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a b s t r a c t

The expanding use of emerging synthetic drugs is creating a growing problem for both seized drug
analysts and toxicologists because the clandestine suppliers continually tweak the chemical structures to
keep one step ahead of the law. Synthetic cathinones, commonly referred to as bath salts, are a specific
class of emerging synthetic drugs. These substances are derivatives of cathinone, which is the psycho-
active component of the Catha edulis plant, commonly referred to as khat. Of the synthetic cathinone
class of compounds, the a-pyrrolidinophenone synthetic cathinone derivatives stand out as one of the
most abused designer drugs.

The fragmentation behavior of a series of a-pyrrolidinophenone synthetic cathinones was studied with
three different ionization and fragmentation techniques to enhance the current understanding of a-
pyrrolidinophenone synthetic cathinones in mass spectrometers. Gas chromatography-electron ioniza-
tion-mass spectrometry (GC-EI-MS) fragmentation is commonly used by seized drug analysts, whereas
liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) is more
commonly used in toxicological analyses. Direct analysis in real time mass spectrometry (DART-MS) is
becoming more popular as a screening technique, especially in national laboratories. Each ionization and
activation method encourage particular pathways of fragmentation, and whereas some pathways are
conserved across all platforms, other pathways are unique to a particular instrument. This study com-
bines isotope-labeling, multi-stage mass spectrometry (MSn) and accurate mass measurements with
high-resolution mass spectrometry (HRMS) to enhance the current understanding about a-pyrrolidi-
nophenone synthetic cathinones. This manuscript provides characteristic protonated tandem mass
spectrometry fragmentation pathways and the mechanistic origins of the EI-MS fragmentation observed
for this class of synthetic cathinones and provides examples of how this knowledge can be applied to the
identification of novel synthetic cathinones.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic cathinones are phenylalkylamine derivatives
designed to mimic the effects of the natural chemical cathinone,
the psychoactive component of the Catha edulis plant, commonly
referred to as khat [1]. Because of their stimulant-like
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pharmacological effects, cathinones belong to a larger class of drugs
known as novel psychoactive substances (NPS). Synthetic cath-
inones are often marketed as “not for human consumption” or
“bath salts” to avoid legislative restrictions that have been imposed
to decrease the sale and distribution of these compounds [2,3].
Unfortunately, these labels also deceive users into believing the
substances are safe, which has resulted in numerous intoxication-
related deaths [4]. Reported symptoms of synthetic cathinone
abuse include euphoria, hallucinations, psychosis, paranoia, agita-
tion, violent behavior, tachycardia, acidosis, seizures and even
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death [4,5]. In 2011, the Drug Enforcement Administration (DEA)
recognized a growing trend in synthetic cathinone abuse and
provisionally scheduled mephedrone, methylone, and 3,4-
methylenedioxypyrovalerone (3,4-MDPV) as Schedule I controlled
substances [6]. However, regulation of synthetic cathinones is
difficult because the synthesis of new analogs only requires minor
modifications to the generic chemical structure. The structural
modifications allow the new analogs to avoid legal regulations, but
potentially lead tomore harmful substances entering the illicit drug
market [1].

Whereas synthetic cathinones have become widely distributed
designer drugs, the a-pyrrolidinophenone derivatives stand out as
one of the most abused designer drugs [7]. This class of compounds
includes a-pyrrolidinopentiophenone (a-PVP), 3,4-
methylenedioxypyrovalerone (3,4-MDPV), a-pyrrolidinoheptano-
phenone (PV8), a-pyrrolidinopropiophenone (a-PPP), among
others [8]. The first reported seizure of these a-pyrrolidinophenone
derivatives was in Germany in 1996 [9]. The key structural element
of a-pyrrolidinophenone derivatives is the pyrrolidine ring substi-
tution to the generic synthetic cathinone structure [8]. The main
types of a-pyrrolidinophenone derivatives are side chain exten-
sions and substitution on the aromatic ring (methoxy and meth-
ylenedioxy are the most common) [8].

Synthetic cathinones are inhibitors of monoamine transporters
such as the dopamine transporter (DAT) and the noradrenaline
transporter (NAT), which is consistent with other stimulant com-
pounds such as amphetamines. However, a-pyrrolidinophenone
derivatives are stronger inhibitors of these systems in comparison
to non-pyrrolidinophenone synthetic cathinone derivatives
increasing the effectiveness of these compounds [10]. In compari-
son to amphetamines, synthetic cathinones generally struggle to
cross the blood-brain barrier, but the increased lipophilicity of the
pyrrolidine substituent allows a-pyrrolidinophenone derivatives to
more easily cross the blood-brain barrier than other cathinones
[8,11].

