 231
6 5-(NAC)-α-MeDA, 9 258
7 5-(NAC)-N-Me-α-MeDA, 10 308
8 2-(GSH)-α-MeDA, 11 392
9 5-OH-α-MeDA, 13 171

a) Redox activity not found.

Fig. 3. Cyclic Voltammetry Curves of MDMA and Related
Catecholamines [MDMA (1), N-Me-α-MeDA.HBr (3),
α-MeDA.HBr (4), 5-OH-α-MeDA (13)]

13. The anodic scans showed peaks that correspond
to the oxidation of the catecholamine derivatives
and their GSH or NAC conjugated adduct (Figs. 3
and 4). As previously described for adrenaline, in a
neutral buffer, the correspondent cathodic peaks re-
mained unobserved.29) As seen in Fig. 3 no redox
reactivity was measurable for MDMA when sub-
jected to the same potentials as its metabolites. The
methylene group blocking the two hydroxyl groups
prevents the compound from adopting the quinone
structure. Compound 13 shows the lower oxida-
tion potential (Fig. 3) which is due to the several hy-
droxyl groups that activate the aromatic ring to ox-
idation. Similar effects were observed on other cat-
echolic systems such as 3,4-dihydroxybenzoic acid
and 3,4,5-trihydroxybenzoic acid.30)

The conjugation with GSH or NAC at the 5
position slightly reduced the oxidation potential
when compared with the non-conjugated amines
(Table 1 – representative examples are presented at
Fig. 4). The effect of GSH conjugation at the 2-
position is less noticeable.

A correlation between the oxidability of com-

Fig. 4. Cyclic Voltammetry Curves of N-Methyl-α-Methyl-
Dopamine and Their Adducts with GSH and NAC [N-
Me-α-MeDA.HBr (3), 5-(GSH)-N-Me-α-MeDA (8), 5-
(NAC)-N-Me-α-MeDA (10)]

Fig. 5. Correlation between Oxidability and Toxicity to Rat
Cortical Neuronal Cultures of MDMA Metabolites

pounds 3, 4 and 7 and their ability to increase toxic-
ity in rat cortical neuronal cultures can be observed
on Fig. 5. The correlation was performed at the
metabolite concentration of 200 µM.17) Toxicity re-
sults for the concentration of 400 µM showed a sat-
uration phenomenon, therefore it was not possible
to use this concentration for correlation (data not
shown).

DISCUSSION

The key results of our study were: (a) synthesis
and characterization of MDMA human metabolites,
with special relevance for the newly synthesized 11
and 12 and, (b) evaluation of its redox properties
and its relation with its potential to produce toxicity
to rat cortical neurons.

Several studies failed to prove serotonergic neu-
rotoxicity when MDMA and MDA where injected
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directly into the rat brain.5, 31) Since the serotonergic
neurotoxicity could not occur after the direct brain
administration of the drugs, it was postulated that
systemic metabolism is probably important for the
occurrence of neurotoxic events,6) even though, the
possible direct or indirect over-stimulation of sero-
tonergic and dopaminergic neurons associated with
hyperthermia can also contribute to the neurotoxic
effects of non-metabolized MDMA.4, 32)

The metabolism of MDMA and MDA leads to
highly oxidative compounds – the catecholamines.
These compounds can auto-oxidize with resultant
disturbances in vivo. The o-quinone intermediates
thus formed can cause cellular lesions, i.e., via co-
valent binding (quinones undergo Michael addition)
or generate ROS via redox cycling – both of which
can lead to toxicity.10)

