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Abstract

Two groups of amphetamine-like drugs with psychostimulant properties that were first developed
during the course of scientific studies and later emerged as new psychoactive substances (NPS) are
based on the (2-aminopropyl)indole (API) and (2-aminopropyl)benzofuran (APB) structural
scaffolds. However, sulfur-based analogs with a benzo[ 6]thiophene structure (resulting in (2-
aminopropyl)benzo[ f]thiophene (APBT) derivatives) have received little attention. In the present
investigation, all six racemic APBT positional isomers were synthesized in an effort to understand
their structure-activity relationships relative to API- and APB-based drugs. One lesson learned
from the NPS phenomenon is that one cannot exclude the appearance of such substances on the
market. Therefore, an in-depth analytical characterization was performed, including various
single- and tandem mass spectrometry (MS) and ionization platforms coupled to gas
chromatography (GC) and liquid chromatography (LC), nuclear magnetic resonance spectroscopy
(NMR), and solid phase and GC condensed phase infrared spectroscopy (GC-sIR). Various
derivatizations have also been explored; it was found that all six APBT isomers could be
differentiated during GC analysis after derivatization with heptfluorobutyric anhydride and ethyl
chloroformate (or heptfluorobutyric anhydride and acetic anhydride) under non-routine conditions.
Discriminating analytical features can also be derived from NMR, GC-EI/CI- single- and tandem
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mass spectrometry, LC (pentafluorophenyl stationary phase), and various infrared spectroscopy
approaches (including GC-sIR). Availability of detailed analytical data obtained from these novel
APBT-type stimulants may be useful to researchers and scientists in cases where forensic and
clinical investigations are warranted.
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1. Introduction

The search for new analogs of amphetamine and tryptamine has evolved over several
decades. Recently, various amphetamine and tryptamine analogs have also been synthesized
and sold online and became known as new psychoactive substances (NPS).12 Although
many NPS are based on the classical amphetamine scaffold (AMPH, group I), derivatives of
(2-aminopropyl)indole (API, IT, group 1) and (2-aminopropyl)benzofuran (APB, group III)
have also appeared (Figure 1A). 5-(2-Aminopropyl)indole (5-1T) and its positional isomer 6-
IT (Figure 1A), which act as reversible inhibitors of monoamine oxidase A (MAO-A) and
induce the transporter-mediated release of dopamine (DA), norepinephrine (NE), and
serotonin (5-HT), are among the most prominent API-based NPS.3-7 The 3-position
regioisomer a-methyltryptamine (AMT, 3-API, 3-IT, Figure 1A) has a similar
pharmacological profile.8 AMT and 5-IT have been associated with intoxication cases and
can produce severe adverse effects including death in some instances.9-16

Isosteric substitution of an oxygen atom for the NH in the API scaffold gives rise to
compounds with a benzofuran backbone, which are commonly referred to as the APB series
(Figure 1A). Although the 5- and 6-position regioisomers 5-APB and 6-APB (Figure 1A)
were originally developed as selective 5-HT ¢ receptor agonists,1’ they have attracted more
attention due to their appearance as NPS. In Europe, the detection of 5-APB was first
reported in 2010,18 followed by 6-APB in 2011.19 Since then, a number of pharmacological
studies have shown that 5-APB and 5-APB act as nonselective monoamine releasers and
activate 5-HT5 receptor subtypes.29-25 5-APB increases locomotor activity in mice and
produces full substitution in rats trained to discriminate 3,4-
methylenedioxymethamphetamine (MDMA) from vehicle.26 In addition, 5-APB produces
partial substitution in rats trained to discriminate methamphetamine, cocaine, and the
serotonergic hallucinogen 2,5-dimethoxy-4-methylamphetamine (DOM). According to
various case reports, abuse of 5-APB or 6-APB, either alone or in combination with other
drugs, can result in severe toxicity and fatalities.11:27-32

In contrast to the ABT series, sulfur-based (2-aminopropyl)benzo[4]thiophene (APBT)
analogs containing a benzo[ f]thiophene ring structure (group 1V, Figure 1A) have received
relatively little attention. According to a patent issued to Smith Kline & French Laboratories
(SKF) in 1960, APBT isomers (including 2- and 3-APBT) produce various central nervous
system effects and are useful as “ataractics, psychic energizers and analgetics”.33 3-APBT
(SKF 6678, Figure 1A), the sulfur analog of AMT, reportedly exhibits some activity as an
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MAQO-A inhibitor (IC5¢ = 16.2 uM) in rat brain mitochondrial preparations but has no effect
on MAO-B.34 Studies in rats have shown that 3-APBT acts as an anorectic agent3” and has
considerably lower analeptic potency than AMT (measured by reversal of phenobarbital
sedation).3® The preparation of (S)-3-APBT was described in 2001.38 Examples also exist in
the literature where 2-APBT and 3-APBT were prepared as intermediates for other
investigations.39-42

Within the NPS context, bioisosteric replacements using sulfur have been encountered
previously, with replacement of a phenyl ring with thiophene being a common approach that
often leaves pharmacological activity unchanged.43 A-Methyl-1-(thiophen-2-yl)propan-2-
amine (methiopropamine, 2-MPA, Figure 1A), an analog of methamphetamine, is an
example of this type of replacement. In Europe, detection of 2-MPA was first reported to the
European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) in 2011,1° and
analytical profiles were subsequently published.#4-47 The amphetamine analog 1-
(thiophen-2-yl)propan-2-amine (thiopropamine, 2-THAP) was subsequently detected in
2012;48 proton nuclear magnetic resonance spectroscopy data are available in the public
domain.*? Similarly, 2-(methylamino)-1-(thiophen-2-yl)propan-1-one (thiothinone, bk-MPA,
Figure 1A) is the bioisosteric counterpart of the psychostimulant methcathinone. Detection
of bk-MPA in Europe was reported to the EMCDDA in 2013;50 analytical data from seized
material have also been reported.>?

