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Abstract

A high-performance liquid chromatographic method coupled with electrochemical detector was developed for the
separation and quantitation of amphetamine and one of its metabolites, the 4-hydroxynorephedrine. The pre-column
derivatisation of these compounds was carried out with 2,5-dihydroxybenzaldehyde as electroactive labelling reagent,
in presence of Borohydride Exchange Resin. The new synthetic method developed was fast, clean and high yielding.
The analysis was performed in isocratic mode on a reversed phase column 5 �m Hypersil ODS RP-18, 15 cm, using
as a mobile phase methanol-NaH2PO4 buffer (50 mM, pH 5.5)(30:70 v/v) containing trietylamine (0.5% v/v) and the
products were detected by a porous graphite electrode set at an oxidation potential of +0.6 V. The linearity of
response was examined for each derivatised compound and was analysed using solutions in the range 10–40 nmol/ml.
The correlation coefficients of the linear regression of the standard curves were greater than 0.99. The method
developed in this study was sensitive and very selective. Because of the specificity for primary phenylethylamines, it
could be applicable for the assay of other related substances in toxicology and drugs abuse. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Amphetamine (AMP) and other related
phenylethylamines are drugs of abuse as well as
doping agents in many sports. In the last years,
these substances have been extensively used

among teenagers because of their psychoactive
properties [1]. The ability of stimulants with an
essential phenylethylamine structure cause neuro-
toxicity, particularly during chronic administra-
tion, was well established in experimental models
[2]. Phenylethylamine-induced neurotoxicity was
primarily characterized by degeneration of do-
paminergic nerve terminal fields within the nu-
cleus accumbens, olfactory area and frontal
cortex. In addition, substantial destruction of
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serotonergic terminals in the hippocampus, cere-
bral cortex, amygdala and striatum was associated
with administration of high dose of phenylethy-
lamine stimulants [3]. Recent evidence indicates
that production of phenylethylamine stimulant-in-
duced dopaminergic neurotoxicity requires inter-
action with the glutamatergic neurotrasmission [4].

The main metabolic pathways of AMP [5] is
shown in Scheme 1. The compounds formed in the
first phase of metabolism of AMP are produced
from (i) oxidative deamination; (ii) one and two-
fold ring hydroxylation, followed by methylation

of one of the hydroxy group; (iii) N-demethyla-
tion. In the subsequent phase they are mainly
excreted as glucoronide and/or sulphate conju-
gates. The hydroxy-derivatives metabolites of
AMP are the principal compounds excreted in
urine that can be detected for 7/8 days after
ingestion, whereas the parent compounds are only
detectable for about 2/3 days. Some of these
metabolites may have activity that contribute to
the effects seen after AMP administration, in par-
ticular 4-hydroxyamphetamine (4-HNE) acts as a
false neurotransmitter.

Scheme 1. Main metabolic pathways of amphetamine.
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Scheme 2. Derivatization reaction of AMP, 4-HNE and PHE
with 2,5-DBA to give the electroactive amines AMP-DBA,
4-HNE-DBA and PHE-DBA (IS).

of phenylethylamines because they show low UV
absorbances and very little natural fluorescence
[25–27]. In addition, primary and secondary
amines often show poor chromatographic perfor-
mance which could be improved by derivatisation.
To improve both chromatographic behaviour or
detectability of the AMP and derivatives, a great
number of procedures involving precolumn or
postcolumn derivatization using different reagents
were developed [28–36].

HPLC with electrochemical detection represents
a very sensitive method, providing enhanced selec-
tivity as a result of the limited number of sub-
stances which could undergo redox reactions
under certain conditions [37–39].

The aim of this study was the development of a
sensitive and selective method for the simulta-
neous determination of AMP and one of its
metabolites (4-HNE) by HPLC with electrochemi-
cal coulometric detection (HPLC-ECD).

A new derivatization method using 2,5-dihy-
droxybenzaldehyde (2,5-DBA) as an electrochemi-
cal probe, selected for the very low oxidation
potential was developed. The 2,5-DBA was
rapidly aminated with the primary amines AMP,
4-HNE and phenylethylamine (PHE), using boro-
hydride exchange resin (BER) as a chemoselective
reducing agent to give the electroactive secondary
amines AMP-DBA, 4-HNE-DBA and PHE-
DBA, the latter working as an internal standard
(IS), respectively. The procedure is shown in
Scheme 2.

In order to optimise the detection of the elec-
troactive derivatives several parameters such as
oxidation potential, pH and ionic strength of
mobile phase were examined.

