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Abstract There has been a rapid increase over the last

decade in the appearance of new non-controlled psy-

choactive substances. Minor changes in the chemical

structures of these compounds, such as the extension of an

alkyl residue or replacement of a single substituent, are

regularly made to avoid regulatory control, leading to the

manufacture of many new potentially dangerous drugs.

Bromoamphetamine analogs (bromoamphetamine [Br-AP]

and bromomethamphetamine (Br-MA]) are ring-substi-

tuted amphetamines that can behave as stimulants, as well

as exhibiting inhibitory activity towards monoamine oxi-

dases in the same way as amphetamines. Gas chromatog-

raphy–tandem mass spectrometry (GC–MS–MS) was used

in this study to differentiate ring-substituted bromoam-

phetamine analogs. Free bases, trifluoroacetyl derivatives,

and trimethylsilyl (TMS) derivatives of six analytes were

successfully separated using DB-1ms and DB-5ms col-

umns. Electron ionization MS–MS analysis of the TMS

derivatives allowed for the differentiation of three regioi-

somers. TMS derivatives of 2-positional isomers provided

significant product ions. The spectral patterns of 3- and

4-positional isomers were different. Chemical ionization

MS–MS analysis of free bases for [M?H–HBr]? ions at

m/z 134 and 148 allowed for differentiation of the

regioisomers. The spectra of 2-positional isomers con-

tained characteristic product ions formed by dehydro-

genation at m/z 132 and m/z 146 for 2Br-AP and 2Br-MA,

respectively. The spectra of 3-positional isomers contained

a-cleaved iminium cations as the base peaks. The spectra

of 4-positional isomers showed a tropylium cation at m/z

91 as the base peak. These results demonstrate that GC–

MS–MS can be used for the differentiation of regioiso-

meric Br-AP analogs in forensic practice.
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differentiation � GC–MS-MS � Electron ionization �
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Introduction

Over the last decade, several types of new psychoactive

substances have appeared across the globe [1–3]. Because

many of these new substances represent slight structural

variations from known controlled drugs, there is an urgent

need for analytical methods capable of structural differ-

entiation of these new drugs to enable forensic laboratories

to exert regulatory control over these agents and to prevent

drug abuse [4–12].

Studies have reported that the affinity of 4-bromoam-

phetamine (4Br-AP) for the 5-HT1C receptor is higher than

that of amphetamine and lower than that of lysergic acid

diethylamide (LSD), and research has also suggested that

the affinity of 4Br-AP for the 5-HT2 receptor is similar to

its affinity for the 5-HT1C receptor [13]. 4Br-AP has the

ability to cause mydriasis [14] and to deplete brain 5-hy-

droxyindoleacetic acid and serotonin levels in the same

way as 4-fluoroamphetamine and 4-chloroamphetamine

[15]. Furthermore, 4Br-AP has been reported to have a
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half-life of 5.7 h in the rat brain, which is longer than that

of amphetamine, 4-fluoroamphetamine, and 4-chloroam-

phetamine. It has also been shown to produced neurotoxic

reactions in cell bodies located within the B9 region of the

raphe nucleus, while 4-fluoroamphetamine has demon-

strated no detectable neurotoxic effect [16, 17]. Moreover,

animals treated with 4-bromomethamphetamine (4Br-MA)

have reportedly exhibited high levels of excitement, sali-

vation, and hyperthermia [18]. Symptoms of head shaking

and aggressive behavior were also more marked with 4Br-

MA than with amphetamine or methamphetamine. 4Br-

MA has also been reported to cause insomnia [19], and has

about one-tenth of the activity of LSD in terms of its ability

to prolong a conditioned escape reaction [20, 21].

In the United Kingdom, 4Br-AP was detected in tablets

containing amphetamine in March 2014 [22]. Although

bromoamphetamine analogs have not been detected to date

in forensic samples in Japan, there is a strong possibility

that these drugs could be abused as alternative unregulated

psychoactive substances.

