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H I G H L I G H T S

• Pathway(s) rationalized for the base peak in the tandem mass spectra of many synthetic cathinones.

• High mass accuracy established elemental composition of fragments.

• Isotope labeling and MSn established consecutive fragmentation pathways.

• Ion spectroscopy and theoretical calculations supported the identity of proposed phthalate-like intermediates.
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A B S T R A C T

The expanding use of emerging synthetic drugs such as synthetic cathinones, or “bath salts”, is a growing public
health concern and a continual challenge for drug analysts. In the tandem mass spectra of protonated α-pyr-
rolidinophenone cathinones, the tropylium ion at m/z 91 is often among the most abundant product ions, but its
mechanistic origin is currently unexplained. This project combined electrospray ionization multi-stage mass
spectrometry (ESI-MSn), high-resolution mass spectrometry (HRMS), isotopic labeling and ion spectroscopy to
enhance our understanding of the fragmentation pathways and mechanisms of a variety of α-pyrrolidinophe-
none cathinones. The fragmentation trends derived from these ESI-MS/MS studies are: 1) unlike N-alkylated
cathinones, abundant radical cations are not observed from even-electron precursors of α-pyrrolidinophenones;
2) the loss of a 71 Da pyrrolidine neutral to form an alkylphenone cation is always observed; 3) a series of neutral
alkenes are lost from the alkylphenone cation to form intermediate cations with phthalane-like structures. The
phthalane intermediates then eliminate the carbonyl carbon as CO or C2H2O to form a tropylium ion at m/z 91.
The α-carbon of the original cathinone is almost exclusively retained in the tropylium ion. If the original
cathinone is substituted on the aromatic ring, the observed tropylium ion will be shifted by the mass of the
substitution. These findings explain the characteristic ions in ESI-MS/MS spectra of synthetic cathinones and will
help analysts better employ mass spectral observations in future casework.

1. Introduction

Synthetic cathinones are members of a larger class of novel psy-
choactive substances (NPS) commonly referred to as “designer drugs”
or “legal highs” [1]. They are phenylalkylamine derivatives, closely
related to amphetamines, which produce stimulant-like pharmacolo-
gical effects. These effects drive the recreational use of synthetic

cathinones, which are often marketed as “not for human consumption”
or “bath salts” to avoid legislative restrictions [1–4]. Cathinones are
analogs of the natural psychoactive chemical cathinone, which is pre-
sent in the leaves of the Catha edulis plant, commonly known as khat.
This plant is native to the Horn of Africa and the Southwest Arabian
Peninsula. Traditionally, khat leaves have been chewed for their sti-
mulant-like effects and used in religious ceremonies such as funerals
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and weddings [1]. As trade routes expanded, knowledge about the
stimulant-like properties of khat leaves extended to Europe and the
Western world [5,6].

The first synthetic cathinones to appear on the market in the early
twentieth century were originally designed for therapeutic purposes,
but recreational use has taken over in the last decade [6,7]. Synthetic
cathinones are sold in the form of white or yellow amorphous or
crystalline powder or in capsules. The quantities usually range from
50 mg to 500 mg packages and the price varies between $25-$50 per
50 mg [4,8,9]. Common brand names include Bloom, Blue Silk, Ivory
Wave, Purple Wave, and Vanilla Sky [1,4].

Once synthetic cathinones started to flood the market, countries
began to enact legislative restrictions. By 2011 several synthetic cath-
inones were provisionally scheduled under Schedule I of the United
States Controlled Substances Act [7,10]. However, the regulation of
synthetic cathinones is complicated by the sheer diversity of chemical
modifications that are continuously adopted to avoid the regulations
imposed on existing analogs [1]. Due to the lag in regulations behind
the drugs currently available on the market it is imperative to recognize
the characteristic fragmentation of synthetic cathinones and understand
the fragmentation pathways through which mass spectra are generated.

Four common families of synthetic cathinones can be identified
based on the location of substitution to the core synthetic cathinone
structure. The first family of synthetic cathinones are analogs that are
N-alkylated at the amine moiety, some of which contain ring sub-
stituents [1,11]. These substances were primarily derived for their
therapeutic properties, such as antidepressants. A second family of
synthetic cathinones is the pyrrolidinophenone-like family, which are
characterized by a pyrrolidinyl substitution at the amine moiety [12].
Another family of synthetic cathinones involves methylation at the α-
carbon adjacent to the amine nitrogen in the generic synthetic cath-
inone structure. The last family of synthetic cathinones has both the
3,4-methylenedioxy ring substitution and the N-pyrrolidinyl moiety
[7]. One common variation for all families of synthetic cathinones is
varying lengths of the alkyl chains branching from the α-carbon.