2. Experimental

2.1. Apparatus

The HPLC apparatus comprised two Model
510 pumps, a Model 712 WISP auto-injector and
a Model 490E absorbance detector (Waters As-
soc., Milford, MA, USA) set at 276 nm and 0.05
absorbance units full scale. The UV detector was
connected in series with the electrochemical detec-

Many analytical methodologies used in toxico-
logical studies and forensic science have been
described and the great number of publications on
AMP analysis published in the last 5 years indi-
cates that it was necessary to improve the meth-
ods of analysis [5–7]. However, only few
chromatography methods were described for the
simultaneous analysis of AMP and 4-HNE [8,9].

Gas chromatographic (GC) methods are the
most widely used for AMP and related substances
analysis in biological samples [10–21] and are
traditionally recommended, especially if coupled
to mass spectrometric (GC/MS) detection. Re-
cently, capillary electrophoresis (CE) methods
were also developed [22–24].

In high performance liquid chromatography
(HPLC) several methods have been described for
the determination of AMP and derivatives but
HPLC procedures without derivatisation reac-
tions have not been widely applied to the analysis
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tor (Model 5100A Coulochem; ESA, Bedford,
MA, USA) which consists of a control module
and an analytical cell (Model 5010) containing
two on-line porous graphite coulometric
electrodes.

The analysis was performed in the oxidative
mode. The ECD sensitivity range and the re-
sponse time were set at 100 nA and 10 s, re-
spectively. Signals from the detectors were
converted to chromatographic traces and inte-
grated by an APC IV computer system (NEC,
Boxborough, MA, USA) using MAXIMA 820
software (Waters Assoc.).

1H NMR spectra and 13C NMR spectra were
recorded on Varian Unit Inova (200 MHz) in-
strument for DMSO solutions with tetramethyl-
silane (TMS) as IS. Chemical shifts are
expressed in ppm (�). Molecular weights of the
obtained products were determined by MS (EI
at 70 eV) on a Kratos 25 RF spectrometer. Ele-
mentary analyses for C, H, N were obtained on
a Carlo Erba 1106 analyser (Milan, Italy) and
they agree with theoretical values within �
0.4%. UV absorption spectra were recorded on
a Uvikon 860 (Kontron, Zurich, Switzerland)
spectrometer in MeOH solution. Analytical thin
layer chromatography (TLC) was performed on
Merck 60 F254 silica gel plates.

2.2. Chemicals

2,5-DBA, PHE and BER were purchased
from Sigma-Aldrich (Milano, Italy). AMP and
4-HNE were obtained from Salars S.p.A.
(Como, Italy). HPLC-grade methanol and water
were purchased from Carlo Erba (Milano).
Methanol anhydrous used for synthesis was
stored on 4A activated molecular sieves. Other
chemicals used were of reagent grade or
better.

2.3. Deri�atization procedure

The derivatization was achieved by adding a
suitable amount of methanolic solution of
2,5-DBA to a methanolic solution of the indi-

vidual phenylethylamine. The molar ratio be-
tween the derivatizing agent and amine was
fixed at 1:1.

2.4. Synthesis of electroacti�e compounds

2.4.1. 2-[(phenylethylamino)methyl]benzene-1,4-
diol oxalate (PHE-DBA)

1 ml of 2,5-DBA solution in methanol (0.57
M, 0.0795 g, 0.57 mmol), 1 ml of 2-phenylethy-
lamine hydrochloride solution in methanol (0,57
M, 0.0907 g, 0.57 mmol) and NaHCO3 (0.4836
g, 0.57 mmol) were placed in a 15 ml flask,
which is fitted with rubber-capped side arm con-
nected to a mercury bubbler. The mixture was
stirred at room temperature for 10 min and then
2 ml of triethylamine hydrochloride solution in
methanol (0.57 M, 0.1585 g, 1.1515 mmol) and
BER (0.1919 g, 0.57 mmol) were added. The
reaction was checked by TLC using CHCl3–Ci-
cloexane–EtOH–NH4OH (5:4:1:0.05 v/v/v) as
an eluent. After 1 h, the acidic solution was
neutralised with NaHCO3 (0.9673 g, 1.1515
mmol) and the resin was removed by filtration.
The solvent was evaporated under reduced pres-
sure and the residue was dissolved in CHCl3
and washed with a solution of NaHCO3 (4%,
w/w). The mixture was dried over anhydrous
Na2SO4 and evaporated in vacuum. The final
product was stored and analysed as oxalic salt.