Gas chromatography–mass spectrometry (GC–MS) is

generally used for the identification of drugs, as it is usually

supported by an extensive electron ionization-mass spec-

trometry (EI-MS) database. In this study, GC–MS and GC–

tandem mass spectrometry (GC–MS–MS) with EI and chem-

ical ionization (CI) were used to differentiate the regioisomers

of bromoamphetamine analogs (Br-APs and Br-MAs, Fig. 1).

Materials and methods

Chemicals

2-Bromophenylacetone, 3-bromophenylacetone, and N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing

1 % trimethylchlorosilane (TMCS) were purchased from

Sigma–Aldrich (St. Louis, MO, USA), and 4-bromopheny-

lacetone was obtained from Alfa Aesar (Heysham, UK).

Methylamine hydrochloride and sodium cyanoborohydride

were purchased from Tokyo Chemical Industry (Tokyo,

Japan), and trifluoroacetic anhydride (TFAA) was purchased

from Wako Pure Chemical Industries (Osaka, Japan). All

other chemicals were of analytical grade.

Synthesis of bromoamphetamines

A solution of bromophenylacetone and ammonium acetate

or methylamine hydrochloride (5 equiv.) in methanol was

stirred at room temperature for 1 h. The mixture was then

cooled to 0 �C and treated with sodium cyanoborohydride

(0.4 equiv) (Fig. 2). Upon completion of the reaction, the

pH of the mixture was adjusted to 12 by the addition of a

10 % potassium hydroxide aqueous solution, and the

resulting mixture was extracted with diethyl ether, washed

with water, and dried over sodium sulfate. The solvent was

then evaporated under reduced pressure to give the crude

product as a residue, which was purified by column chro-

matography over silica gel eluting with a 10:1 (v/v) mix-

ture of chloroform and methanol.

The chemical structures were confirmed by proton

nuclear magnetic resonance (1H NMR) spectroscopy (res-

olution: 400 MHz). 1H NMR spectra were recorded on a

JNM-ECP 400 spectrometer (JEOL Ltd., Akishima, Japan)

at room temperature using deuterated chloroform (CDCl3)

as a solvent, with tetramethylsilane as an internal standard.

The 1H NMR data for each synthesized compound are

summarized below.

2Br-AP; 1H NMR (CDCl3) d: 7.55 (1H, d, J = 8.4 Hz),

7.25–7.23 (2H, m), 7.11–7.09 (1H, m), 3.32–3.25 (1H, m),

2.86 (1H, dd, J = 13.2, 5.6 Hz), 2.70 (1H, dd, J = 13.2,

8.0 Hz), 1.16 (3H, d, J = 6.4 Hz).

3Br-AP; 1H NMR (CDCl3) d: 7.36–7.34 (2H, m),

7.19–7.11 (2H, m), 3.16–3.13 (1H, m), 2.67 (1H, dd,

J = 13.2, 5.6 Hz), 2.50 (1H, dd, J = 13.2, 8.0 Hz), 1.12

(3H, d, J = 6.4 Hz).

4Br-AP; 1H NMR (CDCl3) d: 7.43–7.41 (2H, m),

7.08–7.06 (2H, m), 3.16–3.12 (1H, m), 2.66 (1H, dd,

J = 13.2, 5.6 Hz), 2.49 (1H, dd, J = 13.2, 8.0 Hz), 1.11

(3H, d, J = 6.4 Hz).

2Br-MA; 1H NMR (CDCl3) d: 7.56–7.54 (1H, m),

7.25–7.22 (2H, m), 7.10–7.08 (1H, m), 2.98–2.91 (2H, m),

2.72–2.66 (1H, m), 2.45 (3H, s), 1.08 (3H, d, J = 6.4 Hz).

Fig. 1 Chemical structures of regioisomers of bromoamphetamine

analogs Fig. 2 Synthesis of regioisomers of bromoamphetamine analogs
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3Br-MA; 1H NMR (CDCl3) d: 7.36–7.34 (2H, m),

7.16–7.10 (2H, m), 2.83–2.78 (1H, m), 2.75–2.71 (1H, m),

2.57 (1H, dd, J = 13.2, 6.0 Hz), 2.42 (3H, s), 1.06 (3H, d,

J = 6.4 Hz).