Whereas many laboratories and research articles conduct routine
mass spectrometric analysis of synthetic cathinones, the underlying
fragmentation mechanisms that lead to the observed fragment ions are
rarely described or understood. However, analysts recognize that
structural similarities of synthetic cathinones tend to provide mass-
spectral similarities, which greatly assists in the interpretation of
spectra of novel synthetic cathinones.

The seized drug community 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 spec-
trometry (LC-ESI-MS/MS). Due to differences in the ionization me-
chanisms, electron ionization (EI) primarily produces odd-electron ions
and ESI primarily produces even-electron ions. The differences in
electron parity and energy deposition typically results in major differ-
ences in the fragment mass spectra, as has been demonstrated for a
variety of synthetic cathinones [13–18]. For example, Sauer et al. [19]
and Abiedalla et al. [20] report the absence of ions at m/z 91 and m/z
135 for α-PVP and 3,4-MDPV (see Table 1 for full names) under EI-MS
conditions, but Hasegawa et al. [21] and Fornal [16] report the pre-
sence of both ions under ESI-MS/MS conditions.

The analysis of synthetic cathinones with ESI-MS/MS reveals the
tropylium ion (m/z 91) or methylenedioxy analog (m/z 135) as one of
the most abundant ions in the protonated tandem mass spectra of many
synthetic cathinones [22–25]. Despite the importance of the tropylium
ion or methylenedioxy-analog ion in the product ion spectra of syn-
thetic cathinones, previous attempts to explain the mechanistic origin
of these important diagnostic ions have been inadequate. As examples,
in the first report on the fragmentation of protonated PV8, Swortwood
et al. do not address the mechanism of formation of the tropylium ion
[26]. In a previous work, Ibanez et al. propose an unsupported ‘shift’ of

the carbonyl group to explain the equivalent ion at m/z 135 for 3,4-
MDPV [27]. Similarly, Pozo et al., Fabregat-Safont et al., and Qian et al.
propose mechanisms that involve the loss of CO directly from the ali-
phatic chain during the fragmentation of synthetic cathinones without
the use of isotopic labeling to support these conclusions [28–30]. Our
work now supports these proposed losses of CO.

In all the above cases, the mechanism(s) are either absent, ambig-
uous or unsupported with experimental data. A similar problem with
the existing knowledge of synthetic cathinone fragmentation is ex-
emplified by accurate mass studies involving methcathinone and eth-
cathinone fragmentation [31,32]. Bijlsma et al. showed an unexpected
product ion at m/z 105.0740, which must have the elemental compo-
sition C8H9

+ [31]. The ion is unexpected because its occurrence re-
quires multiple rearrangements. However, the article did not describe
the use of isotope labeling or MSn experiments, so the mechanism of
formation of the C8H9

+ fragment remains unclear. The observation of
both m/z 105.0334 and m/z 105.0697 from ethcathinone also indicates
extensive covalent rearrangements that remain unexplained [32].

These articles demonstrate that there is a significant lack of un-
derstanding in the fragmentation behavior of synthetic cathinones with
ESI-MS/MS. To better defend the observations of existing casework, to
better understand the current observations, and to better predict the
fragmentation patterns of future synthetic cathinones, this project ex-
amines the fragmentation behavior of synthetic cathinones generated
via ESI and analyzed with both ion trap (IT) and quadrupole time-of-
flight (Q-TOF) mass spectrometers. IT mass spectrometers are typically
nominal mass instruments, but they have the capability to perform
multiple stages of mass spectrometry. In contrast, Q-TOF mass spec-
trometers are high-resolution instruments that provide accurate mass
measurements. The combination of multi-stage mass spectrometry
(MSn), accurate mass measurements with high-resolution mass spec-
trometry (HRMS), isotopic labeling and gas-phase infrared ion spec-
troscopy allows for the confirmation of intermediate product ions along
the proposed fragmentation pathways and provides support for our
proposed mechanisms. The identification of a novel fragmentation
pathway(s) for the generation of the tropylium ion or methylenedioxy-
analog ion provides a more coherent framework of understanding for
the identification of future synthetic cathinone analogs.

2. Methods

2.1. Sample preparation

This study involved the analysis of 11 synthetic cathinones that
were purchased through Cayman Chemical (Ann Arbor, MI, USA) and
11 isotopically labeled or non-commercially available synthetic cath-
inones synthesized in-house at Auburn University. Table 1 contains the
synthetic cathinones analyzed in this study.