Although information about the syntheses and characterization of APl and APB
regioisomers (including chromatographic separations) has been reported in the literature,
52-54 the same information is not available for APBT isomers. Even though the APBT
isomers presented in this investigation were prepared to close the information gap regarding
their structure-activity relationships relative to API- and APB-based drugs, one lesson
learned from the NPS phenomenon is that one cannot exclude the appearance of such
substances on the market. For this reason, this investigation included in-depth analytical
characterization of all six racemic APBT isomers (Figure 1A) using various EI/CI single-
and tandem mass spectrometry (MS) platforms, gas- and liquid chromatography (GC and
LC), nuclear magnetic resonance (NMR) spectroscopy, and GC condensed phase infrared
(GC-sIR) analysis. A variety of derivatization methods used for chromatographic
investigations have also been included. The results of pharmacological investigations
conducted with these APBT isomers will be reported elsewhere.

2. Experimental

2.1 Materials

All chemicals used for analysis and derivatizations were obtained from Merck (Arklow,
Ireland), Merck (Dorset, UK) or Fluorochem Ltd (Hadfield, UK). Benzo[ f]thiophene-6-
carboxaldehyde was from Cyclic Chemical Company (Ontario, Canada).
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2.2 Instrumentation

2.2.1 Gas chromatography mass spectrometry

Gas chromatography method 1: For electron ionization mass spectrometry (EI-MS and EI-

MS/MS), a Finnigan TSQ 8000 Evo triple stage quadrupole mass spectrometer coupled to a
gas chromatograph (Trace GC 1310, Thermo Electron, Dreieich, Germany) and for chemical
ionization MS (CI-MS, and CI-MS/MS) a Finnigan TSQ 7000 triple stage quadrupole mass
spectrometer coupled to a gas chromatograph (Trace GC Ultra, Thermo Electron, Dreieich,
Germany) was used. A Triplus RSH (Thermo Scientific for TSQ 8000 Evo) and a CTC
CombiPAL (CTC Analytics, Zwingen, Switzerland for TSQ 7000) autosampler was
employed for sample introduction. Mass spectra were recorded at 70 eV electron ionization
energy. The ion source temperature was set at 175°C and the emission current was 50 pA
(TSQ 8000 Evo) and 400 pA (TSQ 7000). For recording of EI-MS the scan time was 1 s
spanning a scan range between m/z 29-600 and samples were injected in splitless mode. For
Cl, the reagent gas was methane and the source pressure was 1.5 mTorr (0.2 Pa). The scan
time was 0.5 s and the scan range was m/z 50-600 and samples were injected in splitless
mode.

In the El- and CI-MS/MS product ion mode, the scan range under all other identical
conditions described above started at m/z 10 and ended about 10 mass units above the ion
that was examined. The collision gas was argon. The collision energy was approximately 20
eV and the collision gas pressure was approximately 1.5 mTorr (0.2 Pa). The exact target-
thickness was set using 7+butylbenzene in EI-MS mode and adjusting intensity ratios m/z
92/91 to 0.2 and m/z 65/91 to 0.02 by variation of collision energy and collision gas
pressure. This method ensured reproducibility of the product ion mass spectra and the use of

a product ion mass spectra library for the identification of the structures of the product ions.
55

Separation was achieved using a fused silica capillary DB-1 column (30 m x 0.25 mm, film
thickness 0.25 pm). The temperature program consisted of an initial temperature of 80°C,
held for 2 min, followed by a ramp to 280°C at 15°C/min. The final temperature was held
for 20 min. The injector temperature was 280°C (TSQ 8000) and 220°C (TSQ 7000),
respectively. The transfer line temperature was set at 280°C and the carrier gas was helium
in constant flow mode at a flow rate of 1.2 mL/min. Approximately 2 mg oft he
hydrochlorides were dissolved in 2 mL of deionized water, alkalized with a few drops of 5%
(w/v) NaOH solution and extracted with 2 mL diethyl ether. For analysis, 1 uL of the extract
was injected into the GC-MS system. Retention indices are given as Kovats indices
calculated from measurement of an /-alkane mixture analyzed with the above mentioned
temperature program.

Gas chromatography method 2: Samples were analyzed on an Agilent 6890N gas
chromatograph coupled to a 5975 inert MSD. A Restek Rxi®-5Sil MS column (30 m x 0.25
mm x 0.25 um; Thames Restek, High Wycombe, UK) was used in split mode (1:1) with
helium carrier gas at a constant flow of 0.8 mL/min. The injection port and transfer line
temperatures were set at 250°C and 280°C respectively. The initial oven temperature was
50°C, held for 1 min, ramped at 4°C/min to 250°C, held at 250°C for 1 min, ramped at
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20°C/min to 280°C and finally held at 280°C for 1.5 min (runtime 55 min). The ionization
energy was set at 70 eV, the quadrupole at 150°C, the ion source at 230°C and the mass
range was set at m/z 40-500.