4Br-MA; 1H NMR (CDCl3) d: 7.43–7.40 (2H, m),

7.07–7.05 (2H, m), 2.80–2.75 (1H, m), 2.71–2.67 (1H, m),

2.56 (1H, dd, J = 13.2, 6.4 Hz), 2.40 (3H, s), 1.05 (3H, d,

J = 6.4 Hz).

Preparation of sample solution

Standard stock solutions of all six analytes as corre-

sponding hydrochloride salts were prepared in distilled

water at a concentration of 1.0 mg/ml. The solutions were

further diluted with distilled water to reach the appropriate

concentrations required for analysis.

Extraction procedure

One-milliliter samples of 0.5 mg/ml aqueous solution of

the hydrochloride salts of the bromoamphetamine analogs

were alkalinized by the addition of 20 ll of 2 M aqueous

sodium hydroxide solution, and extracted with 1 ml of

ethyl acetate for 3 min. The organic layer was then cen-

trifuged, and a portion of the extract was collected and

diluted ten times before analysis by GC–MS.

Trifluoroacetylation of analytes

A forty-microliter aliquot of each extracted sample with

ethyl acetate was evaporated to dryness under a gentle

stream of nitrogen. The residue was dissolved in 400 ll of

a 1:1 (v/v) mixture of ethyl acetate and TFAA, and the

resulting mixture was heated at 50 �C for 15 min. After

cooling to room temperature, the mixture was evaporated

to dryness under a gentle stream of nitrogen, and the

resulting residue was dissolved in 1 ml of ethyl acetate

before analysis by GC–MS.

Silylation of analytes

A ten-microliter aliquot of each extracted sample with

ethyl acetate was evaporated to dryness under a gentle

stream of nitrogen. The residue was dissolved in 200 ll of

a 1:1 (v/v) mixture of acetonitrile and BSTFA containing

1 % TMCS, and the resulting mixture was heated at 80 �C
for 30 min. After cooling to room temperature, the mixture

was subjected to GC–MS analysis.

GC–MS conditions

GC–MS analysis was performed on a 7000 triple quadru-

pole GC–MS system (Agilent, Santa Clara, CA, USA)

equipped with a DB-1ms, DB-5ms or DB-17ms capillary

column (30 m 9 0.25 mm I.D., film thickness 0.25 lm;

Agilent J&W, Folsom, CA, USA). The oven temperature

was maintained at 80 �C for 1 min following the injection

of each sample and then increased to 300 �C at a rate of

15 �C/min. The injection port and interface temperature

were set at 250 �C. Helium was used as the carrier gas at a

flow rate of 1.0 ml/min. One microliter of sample solution

was injected in splitless mode.

For EI mode, the ionization energy was 70 eV, the ion

source temperature was 230 �C, and the scan mass range

was m/z 40–400.

For CI mode, the ionization energy was 70 eV, the ion

source temperature was 250 �C, and the scan mass range

was m/z 43–400. Methane was used as a reactant gas.

Results and discussion

Gas chromatography

Figure 3 shows total ion current chromatograms of free

bases, trifluoroacetyl (TFA) derivatives, and trimethylsilyl

(TMS) derivatives of bromoamphetamine analogs. The

elution order of the isomers was 2-positional isomer[3-

positional isomer[4-positional isomer for Br-APs and Br-

MAs across all three columns. On the DB-1ms and DB-

5ms columns, all three forms of bromoamphetamine ana-

logs, including free bases and TFA and TMS derivatives,

were completely separated (Fig. 3a, b). The DB-17ms

column failed to separate free bases of 4Br-AP and 2Br-

MA (Fig. 3c).