Due to the widespread analysis of a-pyrrolidinophenone syn-
thetic cathinones, there is a need to understand the fragmentation
behavior under different ionization and fragmentation conditions.
The analysis of seized drugs typically employs gas chromatography-
electron ionization-mass spectrometry (GC-EI-MS) to identify un-
knowns, whereas the toxicological community often employs
liquid chromatography with electrospray ionization and tandem
mass spectrometry (LC-ESI-MS/MS). A third form of ionization that
is prevalent in national laboratories is direct analysis in real time
(DART). Whereas DART produces both odd-electron and even-
electron ions based on the experimental conditions, the fragment
ion spectra from EI (odd-electron) and ESI (even-electron) are
known to differ, which has been documented for a variety of syn-
thetic cathinones [12e20].

The fragmentation behavior of a-pyrrolidinophenone synthetic
cathinones has been reported throughout literature; however,
rarely are the underlying fragmentation mechanisms that lead to
the observed fragment ions discussed or understood
[13,15,19,21e24]. Instead, the mechanism(s) are either absent,
vague, or improbable [25,26]. For example, when valid mechanisms
have been proposed, the lack of isotopic labeling and lack of multi-
stage mass spectrometry (MSn) limit the certainty associated with
the proposedmechanisms [25]. Recently, we demonstrated the first
use of isotopic labeling, multi-stage mass spectrometry (MSn), ac-
curate mass measurements with high-resolution mass spectrom-
etry (HRMS) and ion spectroscopy to explain the formation of the
tropylium ion (m/z 91) and its substituted derivatives for a-pyrro-
lidinophenone synthetic cathinones analyzedwith ESI-MS/MS [26].
Here, we extend the study to a wider variety of a-pyrrolidinophe-
none synthetic cathinone structures and include fragmentation
pathways accessed through radical and even-electron pathways.
The generation of synthetic cathinone fragmentation pathways will
assist with the mass spectral interpretation and identification of
future synthetic cathinone derivatives.

2. Methods

2.1. Sample preparation

This study involved the analysis of 22 a-pyrrolidinophenone
synthetic cathinones that were either purchased through Cayman
Chemical (Ann Arbor, MI, USA) or synthesized in-house at Auburn
University. The 11 a-pyrrolidinophenone synthetic cathinones
purchased through Cayman Chemical were: a-pyrrolidinopropio-
phenone (a-PPP), a-pyrrolidinobutiophenone (a-PBP), a-pyrrolidi-
novalerophenone (a-PVP), a-pyrrolidinoheptanophenone (PV8), 4-
methoxy-a-pyrrolidinopentiophenone (4-MeO-a-PVP), 30,40-tri-
methylene-a-pyrrolidinovalerophenone, 3,4-methylenedioxy-a-
pyrrolidinopropiophenone (3,4-MDPPP), 3,4-methylenedioxy-a-
pyrrolidinobutiophenone (3,4-MDPBP), 3,4-
methylenedioxypyrovalerone (3,4-MDPV), 3,4-
methylenedioxypyrovalerone-d8 on the pyrrolidine ring (3,4-
MDPV-d8), and 2,3-methylenedioxypyrovalerone (2,3-MDPV). The
11 synthetic cathinone samples synthesized at Auburn University
were: 13C-a-pyrrolidinovalerophenone labeled on the carbonyl
carbon (13C-carbonyl carbon-a-PVP), 13C-a-pyrrolidinovaler-
ophenone labeled on the a-carbon (13C-a-carbon-a-PVP), 18O-a-
pyrrolidinovalerophenone (18O-a-PVP), a-pyrrolidinovaler-
ophenone-d7 labeled on the alkyl chain (a-PVP-d7), a-pyrrolidi-
novalerophenone-d8 labeled on the pyrrolidine ring (a-PVP-d8), a-
methyl-pyrrolidinovalerophenone (a-PVP-methyl group), 13C-a-
pyrrolidinoheptanophenone labeled on the carbonyl carbon (13C-
carbonyl carbon-PV8), 13C-a-pyrrolidinopropiophenone on the a-
carbon (13C-a-carbon-a-PPP), 13C-40-methyl-a-pyrrolidinohex-
anophenone on the carbonyl carbon (13C-carbonyl carbon-MPHP),
13C-3,4-methylenedioxypyrovalerone on the carbonyl carbon (13C-
carbonyl carbon-3,4-MDPV), and 13C-Naphyrone on the carbonyl
carbon. A full characterization of the synthetic samples was per-
formed with GC-EI-MS and nuclear magnetic resonance spectros-
copy (NMR) at Auburn University to confirm the correct labeling
and acceptable purity prior to shipment toWest Virginia University.
All samples were analyzed at a concentration of approximately
100 ppm. The samples analyzed by GC-EI-MS were dissolved in
HPLC grade methanol from Fisher Scientific (Palo Alto, CA, USA). All
non-deuterated tandem MS samples analyzed on the Velos Pro
linear ion trap (LIT) and the Accurate-Mass quadrupole time-of-
flight mass spectrometer (Q-TOF) were dissolved in a solution of
49% HPLC grade methanol, 49% distilled water and 2% acetic acid.
The acetic acid was supplied by Acros Organics (Palo Alto, CA, USA).
The deuterated a-pyrrolidinophenone synthetic cathinones were
dissolved in HPLC grade methanol to minimize H/D exchange.