2.2.2 Gas chromatography condensed phase infrared analysis—Samples were
also analyzed using a GC condensed phase IR system (GC-slIR) that consisted of an Agilent
GC 7890B (Waldbronn, Germany) with probe sampler Agilent G4567A and a DiscovIR-
GC™ (Spectra Analysis, Marlborough, MA, USA). The column eluent was cryogenically
accumulated on a spirally rotating ZnSe disk cooled by liquid nitrogen. IR spectra were
recorded through the IR-transparent ZnSe disk using a nitrogen-cooled MCT detector. GC
parameters: injection in splitless mode with the injection port temperature set at 240°C and a
DB-1 fused silica capillary column (30 m x 0.32 mm i.d., 0.25 pm film thickness). The
carrier gas was helium with a flow rate of 2.5 mL/min and the oven temperature program
was as follows: 80°C for 2 min, ramped to 300°C at 20°C/min, and held at for 22 min. The
transfer line was heated at 280°C. Infrared conditions: oven temperature, restrictor
temperature, disc temperature, and Dewar cap temperatures were 280°C, 280°C, —40°C, and
35°C, respectively. The vacuum was 0.2 mTorr, disc speed 3 mm/s, spiral separation was 1
mm, wavelength resolution 4 cm™1 and IR range 650-4000 cm™1. Acquisition time was 0.6
s/file with 64 scans/spectrum. Same samples as for mass spectrometric measurements were
used. Data were processed using GRAMS/AI Ver. 9.1 (Grams Spectroscopy Software Suite,
Thermo Fisher Scientific, Dreieich, Germany) followed by implementation of the OMNIC
Software, Ver. 7.4.127 (Thermo Electron Corporation, Dreieich, Germany).

2.2.3 High mass accuracy electrospray ionization mass spectrometry—
Quadrupole time-of-flight mass spectra were recorded using an Agilent 6530 QTOF
equipped with an Agilent Jet Stream electrospray ionization source and controlled by
Agilent MassHunter Acquisition software. The following conditions were used: positive
ionization mode, mass range m/z 100-1100, collision gas (CID) nitrogen, drying gas (N»)
320°C at 8 L/min, sheat gas 350°C at 11 L/min, nebulizer 35 psi, capillary 3000 V,
fragmentor 150 V, nozzle 500 V, skimmer 65 V, collision energy levels between 5.0 and 10.0
V. Accurate mass measurements were obtained through reference correction using
protonated purine (m/z 121.0509) and protonated HP-921 (m/z 922.0098). Data processing
was performed using Agilent Masshunter Qualitative software.

Separations were performed using a Kinetex C8 column (2.1 x 100 mm, 1.7 ym
(Phenomenex, Aschaffenburg, Germany). Aqueous mobile phase A was water (10 mM
ammonium formate, 0.1% formic acid) and mobile phase B consisted of methanol. A
gradient elution profile was chosen: 10% B held for 1.5 min, then to 50% B in 7.0 min,
followed by an increase to 95% B within 9 min. Flushing and reconditioning was completed
by the 11 min mark. The flow rate was 0.275 mL/min, column temperature was 45°C, and
injection volume was 1 L.

2.2.4 Liquid chromatography electrospray ionization single quadrupole mass
spectrometry—L C-MS was performed on an Agilent 1100 LC system coupled to a
Hewlett Packard/Agilent 1100 MSD (Santa Clara, CA, USA). The following conditions
were used: capillary voltage 3500 V, drying gas (N») 12 L/min at 350°C and nebulizer (N5)
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pressure 50 psig. The mass spectrometer was tuned according to the manufacturer’s
instructions using ESI Tuning Mix G2421A (Agilent Technologies). Separations were
performed using a Kinetex F5 column (2.6 um, 100 A; 100 x 2.1 mm) (Phenomenex,
Macclesfield, Cheshire SK10 2BN, UK).

Conditionsfor separation of underivatized APBT isomers. Mobile phase A consisted of
acetonitrile (containing 0.1% formic acid) and mobile phase B consisted of water
(containing 0.1% formic acid). Elution commenced at 6% A (0-2 min) followed by a linear
gradient up to 30% A at 30 min followed by a linear gradient down to 6% A at 31 min which
was held at 6% A for 9 min (run-time 40 min). The flow rate was 300 pL/min and 1 pL was
injected at a concentration of 0.20 ug/mL. The mass spectrometer was run in ESI mode
(positive; SIM, m/z 192, [M+H]*, with a fragmentor voltage of 50 V for in-source CID).

Conditionsfor separation of methanesulfonamide derivatives of APBT isomers: The
mobile phase composition was identical to the one described above. Elution commenced at
5% A (0-1 min) followed by a linear gradient up to 60% A at 25 min. This was kept at 60%
A for 3 min followed by a linear gradient down to 5% A at 30 min and held at 5% A for 5
min (run-time 35 min). The flow rate was 300 pL/min and 1 pL was injected. The mass
spectrometer was run in ESI mode (positive; SIM, m/z 292, [M+Na]* with a fragmentor
voltage of 50 V for in-source CID).

