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Abstract 4-EA-NBOMe (N-(2-methoxybenzyl)-4-
e t h y l amphe t am in e , 1 - ( 4 - e t h y l ph e ny l - ) -N - [ ( 2 -
methoxyphenyl)methyl]propane-2-amine) is an amphetamine-
derived new psychoactive substance (NPS) of the N-
methoxybenzyl (NBOMe) group first seized by German custom
authorities. In contrast to the phenethylamine NBOMes, studies
on the pharmacological, toxicological, or metabolic properties
are not yet published. The aims of the presented work were the
use of LC-HR-MS/MS for identification of the phase I and II
metabolites of 4-EA-NBOMe in rat urine and pooled human S9
fraction (pS9) incubations, to compare metabolite formation in
both models, to identify involved monooxygenases, and to elu-
cidate its detectability in standard urine screening approaches
(SUSAs) using GC-MS, LC-MSn, and LC-HR-MS/MS. 4-EA-
NBOMewasmainlymetabolized by oxidation of the ethyl group
to phenyl acetaldehyde, to benzoic acid, or to phenylacetic acid,
by hydroxylation, and all combined with O-demethylation as
well as by glucuronidation and sulfation of the main phase I
metabolites in rats.With the exception of the oxidation to benzoic

acid, all main metabolic reactions could be confirmed in the
incubations with pS9. In total, 36 phase I and 33 phase II metab-
olites could be identified. Monooxygenase activity screenings
revealed the general involvement of cytochrome-P450 (CYP)
1A2, CYP2B6, and CYP3A4. An intake of 4-EA-NBOMe
was detectable only via its metabolites by all SUSAs after low-
dose administration. The main targets for both LC-MS
screenings should be the phenylacetic acid derivative,
the mandelic acid derivative both with and without ad-
ditional O-demethylation, and, for GC-MS, the hydroxy
metabolite after conjugate cleavage.

Keywords LC-HR-MS/MS 4-EA-NBOMe . New
psychoactive substance .Metabolism . pS9

Introduction

Among the new psychoactive substances (NPS), so-called N-
2-methoxybenzyl derivatives (NBOMes) of phenethylamine-
type drugs of abuse (2C derivatives) gained more and more
importance in the last few years because of their widespread
consumption and associated health risks [1–4]. Most studies
have been published on pharmacological and metabolic prop-
erties of 2-(4-bromo-2,5-dimethoxyphenyl)-N-[(2-
methoxyphenyl)methyl] ethanamine (25B-NBOMe), 2-(4-
chloro-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]
e thanamine (25C-NBOMe) , and 2- (4 - iodo-2 ,5 -
dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl] ethanamine
(25I-NBOMe) [5–17]. Acute poisonings or even fatalities were
described caused by wrong dosage or mislabeling of sold prep-
arations (e.g., sold as 2C-B or LSD) [8, 9, 12, 13, 18–23].
Meanwhile, 25B-, 25C-, and 25I-NBOMe were scheduled in
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Germany and many other countries with the consequence that
new derivatives appeared. Recently, Westphal et al. [24] de-
scribed the detection and the analytical behaviors of four
amphetamine-type NBOMe derivatives first seized by the
German custom authorities. Besides other NBOMe-type com-
pounds, one of the crystalline substances could be identified as
racemic 4-EA-NBOMe hydrochloride (N-(2-methoxybenzyl)4-
e t h y l amph e t am i n e ; 1 - ( 4 - e t h y l p h e n y l - )N - [ ( 2 -
methoxyphenyl)methyl]propane-2-amine), which is the
NBOMe analogue of 4-ethylamphetamine (4-EA). To date,
their pharmacological or pharmacokinetic properties have
not been published. In case of the 2C derivatives, addition of
the N-methoxybenzyl part increased the affinity to the seroto-
nin receptor 5-HT2A significantly [25–28]. The amphetamine
part could lead to stimulating effects as described for many
amphetamine-like compounds [29]. However, in accordance
to other NBOMe derivatives, it could be assumed that these
amphetamine-type NBOMes have potent binding affinities to
serotonergic, adrenergic, or dopaminergic receptors or trans-
porters leading to hallucinogenic and/or stimulating effects.
Although enantioselective differences in binding affinities
or metabolism might be possible, they were not within the
aims of the present work. The dosage should most prob-
ably be low according to high potency and very low dos-
ages of 25B-, 25C-, and 25I-NBOMe applied as blotter
papers or nose sprays [8, 9, 13, 18–20, 22, 30, 31].
Although such data for 4-EA-NBOMe are still missing,
the aim of the present study was to use the power of
LC-HR-MS/MS for identification of the in vivo and
in vitro phase I and II metabolites of 4-EA-NBOMe in
rat urine and pooled human S9 fraction (pS9) incubations,
to compare metabolite formation in both models due to
the lack of authentic human samples, and finally to eluci-
date its detectability in standard urine screening ap-
proaches (SUSAs) using GC-MS, LC-MSn, and LC-HR-
MS/MS, respectively. This should allow, as shown for
many other newly emerging drugs in the past, to detect
this new substance and/or its metabolites in clinical or
forensic toxicology cases.

Experimental

Chemicals and reagents

Racemic 4-EA-NBOMe hydrochloride was provided by the
State Bureau of Criminal Investigation Schleswig-Holstein
(Kiel, Germany) for research purposes. Isocitrate, isocitrate
dehydrogenase, superoxide dismutase, 3′-phosphoadenosine-
5′-phosphosulfate (PAPS), S-(5′-adenosyl)-L-methionine
(SAM), dithiothreitol (DTT), reduced glutathione (GSH), ace-
tyl carnitine transferase (AcT), acetyl carnitine, acetyl coen-
zyme A (AcCoA), and carnitine were all purchased from

Sigma (Taufkirchen, Germany), NADP+ from Biomol
(Hamburg, Germany), and acetonitrile (LC-MS grade), am-
monium formate (analytical grade), formic acid (LC-MS
grade), methanol (LC-MS grade), and all other chemicals
and reagents (analytical grade) from VWR (Darmstadt,
Germany). Pooled human liver S9 fraction (pS9, 20 mg pro-
tein/mL, from 30 individual donors), UGT reaction mix solu-
tion A (25 mM UDP-glucuronic acid), UGT reaction mix
solution B (250 mM Tris–HCl, 40 mM MgCl2, and
0.125 mg/mL alamethicin), and baculovirus-infected insect
cell microsomes (Supersomes) containing 1 nmol/mL of hu-
man complementary DNA-expressed cytochrome-P450
monooxygenases (CYP) 1A2, CYP2A6, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1 (2 nmol/
mL), CYP3A4, CYP3A5 (2 nmol/mL), or flavin-containing
monooxygenase FMO3 (5 mg protein/mL) were obtained
from Corning (Amsterdam, The Netherlands). After delivery,
the enzyme preparations and CYPs were thawed at 37 °C,
aliquoted, snap-frozen in liquid nitrogen, and stored at
−80 °C until use.