Before the synthetic samples were shipped to West Virginia
University, a full characterization using NMR and GC-EI-MS was per-
formed at Auburn University to confirm the correct labeling and assess
the level of chemical and isotopic impurities in the purified products. In
general, the GC total ion chromatograms (TIC) and NMR spectra in-
dicated that the purity of the target compound was typically greater
than 95%. Isotopic impurities do not interfere with the tandem mass
spectrometry results because the isotopic impurities are excluded
during isolation of a specific precursor isotope. Synthetic procedures,
EI-MS spectra and NMR data are available on request.

All samples were analyzed at a concentration of approximately
100 ppm. The non-deuterated samples were dissolved in a solution of
49% HPLC grade methanol, 49% distilled water and 2% acetic acid.
Deuterated samples were dissolved in HPLC grade methanol only to
prevent back exchange. The HPLC-grade methanol was supplied by
Fisher Scientific (Palo Alto, CA, USA) and the acetic acid was supplied
by Acros Organics (Palo Alto, CA, USA).
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2.2. Instrumentation

2.2.1. Velos Pro linear ion trap
A Thermo Scientific Velos Pro linear ion trap (LIT) mass spectro-

meter was operated with heated-electrospray ionization (HESI). 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 en-
ergy (NCE) were different for each compound and are labeled with each
mass spectrum. Ultra-pure helium was used as the bath gas purchased
through Matheson TRIGAS (Fairmont, WV, USA).

2.2.2. Agilent Technologies 6538 UHD accurate-mass quadrupole time-of-
flight (Q-TOF)

An Agilent Technologies 6538 UHD Accurate-Mass Quadrupole
Time-of-Flight (Q-TOF) mass spectrometer was operated with a dual ESI
source at a spray voltage of 3,500 V. The nitrogen gas was set to 300 °C
with a drying gas flow of 5 L/min and a nebulizer flow of 30 psig. The
MS fragmentor and skimmer voltages were operated at 225 V and 65 V,
respectively. The scan range and collision energy were different for
each compound and are labeled in each mass spectrum. An isolation
width of 1.3 Da was used for all samples. Ultra-pure nitrogen was used
for the collision gas purchased through Matheson TRIGAS (Fairmont,
WV, USA).

2.2.3. Ion spectroscopy
Gas-phase infrared ion spectroscopy experiments were performed at

the FELIX laboratory in Nijmegen, Netherlands using an electrospray
ionization source on a Bruker Amazon ion trap mass spectrometer,
modified to provide optical access to the trapped ions [33]. The flow
rate of the α-PVP sample to the source was 120 μL/h with a spray
voltage of −4500 V and N2 nebulizer gas was used. Precursor ions at
m/z 119 and m/z 133 were generated through ESI-MS/MS of α-PVP
(fragmentation of [M+H]+ at m/z 232), isolated in the ion trap and
irradiated with 10 infrared laser pulses from the free electron laser
(FEL) (repetition rate 10 Hz, pulse energies between 80 and 200 mJ),
which was tuned over the frequency range 1000–1850 cm−1. The re-
corded mass spectra were used to determine the infrared multiple
photon dissociation (IRMPD) yield at each wavelength, which is de-
fined as the ratio of the summed product ion intensities divided by the
total ion intensity. After measuring the intensities of the precursor and
fragment ions at a given wavelength of irradiation, the IR frequency
was changed in steps of 3 cm−1. For each IR frequency, new packets of
ions were loaded into the ion trap and irradiated. The intensities of the
precursor and product ions were the average of five replicate mass
spectra per IR step. The whole process continued across the fingerprint
spectral region (1000–1850 cm−1). IRMPD spectra were linearly cor-
rected for variations in laser power as a function of IR frequency. The
experimental gas-phase IRMPD spectra could then be compared to the
density functional theory (DFT) calculated spectra.

The lowest-energy geometry was calculated at the B3LYP/6-
311 + G(d,p) level of theory using Gaussian 09 [34] for several iso-
meric structures of each of the two intermediate product ions at m/z
119 (Supplemental Fig. 1) and m/z 133 (Supplemental Fig. 2). The
Cartesian coordinates for the optimized isomeric structures for the
product ions at m/z 119 and m/z 133 are presented in Supplemental
Table 1 and Supplemental Table 2, respectively. The vibrational fre-
quencies calculated at this level of theory provided thermodynamic
corrections to the raw energies and the theoretical vibrational spectra
of each species. Comparison of the calculated and the IRMPD spectra,
along with the relative energies between isomers, provided justification
for the assignment of the most probable isomer of each species.