2.2.5 Nuclear magnetic resonance (NMR) spectroscopy—Samples were prepared
in deuterated dimethyl sulfoxide (DMSO-dg) and H (600 MHz) and 13C DEPTQ (150
MHz) spectra were recorded on a Bruker AVANCE 111 600 MHz NMR spectrometer.
Spectra were referenced to residual solvent and assignments were supported by 1D and 2D
experiments.

2.2.6 Infrared spectroscopy—The spectrometer used was a Nicolet 380 FT-IR with
Smart Golden Gate Diamond ATR. The wavelength resolution was set to 4 cm™1, The IR
spectra were collected in a range of 650-4000 cm™1 with 32 scans per spectrum. Solid phase
IR spectra were recorded from the salts directly (hydrochlorides). The IR data were
processed using OMNIC Software, Ver. 7.4.127 (Thermo Electron Corporation). IR spectra
of the free bases were recorded as neat film after the following sample preparation
procedure: For generation of the free bases, a few milligram of the hydrochloride salts were
dissolved in deionized water, alkalized with a few drops of aqueous NaOH solution (5%
w/w) and extracted with diethyl ether. The organic phase was concentrated to approximately
100 pL by a gentle airflow, aspired with a glass pipette and transferred directly to the ATR
crystal yielding a film of the free base after final evaporation of diethyl ether.

2.3 Derivatizations for analysis by gas chromatography method 2

2.3.1 Acetamido (AC) derivatives—Acetonitrile (200 L), acetic anhydride (50 pL)
and triethylamine (50 pL) were added to the sample (20 ug of isomer as HCI salt, obtained
by evaporating 20 pL of a 1 mg/mL solution in MeOH to dryness). The mixture was heated
at 90°C for 15 min, allowed to cool to room temperature and then blown to dryness with
nitrogen at 30°C. The residue was dissolved in dichloromethane (500 pL) and washed with
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saturated sodium hydrogen carbonate solution (500 pL). A portion of the lower layer (200
uL) was transferred to a clean tube and blown to dryness with nitrogen at 30°C. The residue
was dissolved in acetonitrile (500 pL) and centrifuged at 5,000 rpm for 3 min. The
supernatant was used for GC-EI-MS analysis.

2.3.2 Heptfluorobutyryl (HFB) derivatives—Sample solutions (10 pL of each
isomer, separately and combined; 1 mg HCI salt/mL MeOH) were blown to dryness at 30°C
with nitrogen. Acetonitrile (50 uL) and heptfluorobutyric anhydride (50 uL) were added and
the capped bottles were heated at 90°C for 20 min. The samples were allowed to cool to
room temperature and then blown to dryness at 30°C with nitrogen. The residues were
reconstituted in acetonitrile (150 uL) for analysis by GC-MS.

2.3.3 Ethoxycarbonyl (EC) derivatives—Saturated aqueous sodium carbonate (500
uL), followed by ethyl chloroformate (50 pL), was added to sample solutions (20 L of each
isomer, separately and combined; 1 mg HCI salt/mL MeOH). The tubes were capped and
rolled for 10 min at room temperature. The samples were extracted with ethyl acetate (500
pL) and the extract was analyzed by GC-MS.

2.3.4 Methanesulfonamide (MSA) derivatives—Dichloromethane (500 L),
methanesulfonyl chloride (20 pL) and triethylamine (40 pL) were added to the sample (20
ug of isomer as HCI salt, obtained by evaporating 20 pL of a 1 mg/mL solution in MeOH to
dryness). The mixture was allowed to stand at room temperature for 30 min, washed with
water (500 pL) followed by saturated sodium hydrogen carbonate solution (500 pL) and a
portion of the lower layer (200 pL) was transferred to a clean tube. This was evaporated to
dryness with nitrogen at 30°C, and the residue was dissolved in acetonitrile (200 pL) and
centrifuged at 5,000 rpm for 3 min. The supernatant was used for GC-MS analysis. An
aliquot (10 pL) of the supernatant was diluted with acetonitrile/water (1/1, containing 0.1%
formic acid; 990 uL) for LC-ESI-MS analysis.

3. Results and discussion

Al six racemic APBT isomers (2-, 3-, 5-, and 6-APBT®S; 4- and 7-APBTL":57) were
prepared according to established procedures (specific details are being withheld in
accordance with the policies of the law enforcement institutions that employ some of the
authors) (Figure 1B). The 2-, 3-, 5- and 6- isomers were synthesized by the reaction of the
corresponding positional aldehyde with nitroethane (Henry reaction/dehydration) to afford
nitrostyrene intermediates (Figure 1B). These were then reduced with lithium aluminium
hydride to give the required primary amines. Due to the availability of starting materials, the
4- and 7-APBT isomers were prepared by reaction of the corresponding

bromobenzo[ f]thiophene (palladium catalyzed aromatic acetonylation) with isopropenyl
acetate in the presence of tributyltin methoxide, which forms acetonyltributyltin 7 situ, to
afford ketone intermediates (Figure 1B).%” The ketones were converted to the desired 4- and
7-APBT by established methods using ammonium acetate and sodium cyanoborohydride
(Figure 1B). The melting points recorded from the HCI salts were as follows: 2-APBT (215-
217°C), 3-APBT (209-211°C, lit. 212-214°C®8; 207-208°C35; 189-191°C34), 5-APBT
(202-204°C), 6-APBT (188-190°C), and 7-APBT (206—208°C). Whether some of the
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discrepancies in melting points suggested the potential involvement of polymorphism could
not be determined.