Urine samples

According to established study designs [5, 6, 32], the
investigations were performed using rat urine samples
from male Wistar rats (Charles River, Sulzfeld,
Germany) for toxicological diagnostic reasons according
to German law. The compound was administered in an
aqueous suspension by gastric intubation of a single
dose each of 10 mg/kg body weight (BW) for identifi-
cation of the metabolites and 0.1 mg/kg BW for esti-
mation of the detectability after expected low-dose ap-
plication. The rats were housed in metabolism cages for
24 h, having water ad libitum. Urine was collected sep-
arately from feces over a 24-h period. Blank urine sam-
ples were collected before drug administration to verify
that the samples were free of interfering compounds.
The samples were directly analyzed, aliquoted, and then
stored at −20 °C.

Sample preparation for identification of phase I and II
metabolites by LC-HR-MS/MS in rat urine

According to published procedures [32, 33], 100 μL of
urine was mixed with 500 μL of acetonitrile for precip-
itation. After shaking and centrifugation, the supernatant
was gently evaporated to dryness and reconstituted in
50 μL of a mixture of 10 mM aqueous ammonium
formate buffer and acetonitrile (1:1, v/v) and 1 μL
injected onto the LC-HR-MS/MS system with the con-
ditions described below.
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Incubation conditions for human in vitro metabolism
studies

Incubation conditions for identification of phase I and II
metabolites by LC-HR-MS/MS in pS9

The incubation conditions were in accordance to the experi-
mental design developed by Richter et al. [34]. With a final
protein concentration of 2 mg/mL, pS9 were pre-incubated for
10 min at 37 °C with 25 μg/mL alamethicin (UGT reaction
mix solution B), 90 mM phosphate buffer (pH 7.4), 2.5 mM
Mg2+, 2.5 mM isocitrate, 0.6 mM NADP+, 0.8 U/mL
isocitrate dehydrogenase, 100 U/mL superoxide dismutase,
0.1 mM AcCoA, 2.3 mM acetyl carnitine, and 8 U/mL carni-
tine acetyltransferase. Thereafter, 2.5 mM UDP-glucuronic
acid (UGT reaction mix solution A), 40 μM aqueous PAPS,
1.2 mMSAM, 1mMDTT, 10mMGSH, and 25μMsubstrate
in phosphate buffer were added to reach a final volume of the
incubation mixture of 150 μL. All given concentrations are
final concentrations. The reactions were started by addition of
the substrate and the mixture was incubated for 60 and
480 min, respectively. A 60-μL aliquot of the mixture was
transferred into a reaction tube after 60 min and the reactions
were terminated with 20 μL ice-cold acetonitrile. The remain-
ing mixture was incubated for additional 7 h and thereafter
30μL ice-cold acetonitrile was added to stop the reaction. The
solutions were cooled for 30 min at −18 °C, centrifuged for
2 min at 14,000 rpm, and the supernatants were transferred
into an autosampler vial and 5 μL injected onto the LC-HR-
MS/MS system with the conditions described below. Blank
incubations without substrate and control samples without
pS9 were prepared to confirm the absence of interfering com-
pounds and to identify non-metabolically originated
compounds.

Incubation conditions for monooxygenases (CYPs, FMO3)
activity screening

According to standard procedures [6, 35, 36], microsomal
incubations were performed at 37 °C at a concentration of
2.5 μM 4-EA-NBOMe, with the isozymes (50 pmol/mL,
each) CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP2E1, CYP3A4, CYP3A5, or
FMO3 (0.25 mg protein/mL) for 30 min. Besides enzymes
and substrates, the incubation mixtures (final volume,
50 μL) contained 90 mM phosphate buffer (pH 7.4), 5 mM
Mg2+, 5 mM isocitrate, 1.2 mM NADP+, 0.5 U/mL isocitrate
dehydrogenase, and 200 U/mL superoxide dismutase. For in-
cubations with CYP2A6 and CYP2C9, phosphate buffer was
replaced with 45 mM or 90 mM Tris buffer, respectively,
according to the Gentest manual. Reactions were initiated by
addition of the enzymes and stopped with 50 μL of ice-cold
acetonitrile. The solution was centrifuged for 2 min at

14,000 rpm; 70 μL of the supernatant phase were transferred
to an autosampler vial and 5 μL injected onto the LC-HR-MS/
MS system.

LC-HR-MS/MS instrumentation for identification
of phase I and II metabolites

According to published procedures [6, 34], the extracts were
analyzed using a ThermoFisher Scientific (TF, Dreieich,
Germany) Dionex UltiMate 3000 RS pump consisting of a
degasser, a quaternary pump, and an UltiMate autosampler,
coupled to a TF Q-Exactive Plus system equipped with a
heated electrospray ionization (HESI)-II source. The instru-
ment was operated in positive ionization mode. Mass calibra-
tion was performed prior to analysis according to the manu-
facturer’s recommendations using external mass calibration.

Gradient elution was run on a TF Accucore PhenylHexyl
column (100 mm × 2.1 mm, 2.6 μm) with column oven tem-
perature of 60 °C. The mobile phases consisted of 2 mM
aqueous ammonium formate containing formic acid (0.1%,
v/v) and acetonitrile (1%, v/v, pH 3, eluent A) and 2 mM
ammonium formate solution with acetonitrile/methanol
(50:50, v/v) containing formic acid (0.1%, v/v) and water
(1%, v/v, eluent B). First, the pH value of the aqueous solution
was measured before addition of 1% acetonitrile. Second, for
eluent B, ammonium formate was dissolved in methanol plus
1% water and then acetonitrile was added to the final volume.
The gradient was programmed as follows: 0–1 min hold 98%
A, 1–17 min 98% A to 2%A, 17–18 min hold 2% A, and 18–
20 min hold 98% A, constantly at a flow rate of 500 μL/min.

The HESI-II source conditions were as follows: sheath gas,
60 arbitrary units (AU); auxiliary gas, 10 AU; spray voltage,
3.00 kV; heater temperature, 320 °C; ion transfer capillary
temperature, 320 °C; and S-lens RF level, 60.0. Mass spec-
trometry was performed in positive polarity mode using full
scan (FS) data and a subsequent data dependent acquisition
(DDA) mode with inclusion lists containing the m/z values of
expected phase I and II metabolites. Additionally, DDA runs
without an inclusion list were performed to detect unexpected
metabolites.

The settings for FS data acquisition were as follows: reso-
lution, 35,000; microscans, 1; automatic gain control (AGC)
target, 1e6; maximum injection time (IT), 120 ms; and scan
range,m/z 100–700. The settings for the DDA mode with and
without inclusion list were as follows: option with inclusion
list Bdo not pick others,^ enabled; dynamic exclusion, 1.0 s;
resolution, 17,500; microscans, 1; loop count, 5; AGC target,
2e5; maximum IT, 250 ms; isolation window, 1.0 m/z, high
collision dissociation (HCD) with stepped normalized colli-
sion energy (NCE), 17.5, 35, and 52.5%; spectrum data type,
profile; and underfill ratio, 0.5%. Xcalibur Qual Browser soft-
ware version 2.2 SP1 was used for data handling.
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For analyzing the in vitro incubations (monooxygenases
and pS9), the MS settings and the mobile phases as well as
the gradient and flow rate were the same with the same inclu-
sion lists as for identification of metabolites.