2.2. Instrumentation

2.2.1. Linear ion trap
The Thermo Scientific Velos Pro linear ion trap (LIT) mass

spectrometer was mounted with a heated-electrospray ionization
(HESI) source. The HESI source was operated at 50 �C with a spray
voltage of 4,000 V. The nitrogen sheath gas was operated at 8
arbitrary units with a nitrogen auxiliary gas flow of 5 arbitrary
units. The mass spectrometer capillary temperature was 275 �C.
The scan range and normalized collision energies (NCE), which
were optimized for each compound are labeled with each mass
spectrum. NCE is a proprietary technology used by Thermo Scien-
tific that involves the calibration of the applied collision energy
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against a reference output voltage (i.e. 5 V) and automatically
compensates for the mass-dependent optimum CID efficiency of
the isolated precursor ion. A NCE of 30% atm/z 200 therefore uses a
lower amplitude than 30% NCE atm/z 400. Ultra-high purity helium
was used as the bath gas purchased through Matheson TRIGAS
(Fairmont, WV, USA).

2.2.2. Quadrupole time-of-flight
An Agilent Technologies 6538 UHD Accurate-Mass quadrupole

time-of-flight (Q-TOF) mass spectrometer was operated with both
dual ESI and DART ionization sources. The DART-100 source was
mounted with a Vapur® interface (IonSense, Saugus, MA, USA). The
DART ion source was operated with helium reagent gas at 300 �C
with a flow rate of 3.0 L/min, a grid voltage of 400 V and a needle
voltage of 3,500 V. The ESI sourcewas operatedwith a spray voltage
of 3,500 V, nitrogen drying gas at a 300 �C and a flow rate of 5 L/
min. The nebulizer flowwas 30 psig. All ESI samples were collected
with direct injection at a flow rate of 10 mL/min. The MS fragmentor
and skimmer voltages were held at 225 V and 65 V, respectively for
the ESI data collection and 150 V and 25 V, respectively for the
DART data collection. The DART data collection used lower frag-
mentor and skimmer voltages per the recommendations of Ion-
Sense. For both ion sources, the fragmentor voltage and skimmer
voltage relationship was optimized to maximize the abundance of
the [MþH]þ precursor. Although, some in-source CID was often
visible at the optimized conditions, isolation of the protonated
precursor prior to activation in the collision cell ensured that all the
product ions formed in beam-type CID were from the selected
precursor. The scan range and collision energies were optimized for
each compound of interest and are labeled with each mass spec-
trum. An isolation width of 1.3 Da was used for all samples. The
ultra-high purity nitrogen used for the collision gas and the ultra-
high purity helium used for the DART gas were purchased
through Matheson TRIGAS (Fairmont, WV, USA).

The DART samples were prepared through the deposition of 5 mL
of drug standard onto the closed end of 1.5 mm x 1.8 mm x 90 mm
Pyrex® glass capillaries purchased from Corning Life Sciences
(Corning, New York, USA) and allowed to completely dry before
analysis. DART acquisition consisted of approximately 30 s of
background collection, about 5 s of sample introduction, and then
the analysis of a blank capillary to account for capillary-specific
background. The total length of analysis was less than 90 s per
sample.

2.2.3. Single quadrupole GC-EI-MS
An Agilent Technologies 7890 GC-5977 MS with an HP-5 [(5%

phenyl)-methylpolysiloxane] 30 m x250 mm x 0.25 mm column by
Agilent J&WColumns was used for the GC-EI-MS analyses. The GC-
EI-MS parameters were as follows: injection volume was 1 mL; in-
jection temperature was 250 �C; split ratio was 20:1. The initial
oven temperature was 80 �C (1 min hold), which was ramped to
280 �C at 15 �C/min, then held for 2 min. The carrier gas (helium)
flow ratewas set to 1mL/min and the transfer line temperaturewas
set to 280 �C. The ultra-high purity helium gas was purchased from
Matheson TRIGAS (Fairmont, WV, USA). The mass spectrometer
was scanned from m/z 50e500 at a scan rate of 1,500 Da/s after a
solvent delay of 2 min. The source and quadrupole temperatures
were 250 �C and 200 �C, respectively.

2.3. Data analysis

Xcalibur 2.0.0.48 software was used for the data analysis on the
Velos Pro. ChemStation version C.01.01 was used for the Agilent GC-
EI-MS data analysis and MassHunter Qualitative Analysis B.05.00
was used for the Agilent Q-TOF data analysis. Microsoft Excel
version 14 (Microsoft, Redmond, WA, USA) and ChemDraw 16.0
(PerkinElmer,Waltham,MA, USA) were used formass spectral plots
and mass spectral fragmentation mechanisms.