The Henry reaction and/or implementation of reductive amination procedures involving
ketone precursors have been described for some of the APBT isomers#%-42 though other
approaches have also been employed.3%58 The Henry reaction involving the use of ring-
substituted benzaldehyde precursors is a standard method that gives access to many
phenethylamine and amphetamine-based substances®® including API isomers.>2 On the
other hand, the procedure employed in this investigation for the preparation of 4- and 7-
APBT involving brominated benzo[ 6]thiophenes was also shown to provide a convenient
method for the preparation of APB-based NPS®3 which should therefore be applicable to
other amphetamine-type substances as well.

3.1 Mass spectral features

3.1.1 Electron ionization single stage mass spectrometry—The electron
ionization (EI) mass spectra for the underivatized isomers displayed weak molecular ions
and the iminium ion (m/z 44) as the base peak typically observed for propan-2-amine-type
side chains. All mass spectra were too similar to reflect differentiating fragments. Two
examples are shown in Figure 2A that represent isomers with side chain substituents located
on the thiophene (2-APBT) and benzene (4-APBT) portion of the molecule. lons reflecting
the benzo[]thiophene nucleus included m/z 147 and m/z 148. In the oxygen-containing
benzofuran (APB) series, the corresponding benzofuran-derived fragments were detected at
m/z 131 and m/z 1325354 whereas indole-based API drugs showed the equivalent ions at
m/z 130 and m/z 131 fragments, respectively.8:52

As suggested in Figure 2B, m/z 148 might have originated from the molecular ion with the
sulfur atom representing the loss of an electron during ionization followed by ring expansion
similar to what has been suggested to occur with 2-ethylbenzo[4]thiophene.59 Fragment ion
m/z 148 might have also resulted from a loss of vinylamine (Figure 2C). The m/z 147 ion
might have reflected the benzothiopyrilium species consistent with 2- and 3-

methylbenzo[ b]thiophene followed by formations of ions at m/z 121 (loss of CoHy), m/z 115
and m/z 103.0 In the EI mass spectra of the NPS A-methyl-1-(thiophen-2-yl)propan-2-
amine (methiopropamine, MPA) and its 3-thienyl isomer, the equivalent ion was detected at
m/z 97, possibly reflecting the presence of the thiopyrilium ion.#> An ion at m/z 45 (possibly
representing HC=S") was also detected in the APBT-series reported here but also in the ElI
mass spectra of 2- and 3-MPA%> and other benzo[4]thiophenes.®? The individual EI mass
spectra recorded for all APBT isomers have been supplied as Supporting Information.
Alternative proposals for the formations of m/z 147 and m/z 97 have also been included in
the Supporting Information section.

When investigating the mass spectral features of the positional isomers 4-APB, 5-APB, 6-
APB, and 7-APB under EI conditions, it was reported that the m/z 131/132 ratio might be
useful for differentiating purposes where 6-APB showed the most intense m/z fragment
relative to m/z 131 compared to the remaining isomers.>* When inspecting the EI mass
spectra of all APBT isomers (Supporting Information), it was noticed that 3-APBT seemed
to be the only isomer that showed the m/z 148 ion with higher abundance than the m/z 147
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fragment. In that respect, 2-, 4-, and 5-APBT showed comparable ratios whereas analysis of
6- and 7-APBT resulted in almost identical fragment ratios even though they could be
differentiated (m/z 148 > m/z 147: 6-APBT; m/z 147 > m/z 148: 7-APBT).

3.1.2 Electron ionization tandem mass spectrometry—In order to explore
spectral features potentially useful for differentiation within El-based analysis, various
tandem mass spectrometry experiments have been conducted. GC-El-triple quadrupole
(QqQ)-MS/MS experiments using the m/z 121 and m/z 148 species as precursor ions
resulted in identical mass spectra (not shown) but collision-induced dissociation (CID)
experiments using the m/z 147 ion indicated that the 2- and 3-APBT isomers could be
differentiated from the 4-, 5-, 6- and 7-APBT isomers in terms of the differences in the m/z
115 to m/z 121 ratios. In the former cases, the m/z 115 abundance was lower than m/z 121
whereas the m/z 121 ion was significantly larger than the m/z 115 species in the latter. In
addition, 4-, 5-, 6- and 7-APBT also revealed the presence of the m/z 97 ion that was not
detected in the EI tandem mass spectra of 2- and 3-APBT. Representative mass spectra
comparing 3- and 6-APBT are shown in Figure 3 and all EI-MS/MS data have been added as
Supporting Information together with suggested fragmentation pathways.