Standard urine screening approaches

The SUSAs were performed as described in the following
references: GC-MS SUSA [37, 38], LC-MSn SUSA [5, 33],
and LC-HR-MS/MS SUSA [5, 39].

Results and discussion

LC-HR-MS for identification of 4-EA-NBOMe and its
phase I metabolites based on MS/MS fragmentation

In the following part, the HR-MS/MS fragmentation patterns of
4-EA-NBOMe and its metabolites (Fig. 1) will be discussed
and exemplified for selected metabolites representing the gen-
eral identification procedure. Due to the high number of the
metabolites, not all were discussed in detail. A list of all detect-
ed phase I metabolites is given in Table S1 in the Electronic
SupplementaryMaterial (ESM). It contains the sample inwhich
the compounds were detected, the precursor mass recorded in
MS1, the corresponding characteristic fragment ions in MS2,
the calculated exact masses, the corresponding elemental com-
position, the deviation of the measured from the calculated
masses in ppm, and the retention times.

The HR-MS data indicated, according to previous pub-
lished NBOMe metabolism studies [5–7], that the molecules
could be broken down into two parts, the NBOMe part (frag-
ment ion at m/z 121.0653, C8H9O

+, see Fig. 1), usually
forming the most abundant fragment ions in the MS2 spectra,
and the amphetamine part (see Fig. 1). For spectra interpreta-
tion and identification of the expected metabolites based on
the accurate precursor masses (PM) and calculated molecular
formulas, the fragment ions of unmodified or modified
NBOMe part were used (according to Fig. 1 and ESM
Table S1). Metabolites formed by combinations of the de-
scribed metabolic reactions were identified accordingly. As
already described for other NBOMes [5, 6], the MS2 spectra
of the parent compounds and metabolites with unmodified
NBOMe part showed only two abundant fragment ions
formed by the NBOMe part (m/z 91.0548, C7H7

+ and m/z
121.0653, C8H9O

+), whereas the fragment ions coming from
the phenethylamine parts showed very low abundances. But
after O-demethylation of the NBOMe part, the fragment ions
of the phenethylamine parts were more abundant besides the
usually most abundant fragment ion of O-demethylated
NBOMe part (m/z 107.0497, C7H7O

+) [5, 6]. Also, after
N-demethoxybenzylation, the MS2 spectra allowed better in-
terpretation concerning the metabolic reactions at the

amphetamine core. Therefore, the general fragmentation pat-
terns and spectra interpretation will be discussed here for N-
demethoxybenzylated and O-demethylated metabolites ac-
cording to Fig. 1. Spectra information received by the O-
demethylated metabolites were used for interpretation of the
spectra of metabolites without O-demethylation and con-
firmed by the measured accurate PM and the suggested mo-
lecular formulas. All PM are given with the calculated exact
protonated masses. Numbering of the given compounds was
in accordance to Table S1 (see ESM). Based on the described
procedure, 36 phase I metabolites could be detected.

4-EA-NBOMe

4-EA-NBOMe (1, PM at m/z 284.2009, C19H26ON
+) showed a

fragmentation pattern similar to most already described
NBOMes and metabolites [5–7]. Cleavage of the N-C bond
formed the most abundant and characteristic fragment ion at
m/z 121.0653 (C8H9O

+) and a low-abundant (<1%, ESM
Table S1) fragment ion at m/z 162.1283 (C11H16N

+). A loss of
CH2O (−30.0105 u) led to the tropylium ion at m/z 91.0548
(C7H7

+) also characteristic for other NBOMes. The low-
abundant (<1%, ESM Table S1) fragment ion at m/z 147.1174
(C11H15

+) was formed by the loss of NH (−15.0109 u) from the
iminium ion at m/z 162.1283 (C11H16N

+).

N-Demethoxybenzyl-phenyl acetaldehyde-4-EA-NBOMe

According to Fig. 1, the fragmentation pattern of the N-
demethoxybenzyl-phenyl acetaldehyde metabolite (3, PM at
m/z 178.1226, C11H16ON

+) showed, as expected, an initial
loss of ammonia (−17.0260 u, NH3) producing the fragment
ion at m/z 161.0966 (C11H13O

+), followed by a loss of an
ethylene group (−28.0313, C2H4) forming the most abundant
fragment ion at m/z 133.0653 (C9H9O

+). A further loss of CO
(−27.9949 u) produced the fragment ion at m/z 105.0704
(C8H9

+). The MS2 spectrum of this metabolite was used for
discussion of the position of the oxo group (+13.9792 u, +O,
−2H). In the chemical structure of the N-demethoxybenzyl
metabolite (2), four possible positions are available for intro-
duction of an oxo group. The methyl group at the α-carbon
next to the nitrogen could be oxidized but this reaction is not
common and unlikely to happen. If oxidized at this position,
an initial loss of formaldehyde would be expected and the
fragment ion at m/z 133.0653 (C9H9O

+) could not be formed.
The second possible position was the α-carbon next to the
aromatic ring system. Oxidation of this position would lead
to a cathinone-like structure. According to reference spectra
[40, 41], most cathinones were characterized by an initial loss
of water (−18.0106 u, H2O) usually producing the most abun-
dant fragment ion of the corresponding spectrum (even higher
than an initial loss of ammonia). In any spectrum of the de-
tected metabolites in this study, an initial loss of water was not
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detected, so it could be assumed that the α-carbon next to the
aromatic ring system should not be oxidized forming a
cathinone-like structure. The third and fourth possible

positions for oxidation were the two carbon atoms of the ethyl
side chain. Themost probable position for oxidation should be
the position at the first carbon next to the aromatic ring system

LC-high resolution-MS/MS for identification of 69 metabolites of the new psychoactive substance... 901

Fig. 1 HR-MS/MS spectra, proposed structures, retention times (RT), detected in rat urine (RU) and/or pooled human S9 fraction incubations (S9), and
predominant fragmentation patterns of 4-EA-NBOMe and selected phase I metabolites arranged according to their presentation in the text



forming an acetophenone-like derivative. This metabolite was
described as one of the main excretion products of ethylben-
zene in rats and humans [42–44]. But concerning the MS2

spectrum of the N-demethoxybenzyl-phenyl acetaldehyde
metabolite (3), the assumed acetophenone derivative could
not produce the fragment ion at m/z 105.0704 (C8H9

+). Of

Fig. 1 (continued)
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course, an assumed N-demethoxybenzyl-acetophenone me-
tabolite should also produce all fragment ions described
above, but a loss of CO (−27.9949 u) from the fragment ion
at m/z 133.0653 (C9H9O