2.3. Data analysis

Xcalibur 2.0.0.48 software was used for the data analysis on the
Velos Pro and Mass Hunter 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 for mass spectral plots and mass spectral fragmentation
mechanisms, respectively.

2.3.1. Mass spectral interpretation and mechanisms
The proposed fragmentation mechanisms in the following section

are based on MSn analyses, rational electron pushing mechanisms and
the expected lowest energy pathways [35]. Whereas the identification
of the exact hydrogen(s) in a specific rearrangement is not always
possible in this study, deuterium labeling was often able to exclude the
involvement of certain hydrogen atoms. The use of MSn permits the
structural determination of all the intermediates along a fragmentation
pathway, so even when the exact structure of an intermediate is not
known, it is still possible to generate a deeper understanding of the
precursors and products of a certain intermediate than the present
status. Odd-electron product ions formed from even-electron (i.e. pro-
tonated) precursor ions of synthetic cathinones have been reported
before by Fornal [36,37], but none of the α-pyrrolidinophenone syn-
thetic cathinones analyzed in this study provided a significant abun-
dance of odd-electron product ions, which is consistent with previous
literature [36].

3. Results and discussion

Since the seminal publication by Rylander et al. in 1956 [38], the
propensity of aromatic compounds to form energetically favored tro-
pylium fragments has been studied extensively in EI-MS spectra. The
original article recognized the thermodynamic and tautomeric benefits
of rearrangement of the benzylium ion (C7H7

+, m/z 91) to the tropy-
lium ion, which is a constitutional isomer. In the 1970s, McLafferty
et al. focused on the formation of tropylium ions from a variety of alkyl-
substituted benzenes under EI-MS conditions [39,40] McLafferty and
coworkers showed that whereas benzylium and tropylium ions are

Table 1
Synthetic cathinones analyzed in this study.

Cayman Chemical Synthesized at Auburn University

α-pyrrolidinopropiophenone (α-PPP) 13C-α-pyrrolidinovalerophenone labeled on the carbonyl carbon (13C-carbonyl carbon-α-PVP)
α-pyrrolidinobutiophenone (α-PBP) 13C-α-pyrrolidinovalerophenone labeled on the α-carbon (13C-α-carbon-α-PVP)
α-pyrrolidinovalerophenone (α-PVP) 18O-α-pyrrolidinovalerophenone (18O-α-PVP)
α-pyrrolidinoheptanophenone (PV8) α-pyrrolidinovalerophenone-d7 labeled on the alkyl chain (α-PVP-d7)
4-methoxy-α-pyrrolidinopentiophenone (4-MeO-α-PVP) α-pyrrolidinovalerophenone-d8 labeled on the pyrrolidine ring (α-PVP-d8)
3′,4′-trimethylene-α-pyrrolidinovalerophenone α-methyl-pyrrolidinovalerophenone (α-PVP-methyl group)
3,4-methylenedioxy-α-pyrrolidinopropiophenone (3,4-MDPPP) 13C-α-pyrrolidinoheptanophenone labeled on the carbonyl carbon (13C-PV8)
3,4-methylenedioxy-α-pyrrolidinobutiophenone (3,4-MDPBP) 13C-α-pyrrolidinopropiophenone on the α-carbon (13C-α-PPP)
3,4-methylenedioxypyrovalerone (3,4-MDPV) 13C-4′-methyl-α-pyrrolidinohexanophenone on the carbonyl carbon (13C-MPHP)
3,4-methylenedioxypyrovalerone-d8 on the pyrrolidine ring (3,4-MDPV-d8) 13C-3,4-methylenedioxypyrovalerone on the carbonyl carbon (13C-3,4-MDPV)
2,3-methylenedioxypyrovalerone (2,3-MDPV) 13C-Naphyrone on the carbonyl carbon
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often equally favored at threshold fragmentation energies, the tropy-
lium ion is favored by a factor of at least 2:1 at EI energies around 70 eV
[39,40].

Lifshitz et al. also demonstrated that the tropylium ion is more
stable than several other isomers and noticeably lower in energy than
the benzylium ion, which explains the preference for the ring expansion
of benzylium ions to the tropylium ion structure [41]. More recently,
Hayward et al. have described the formation of the tropylium ion with
surface-induced dissociation (SID) [42]. Hayward et al. showed that the
ring expansion from the benzylium ion to the tropylium ion was exo-
thermic and often involves the incorporation of alkyl substituents.
Specifically, the reaction of neutralized benzene with sputtered C3H5

+

followed by the loss of ethene was the most likely route for tropylium
ion formation [42]. Using a variety of theoretical calculations, several
groups have shown that the activation barrier from the benzylium ion
to the tropylium ion is in the range of 1.4–3.4 eV and that the tropylium
ion is thermodynamically more stable than the benzylium ion by ap-
proximately 0.37 eV [43–49]. Although the mechanism(s) from the
benzylium ion to tropylium ion is therefore very well documented,
mechanisms to form the tropylium ion from aromatic ketones—like
alkylphenones and cathinones—have not been adequately described.
We therefore conducted various experiments to rationalize the sig-
nificant rearrangements that are required to produce the tropylium ion
from a variety of synthetic cathinones.