Electron ionization-mass spectrometry

The EI mass spectra of free bases of bromoamphetamine

analogs are shown in Fig. 4. The mass spectra were very

similar among the three regioisomers. Bromoamphetamine

analogs gave a major fragment ion at m/z 44 or 58 by a-

cleavage. Although debromination has been reported as a

characteristic fragmentation of 2-brominated

dimethoxyamphetamines [23, 24], the corresponding

debrominated ions were not detected in the spectra of 2Br-

AP and 2Br-MA or the spectra of the 3- and 4-positional

isomers. The corresponding TFA and TMS derivatives also

gave very similar mass spectra for the different regioiso-

mers (data not shown). The spectra of free bases and TFA

derivatives of 4Br-AP and 4Br-MA were in good agree-

ment with those previously reported in the literature [25,

26]. Because the spectra of the three different analogs gave

very little information about the position of the bromine

atom on the aromatic ring, it was difficult to differentiate

bromoamphetamine analogs using EI-MS.
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Fig. 3 Total ion current chromatograms for free bases, trifluoroacetyl (TFA) derivatives, and trimethylsilyl (TMS) derivatives of

bromoamphetamine analogs. The compound names are the same as those in Fig. 1

Fig. 4 Electron ionization (EI) mass spectra for free bases of bromoamphetamine analogs. Monoisotopic mass: 213 for Br-APs, 227 for Br-MAs

128 Forensic Toxicol (2016) 34:125–132

123



EI-MS–MS was applied with a collision energy of

60 eV to allow for the differentiation of bromoam-

phetamine analogs. TMS derivatives of 2-positional iso-

mers provided significant product ions at m/z 190 and 147

for 2Br-AP and 2Br-MA, respectively (Fig. 5). The ion at

m/z 190 was attributed to the desorption of hydrogen bro-

mide from the precursor ion [M–CH3]?, whereas the ion at

m/z 147 was most likely produced by the desorption of

[BrSi(CH3)2]� from the precursor ion. TMS derivatives of

3Br-AP and 4Br-AP differed in their ratios of m/z 59, 73

and 100 in the product ion spectra. TMS derivatives of 3Br-

MA provided a specific product ion at m/z 102. The ratios

of the product ions were highly reproducible, with less than

5 % relative standard deviation. EI-MS–MS analysis of the

TMS derivatives allowed for the differentiation of the three

regioisomers.

For free bases of bromoamphetamine analogs, only the

characteristic product ion representing 3Br-MA (m/z 104)

was observed from the precursor ion [M–CH3]? at m/z 212

(data not shown). TFA derivatives of bromoamphetamine

analogs were almost equivalent (data not shown), and it

was difficult to differentiate the three regioisomers of TFA

derivatives based on their EI product ion spectra.

Chemical ionization-mass spectrometry

The CI mass spectra for free bases of bromoamphetamine

analogs are shown in Fig. 6. CI-MS gave [M?H]? ions at

m/z 214 and 228 for Br-APs and Br-MAs, respectively,

which contained the isotope ions of bromine as the main

ions. Free bases of bromoamphetamine analogs also

showed [M?H–HBr]? ions in the mass spectra of all six

analytes. Among all TFA and TMS derivatives of bro-

moamphetamine analogs, only the TMS derivative of 2Br-

AP showed a characteristic [M?H–HBr]? ion at m/z 206

(data not shown).

CI-MS–MS was used to allow for the differentiation of

the six analytes with a variety of different collision ener-

gies. Tandem MS analysis of free bases for [M?H–HBr]?