+) to m/z 105.0704 (C8H9
+) should

not be possible in an assumed acetophenone-like structure.
Therefore, the suggested position for oxidation of the N-
demethoxybenzyl metabolite (2) was the second carbon of
the ethyl side chain producing a phenyl acetaldehyde-like
structure. However, metabolites with an aldehyde structure usu-
ally are not stable due to fast metabolic oxidation to the corre-
sponding carboxylic acids and/or reduction to the corresponding
primary alcohols although these intermediates could often not be
found. But in this case, this phenyl acetaldehyde might be stabi-
lized by mesomeric effects. In the MS2 spectrum of the N-
demethoxybenzyl-phenyl acetaldehyde metabolite (3, PM at
m/z 178.1226, C11H16ON

+), initial loss of four hydrogens
(−4.0307, 4H) could be observed producing the fragment ion at
m/z 174.0919 (C11H12ON

+). The authors assume that this loss
could be caused by the free pair of electrons of the nitrogen,
which could take part at the resonance stabilizing producing a
completely conjugated system under the described ion source
and MS conditions. However, the corresponding phenylacetic
acidmetabolite (6) could also be found and bothmetabolites with
and without combination of other metabolic reactions.

O-Demethyl-4-EA-NBOMe

The O-demethyl metabolite (7, PM at m/z 270.1852,
C18H24ON

+) showed characteristic fragmentation patterns. The
O-demethylated NBOMe part led to the fragment ion at m/z
107.0497 (C7H7O

+). As described above, the fragment ion
formed by the NBOMe part was used for identification and the
fragment ions of the amphetamine core for confirmation of the
suggested metabolite and its molecular formulas and structures.
The fragment ion at m/z 164.1433 (C11H18N

+) represented the
benzyl cleavage of O-demethyl-4-EA-NBOMe. As already de-
scribed for 25I-NBOMe [5], O-demethylation of the NBOMe
part produced a primary amine (m/z 164.1433, C11H18N

+) in-
stead of an iminium ion (m/z 162.1283, C11H16N

+) as seen for
the parent compound. Further breakdown of the fragment ion
representing the amphetamine part was according to the de-
scribed fragmentation pattern of the N-demethoxybenzylated
metabolites and could be seen for most of the metabolites (with
the expected shifts of the suggestedmetabolic reaction). A loss of
ammonia (−17.0260 u, NH3) formed the fragment ion at m/z
147.1174 (C11H15

+) and further loss of an ethylene group
(−28.0313 u, C2H4) the most abundant fragment ion at m/z
119.0861 (C9H11

+).

O-Demethyl-hydroxy-4-EA-NBOMe

The MS2 spectrum of the O-demethyl-hydroxy metabolite
(10, PM at m/z 286.1802, C18H24O2N

+) showed similar

fragmentation pattern as the O-demethyl metabolite with the
expected shifts of the hydroxy group (+15.9949 u, O). After
benzyl cleavage, the fragment ions atm/z 107.0497 (C7H7O

+)
and m/z 180.1388 (C11H18ON

+) were formed, followed by
loss of ammonia and ethylene producing fragment ions at
m/z 163.1123 (C11H15O

+) and m/z 135.0810 (C9H11O
+), re-

spectively. The loss of oxygen (−15.9949 u, O) produced a
fragment ion at m/z 119.0861 (C9H11

+). Hydroxylation at the
NBOMe part would lead to a fragment ion at m/z 123.0446
(C7H7O2

+) and no fragment ion at m/z 107.0497 (C7H7O
+)

should be found. However, hydroxylation at the NBOMe part
could also be observed with and without O-demethylation (11
and 18). Furthermore, it was expected that this metabolite
could be the precursor for the oxidation to the corresponding
aldehyde metabolite. Hydroxylation should take place at the
ethyl side chain producing 1- and/or 2-phenylethanol, which
would be in accordance to the described ethylbenzene metabo-
lism in rats and humans [42–44]. But both 1-phenylethanol as
well as 2-phenylethanol should show an initial loss of water or
at least a significant loss of water from any fragment ion carry-
ing the hydroxy group. Concerning theMS2 spectrum of theO-
demethyl-hydroxy metabolite (10), no significant loss of water
(−18.0106 u, H2O) of any fragment ion could be observed.
Therefore, aromatic hydroxylation at the amphetamine core
was concluded. However, only two isomers of O-demethyl-
hydroxy metabolites (10 and 11) could be detected leading to
the assumption that a possible 1-phenylethanol metabolite
could not be found probably due to fast oxidation to the corre-
sponding phenyl acetaldehyde metabolite (8). The exact posi-
tion of the hydroxy group in the aromatic ring system could not
be elucidated by the applied methods.

O-Demethyl-phenyl acetaldehyde-4-EA-NBOMe

TheMS2 spectrum of theO-demethyl-phenyl acetaldehydeme-
tabolite (8, PM at m/z 284.1645, C18H22O2N

+) showed charac-
teristics described above for the N-demethoxybenzyl-phenyl
acetaldehyde metabolite (3) and the O-demethyl metabolite
(7) as well. Again, the benzyl cleavage produced the fragment
ions of m/z 107.0497 (C7H7O

+) and m/z 178.1232
(C11H16ON

+), followed by loss of ammonia and ethylene, re-
spectively. Also, a loss of CO (−27.9949 u) of the fragment ion
at m/z 133.0653 (C9H9O

+) producing the fragment ion at m/z
105.0704 (C8H9

+) could be observed supporting the above sug-
gestion of an aldehyde metabolite.

O-Demethyl-phenylacetic acid-4-EA-NBOMe

As described above, theO-demethyl-phenyl acetaldehydeme-
tabolite could be further oxidized to the corresponding O-
demethyl-phenylacetic acid metabolite (15, PM at m/z
300.1594, C18H22O3N

+). This was in accordance to the de-
scribed ethylbenzene metabolism in rats and humans [42–44].
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The fragmentation pattern of this metabolite was similar to
that of the corresponding aldehyde metabolite. Benzyl cleav-
age produced the characteristic NBOMe fragment ion at m/z
107.0497 (C7H7O

+) and the amphetamine core fragment ion
at m/z 194.1181 (C11H16O2N

+), followed by loss of ammonia
and ethylene as already described. In addition, the fragment
ion at m/z 131.0861 (C10H11

+) could be produced by a loss of
CH2O2 (−46.0055 u) from the fragment ion at m/z 177.0916
(C11H13O2

+) leading to the suggested phenylacetic acid
metabolite.