3.1. HESI-Velos Pro MSn

Fig. 1 shows the MSn fragmentation of α-PVP with the major
structural fragments embedded. Isolation and fragmentation of the

precursor ion [M+H]+ at m/z 232 results in the primary product ions
at m/z 214, 189, 161, and 154 (Fig. 1a). The base peak of this spectrum
is observed at m/z 161, which is formed through the loss of the pyr-
rolidine ring from the precursor ion. Fig. 1b shows the product ions
produced from the isolation and fragmentation of the primary product
ion at m/z 161. The main product ions are observed at m/z 143, 133,
119, 105, and 91.

Based on the MSn analysis of m/z 161, the secondary product ions at
m/z 143, 133, and 119 are formed through the loss of H2O, ethylene or
CO, and propylene, respectively. Fig. 1c shows the isolation and frag-
mentation of the secondary product ion at m/z 119, which results in the
exclusive formation of the tropylium ion at m/z 91, which can only
occur through the loss of CO from the intermediate at m/z 119.

Fig. 2 shows the MSn fragmentation of α-PVP that has a 13C label on
the carbonyl carbon. The structures of major fragments are also em-
bedded in Fig. 2. Evidence for the phthalane structure shown in Fig. 2b
is provided by ion spectroscopy and DFT calculations in section 3.4.
Isolation and fragmentation of the isotope-labeled precursor ion [M
+H]+ at m/z 233 (Fig. 2a) results in a variety of ions, including m/z
162, 133, 120, 106, and 91. Following the same logic as Fig. 1, the
structure at m/z 162 corresponds to the loss of the pyrrolidine ring from
the precursor. The product ions formed through the isolation and
fragmentation of m/z 162 (Fig. 2b) include m/z 144, 134, 133, 120,
106, 105, and 91. Based on MSn analyses, the 13C-labeled carbonyl
carbon is not incorporated into the tropylium ion and must be lost as
neutral 13CO (Fig. 2c).

The observation of the intermediate at m/z 133 in the MS2 and MS3

spectra of Fig. 2a and 2b, respectively, is particularly interesting. Al-
though the loss of CO directly from the alkyl chain had been proposed

Fig. 1. Tandem mass spectra of α-PVP: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 product ion spectrum of the product ion at m/
z 161 (30% NCE) showing the formation of product ions at m/z 143, 133, 119, 105, and 91; c) MS4 product ion spectrum of the secondary product ion at m/z 119
(30% NCE) showing the formation of only the tropylium ion at m/z 91. Evidence for the phthalane structure shown in panel b) is provided by ion spectroscopy and
DFT calculations in section 3.4.
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by Pozo et al. [28], Fabregat-Safont et al. [29] and Qian et al. [30], this
pathway had not been verified until the current use of isotopic labeling.

The MSn fragmentation of the precursor ion [M+H]+ at m/z 234 for
18O-α-PVP results in the formation of primary product ions at m/z 214,
191, 163, and 156 (Fig. 3a). The primary product ions, except for m/z
214, are all shifted by two Daltons (Da) relative to the same product
ions for α-PVP, which appear at m/z 189, 161, and 154. This observed
2 Da shift indicates these fragments must include the 18O-labeled
oxygen. In contrast, the primary product ion at m/z 214 must not
contain the 18O label. The product at m/z 214 can therefore only be
explained by the loss of H2

18O from the precursor.
Fig. 3b shows that the product ion spectrum from the isolation and

fragmentation of the primary product ion at m/z 163 results in product
ions at m/z 143, 135, 133, 121, 107, and 91. The ions at m/z 135, 121,
and 107 must include the 18O oxygen, whereas the ions at m/z 143,
133, and 91 must not contain the 18O oxygen. A particularly interesting
observation is the distribution of the secondary product ions at m/z 135
and m/z 133, which highlights competing pathways through the loss of
ethylene (C2H4) and C18O for the loss of 28 or 30 Da, respectively, from
the primary product ion at m/z 163 for α-PVP (Fig. 3b). Isolation and
fragmentation of the 18O-containing secondary product ion at m/z 121
results in only the tropylium ion at m/z 91, again consistent with the
loss of CO from the precursor with the elemental composition
C8H7