The nucleophilicity of the cysteine sulfydryl
groups renders protein and non-protein sulfydryls
preferential targets for the quinone intermediates of
the MDMA and MDA-metabolites. GSH is the ma-
jor non-protein sulfydryl present in cells, and the
reaction of it’s SH group with quinones prevents
the occurrence of irreversible modification of other
intracellular nucleophilic sites. However, some
polyphenolic-GSH conjugates, and their metabo-
lites, retain the electrophilic and redox properties
of the parent polyphenol.33, 34) Indeed, the reactiv-
ity of the thioether metabolites may exceed that
of the parent polyphenol. In biological media, α-
MeDA undergoes oxidation to the corresponding
o-quinone, which is conjugated with GSH26, 35) to
form 5-(GSH)-α-MeDA. This metabolite is readily
oxidized to the o-quinone-GSH derivate, followed
by subsequent addition of a second molecule of
GSH to form 2,5-bis(glutathion-S-yl)-α-MeDA.16)

Capela et al.17) have shown that 5-(GSH)-α-MeDA
has a potent toxic effect in rat cortical neurons.

Fast-sweep electrochemical techniques were
previously applied to the study of the oxida-
tion pathways of catecholamines in vitro. These
techniques allowed the positive identification of
the transient intermediates, i.e., the open-chain o-
quinones, and the precise determination of the rate
of intramolecular cyclization to the substituted in-
dole as well as its subsequent oxidation to the
aminochrome.14) In accordance Carvalho et al.20)

have demonstrated in vitro that the concentration of
N-Me-α-MeDA and α-MeDA decreases over time
in biological media, due to their oxidation to the
correspondent aminochromes.

Electrochemical oxidation of the catechol group

has also been studied in the presence of sec-
ondary amines36, 37) and mercaptotriazole38) as nu-
cleophiles. Common to these reports is the pres-
ence of one anodic and a corresponding cathodic
peak on the cyclic voltammetry record of the cate-
chol in buffered solution. These findings correspond
to the transformation of the catechol to the corre-
sponding o-benzoquinone and vice-versa, within a
quasi reversible two electron transfer process.36, 37)

The oxidation of the catechol in the presence of
a nucleophile (secondary amines or thiols) results
in a 1,4-Michael addition reaction. The result-
ing compounds (amines and thio substituted cate-
chols) are more easily oxidized than the parent start-
ing molecule by virtue of the presence of an extra
electron-donating group.38)

Recent studies on the electrochemical
oxidation-reduction processes of adrenaline,
studied by multi-mode in situ spectroelectrochem-
istry, found that the redox pathways were related
to the pH of the solution, the potential window
and the oxygen dissolved in the medium.39)

The formation of an o-quinone was invoked.
These authors29, 40) observed the scavenging of
the o-quinone by L-cysteine with formation of
adducts and also subsequent oxidation of these
cysteinyl conjugates originate o-quinones that
could further react with free L-cysteine yielding
the corresponding bis-adducts. A similar behavior
was observed for dopamine (DA),15) although an
electrochemical-chemical-electrochemical (ECE)
reaction mechanism was proposed for the DA
electrochemical oxidation with a subsequent
polymerization of the resulting 5,6-indolequinone.

At the present working conditions, pH 7.4, the
deprotonation of the o-quinone (14), formed upon
oxidation (2e−, 2H+) of catecholamines, yields the
neutral o-quinone (15) that undergo an intramolec-
ular cyclization reaction (1,4-Michael addition) to
give 5,6-dihydroxyindoline (16). In solution this
compound is oxidized by o-quinone (14) to the cor-
responding p-quinone imine (17) also designated as
aminochrome (Fig. 6). The reaction sequence oc-
curs so fast that, after each scan reversal, a peak cor-
responding to the reversible reduction of o-quinone
was never observed in the cyclic voltammograms
for all the tested compounds. This observation has
precedence in the literature.14, 29) The only peak ob-
served on the initial anodic sweep corresponds to
the oxidation of the catecholamines and their GSH
and NAC adducts to 14 (Table 1) that rapidly depro-
tonates and cyclises to 16. This is in turn rapidly
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Fig. 6. Proposed Behavior of Catecholamines29) upon Cyclic Voltammetry

chemically oxidized to 17. Only for compound 4
a couple of low intensity peaks (E◦p = −100 mV),
indicating a reversible process between 16 and 17,
were observed. For this particular case the rate of
chemical reaction is slower, allowing a reversible
electrochemical redox reaction between 16 and 17
to be observed (cf. Fig. 3).