O-Demethyl-mandelic acid-4-EA-NBOMe

According to the metabolism of ethylbenzene in rats and
humans [42–44], the O-demethyl-phenylacetic acid metabo-
lite (15) could be further oxidized to theO-demethyl-mandelic
acid metabolite (27, PM at m/z 316.1543, C18H22O4N

+). The
fragmentation pattern was similar to those of the other de-
scribed O-demethylated metabolites. The characteristic frag-
ment ion atm/z 107.0497 (C7H7O

+) could also be found as the
other fragment ions formed by the amphetamine part after
benzyl cleavage, loss of ammonia, and loss of ethylene, re-
spectively. In contrast to previous described fragmentation
patterns [5, 6], in this MS2 spectrum, the low-abundant frag-
ment ion at m/z 121.0653 (C8H9O

+) should not be formed by
the NBOMe part rather than by elimination of CO2

(−43.9899 u) of the fragment ion at m/z 165.0552
(C9H9O3

+) confirming the assumed carboxylic acid. In addi-
tion, the relative low-abundant fragment ion at m/z 175.0759
(C11H11O2

+) could be formed by a loss of water (−18.0106 u,
H2O) from the fragment ion at m/z 193.0865 (C11H13O3

+),
which could be a hint to confirm the suggested structure of
the mandelic acid. However, the exact position of the hydroxy
group could not be elucidated. Aromatic hydroxylation or
hydroxylation at the two carbon atoms of the phenethylamine
partial structure could not completely be excluded. However,
due to the described metabolism of ethylbenzene, the structure
was proposed as O-demethyl-mandelic acid.

O-Demethyl-phenylglyoxylic acid-4-EA-NBOMe

Also in accordance to the metabolism of ethylbenzene, the O-
demethyl-mandelic acid metabolite (27) could be further oxi-
dized to the O-demethyl-phenylglyoxylic acid metabolite (22,
PM atm/z 314.1387, C18H20O4N

+). Again, after O-demethyl-
ation, the characteristic fragment ion at m/z 107.0497
(C7H7O

+) was found and the corresponding fragment ions of
the amphetamine core after benzyl cleavage, loss of ammonia,
and loss of ethylene, respectively. In addition, characteristic
loss of CH2O2 (−46.0055 u) from the fragment ion at m/z
191.0708 (C11H11O3

+) forming the fragment ion at m/z
145.0653 (C10H9O

+) and of CO (−27.9949 u) from the frag-
ment ion atm/z 163.0395 (C9H7O3

+) forming the fragment ion

atm/z 135.0446 (C8H7O2
+) could be found for this metabolite.

Due to these losses and according to the metabolism of ethyl-
benzene, the molecular structure of the metabolite was pro-
posed as O-demethyl-phenylglyoxylic acid.

O-Demethyl-benzoic acid-4-EA-NBOMe

In themetabolism of ethylbenzene, themain excretion product in
rat urinewas described as benzoic acid [43, 44]. Beside oxidation
to phenyl acetaldehyde and phenylacetic acid, the ethyl side
chain could also be oxidized under a loss of a carbon atom to
benzoic acid, here exemplified at the O-demethyl-benzoic acid
metabolite (9, PM at m/z 286.1438, C17H20O3N

+). The charac-
teristic fragment ion at m/z 107.0497 (C7H7O

+) indicated O-de-
methylation. The fragmentation pattern of the amphetamine part
was according to the O-demethyl-phenylacetic acid metabolite
(15) with the shift of CH2 (−14.0156 u) of all fragment ions
compared to those described for the phenyl acetic acid. The
expected loss of the carboxy group from the fragment ion at
m/z 163.0759 (C10H11O2

+) could not be found for the benzoic
acid metabolite. However, the fragment ion at m/z 135.0446
(C8H7O2

+) could eliminate CO2 (−43.9899 u) producing the
fragment ion at m/z 91.0548 (C7H7

+).

Benzoic acid-oxo-4-EA-NBOMe

TheMS2 spectrumof the benzoic acid-oxometabolite (23, PM at
m/z 314.1387, C18H20O4N

+) showed an untypical fragmentation
pattern compared to those of the previous described metabolites.
Again the fragment ion at m/z 107.0497 (C7H7O

+) was present
usually representing O-demethylation of the NBOMe part. The
most abundant fragment ion at m/z 135.0446 (C8H7O2

+) usually
indicated benzoic acid-like structure as exemplified for the O-
demethyl-benzoic acid metabolite (9). O-demethylation and ad-
ditional oxidation of the ethyl group to benzoic acid would lead
to an expected molecular formula (C17H20O3N

+) with two car-
bon atoms less than the molecular formula of the parent com-
pound (C19H26ON

+, see O-demethyl-benzoic acid metabolite,
9). However, the suggested molecular formula was
C18H20O4N

+ so that in this case, the fragment ion at m/z
107.0497 (C7H7O

+) could not be used to identify the metabolite
as O-demethyl. Nevertheless, missing the fragment ion at m/z
121.0653 (C8H9O

+) was not in accordance to previously de-
scribed fragmentation properties. In addition, the fragment ion
atm/z 152.0705 (C8H10O2N

+) seemed to confirm the suggestion
of untypical fragmentation pattern. Based on the suggested mo-
lecular formula, the relatively late retention time of 7.8 min, the
pattern, and the fragment ions atm/z 152.0705 (C8H10O2N

+) and
m/z 176.0712 (C10H10O2N

+), the metabolite was suggested as
benzoic acid-oxometabolite with oxidation at the carbon atom of
the benzyl rest of the NBOMe part forming an amide structure.
However, this position was not expected and not the most prob-
able for oxidation because the intermediate would be a
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hemiaminal and amide formation was not described yet in pre-
vious NBOMe metabolism studies [5–7, 45].

As shown in Tables S1 and S2 (see ESM), various numbers of
metabolites could be detected. Besides the described identifica-
tion procedure, LC-HR-MS/MS was a powerful tool for eluci-
dating the 4-EA-NBOMe metabolism, particularly for the differ-
entiation of metabolites with the same nominal masses in FS. For
example, the nominal mass ofm/z 300 could be found for at least
six proposedmetabolites (13–18).WithHR-MSFS data, it could
be shown that four (13–16, PM at m/z 300.1594, C18H22O3N

+)
of them had different accurate masses and different molecular
composition within 5 ppm deviation from the calculated exact
mass compared to the other two metabolites (17 and 18, PM at
m/z 300.1958, C19H24O2N

+). This was the case for many detect-
ed metabolites (e.g., nominal masses ofm/z 314 for 22–26 orm/z
316 for 27–30). Therefore, the combination of HR-MS FS data
and HR-MS/MS spectra was a very helpful and time-saving tool
for 4-EA-NBOMe metabolite identification.