Yellow solid 0.1639 g, 84% yield; m.p. 168–
170 °C; �max=300 nm; 1H NMR (DMSO-d6) �

: 8.10 (br s, 4H), 7.33–7.22 (m, 6H), 6.77–6.67
(m, 2H), 4.05 (s, 2H), 3.11(t, 2H, J=7.1 Hz),
2.86 (t, 2H, J=7.1 Hz); 13C NMR (DMSO-d6)
� : 173.52, 169.31, 150.74, 150.62, 136.61,
128.34, 127.03, 127.90, 118.43, 116.84, 114.87,
47.77, 42.44, 31.34; MS: m/z 243 [M]+; Anal.
C15H17NO2·H2C2O4·0.5H2O (C, H, N).

2.4.2. 2-{[(1-methyl-2-phenylethyl]amino}
methyl)benzene-1,4-diol oxalate (AMP-DBA)

Bright orange solid 0.1502 g, yield 80%; m.p.
148–150 °C; �max=299 nm; 1H NMR (DMSO-
d6) � : 7.38–7.20 (m, 6H), 6.80–6.68 (m, 2H), 5.01
(br, s, 4H), 4.09 (s, 2H), 3.44–3.22 (m, 2H),
2.70–2.58 (m, 1H), 1.14–1.09 (d, 3H, J=6.4 Hz);
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13C NMR (DMSO-d6) � : 172.44, 168.53, 150.40,
148.42, 137.81, 131.02, 127.04, 125.66, 118.05,
115.33, 114.25, 47.35, 39.87, 38.95, 37.23, 19.74;
MS: m/z 257 [M]+; Anal. C16H19NO2.
0,5H2C2O4.1,5H2O (C, H, N).

2.4.3. 2-({[2-hydroxy-2-(4-hydroxyphenyl)-1-
methylethyl]amino}methyl)benzene-1,4-diol
oxalate (4-HNE-DBA)

Yellow solid 0.1807 g, yield 90%; m.p. 215–
216 °C; �max=276 nm; 1H NMR (DMSO-d6) � :
8.24 (s, 1H), 7.16–6.63 (m, 6H), 4.46 (d, 1H, J=6
Hz), 3.56–3.33 (m, 3H), 1.16 (d, 3H, J=6.2 Hz);
13C NMR (DMSO-d6) � : 171.65, 167.12, 155.33,
149.73, 148.13, 126.35, 125.23, 117.11, 116.01,
114.68, 113.24, 112.05, 63.66, 55.51, 38.13, 11.83;
MS m/z 289 [M]+; Anal.
(C16H19NO4.0,5H2C2O4.1H2O) C, H, N.

2.5. Chromatography

Separations were performed on a 5 �m Hypersil
ODS RP-18 column (15 cm×4.6 mm) (Alltech,
Deerfield, IL, USA) fitted with a guard column (5
�m Hypersyl ODS RP-18) and eluted isocratically
with methanol–sodium hydrogen phosphate
buffer (50 mM, pH 5.5) (30:70 v/v) containing
trietylamine (0.5% v/v) (TEA). The mobile phase
was filtered through GS-type filters (0.45 �m,
Millipore, Bedford, MA, USA) and on-line de-
gassed with a Model ERC-3311 solvent degaser
(Erma, Tokyo, Japan). Chromatography was per-
formed at room temperature (22 °C) and at a
flow-rate of 1.0 ml/min.

2.6. Standard solutions

Standard solutions of AMP-DBA, 4-HNE-
DBA and IS in the concentration range 10–40
nmol/ml were prepared diluting known amounts
of methanol stock solution. All solutions were
stored in the dark at 4 °C.

3. Results and discussion

3.1. Deri�atization procedure

Scheme 2 shows the procedure of derivatization

using 2,5-DBA as a derivatizing agent. This aro-
matic aldehyde was selected for its easy reactivity
and its lower oxidation potential compared with
other isomers such as 3,4-dihydroxybenzaldeide
[40]. The electrochemical probe was reductively
aminated by reaction with the primary aromatic
amines AMP, 4-HNE and PHE to give the corre-
sponding secondary amines using BER as a
chemoselective reducing agent [41]. The most
commonly used hydride reducing agent is
cyanoborohydride, but in this case the reaction
time results very long and the reaction is not
suitable for derivatization because it needs a large
amount of amine. In addition, the syntheses that
use solid supported reagents are attractive because
the reactions are very rapid (very often they in-
volve only one step), clean, high yielding and the
workup involves simple filtrations and evapora-
tion of the solvent [42].

3.2. Optimisation of deri�atization procedure

The electroactive derivatives of the amine stan-
dards were obtained in one step. Experiments
were performed to establish the optimum deriva-
tization time. For this purpose, samples of each
reaction were taken at appropriate time intervals
(15 min), diluted with methanol and immediately
analysed by HPLC-UV. The reactions were com-
pleted after 60 min. Fig. 1 shows the trend of
reactions.