According to our results, α-MeDA (4) is more
easily oxidized than N-Me-α-MeDA (3). Indeed,
whereas the Ep value for 3 is 420 mV, the corre-
sponding Ep for 4 is 349 mV i.e., a difference of
71 mV. Probably, the most obvious reason for this
event may be the difference in the pKa of 4, a pri-
mary amine, versus 3, a secondary amine, bearing
higher basicity.41) It’s known from literature42, 43)

that OH—N hydrogen bonding can have a profound
effect in altering the oxidation potential of enols to
lower values. At the pH of 7.4 used for the cyclic
voltammetry experiments, 3 should exist preferen-
tially as its hydrochloride salt and 4, partially in its
free amine form, could be involved in intermolecu-
lar hydrogen bonding responsible for lowering the
Ep. However we should not exclude the involve-
ment of other factors as solvation effects that may
result in a higher stabilization of 3 in relation to 4.

From the results of Table 1 it is possible to con-
clude that the conjugation with GSH or NAC at the 5
position reduced the oxidation potential when com-
pared with the non-conjugated amines. When the
catechol moiety becomes attached to compounds
like GSH or NAC the presence of a third heteroatom
on the aromatic ring is the main contribution to the
reduction of the redox potential and accounts for
the difference on the Ep observe for the cathecol
thioeter adducts versus the parent catecholamines.
In fact the highest value for the difference on the Ep

that is observed for the glutathione adducts (−189
and −121 mV for 8 vs. 3 and 7 vs. 4) highlights this
explanation.

The voltammetric curve obtained for newly syn-
thesized thioether adduct 11 shows that 2-GSH-
α-MeDA (11) is more resistant to the oxidation
than the parent catecholamine 4 (+43 mV for 4 vs.
11). Since 2-aducts are more stereochemical con-
strained than 5 adducts the adopted conformation of
GSH chain should promote the stabilization of the
catechol structure and prevent its oxidation to the
quinone as described for the catechol NCQ-436, a
metabolite of the antipsychotic remoxipride.44)

Noteworthy, the lower oxidation potential ob-
served for the 5-GSH adducts of α-MeDA relative
to the parent catecholamine correlates well with the
higher toxicity of this adduct in rat cortical neu-
rons. Accordingly, unlike N-Me-α-MeDA and α-
MeDA, their systemically formed thioether conju-
gates are easily transported across the blood–brain
barrier.28) Studies in vivo show that intracerebroven-
tricular (ICV) injections of 5-(GSH)-α-MeDA into
rats produced neurobehavioral changes characteris-
tic of peripheral administration of MDMA/MDA as
well as acute increases in brain 5-HT and DA con-
centrations45) and produced prolonged depletions in
5-HT similar to those obtained after peripheral ad-
ministration of MDA and MDMA.46) Moreover, re-
cent experiments using in vivo microdialysis have
provided direct evidence for the presence of GSH
and NAC conjugates of MDMA metabolites in the
brain after in vivo s.c. administration of MDMA.28)

This accounts for the importance that voltamme-
try studies may assume in predicting the potential
neurotoxicity of MDMA and MDA-metabolites. It
should be nevertheless emphasized that not only di-
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rect MDMA-metabolites toxicity contribute to the
toxic events. Other factors, like the possible di-
rect or indirect over-stimulation of serotonergic and
dopaminergic neurons associated with hyperthermia
also contribute to the neurotoxic effects of non-
metabolized MDMA.

In conclusions, oxidation of catecholamines can
lead to the rapid formation of electrophilic and re-
dox active quinones. These species are susceptible
to alkylation by cellular nucleophiles (GSH, pro-
teins, and DNA) and can undergo further oxidation.
Our results show that there is a significant correla-
tion between the redox behavior of the MDMA and
MDA metabolites and their respective toxicity to rat
cortical neurons.
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