LC-HR-MS for identification of the phase II metabolites
based on MS/MS fragmentation

Numbering of the phase II metabolites was in accordance to
the corresponding phase I metabolites (ESMTable S1) with an
additional letter indicating conjugation (G for glucuronidation
and S for sulfation). Fragments of the conjugates’ spectra also
present in those of the corresponding phase I metabolites were
not discussed here. In total, 33 phase II metabolites could be
identified. As shown in Table S2 (see ESM), all glucuronides
eliminated dehydrated glucuronic acid (−176.0321 u) and all
sulfates dehydrated sulfuric acid (−79.9568 u). For some
phase II metabolites, fragment ions still containing the corre-
sponding conjugate could help to evaluate the position of con-
jugation. The fragment ion at m/z 230.0487 (C9H12O4NS

+)
represented theO-demethylated NBOMe part conjugatedwith
a sulfate group and could be found in the spectra of severalO-
demethylated and sulfated metabolites (8S, 9S, 15S, and 22S).
Also, the fragment ions at m/z 203.0014 (C7H7O5S

+, 19S and
31S), m/z 217.0171 (C8H9O5S

+, 18S and 28S), and m/z
246.0436 (C9H12O5NS

+, 14S) could be found as representa-
tives for metabolites sulfated at the NBOMe part. The frag-
ment ion at m/z 259.0640 (C11H15O5S

+, 20S) was identified as
the sulfuric acid conjugate of the O-demethyl metabolite bis-
hydroxylated at the amphetamine core (20). Furthermore, some
fragment ions carrying the glucuronic acid could be detected.
The fragment ions at m/z 299.0767 (C13H15O8

+, 14G), m/z
313.0923 (C14H17O8

+, 18G and 30G), m/z 326.1240
(C15H20O7N

+, 10G), and m/z 342.1189 (C15H20O8
+, 21G) rep-

resented the NBOMe part conjugated with glucuronic acid. In
addition, the fragment ion at m/z 356.1345 (C16H22O8N

+, 9G1

and 9G2) was identified as conjugate of glucuronic acid at the
benzoic acid of the amphetamine part.

Comparison of metabolite formation in vitro after 1-
and 8-h incubation and in vivo

Phase I metabolites

Due to the lack of authentic human urine samples, incubations
with human pS9 fraction were performed to compare the me-
tabolites formed by rats and humans. According to Table S1
(see ESM), 35 out of 36 phase I metabolites could be detected
in rat urine, 13 in pS9 after 1 h, and 15 after 8 h incubation,
respectively. Fourteen metabolites could be detected in both
models to confirm the metabolites, which were common for
both species. The main difference between both models was
the oxidation of the ethyl side chain. Metabolism studies of
ethylbenzene in Wistar rats and humans [42–44] showed that
benzoic acid was only described for rats. In accordance, the
benzoic acid metabolite (16) and combinations with other
metabolic reactions (4, 9, 19, 23, and 28) were only detected
in rat urine and not in the pS9 incubations. Furthermore, the
O-demethylation seemed to play a minor role in human pS9
since more O-demethylated metabolites were detected in rat
urine. However, differences could also be caused by the need
of multiple reaction stages to form the corresponding metab-
olites (e.g., O-demethyl-phenyl acetaldehyde-hydroxy, 13). It
should also be kept in mind that the rat urine was collected
over 24 h, so the metabolites of the late phase of excretion
were also present, which probably could not be formed in the
in vitro assay. In summary, the metabolic steps such as O-
demethylation, N-demethoxybenzylation, hydroxylation, and
oxidation were comparable in both species except for the ox-
idation to benzoic acid.

Phase II metabolites

Five out of 33 phase II metabolites could be detected in pS9
incubations and 30 in rat urine (ESM Table S2). However, only
two (O-demethyl and hydroxy glucuronides, 7G1 and 17G) were
found for both models. The two hydroxy sulfates (17S and 18S)
and one hydroxy glucuronide (18G) were only detectable in the
pS9 incubations. This is in accordance with a study on metham-
phetamine in which rats formed higher amounts of glucuronides
than sulfates [46]. The low formation of phase II metabolites in
pS9 incubations was already described by Richter et al. [34] and
could be caused by low formation of the underlying phase I
metabolites. To evaluate targets for SUSAs, a combination of
both, in vitro incubations and in vivo models, should be used
at least for phase II metabolites.

Proposed metabolic pathways

As shown in Fig. 2, 4-EA-NBOMe was extensively metabo-
lized in rats as well as in human pS9. According to the me-
tabolism of ethylbenzene in rats and humans [42–44], the
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predominant pathway was oxidation of the ethyl side chain,
e.g., to a benzoic acid derivative (16). This metabolite could
further be N-demethoxybenzylated (4) or oxidized at the
NBOMe part, forming a hydroxy metabolite (28) and an oxo
metabolite (23), respectively. In addition to the oxidation to
benzoic acid derivatives, the ethyl side chain could be oxi-
dized to a phenyl acetaldehyde derivative (12) with further
oxidation to a phenylacetic acid derivative (25). Both could
additionally be N-demethoxybenzylated (3 and 6) or further
oxidized to the phenyl acetaldehyde-hydroxy (24) or the
phenylacetic acid-oxo derivatives (33). However, the interme-
diates of the oxidations (1- and/or 2-phenylethanol, marked as
double arrows in Fig. 2) could not be found probably due to
low stability or fast oxidation. According to the metabolism to
ethylbenzene [42–44], both phenylacetic acid derivatives (25
and 33) could further be oxidized to the corresponding
mandelic acid (34) and phenylglyoxylic acid (32) derivatives.
Oxidation at the NBOMe part formed the mandelic acid-oxo
(37) and phenylglyoxylic acid-oxo derivatives (36), respec-
tively. Hydroxylation of the parent compound could occur at
both, the amphetamine core (17) and the NBOMe part (18),
followed by second hydroxylation forming two isomers of
bis-hydroxylated metabolite (29 and 30) as well as by further
oxidation to an oxo-hydroxy metabolite (26). All described
pathways (left part in Fig. 2) could also be found after O-
demethylation (7) of 4-EA-NBOMe (right part in Fig. 2). O-
Demethylation in combination with hydroxylations at both
parts (10 and 11) followed by second hydroxylation (20 and
21) and additionally by third hydroxylation (31) could also be
observed. Furthermore, O-demethylation in combination with
oxidation to phenyl acetaldehyde (8), benzoic acid (9), or
phenylacetic acid derivatives (15) as well as further oxidation
to mandelic acid (27) and phenylglyoxylic acid derivatives
(22) could be found. As described for 4-EA-NBOMe without
O-demethylation, these metabolites could occur in combina-
tion with hydroxylation at the amphetamine core (13) or at the
NBOMe part (14, 19, and 35). Compared to the pathways
without O-demethylation, it should be mentioned that oxo
metabolites (amide structure, 23, 26, 33, 36, and 37) in com-
bination with O-demethylation could not be found. This could
be caused by a suggested hydrogen bond between the secondary

amine and the resulting hydroxy group after O-demethylation
[5], which could lead to a steric hindrance for amide formation
at the NBOMe part.N-Demethoxybenzylation forming 4-EA (2)
seemed to play aminor role in themetabolism of 4-EA-NBOMe.
However, some metabolites could be detected either after N-
demethoxybenzylation of the corresponding 4-EA-NBOMeme-
tabolite (12, 16, 17, or 25) or after further oxidation of 4-EA
leading to phenyl acetaldehyde (3), benzoic acid (4),
phenylacetic acid (6), or hydroxy (5) derivatives.