3.1.3 Chemical ionization single stage mass spectrometry—Analysis of all six
APBT isomers by chemical ionization (CI) mass spectrometry confirmed the protonated
molecule at m/z 192 and adducts associated with methane being used as the CI reagent gas
([IM+29]* (m/z 220) and [M+41]* (m/z 232)). The loss of ammonia that led to detection of
m/z 175 was the base peak in almost all mass spectra with the only exception being 2-APBT
where the relative abundance was in the 60% region (Figure 4). Even though the use of QqQ
instrumentation was restricted to single stage mass analysis in the first instance, some mass
spectral differences could be observed due to variations in product ion formations under ClI
conditions. For example, 2-APBT was the only isomer that produced a base peak at m/z 149
(loss of 43 u from [M+H]*) and 6-APBT appeared to be the only other compound that
yielded the m/z 149 of moderate abundance around the 25% level (Figure 4). The loss of 43
u from the protonated molecule might have reflected a loss of etheneamine (vinylamine).
Both 2-APBT and 3-APBT were the only analytes that showed a detection of an ion at m/z
72 in any meaningful abundance although a very low intensity signal for this was also noted
in the spectrum of 7-APBT. The CI mass spectrum of 3-APBT appeared to be the only
representative displaying the m/z 148 ion with a relative abundance higher than those
detected at m/z 147 and m/z 149, thus, potentially being useful as a differentiating marker.
Though 2-, 3-, and 6-APBT displayed distinct ion formations that facilitated their distinct
identification based on CI-MS alone, 4-, 5-, and 7-APBT on the other hand seemed
comparable without significant differentiating features (Figure 4). However, gas
chromatography (GC) analysis of underivatized analytes under the same conditions (GC
method 1, see below) showed that 4-, 5-, and 7-APBT could be separated
chromatographically. Proposed fragmentation pathways related to CI-MS analysis have been
added as Supporting Information.

3.1.4 Chemical ionization tandem mass spectrometry—Implementation of GC-
CI-QqQ-MS/MS experiments were employed to explore whether there was further potential
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for identifying distinct differences, as this was based on previous experiences where
implementation of GC-CI-MS and CI-MS/MS analysis proved helpful for such purposes.
61-63 Tandem mass spectrometry experiments using the m/z 148 ion did not reveal any
differentiating spectra (not shown) but several other tandem experiments provided some
more information even though a complete differentiation between all isomers on tandem
mass spectral grounds alone was not always feasible.

For example, when the m/z 149 ion was subjected to CI-MS/MS, the spectrum of 3-APBT
was the only example that showed a base peak at m/z 148 compared to m/z 105 that was the
most abundant ion in most of the other cases (Figure 5A with two illustrative spectra). All
tandem mass spectra are shown as Supporting Information where it can also be seen that 5-
APBT appeared to be the only representative showing a fragment at m/z 123 with significant
abundance (proposed fragmentation pathways included). When subjecting the m/z 175 ion to
CI-MS/MS experiments both 2- and 3-APBT could be differentiated from 4-, 5-, 6, and 7-
APBT based on higher abundance values for m/z 134, 142 and 160 relative to the base peak
at m/z 147 (Supporting Information). In the latter cases, these particular three ions showed
significantly lower abundance. A representative comparison between 3-APBT and 4-APBT
is shown in Figure 5B. Proposed fragmentation pathways have been included as Supporting
Information. Finally, tandem mass spectral recordings using the 177 as the precursor ion
revealed notable differences between the isomers. Even though m/z 149 was the base peak in
five out of six cases (Supporting Information for all spectra), 2-APBT and 7-APBT were the
only analytes that gave rise to predominant m/z 148/149 pairs with the latter showing m/z
148 to be the base peak. The former showed a prominent m/z 134 that was negligible in the
mass spectrum of 7-APBT. 3-APBT showed prominent m/z 136 and m/z 162 (Figure 5C). 4-
APBT and 5-APBT showed very similar spectra even though the m/z 148 ion showed larger
abundance in case of 4-APBT. 6-APBT could be differentiated by the detection of prominent
m/z 137 and m/z 160. Proposed fragmentation pathways have been included as Supporting
Information.

3.1.5 Electrospray ionization tandem mass spectrometry—Two representative
electrospray ionization (ESI) QTOF tandem mass spectra (2-APBT and 3-APBT) are shown
in Figure 6A (spectra of all six isomers supplied as Supporting Information). One of the ions
present in all spectra included m/z 175 (loss of ammonia) and a second noticeable ion
occurred at m/z 147 that might have been formed by various pathways (Figure 6B). A
distinguishable and unambiguous feature was observed in the spectrum of 2-APBT that
contained an ion at m/z 149 not detectable in the other spectra (Figure 6), possibly
representing a loss of vinylamine which has also been reported to occur with the indole
counterpart 2-API (2-1T).52 Interestingly, both 2-APBT and 3-APBT showed predominant
iminium ions at m/z 44 which did not appear to have been formed to any significant extent
in the mass spectra of the remaining isomers, thus, adding differentiating information. Single
quadrupole ESI mass spectra formed by in-source CID have also been recorded and added as
Supporting Information.
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3.2 Chromatographic features

A comparison of retention indices recorded from the implementation of GC (QqQ-MS(/
MS)) method 1 under standard conditions revealed that all six positional APBT isomers
could not be fully separated as observed with the following retention parameters: 2-APBT
(RI = 1656; tg = 11.11 min), 3-APBT (RI = 1652; tg = 11.08 min), 4-APBT (RI = 1646; tg
=11.06 min), 5-APBT (Rl = 1674; tg = 11.21 min), 6-APBT (RI = 1666; tgr = 11.19 min).
Under these conditions, 7-APBT (RI = 1626; tg = 10.89 min) could be distinguished more
clearly.