ions at m/z 134 and 148 allowed the differentiation of the

regioisomers (Fig. 7). The spectra of 2-positional isomers

contained characteristic product ions at m/z 132 and m/z

146 for 2Br-AP and 2Br-MA, respectively. The ions were

formed by the dehydrogenation of 2Br-AP and 2Br-MA

with [M?H–HBr]? appearing as a base peak without any

of the a-cleaved iminium cation at m/z 44 and 58,

respectively. The spectrum of 2Br-AP had a specific ion at

m/z 106 derived from an amine tropylium cation, which

was previously reported by Westphal et al. [27] for fluo-

roamphetamines and by Negishi et al. [28] for chloroam-

phetamines. The spectra of 3-positional isomers contained

a-cleaved iminium cations at m/z 44 and 58 as the base

peaks, and the spectra of 4-positional isomers showed a

tropylium cation at m/z 91 as the base peak. Their ratios of

the product ions were highly reproducible, with less than

5 % relative standard deviation. These CI-MS–MS

Fig. 5 Product ion spectra for TMS derivatives of bromoamphetami-

nes (Br-Aps) (precursor ions at m/z 270 [M–CH3]?) and bro-

momethamphetamines (Br-MAs) (precursor ions at m/z 284 [M–

CH3]?) under EI-tandem mass spectrometry (MS). Monoisotopic

mass: 285 for Br-APs-TMS, 299 for Br-MAs-TMS
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fragmentation patterns were consistent with those previ-

ously reported [27, 28]. The original regioisomeric struc-

tural information of the bromine atom position is preserved

during the HBr loss reaction, which leads to a variation of

the product ion spectra depending on the type of the bro-

mine position. This preservation of the 3- and 4-substitu-

tion pattern information in the HBr loss reaction from m/z

134 and 148 was explained by anchimeric assistance of the

amino group building chelate-like intermediates with meta-

and para-cyclophane structures [27].

The product ion spectra of TMS derivatives of 2-posi-

tional isomers were clearly different from those of 3- and

4- positional isomers (Fig. 8). The 2-positional isomers

showed fragment-rich spectra with a base peak ion at m/z

Fig. 6 Chemical ionization (CI) mass spectra for free bases of bromoamphetamine analogs

Fig. 7 Product ion spectra for free bases of Br-APs (precursor ions at m/z 134 [M?H–HBr]?) and Br-MAs (precursor ions at m/z 148 [M?H–

HBr]?) under CI tandem MS
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145. The spectra of 3-positional isomers were similar to

those of 4-positional isomers. Tandem MS analysis of the

protonated molecules of TFA derivatives (m/z 310 for Br-

APs-TFA and m/z 324 for Br-MAs-TFA) gave the same

product ions at m/z 169, which corresponded to the bro-

mobenzyl ions, and m/z 117, which corresponded to the

debromination of the substrate after a McLafferty rear-

rangement. Although the ratios of these ions were slightly

different among the three isomers, differentiation between

them was difficult (data not shown). These results therefore

demonstrate that the analysis of free bases of bromoam-

phetamine analogs by CI-MS–MS gave positional infor-

mation about the bromo group on the aromatic ring.

Conclusions

We have successfully differentiated a series of ring-sub-

stituted bromoamphetamine analogs using GC–MS–MS.

Free bases, TFA derivatives, and TMS derivatives of six

bromoamphetamine analogs were successfully separated

using DB-1ms and DB-5ms columns.

EI-MS–MS analysis of the TMS derivatives allowed

for the differentiation of three regioisomers. TMS

derivatives of 2-positional isomers provided significant

product ions at m/z 190 and 147 for 2Br-AP and 2Br-MA,

respectively. Those of 3Br-AP and 4Br-AP were different

in their ratios of m/z 59, 73 and 100 in the product ion

spectra. Those of 3Br-MA provided a specific product ion

at m/z 102. CI-MS–MS analysis of free bases for [M?H–

HBr]? ions at m/z 134 and 148 allowed for the differ-

entiation of the regioisomers. The spectra of 2-positional

isomers contained characteristic product ions formed by

dehydrogenation at m/z 132 and m/z 146 for 2Br-AP and

2Br-MA, respectively. The spectra of 3-positional isomers

contained the a-cleaved iminium cations as the base

peaks. The spectra of 4-positional isomers showed a

tropylium cation at m/z 91 as the base peak. These results

demonstrate that GC–MS–MS can be used for the dif-

ferentiation of regioisomeric Br-AP analogs in forensic

practice.
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