The main phase I metabolites were conjugated with glucu-
ronic acid or sulfuric acid. The most conjugated metabolites
could be found after initial O-demethylation according to Fig.
2. Glucuronidation (G) or sulfation (S) could be found for both
hydroxy isomers (17G/S and 18G/S), for both bis-hydroxy
isomers (29G/S and 30G) as well as for the O-demethyl-phe-
nyl acetaldehyde derivative (8G/S) and in combination with
hydroxylation at the NBOMe part (14G/S), for the O-
demethyl-benzoic acid derivative (9G1, 9G2, and 9S), and
for the O-demethyl-phenylacetic acid derivative (15G/S).
Only glucuronidation could be found for the benzoic acid
derivative (16G), the phenyl acetic acid derivative (25G), as
well as for theO-demethyl metabolite (7G1 and 7G2), for both
O-demethyl-hydroxy metabolites (10G and 11G) and for both
O-demethyl-bis-hydroxy isomers (20G and 21G). As de-
scribed above, for the O-demethyl metabolite (7G1 and 7G2)
and the O-demethyl-benzoic acid derivative (9G1 and 9G2),
two isomers with similar MS2 spectra could be detected and
separated on the used chromatographic system. Caused by the
enantioselective conjugation with glucuronic acid, two diaste-
reomers could be possible after administration or incubations
with racemic 4-EA-NBOMe, respectively.

Only sulfation could be found for the O-demethyl-benzoic
acid-hydroxy-NBOMe derivative (19S), the O-demethyl-
phenylglyoxylic acid (22S), and the O-demethyl-bis-hy-
droxy-hydroxy-NBOMe derivatives (31S). Furthermore, N-
acetylation (AC) could be found for the phenyl acetaldehyde
(3AC) and the benzoic acid (4AC) derivatives after N-
demethoxybenzylation. In addition and in accordance to the
metabolism of ethylbenzene in rats [43], the O-demethyl-
phenylacetic acid derivative could also be conjugated with
glycine (15Gly). Glycine conjugates of other oxidation

Table 1 General involvement of monooxygenases in the formation of the given 4-EA-NBOMemetabolites, numbering in accordance to Table S1 (see
ESM)

Metabolite CYP 1A2 CYP 2A6 CYP 2B6 CYP 2C8 CYP 2C9 CYP 2C19 CYP 2D6 CYP 2E1 CYP 3A4 CYP 3A5 FMO3

N-Demethoxybenzyl (2) + n.d. + n.d. n.d. n.d. n.d. n.d. + n.d. n.d.

O-Demethyl (7) + n.d. + n.d. + n.d. n.d. n.d. + n.d. n.d.

Phenyl acetaldehyde
(12)

+ n.d. n.d. n.d. n.d. + + n.d. + n.d. n.d.

Hydroxy (17) + n.d. + n.d. + + n.d. n.d. + + n.d.

Hydroxy-NBOMe (18) + n.d. + n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d. metabolite formation not detected
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products of the ethyl side chain could not be found (e.g.,
conjugation of benzoic acid forming hippuric acid [43]).

Monooxygenase activity screening

For identification of themonooxygenases catalyzing the initial
metabolic steps, first, the ten most abundant human hepatic
CYPs were incubated under conditions allowing a statement
on the general involvement of a particular enzyme. It should
be kept in mind that these qualitative data did not reflect a
quantitative contribution of the investigated monooxygenases
to the hepatic clearance that would require the collection of
enzyme kinetic data [47], which was beyond the scope of this
study. As summarized in Table 1, CYP1A2, CYP2B6, and
CYP3A4 were involved in almost every initial metabolic step
like N-demethoxybenzylation, O-demethylation, or hydroxyl-
ation at both parts of the compound. Hydroxylation at the
NBOMe part was only catalyzed by CYP1A2 and CYP2B6.

In addition, the contribution of FMO3 as the relevant flavin-
containing monooxygenase involved in the metabolism of
several NPS [36] was elucidated, but no involvement in the
4-EA-NBOMe metabolism could be detected.

Toxicological detection of 4-EA-NBOMe by SUSAs

In accordance to other compounds of the NBOMe class [5–7],
the parent compound was not or only in traces detectable in
urine and should not be used as target for urine screening
procedures. The most abundant metabolites in the high-dose
(10 mg/kg BW) rat urine samples after precipitation were the
benzoic acid (16) and O-demethyl-benzoic acid (9) metabo-
lites. But both were not suitable as targets for screening pro-
cedures for human consumption since oxidation to benzoic
acid was not found in this study after in vitro incubations
and was not described in the literature for humans.
Therefore, other metabolites should be used as targets. In the

Table 3 Detected 4-EA-NBOMe metabolites, protonated precursor ions, characteristic MS2 and MS3 fragment ions, and retention times (RT), in rat
urine after low dosages by LC-MSn SUSA

No. Target for SUSA Precursor
ions, m/z

MS2 fragment ions, m/z and
relative intensity, %

MS3 fragment ions, m/z, and relative intensity, in %,
on the ion given in bold

RT,
min

9 4-EA-NBOMe-M
(O-demethyl-benzoic acid-)

286 107 (9), 135 (8), 163 (18), 180
(100)

163: 91 (3), 105 (1), 135 (100)
180: 91 (2), 105 (1), 135 (100)

7.2

15 4-EA-NBOMe-M
(O-demethyl-phenylacetic acid-)

300 107 (2), 121 (7), 149 (8), 177 (49),
194 (100)

177: 131 (23), 149 (100)
194: 131 (25), 149 (100)

8.2

16 4-EA-NBOMe-M
(benzoic acid-)

300 91 (12), 93 (6), 121 (100) 121: 91 (23), 93 (100) 8.9

20 4-EA-NBOMe-M
(O-demethyl-bis-hydroxy-)

302 107 (4), 150 (11), 179 (66), 196
(100)

179: 91 (9), 117 (10), 133 (9), 143 (26), 151 (100)
196: 91 (9), 117 (11), 133 (10), 143 (27), 151 (100)

5.8

25 4-EA-NBOMe-M
(phenylacetic acid-)

314 91 (14), 93 (5), 121 (100), 192 (9),
251 (5)

121: 91 (23), 93 (100) 9.8

27 4-EA-NBOMe-M
(O-demethyl-mandelic acid-)

316 107 (2), 165 (3), 193 (43), 210
(100)

193: 107 (12), 121 (15), 147 (10), 165 (100)
210: 107 (9), 121 (12), 149 (11), 165 (100), 175 (22)

5.5

32 4-EA-NBOMe-M
(phenylglyoxylic acid-)

328 93 (1), 121 (100), 284 (2) 121: 91 (23), 93 (100)
284: 91 (13), 93 (11), 121 (100)

6.4

34 4-EA-NBOMe-M
(mandelic acid-)

330 93 (1), 121 (100), 208 (6) 121: 91 (23), 93 (100)
208: 107 (1), 131 (7), 149 (100), 162 (5)