2.3.1. Mass spectral interpretation and mechanisms
The proposed fragmentation pathways follow the expected

lowest energy structures and are based on rational electron push-
ing mechanisms commonly used for the interpretation of proton-
ated tandemMS and EI-MS data [27]. The use of isotopic labels, MSn

and HRMS allows for the structural determination of all in-
termediates along the proposed fragmentation pathways. Deute-
rium labeling is not always able to identify the specific deuterium
atoms and hydrogen atoms involved in tandem MS rearrange-
ments, but such labeling usually offers some insight into the gen-
eral fragmentation behavior. Finally, the observation of protonated
precursor ions (even-electron) forming odd-electron product ions
was observed along minor abundance pathways, which is consis-
tent with previous reports from Fornal [28,29].

3. Results and discussion

3.1. HESI-Velos Pro MSn

Our previous work with a-pyrrolidinophenone synthetic cath-
inones involved the identification that the tropylium ion (m/z 91) or
substituted derivative ions form through different oxygen-
containing intermediates that exclusively retain the a-carbon
with the corresponding loss of the carbonyl carbon as neutral CO
[26]. Through this project we also discovered several fragmentation
behaviors of the a-pyrrolidinophenone class of synthetic cath-
inones. First, we identified competitive pathways for the loss of CO
and ethylene (C2H4) from the base peak of the tandem mass
spectrum. Second, we determined that the base peak in the tandem
mass spectrum is primarily formed through the loss of the neutral
pyrrolidine molecule. Third, we identified that the alkyl chain
length has a direct impact on not only the tropylium ion formation,
but also the associated intermediate product ions. Finally, we
demonstrated that the a-pyrrolidinophenone synthetic cathinone
fragmentation pathways remain conserved when accounting for
additional substituents.

Fig. 1a shows the MS2 analysis of protonated a-PVP-d8, which is
deuterated around the pyrrolidine ring. The product ion spectrum
indicates that the deuterium labels remain on the cleaved 1-
butylidenepyrrolidin-1-ium fragment observed at m/z 134 and
that no H/D scrambling occurs prior to fragmentation. The lone
exception to this observation is the presence of the primary product
ion atm/z 221, which must arise through the loss of HDO instead of
H2O, the latter of which occurs to a slightly lesser extent atm/z 222.
As expected, the MS3 product ion spectrum for the pathway m/z
240 / 161/ (Fig. 1b) is consistent with structures proposed for
the analysis of a-PVP [26], with the m/z 161 intermediate product
ion formed through the loss of the pyrrolidinemoiety (the structure
of the fragment at m/z 161 is also provided in Fig. 5). Fig. 1c shows
theMS3 spectrum for the pathwaym/z 240/ 134/, which results
in secondary product ions atm/z 106, 105 and 92. The intermediate
atm/z 134 likely has the structure of 1-butylidenepyrrolidin-1-ium
and fragments through the loss of ethylene, an ethyl radical (_C2H5),
and propylene to form the product ions at m/z 106, 105, and 92,
respectively.

3.2. DART/ESI-Q-TOF

Fig. 2 compares MS2 analysis of 4-MeO-a-PVP collected using
the ESI and DART ionization sources on the same HRMS instrument.
The main benefit of the HRMS instrument is the ability to



Fig. 1. Tandem mass spectra of a-PVP-d8 on the LIT: a) MS2 product ion spectrum of the [MþH]þ molecular ion at m/z 240 (35% NCE); b) MS3 product ion spectrum for the pathway
m/z 240/ 161 / at 30% NCE showing the formation of secondary product ions at m/z 143, 133, 119, 105 and 91; c) MS3 product ion spectrum for the pathwaym/z 240/ 134 / at
30% NCE showing the formation of product ions at m/z 106, 105 and 92.

Fig. 2. Tandem mass spectra of 4-MeO-a-PVP collected on the same Q-TOF HRMS instrument using a) ESI with 25 eV collision energy and b) DART ionization with 25 eV collision
energy.
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determine the elemental formula of the different fragment ions.
The ESI and DART mass spectra are very similar in the position and
abundance of fragments, and ESI shows primary product ions atm/z
219.1282 (expected atm/z 219.1259 for C13H17O2Nþ_; 10 ppm error),
m/z 191.1102 (expected atm/z 191.1072 for C12H15O2

þ; 16 ppm error)
andm/z 154.1249 (expected at m/z 154.1231 for C9H16ONþ; 12 ppm
error). Secondary product ions at m/z 135.0471 (expected at m/z
135.0446 C8H7O2
þ; 19 ppm error) andm/z 126.1302 (expected atm/z

126.1282 for C8H16Nþ; 16 ppm error) are observed for ESI, and they
are formed via the stepwise loss of C4H8 and CO from the primary
product ions at m/z 191.1102 (C12H15O2

þ) and m/z 154.1249
(C9H16ONþ), respectively. The tertiary product ion at m/z 121.0677
(expected at m/z 121.0653 for C8H9Oþ; 20 ppm error) is the base
peak in the ESI-generated mass spectrum. The fragment at m/z



J.T. Davidson et al. / International Journal of Mass Spectrometry 453 (2020) 116343 5
121.0677 (C8H9Oþ) in the ESI-generated mass spectrum arises from
the loss of CO from the secondary product ion at m/z 149.0632
(expected at m/z 149.0602 for C9H9O2

þ; 20 ppm error) and the loss
of propylene from the secondary product ion at m/z 163.1168 (ex-
pected atm/z 163.1122 for C11H15Oþ; 28 ppm error). In all cases, the
mass accuracy of both the ESI and DART mass spectra are on the
order of 10 ppm from the exact masses for the proposed elemental
formulas, which provides a high degree of confidence in the
elemental composition of the proposed product ion structures.