18O+ at m/z 121.
Fig. 4 contains the MSn fragmentation of α-PVP that has a 13C label

on the α-carbon. Fragmentation of the isotope-labeled precursor ion [M
+H]+ at m/z 233 (Fig. 4a) results in product ions at m/z 162, 144, 134,
127, 120, 105, and 92. These product ions are entirely consistent with

the product ions observed in Fig. 2a with the 13C label on the carbonyl
carbon instead of the α-carbon. Fig. 4b shows the product ions formed
through the isolation and fragmentation of the intermediate at m/z 162,
which includes m/z 144, 134, 120, and 92. Fragmentation of the in-
termediate ion at m/z 120 is almost devoid of signal at m/z 91 for the
all-12C-isomer (Fig. 4c), which indicates that the α-carbon is retained
and the carbonyl carbon is not.

Based on the isotope labeling and MSn results, Fig. 5 shows the
proposed fragmentation mechanisms for the generation of the product
ions at m/z 134, 133, and 120 from collisional activation of the pro-
tonated molecular ion of 13C-carbonyl-α-PVP at m/z 233. After the loss
of the pyrrolidine moiety from the precursor, the ion at m/z 162 follows
two primary pathways. The first is the loss of 13CO directly from the
alkyl chain, which results in the formation of the intermediate at m/z
133 (green pathway). The other dominant pathway for the intermediate
at m/z 162 is through the formation of an epoxide, which stabilizes the
charge on a tertiary carbocation. The epoxide can fragment through a
variety of charge-remote mechanisms including a 4-center elimination
of ethylene to give the product at m/z 134 (red pathway) and through a
different 4-center elimination of propylene to give the product at m/z
120 (blue pathway). For the precursor labeled with 13C on the carbonyl
carbon, the loss of 13CO (29 Da) and the loss of C2H4 (28 Da) are readily
distinguished. In contrast, the unlabeled precursor provides losses of
12CO (28 Da) and C2H4 (28 Da) have the same nominal mass and are
indistinguishable on unit-mass-resolution instruments.

According to DFT calculations, there is no energy barrier to form the
epoxide at m/z 162 in the top right of Fig. 5 from the secondary car-
bocation in the top center of Fig. 5. The epoxide carbon distal to the

Fig. 2. Tandem mass spectra of 13C-carbonyl labeled α-PVP: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 spectrum of the
intermediate ion at m/z 162 (30% NCE); c) MS4 spectrum of the intermediate ion at m/z 120 (30% NCE) showing the formation of only the secondary product ion at
m/z 91. Evidence for the phthalane structures in panels a) and b) are provided by ion spectroscopy and DFT calculations in section 3.4.
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ring can then undergo nucleophilic attack by π-electrons from the
aromatic ring—after or during the loss of an ethylene or propylene
neutral loss of 28 or 42 Da, respectively—to provide the phthalane core
for the product ions at m/z 134 and m/z 120, respectively. DFT cal-
culations show that the phthalane structure (bottom right structure in
Fig. 5) is thermodynamically the most stable isomer compared to seven
alternative isomeric structures. However, energy barriers associated
with these isomer interconversions have not been studied. These me-
chanisms help explain both the presence of the secondary product ions
at m/z 134 and m/z 133, and they are consistent with the ion spec-
troscopy results for the most probable structures (see below). The
competing pathways between the loss of the non-13C-labled ethylene
neutral (28 Da) and the 13C-labled CO neutral (29 Da) explains the
presence of both m/z 134 and m/z 133 in the product ion spectrum of
13C-carbonyl carbon-α-PVP (Fig. 2b).

Fig. 6 shows two possible mechanisms for the formation of the
product ions at m/z 91 and m/z 92 from the intermediate at m/z 120.
The conversion energetics of the last few steps—from the benzylium ion
to the tropylium ion—have been described in detail by Vala et al. [49].
These pathways are based on the 13C isotopic labeling of both the
carbonyl carbon and α-carbon, and they help explain the observations
that the α-carbon is incorporated into the tropylium ion through the
loss of neutral CO containing the carbonyl carbon. According to the
acquired spectra, the alkyl hydrogens must have a sufficiently high
barrier for rearrangement to prevent the phthalane structures at the top
of Fig. 6 from interconverting. The two fragments shown at the top of
Fig. 6 are therefore distinct and not in equilibrium.

Supplemental Fig. 3a shows the MS3 product ion spectrum from the
intermediate product ion at m/z 134 for 13C-carbonyl carbon-α-PVP.