6.7

16G 4-EA-NBOMe-M
(benzoic acid-) glucuronide

476 135 (1), 180 (7), 300 (100) 180: 91 (2), 105 (1), 135 (100)
300: 91 (12), 93 (6), 121 (100)

6.7

17G 4-EA-NBOMe-M
(hydroxy-) glucuronide

476 178 (1), 300 (100) 178: 119 (100)
300: 91 (10), 93 (4), 119 (1), 121 (100)

8.1

29G 4-EA-NBOMe-M
(bis-hydroxy-) glucuronide

492 178 (1), 313 (3), 316 (100) 313: 107 (10), 137 (100)
316: 91 (10), 93 (6), 121 (100), 194 (5)

6.2

The numbers correspond to those of Tables S1 and S2 (see ESM)

Table 2 Detected 4-EA-NBOMemetabolites, molecular mass, five relevant EI-GC-MS fragment ions, and retention indices (RI), in rat urine after low
dosages by GC-MS SUSA

No. Target for SUSA Molecular mass, u GC-MS fragment ions, m/z and their relative intensities, % RI

16 4-EA-NBOMe-M (benzoic acid-) MEAC 355 91 (63), 121 (100), 164 (19), 206 (55), 355 (2) 2770

17 4-EA-NBOMe-M (hydroxy-) 2AC 383 91 (44), 121 (100), 206 (40), 250 (6), 383 (1) 2870

29 4-EA-NBOMe-M (bis-hydroxy-) 3AC 441 91 (67), 121 (100), 206 (90), 250 (7), 441 (4) 3020

The numbers correspond to those of ESM Table S1

AC acetylation after derivatization, ME artificial methylation
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Fig. 3 Reconstructed ion
chromatograms indicating the ten
most abundant metabolites in
pooled human S9 fraction
incubations (S9) and in rat urine
(RU) after 0.1 mg/kg body weight
administration by LC-HR-MS/
MS standard urine screening
approach. Numbering according
to Table 4

Table 4 Detected 4-EA-NBOMemetabolites, calculated masses of their precursor ions, and retention times (RT) in rat urine after low dosages by LC-
HR-MS/MS SUSA

No. Targets in SUSA Calculated exact masses of
precursor ions, m/z

RT, min Rat urine
0.1 mg/kg BW

9 4-EA-NBOMe-M
(O-demethyl-benzoic acid-)

286.1438 4.7 I

15 4-EA-NBOMe-M
(O-demethyl-phenylacetic acid-)

300.1594 4.9 D

16 4-EA-NBOMe-M
(benzoic acid-)

300.1594 5.2 I

22 4-EA-NBOMe-M
(O-demethyl-phenylglyoxylic acid-)

314.1387 4.2 D

23 4-EA-NBOMe-M
(benzoic acid-oxo-)

314.1387 6.5 I

25 4-EA-NBOMe-M
(phenylacetic acid-)

314.1751 5.5 I

27 4-EA-NBOMe-M
(O-demethyl-mandelic acid-)

316.1543 4.3 I

32 4-EA-NBOMe-M
(phenylglyoxylic acid-)

328.1543 4.5 I

34 4-EA-NBOMe-M
(mandelic acid-)

330.1700 4.6 I

36 4-EA-NBOMe-M
(phenylglyoxylic acid-oxo-)

342.1336 5.8 D

9S 4-EA-NBOMe-M
(O-demethyl-benzoic acid-) sulfate

366.1006 5.0 D

19S 4-EA-NBOMe-M
(O-demethyl-benzoic acid-hydroxy-NBOMe-) sulfate

382.0955 4.5 D

16G 4-EA-NBOMe-M
(benzoic acid-) glucuronide

476.1915 4.7 D

17G 4-EA-NBOMe-M
(hydroxy-) glucuronide

476.2279 5.0 I

29G 4-EA-NBOMe-M
(bis-hydroxy-) glucuronide

492.2228 4.4 D

The numbers correspond to those of Tables S1 and S2 in the ESM

D detection of the precursor ion in MS1 , I identification via MS1 and MS2
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following part, the detected metabolites with the correspond-
ing screening procedure will be discussed.

GC-MS SUSA

In contrast to previous published NBOMe studies [5, 6],
an intake of 4-EA-NBOMe was detectable in the rat urine
via metabolites after low-dose administration by GC-MS.
A list of all detected metabolites is given in Table 2. In
general, it is hard to say if an intake of 4-EA-NBOMe
and/or metabolites could also be detected in authentic hu-
man urine samples due to the lack of such samples.
Furthermore, the time between administration and urine
sampling plays an important role for this suggestion.
However, detection might be possible after at least high-
dose administration in context of an acute intoxication as
well as after low-dose administration in context of recre-
ational use concerning the selected low dosage corre-
sponding to common users’ doses. However, the main
targets after acidic hydrolysis and derivatization with
acetic anhydride should be the hydroxy metabolite (17)
and the bis-hydroxy metabolite (29).

LC-MSn SUSA

The LC-MSn approach was able to detect an intake of 4-EA-
NBOMe after the 0.1-mg/kg BW dosage in rat urine. A list of
the detected metabolites is given in Table 3. Again, detection
of an intake of 4-EA-NBOMe should also be possible in au-
thentic human urine samples as already described for the GC-
MS SUSA. Suitable targets were the phenylacetic acid (15 and
25) and mandelic acid (27 and 34) derivatives with and with-
out additional O-demethylation.

LC-HR-MS/MS SUSA

As expected, the LC-HR-MS/MS SUSA allowed the de-
tection of 4-EA-NBOMe metabolites in the low-dose
samples. A list of all detected metabolites is given in
Table 4. Again, detection of an intake of 4-EA-NBOMe
should also be possible in authentic human urine sam-
ples as already described for the GC-MS and LC-MSn

SUSAs. Phase I and II metabolites were suitable targets
with and without conjugate cleavage. As shown in the
reconstructed ion chromatograms in Fig. 3 with the ten
most abundant metabolites in rat urine after 0.1 mg/kg
BW administrat ion, suggested targets were the
phenylacetic acid (15 and 25) and the mandelic acid
(27 and 34) derivatives with and without additional O-
demethylation.

Conclusions

LC-HR-MS/MSwas a powerful tool for elucidating the 4-EA-
NBOMe metabolism, particularly for the differentiation of
metabolites with the same nominal masses (e.g. m/z 300 for
13–18). 4-EA-NBOMe was extensively metabolized mainly
via oxidation of the ethyl side chain, O-demethylation, and
combinations of the described metabolic reactions followed
by conjugation. They consist of those described for other
NBOMes and for ethylbenzene. Species differences could be
found for the oxidation of the side chain to benzoic acid which
could only be found in rat urine. Furthermore, mainly
CYP1A2, CYP2B6, and CYP3A4 catalyzed the main meta-
bolic reactions. An intake of 4-EA-NBOMe was detectable by
all investigated SUSAs only via several phase I and II metab-
olites after an assumed user’s dose of 0.1 mg/kg BW.
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