Fig. 3 highlights the similarities between the MS2 spectra from
ESI and DART ionization of protonated 3,4-MDPV at m/z 276.1607
(expected at m/z 276.1599 for C16H22NO3

þ; 3 ppm error) for the ESI-
generated mass spectrum. The most abundant ions appear at m/z
126.1305 (expected atm/z 126.1282 for C8H16Nþ; 18 ppm error) and
m/z 135.0476 (expected atm/z 135.0446 for C8H7O2

þ; 22 ppm error)
for the ESI-generated mass spectrum, which correspond to the 1-
butylidenepyrrolidin-1-ium ion and methylenedioxy-substituted
tropylium ion, respectively. Due to the methylenedioxy substitu-
ent on the aromatic ringmoiety, an additional dominant pathway is
observed through the loss of formaldehyde (CH2O) from fragments
containing the methylenedioxy group. Ions corresponding to the
loss of formaldehyde are observed atm/z 175.0812 (expected atm/z
175.0759 for C11H11O2

þ; 30 ppm error) and m/z 147.0821 (expected
at m/z 147.0809 for C10H11Oþ; 8 ppm error) for the ESI-generated
mass spectrum, which are both 30 Da less than their predecessor
ions at m/z 205.0922 (expected at m/z 205.0864 for C12H13O3

þ; 28
ppm error) and m/z 177.0955 (expected at m/z 177.0915 for
C11H13O2

þ; 23 ppm error), respectively. Generally, the accurate mass
measurements were on the same order of magnitude from the
exact masses of the proposed elemental formula as those in Fig. 2;
however, there was less agreement in the accurate mass mea-
surements between the ESI and DART data likely due to differences
in the recency of the tune prior to each analysis.

Fig. 4 compares the MS2 spectra of protonated adducts of 13C-
Fig. 3. Tandem mass spectra of 3,4-MDPV collected on the same Q-TOF HRMS instrument u
energy.
MPHP formed by ESI and DART ionization. The labeled 13C is on the
carbonyl carbon in both cases. The spectra have the major struc-
tural fragments embedded. These spectra demonstrate that both
ion sources produce similar mass spectra with the base peak
observed at m/z 105.0727 (expected at m/z 105.0704 for C8H9

þ; 22
ppm error) for the ESI-generated mass spectrum. The formation of
this ion is unexpected in that the isotopically labeled carbonyl
adjacent to the aromatic ring moiety must be lost prior to ring
expansion, which has been previously demonstrated as a possible
fragmentation mechanism of a-pyrrolidinophenone synthetic
cathinones [26]. The secondary product ions at m/z 204.1355 (ex-
pected at m/z 204.1338 for C12

13CH17ONþ_; 8 ppm error), m/z
190.1315 (expected atm/z 190.1307 for 12C12

13CH17Oþ; 4 ppm error),
and m/z 140.1453 (expected at m/z 140.1439 for C9H18Nþ; 10 ppm
error) for the ESI-generated mass spectrum originate through the
loss of a butyl radical (_C4H9), loss of the pyrrolidine molecule, and
the generation of the 1-pentylidenepyrrolidin-1-ium ion, respec-
tively. The tertiary product ions at m/z 134.0725 (expected at m/z
134.0681 for 12C8

13CH9Oþ; 33 ppm error) and m/z 120.0540 (ex-
pected at m/z 120.0524 for 12C7

13CH7Oþ; 13 ppm error) for the ESI-
generated mass spectrum form through the loss of butylene and
stepwise loss of C5H10 from the primary product ion atm/z 190.1315
(12C12

13CH17Oþ). All accurate mass measurements are on the order
of 10 ppm different than the exact masses for the proposed
elemental formulas, which was relatively consistent throughout
the Q-TOF dataset.