This spectrum highlights the formation of product ions at m/z 106, 105,
and 92. The corresponding MS3 product ion spectrum for the inter-
mediate product ion at m/z 133 for 13C-carbonyl carbon-α-PVP is
shown in Supplemental Fig. 3b. Supplemental Fig. 3b demonstrates the
formation of product ions at only m/z 105 and m/z 91. Supplemental
Fig. 4 shows the proposed mechanisms for the formation of the m/z
106, 105, 92, and 91 product ions from the intermediate product ions at
m/z 134 and m/z 133 for 13C-carbonyl carbon-α-PVP. Supplemental
Fig. 5 shows the MS3 fragmentation of the intermediate product ion at
m/z 134 from 13C-α-carbon-α-PVP and Supplemental Fig. 6 demon-
strates the proposed mechanisms to explain the product ions at m/z
106, 105, 92, and 91.

The analysis of α-PVP-d7, which is perdeuterated along the alkyl
chain, provides additional support for the proposed mechanisms shown
in Figs. 5 and 6. When α-PVP is perdeuterated along the alkyl chain, the
[M+H]+ precursor ion is observed at m/z 239, and fragmentation of
the d7 precursor results in abundant fragments at m/z 168, 140, 120, 93
and 92, among others (Fig. 7a). Isolation and fragmentation of the in-
termediate at m/z 168 (Fig. 7b) shows an interesting distribution of
fragments around m/z 92 and m/z 120. The formation of the ion at m/z
92 must occur through the incorporation of a single deuterium into the
tropylium ion, whereas the formation of ions at m/z 93 and m/z 94
must involve the incorporation of two and three deuteriums, respec-
tively, into the tropylium ion. This same pattern of deuterium inclusion
is observed for the intermediates at m/z 120, 121, and 122. The me-
chanims described in Figs. 5 and 6 are consistent with the experimental
observations regarding scrambling along the alkyl chain (m/z 93 and
m/z 121) and the aromatic ring (m/z 94 and m/z 122).

Based on the results for the fragmentation of α-PVP labeled with

Fig. 3. Tandem mass spectra of 18O-α-PVP: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 spectrum of the product ion at m/z 163
(30% NCE) showing the formation of product ions at m/z 143, 135, 133, 121, 107 and 91; c) MS4 spectrum of the secondary product ion at m/z 121 (30% NCE)
showing only the formation of tropylium ion at m/z 91. Evidence for the phthalane structures in panels a) and b) are provided by ion spectroscopy and DFT
calculations in section 3.4.
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18O, one would expect α-PVP-d7 to lose either 12CO (28 Da) or C2D4
(32 Da) from the intermediate at m/z 168 to provide product ions at m/
z 140 and m/z 136, respectively. Although both are observed, only the
intermediate product ion a m/z 140 is readily observed in the full-scale
plot. These observations are consistent with both the C9H9O+ and
C10H13

+ intermediate product ions in unlabeled α-PVP, which are
discussed later in the high-resolution mass spectrometry section.

ESI-MS/MS analysis of other cathinone structures showed that the
alkyl chain length has a direct impact on the formation of the tropylium
ion and associated intermediate product ions. As the alkyl chain length
increases, additional intermediates are possible, and they also con-
tribute to the formation of the tropylium ion. For example, PV8 has two
additional methylene groups relative to α-PVP. The [M+H]+ precursor
of PV8 is observed at m/z 260, and the major product ions appear at m/
z 189, 147, 133, 119 and 91. Consistent with the other pyrrolidine-
containing cathinones, the structure of the intermediate product ion at
m/z 189 corresponds to the preferred loss of the pyrrolidine ring from
the precursor. The structure of the intermediate product ion at m/z 119
is presumably the same as in Fig. 1, which likely has the same phtha-
lane structure as shown in Figs. 1 and 5. The mass of the intermediate
product ion at m/z 147 suggests that it corresponds to the fragment at
m/z 133 (described in Figs. 2, 3 and 5) with an additional methylene
group (CH2). Secondary fragmentation of the intermediate at m/z 147
provides secondary product ions at m/z 119 and m/z 91.