The implementation of GC method 2 using a slower temperature ramp was explored to study
the effect on separation of the underivatized isomers. As summarized in Figure 7, even
though 2- and 7-APBT could be differentiated, 3-APBT/4-APBT and 5-APBT/6-APBT
could not be sufficiently separated which was reminiscent of previous observations where
underivatized 5-APB and 6-APB were observed to co-elute under GC-MS conditions.>3:4
Further experiments involving derivatization reactions were carried out to produce
acetamido (AC), heptafluorobutyryl (HFB), ethoxycarbonyl (EC), and methanesulfonamide
(MSA\) derivatives followed by analysis using GC-MS method 2. It was found that the HFB
derivatization separated 2-, 3-, 4-, and 7-APBT but not 5- and 6-APBT. AC and EC
derivatization separated 2-, 5-, 6-, and 7-APBT but not 3- and 4-APBT (Figure 7), which
suggested that a combined use of two derivatization methods would allow for the
discrimination of all six isomers. EI mass spectra using derivatized 6-APBT are also shown
on Figure 7 and it was noticed that no major mass spectral differences existed between each
isomer undergoing the various derivatizations (not shown), thus, rendering the various
examples shown in Figure 7 representative for all other isomers. Proposed identities of key
fragments and suggested fragmentation pathways are included as Supporting Information.
Interestingly, with the ethoxycarbonyl derivatives, a difference in the m/z 121/115 ratio was
noticed which was thought to be potentially useful for the purpose of discrimination, for
example when used in an extracted ion chromatogram format. The ratio was higher for the
4-,5-, 6-, and 7-APBT isomers compared with the 2- and 3-APBT derivatives (Supporting
Information).

Under HPLC conditions, the use of a pentafluoropheny! stationary phase led to separations
between 2-, 3-, 6-, and 7-APBT but not 4- and 5-APBT when analyzed underivatized and as
methanesulfonamide derivatives (Figure 8). Derivatizations with AC and HFB did not lead
to any improvements (data not shown). Previous work on positional isomers of the API-type
also showed a favorable separation with a pentafluorophenyl column where A-
methyltryptamine, 3-, 4-, 5-, and 6-API (but not 2- and 7-API) could be differentiated>2
which was particularly useful since 3-API1 (AMT) and 5-API (5-1T) were seen to be among
the more common isomers of this series in circulation on the drug market at that time.
Employing the LC-ESI-QTOF-MS method resulted in satisfactory separation of
underivatized analytes apart from 3- and 4-APBT (Figure 8).

3.3 Spectroscopic features

Spectral data obtained from nuclear magnetic resonance spectroscopy (NMR) are
summarized in Table 1 with all 1D and 2D spectra being provided as Supporting
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Information. Analysis by 1H NMR spectroscopy was also evaluated for the purpose of
isomer differentiation and it was found that the distribution of resonances representing the
benzo[ b]thiophene nucleus (aromatic region in the NMR spectra) was distinctive and
therefore considered useful should the need for forensic investigation arise (Figure 9). The
protonated primary amine function (HCI salt) integrating to three protons was visible as
broad singlet and resonated between 8.08 ppm (2-APBT HCI) and 8.32 ppm (7-APBT HCI)
(Table 1). Each proton of the prochiral methylene group (H-8) in the side chain was
observed as a distinct doublet of doublets due to geminal coupling and coupling to the a-CH
group (H-9) that was classified as a multiplet. The methyl group (H-10) attached to the a-
carbon was visible as a doublet. In the cases of 5-, 6-, and 7-APBT, two-dimensional
analysis by HSQC (Supporting Information) revealed that the methylene carbon (C-8)
coalesced with the DMSO solvent peak (~40 ppm), whereas in cases of 2-, 3-, and 4-APBT
it resonated at 35.42, 33.40, and 38.72 ppm, respectively, and therefore clearly visible.

All infrared spectra (ATR of HCI salts and base plus GC condensed phase IR) have been
provided as Supporting Information. Even though analysis by GC-MS confirmed that
electron ionization mass spectra were identical as expected (see above), the implementation
of GC-sIR on the other hand proved helpful in obtaining differentiating information in the
condensed phase IR spectra. Figure 10 shows partial spectra recorded under GC-sIR
conditions and it was observable that the spectra could be differentiated with notable
differences in the 700-800 and 1400-1500 cm™1 region. Differences in the clusters of bands
possibly representing aromatic C-C stretches and in/out-of-plane bends were also observed
as summarized in the Supporting Information and it seemed possible that there might have
been the detection of C-S stretches®* within he C-H out-of-plane region and a C-N stretch in
the in-plane region. In addition, a closer inspection of the aromatic overtone bands (~1700—
2000 cm~1)85 revealed the identification of spectral similarities between 2- and 3-APBT
(four adjacent hydrogens on benzene ring), 4- and 7-APBT (four adjacent hydrogens on
benzene ring), and 5- and 6-APBT (two adjacent hydrogens and one isolated hydrogen on
benzene ring). A direct spectral comparison in the 650-1650 cm™1 region however also
facilitated differentiating features as shown in the Supporting Information section.