Fig. 5 demonstrates the proposed general pathways for the
fragmentation of a-pyrrolidinophenone synthetic cathinones un-
der protonated tandem MS conditions, where X represents sub-
stitution to the aromatic ring moiety and CnH2nþ1 represents
varying alkyl chain lengths. Details of the 13C, 18O, and deuterated
labeling are described in detail in Refs. [26] and are not repeated
here; however, the results of the isotope-labeled compounds are
entirely consistent with the pathways proposed here. The proposed
sing a) ESI with a 25 eV collision energy and b) DART ionization with a 25 eV collision



Fig. 4. Tandem mass spectra of 13C-MPHP collected on the same Q-TOF HRMS instrument using a) ESI with a 25 eV collision energy and b) DART ionization with a 25 eV collision
energy.
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fragmentation pathways are based on data collected with both the
IT and Q-TOF mass spectrometers, which are known to have dif-
ferences in their fragmentation energy deposition rates. The frag-
mentation process with an IT mass spectrometer is considered very
slow activation that occurs through 100s of collisions with the bath
gas. In comparison, the Q-TOF fragmentation arises through low-
energy, beam-type activation, involving 10s of collisions as the
analyte passes through the collision cell [30,31]. However, in gen-
eral, the mass spectra collected with both the IT and Q-TOF mass
spectrometers behaved as described below in Fig. 5 with the
favorability of each fragmentation pathway observed under LIT
conditions indicated by the size and color of the corresponding
arrow.

Based on the analysis of 21 a-pyrrolidinophenone synthetic
cathinones using isotope labeling, MSn and HRMS, the following
general trends are observed. Isolation and fragmentation of the
[MþH]þ precursor ion typically results in primary product ions
through the loss of CH2CnH2n, H2O, _C2H4CnHn2þ1, C6H6, and NC4H9.
Of these primary product ions, the loss of NC4H9 (pyrrolidine
molecule) is dominant, and the loss of CnH2n and H2O are the least
prevalent fragmentation pathways. The two primary product ions
that produce abundant consecutive product ions are the ions atm/z
161, from the loss of the pyrrolidine, and m/z 154, from the loss of
the aromatic ring, in Fig. 5. The fragmentation pathway through the
intermediate at m/z 154 results in secondary product ions through
the loss of CO (i.e. m/z 126) and propylene (i.e. m/z 112), which can
then form tertiary and quaternary product ions. The fragmentation
pathway through the intermediate at m/z 161 in Fig. 5 continues
through three abundant secondary product ions at m/z 143, 133,
and 119. The secondary product ions at m/z 143 and m/z 119 form
through the loss of H2O and propylene, respectively. However,
secondary product ions at m/z 133 form via competing pathways
through the loss of CO (28 Da) and ethylene (28 Da), as demon-
strated previously [26]. The secondary product ions at m/z 133 in
Fig. 5 fragment into tertiary product ions atm/z 105 andm/z 91. The
secondary product ion at m/z 119 also fragment into the charac-
teristic tropylium ion at m/z 91, which helps explain the significant
presence of the tropylium ion in a-pyrrolidinophenone synthetic
cathinones that contain at least four carbon atoms in the alkyl chain
[26]. Supplemental 1 demonstrates the formation of the tropylium
ion from a-PBP, a-PVP, and PV8 and the effect of alkyl chain lengths
on the distribution of product ions observed in the protonated
tandem mass spectra.

The biggest impact of the identification of the conserved frag-
mentation pathways described in Fig. 5 is the application of this
information to the identification of emerging synthetic cathinones.
If a questioned seized drug provides a tandem mass spectrumwith
an abundant neutral loss of 71 Da from the [MþH]þ precursor, as
well as additional peaks consistent with neutral losses of C6H6,
_C2H4CnHn2þ1, H2O and CH2CnH2n, then the spectrum is consistent
will all of the a-pyrrolidinophenone synthetic cathinones in this
study. The presence of secondary fragmentation from any of the
aforementioned peaks provides additional confidence in the iden-
tification of an a-pyrrolidinophenone synthetic cathinone.

Additionally, the ability to identify substitution to the core a-
pyrrolidinophenone synthetic cathinone structure through shifts in
the mass axis provides an additional tool for the identification of a-
pyrrolidinophenone synthetic cathinones. Specifically, the location
of the substitution can be identified based on which peaks diverge
from the proposed fragmentation pathways in Fig. 5.

Table 1 shows the [MþH]þ protonated precursor and the five
most abundant product ions for 13 a-pyrrolidinophenone synthetic
cathinones from this study. The five most abundant fragments are
listed in order of decreasing abundance with all comparisons made
at the same normalized collision energy in the LIT and same ac-
celeration voltage in the Q-TOF data. These 13 standards include 11
non-isotopically labeled and two deuterated a-pyrrolidinophenone
synthetic cathinones. The product ions in Table 1 highlight both the



Fig. 5. Proposed general fragmentation pathways for protonated a-pyrrolidinophenone synthetic cathinones undergoing tandem MS. The model compound is a-PVP where X ¼ H
and the m/z values that are specific to a-PVP are indicated with an asterisk (*).

Table 1
Protonated precursor mass and the five most abundant product ions in decreasing order of abundance for 13 of the synthetic cathinones used in this study. Fragment ions are
reported for both the LIT and Q-TOF instruments.