3.3. Optimisation of electrochemical detection

In this study several parameters were examined
in order to optimise the ECD detection of AMP-
DBA, 4-HNE-DBA and IS. The electrochemical
properties of derivatised compounds were studied
using their hydrodynamic voltammograms (Fig.
2). The data analysis showed that increasing the
applied potential from +0.2 to +0.8 V, the
detector response was enhanced for all the elec-
troactive compounds. Under the chromatographic
conditions previously reported, the electrochemi-
cal derivatives responded at ECD oxidation po-
tentials higher than +0.2 V. At potential +0.6 V
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no further increases in peak area was recorded.
Particularly, the high response of the electroactive
probe 2,5-DBA, recorded at +0.2 V, was ob-
served. The 4-HNE-DBA showed a good response
at +0.6 V, while the other compounds were
detectable at lower potential. The observed data
indicate that the optimum potential is +0.6 V.

The ECD performance was moreover markedly

influenced by the ionic strength of mobile phase
and the best condition was 50 mM phosphate
buffer because no significant improvement in de-
tector response was achieved by further increasing
of phosphate concentration. A good robustness
was recorded for the pH of mobile phase because
no significant variation in the chromatograms was
recorded in the range 5–7.5.

Fig. 1. Curve of concentration of derivatised compounds AMP-DBA, 4-HNE-DBA and PHE-DBA (IS) vs. time of reaction.

Fig. 2. Hydrodynamic voltammograms of electroactive 2,5-DBA, AMP-DBA, PHE-DBA (IS) and 4-HNE-DBA.
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Fig. 3. Typical HPLC-UV chromatogram of standard mixture
of electroactive compounds: 4-HNE-DBA (2.8 min), 2,5-DBA
(4.8 min), IS (14.8 min) and AMP-DBA (24.8 min).

DBA, 4-HNE-DBA and IS at concentrations of
2.2, 1.9 and 2.3 �mol/ml, respectively. Figure 4
shows the chromatogram of the same standards
compounds with ECD detection at concentrations
of 19.4 nmol/ml for AMP-DBA, 17.2 nmol/ml for
4-HNE-DBA and 20.5 nmol/ml for IS. In order
to obtain an optimal chromatographic separation,
different mobile phases and columns were evalu-
ated. The simultaneous elution of all electroactive
derivatives would be possible in a shorter time
under gradient conditions, but this procedure is
not suitable for ECD detection.

Fig. 4. Typical HPLC-ECD chromatogram of standard mix-
ture of electroactive compounds: 4-HNE-DBA (2.8 min), 2,5-
DBA (4.8 min), IS (15.0 min) and AMP-DBA (25.4 min).

3.4. Chromatographic separation

Fig. 3 shows a representative HPLC chro-
matogram with UV detection at 276 nm of AMP-



N.A. Santagati et al. / J. Pharm. Biomed. Anal. 30 (2002) 247–255254

Chromatographic separation was carried out
in about 25 min under isocratic condition on a
5 �m Hypersil ODS RP-18, 15 cm reversed
phase column and eluted with methanol–sodium
hydrogen phosphate buffer (50 mM, pH 5.5)
(30:70 v/v) containing TEA (0.5% v/v) as a
competing base because it improves chromato-
graphic performance of standards electroactive
compounds.

3.5. Linearity and detection limit

The linearity of response was examined for
each derivatised compound, analysing five solu-
tions in the range 10–40 nmol/ml. The correla-
tion coefficients of the linear regression of the
standard curves were greater than 0.99. Detec-
tion limits (LOD) were determined, from five
runs, using progressively lower concentrations of
the electroactive compounds for a signal/noise
ratio of 3:1 (S/N=3) with an injected volume
of 10 �l. The limit of detection were less than
50 ng/ml for each compound and the limits of
quantitation (LOQ) were comprised in the range
0.3–0.6 �g/ml.

4. Conclusions

The HPLC-ECD method described in this
study was applied for the determination of
AMP and its metabolite 4-HNE. The selective
and easy derivatization of AMP, 4-HNE and
PHE by the electroactive labelling 2,5-DBA
yields stable and highly sensitive electroactive
secondary amines that can undergo specific re-
dox reaction under the condition reported. The
HPLC-ECD method developed is a versatile
technique because other primary phenylethy-
lamines of forensic interest can be determinated
with this system.

Moreover, the described method is applicable
for all cases where it is possible to determine
selectively small amount of aromatic primary
amines through the conversion of the com-
pounds in detectable electroactive derivatives,
without complicated steps of purification.
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