4. Conclusion

The results of in-depth analytical characterizations of six novel (2-

aminopropyl)benzo[ b]thiophene (APBT)-based psychostimulants were reported in a
proactive effort to support research with these substances. From a forensic and clinical
perspective, the ability to differentiate between the isomers of APBT can be an analytical
challenge, especially if standard reference material is unavailable. From a gas
chromatographic viewpoint, the combined conversion into heptafluorobutyryl and
ethoxycarbonyl (or heptafluorobutyryl and acetamido) derivatives proved particularly useful
for their differentiation. 1H NMR spectroscopic investigations also aided the exploration of
differences, principally by comparison of resonances in the aromatic regions. Even though it
was not possible to separate all of the underivatized APBT isomers by GC analysis alone,
the combination with electron ionization tandem mass spectrometry (MS) and chemical
ionization (CI) single- and tandem MS also added distinctive information about isomers
involved. For example, implementation of GC-CI-MS/MS analysis using the m/z 177 ion as
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the precursor gave distinctive mass spectra that allowed for such differentiations to occur.
Finally, analysis of all isomers by various infrared (IR) measurements, including GC
condensed phase IR also resulted in the recording of distinctive spectra. Currently, there
does not appear to be any indication that these particular drugs have emerged as new NPS
but one lesson learned from the new drug phenomenon is that a proactive approach is needed
to inform the work of forensic and clinical investigators.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Group IV
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A. Chemical structures of the classic psychostimulant amphetamine with methiopropamine
reflecting the bioisosteric counterpart of methamphetamine. The corresponding sulfur
analog of methcathinone gives rise to bk-methiopropamine (group 1). Examples of three

5-(2-aminopropyl)indoles (AMT, 5-1T and 6-1T, group |

1) and two (2-

aminopropyl)benzofuran isomers 5-APB and 6-APB (group I1) that also became prominent
new psychoactive substances in recent years. Group IV. Six novel benzo[ f]thiophene
analogs being subject of the present investigation. B. Generalized synthesis scheme used for

the preparation of all six APBT isomers.
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A. Representative electron ionization (EI) mass spectra of two APBT isomers (2-APBT and
4-APBT). B and C. Proposed fragmentation pathways. Mass spectra of all APBT isomers

are shown as Supporting Information.
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Figure 3.

Representative electron ionization tandem mass spectra of two APBT isomers (3-APBT and
6-APBT) using m/z 147 as the precursor ion. Mass spectra of all APBT isomers are shown

as Supporting Information.
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Figure 4.

Chemical ionization mass spectra of all APBT isomers using methane as the reagent gas: [M
+H]* m/z 192, [M+29]* m/z 220, [M+41]* m/z 232.
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Figure5.

Representative chemical ionization tandem mass spectra of two APBT isomers. A. Use of
m/z 149 as the precursor ion (3-APBT and 4-APBT). B. Use of m/z 175 as the precursor ion
(3-APBT and 4-APBT). C. Use of m/z 177 as the precursor ion (3-APBT and 6-APBT).
Mass spectra of all APBT isomers are shown as Supporting Information.
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A. High-resolution QTOF-ESI tandem mass spectra of 2-APBT and 3-APBT. B. Proposed
fragmentation pathways. Mass spectra of all APBT isomers and proposed fragmentation
pathways are shown as Supporting Information.
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Figure7.
Left panel. Gas chromatography analysis method 2 following derivatizations with acetic

anhydride (acetamido, AC), heptfluorobutyric anhydride (heptafluorobutyryl, HFB), ethyl
chloroformate (ethoxycarbonyl, EC), and methanesulfonyl chloride (methanesulfonamide,
MSA). Right panel. Representative EI mass spectra of derivatized analytes. Mass spectra for
all isomers across all derivatizations methods were identical (not shown).
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Figure8.
Top. HPLC-MS analysis of underivatized APBT isomers. Middle. HPLC-MS analysis of

methanesulfonamide (MSA) derivatives. Bottom. HPLC-QTOF-MS analysis of
underivatized APBT isomers.
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Figure.

IH NMR spectroscopy results (aromatic region) of all six APBT isomers.

Drug Test Anal. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Brandt et al.

1.0
0.84
0.6
0.4
0.2
1.04
0.87
0.61
0.4

0.2
1.0

0.8

0.6 1

0.4
1.01

0.51

1.0

0.5+

1.0

0.8 1

0.6 1

Page 26

2-APBT (GC-sIR)

A\
s NH,

3-APBT (GC-sIR)

NH,
@fC
S

4-APBT (GC-sIR)

NH,
?)ﬁ
S

5-APBT (GC-sIR)

(/j@/\(NHZ
S

6-APBT (GC-sIR)

S NH,
SO

7-APBT (GC-sIR)
NH,
S
y,

1800 1600 1400 1200 1000 800

Figure 10.
Partial GC condensed phase IR spectra of all six APBT isomers. Full spectra have been

supplied as Supporting Information.
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