Compound [MþH]þ (m/z) LIT product ions (m/z) @30% NCE Q-TOF product ions (m/z) @25 eV

a-PPP 204 133, 105, 70, 186, 98 105.07, 98.09, 133.06, 70.06, 77.03
a-PBP 218 147, 91, 119, 70, 112 91.05, 112.11, 105.07, 70.06, 161.09
a-PVP 232 161, 91, 70, 119, 126 91.05, 126.12, 105.03, 70.06, 161.09
a-PVP-methyl 246 175, 105, 140, 72, 228 105.07, 72.08, 77.04, 140.14, 98.09
PV8 260 189, 91, 119, 107, 154 91.05, 154.16, 105.03, 70.06, 119.04
4-MeO-a-PVP 262 191, 126, 121, 163, 135 121.06, 126.12, 135.04, 191.10, 84.08
30 ,40-trimethylene-a-PVP 272 201, 131, 126, 145, 173 131.08, 201.12, 126.12, 145.06, 84.08
3,4-MDPPP 248 177, 147, 98, 149, 230 98.09, 147.04, 149.06, 177.05, 119.05
3,4-MDPBP 262 191, 161, 112, 163, 149 112.11, 161.06, 149.02, 191.07, 163.07
3,4-MDPV 276 205, 175, 126, 135, 177 126.12, 135.04, 175.07, 149.02, 205.08
2,3-MDPV 276 175, 135, 205, 177, 126 135.04, 175.07, 126.12, 149.02, 70.06
3,4-MDPV-d8 284 205, 175, 134, 135, 177 134.17, 135.04, 149.02, 175.07, 92.13
a-PVP-d8 240 161, 91, 77, 119, 134 91.05, 134.17, 105.03, 161.09, 77.11
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frequency of occurrence for the product ions described in Fig. 5, and
the similarity in fragment ion abundances between the IT and Q-
TOF instruments. With the exception of the loss of formaldehyde
from methylenedioxy-containing compounds, and the additional
methyl group for a-PVP-methyl, the only product ion in Table 1 that
is not described by Fig. 5 is m/z 107 for PV8 (Supplemental 1c). The
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proposed elemental formula for the product ion at m/z 107 is
C7H7Oþ, which has a theoretical exact mass of m/z 107.0496 and is
less than 5 ppm from the measured accurate mass of m/z 107.0490
(Supplemental 2).
3.3. GC-EI-MS

Thermal degradation was occasionally observed as shouldering
or as a split peak, consistent with previous literature [32e34];
however, the formation of the 2,3-enamine degradation product
was always insignificant relative to the abundance of the non-
degraded parent compound. The GC-EI-MS data demonstrates
that the proposed carbon backbone rearrangements observed for
the protonated tandemMS data are insignificant for all compounds
analyzed by EI. EI is a hard ionization source, which causes exten-
sive fragmentation with well-established mechanisms, such as
radical-directed cleavage to form the benzoylium ion at m/z 105.
The mechanisms of fragmentation of EI-MS are both radical-
directed and charge-directed, in contrast to the charge-remote 4-
center eliminations that dominate the tandem mass spectra of
protonated precursor ions. For example, Fig. 6a shows the GC-EI-
MS spectrum of 13C-a-PPP isotopically labeled with a 13C on the
a-carbon. The major structural fragments are embedded. The
spectrum has been truncated due to the lack of highmass ions, such
as themolecular ion, which is oftenmissing with EI-MS of synthetic
cathinones [14]. The presence of the benzoylium ion at m/z 105,
phenylium ion atm/z 77 and the dominant 1-ethylidenepyrrolidin-
1-ium ion at m/z 99 (accounting for 13C) are all consistent with
previous literature on the EI-MS fragmentation of a-
Fig. 6. Full scan mass spectra of a) 13C-a-PPP and
pyrrolidinophenone synthetic cathinones [12,14,25,35e37].
Fig. 6b shows the truncated GC-EI-MS results for the analysis of

13C-3,4-MDPV labeled with a 13C on the carbonyl carbon. The major
structural fragments are embedded. Even with the additional
methylenedioxy substitution, the 1-butylidenepyrrolidin-1-ium
ion at m/z 126 is the base peak of this spectrum. However, the
methylenedioxy substitution does shift the phenylium and ben-
zoylium ions by 44 Da to the observed peaks at m/z 121 and m/z
150, respectively. The product ion at m/z 150 accounts for the 1 Da
shift for the 13C present in the substituted benzoylium ion.

The truncated GC-EI-MS results for the analysis of 13C-PV8
labeled with a 13C on the carbonyl carbon are shown in
Supplemental 3 with the major structural fragments embedded.
The base peak of this spectrum is the 1-hexylidenepyrrolidin-1-
ium ion at m/z 154, which, as expected, does not contain the 13C
from the carbonyl carbon. Other peaks of significant abundance are
the benzoylium ion at m/z 106 (accounting for 13C) and the phe-
nylium ion at m/z 77. The conserved fragmentation pathways
through the acylium and iminium ions hold true across the series of
substitutions analyzed during this study.

Fig. 7 demonstrates the proposed general fragmentation
mechanisms for a-pyrrolidinophenone synthetic cathinones under
EI-MS conditions, where X represents substitution to the aromatic
ring moiety and CnH2nþ1 represents varying alkyl chain lengths.
The 13C, 18O, and deuterated labeling are not shown in these pro-
posed general mechanisms, but were used to generate the pro-
posed mechanisms, which are drawn explicitly for a-PVP as an
example.

The two most abundant fragmentation pathways of a-
b) 13C-3,4-MDPV collected with GC-EI-MS.



Fig. 7. Proposed general mechanisms for the fragmentation of a-pyrrolidinophenone synthetic cathinones with EI-MS (adapted from Ref. [17,25,36]). The model compound is a-PVP.
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pyrrolidinophenone synthetic cathinones are acylium and iminium
ions, with iminium ions being the most dominant pathway. Acy-
lium ions form through a-cleavage initiated by a radical electron on
the oxygen, which produces characteristic ions at m/z 105, 77, and
51 for all the a-pyrrolidinophenone synthetic cathinones studied
here. However, the presence of iminium ions are far more useful for
the differentiation of synthetic cathinone isomers because of the
secondary and tertiary fragmentation described by Zuba [14]. The
formation of the iminium ion cascade is initiated by a radical
electron on the nitrogen and a-cleavage of the bond between the
carbonyl carbon and the a-carbon adjacent to the pyrrolidine ring.
Secondary iminium ion fragmentation forms characteristic ions,
such as those demonstrated for a-PVP in Fig. 7 atm/z 97, 84, and 69
through the loss of an ethyl radical (_C2H5), propylene, and a butyl
radical (_C4H9), respectively. The secondary iminium ion at m/z 97
further fragments into the tertiary iminium ion at m/z 55 through
the loss of cyclopropane.

4. Conclusions

The combination of isotope-labeling, MSn, and HRMS was used
to study the fragmentation behavior of a-pyrrolidinophenone
synthetic cathinones to gain a deeper understanding about the
characteristic fragmentation pathways of this class of synthetic
cathinone analogs. Three instruments that are common in toxi-
cology laboratories and crime laboratories were used to develop
characteristic fragmentation pathways to assist practitioners with
the identification of a-pyrrolidinophenone synthetic cathinones.
Through the analysis of 22 a-pyrrolidinophenone synthetic
cathinones, ESI and DART ionization sources on the same Q-TOF
mass spectrometer produced even-electron protonated molecular
ions and almost indistinguishable tandem mass spectra. The frag-
mentation pathways are highly conserved between the LIT and Q-
TOF mass spectrometers, although the multi-collisional environ-
ment of the ion trap occasionally tends to limit the extent of
consecutive fragmentations relative to the Q-TOF instrument [27].
The Q-TOF therefore favored the abundant production of lower
mass ions relative to the LIT instrument.

The identification of conserved tandem mass spectrometry
fragmentation pathways through the loss of CH2CnH2n, H2O,
_C2H4CnHn2þ1, C6H6, and NC4H9 from protonated molecular ions
provides a series of diagnostic ions that can be used for the tandem
mass spectrometry identification of a-pyrrolidinophenone syn-
thetic cathinones. Particularly, the dominant pathways through the
loss of pyrrolidine and the formation of iminium ions of varying
side chain lengths provides a technique for structural elucidation
through mass axis shifts due to additional substitutions to the core
synthetic cathinone structure. The presence of diagnostic ions such
as the tropylium ion at m/z 91, substituted iminium ions (i.e. m/z
126 vs m/z 112), and the phenylethyl derivative at m/z 105 provide
key information about the length of the alkyl chain and sub-
stitutions to the aromatic ring moiety.

When GC-EI-MS is used to analyze a-pyrrolidinophenone syn-
thetic cathinones, the fragmentation pathways are dominated by
the formation of iminium and acylium ions as previously reported
in literature [12,14,25,35e37]. This is expected due to the large
energy deposition through 70 eV electron fragmentation resulting
in direct a-cleavage fragmentation rather than the low-energy
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rearrangements observed with collisional activation. However, the
observed fragmentation mechanisms remain unaffected by sub-
stitutions to the core synthetic cathinone structure, which provides
a rapid method for the identification of novel a-pyrrolidinophe-
none synthetic cathinones through known fragmentation pathway
shifts along the mass axis. For example, the product ions observed
at m/z 149 and m/z 121 for the GC-EI-MS fragmentation of 3,4-
MDPV are 44 Da larger than the product ions at m/z 105 and m/z
77 for non-methylenedioxy substituted synthetic cathinones. This
study highlights the differences between high energy radical-
driven fragmentation in EI and lower energy collisional activation
of protonated precursor ions. However, knowledge about the sys-
tematic tendencies of both techniques can be used to help support
the identification of emerging synthetic drugs.
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