Product ion spectra change more dramatically when the alkyl chain
length is decreased relative to α-PVP. For example, Supplemental Fig. 7
shows ESI-MS/MS spectra of cathinones with both shorter and bran-
ched alkyl chains and their ability to prevent the formation of the

tropylium ion. Our results show that when the alkyl chain attached to
the aromatic ring is at least four carbons long (including the carbonyl
cabon), the tropylium ion is observed, which is consistent with previous
results [18,22,37,50]. However, as a general rule, when the alkyl chain
is shorter than four carbon atoms, the formation of the tropylium ion is
severely inhibited. These observations are explained by the need for a
sufficient number of carbons on the alkyl appendage to enable both
sterically favorable rearrangements and a good leaving group for the
phthalane ring to form, as is the case for α-PVP in Fig. 5. Finally,
Supplemental Fig. 7 shows that even when the alkyl chain contains four
carbon atoms, the incorporation of a methyl group on the α-carbon also
quenches the mechanism for tropylium ion formation. Quenching of the
tropylium ion formation is an expected outcome of the mechanism
shown in Fig. 5 because the additional methyl group on the α-carbon
both stabilizes the charge on the α-carbon and provides steric hinder-
ance to the nucleophilic attack by the π-electrons from the aromatic
ring.

Fig. 8 shows the ESI-MS/MS spectrum of protonated 3,4-MDPV-d8.
The spectrum indicates that the deuterium atoms on the pyrrolidine
ring are not incorporated into the benzene ring during the skeletal re-
arrangement and instead remain on the pyrrolidine moiety. The ab-
sence of deuterium scrambling is confirmed with the product ion at m/z
134, which is an 8 Da mass increase relative to the 1-butylidene-
pyrrolidin-1-ium product ion at m/z 126 observed for non-deuterated
3,4-MDPV (Fig. 8a). When the [M+H]+ precursor of 3,4-MDPV-d8 at
m/z 284 is isolated and fragmented, the base peak is the secondary
product ion at m/z 205 (Fig. 8a). This ion is a 44 Da mass increase
relative to the secondary product ion at m/z 161 of α-PVP, which

Fig. 4. Tandem mass spectra of 13C-α-carbon α-PVP: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 spectrum of the intermediate ion
at m/z 162 (30% NCE); c) MS4 spectrum of the intermediate ion at m/z 120 (30% NCE) showing the formation of only the product ion at m/z 92. Evidence for the
phthalane structures in panels a) and b) are provided by ion spectroscopy and DFT calculations in section 3.4.
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corresponds to the additional mass of the methylenedioxy substituent,
as expected.

MS3 fragmentation of the base peak at m/z 205 for 3,4-MDPV-d8
produces secondary product ions at both m/z 177 and m/z 163, which
both represent a 44 Da mass increase relative to the corresponding non-
methylenedioxy substitutions observed for α-PVP (Fig. 8b). These
fragments also support the conserved nature of the proposed frag-
mentation mechanisms that are apparently unperturbed by modifica-
tions on the aromatic ring. The product ion at m/z 175 forms through
the loss of formaldehyde (CH2O), which comes from the methylene-
dioxy substituent and explains why this equivalent fragment is not
observed for α-PVP. Fig. 8c shows the isolation and fragmentation of
the intermediate product ion at m/z 177 for 3,4-MDPV-d8, which
highlights the loss of both propylene (42 Da) and formaldehyde

(30 Da). Again, the formaldehyde loss from 3,4-MDPV comes from the
methylenedioxy substituent, which is not present for α-PVP.

Supplemental Fig. 8 compares the tandem mass spectra of the [M
+H]+ precursor ion for 3,4-MDPV and the [M+H]+ precursor ion for
2,3-MDPV, both of which are observed at m/z 276. In both cases, the
major fragments leading to the formation of the substituted tropylium
ions are observed at m/z 205, 177, 163 and 135. However, the isomers
have different fragment ion abundances at m/z 205 and m/z 135. When
the methylenedioxy substituent is in the 3,4-positon, the intermediate
product ion at m/z 205 is the base peak of the tandem mass spectrum
and the product ion at m/z 135 is present at ~10% abundance. In
contrast, when the methylenedioxy substituent is in the 2,3-position,
the intermediate product ion at m/z 205 is only about 40% of the base
peak and the product ion at m/z 135 is about 70% of the base peak. This

Fig. 5. Proposed mechanisms for the formation of m/z 134, 133, and 120 product ions from 13C-carbonyl carbon-α-PVP. The phthalane structures at m/z 120 and m/z
134 were confirmed by ion spectroscopy and DFT calculations (see Figs. 12 and 13).
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behavior highlights two trends about the position of the methylene-
dioxy substituent: 1) the formation of the tropylium ion is favored for
the 2,3-position, and 2) the loss of formaldehyde from the intermediate
product ion m/z 205 is favored for the 2,3-positon.

Fig. 9 shows the pathways from the [M+H]+ precursor to the final
tropylium product ion along each major pathway for α-PBP, α-PVP, and
PV8. The flux is expressed as a percentage of the total ion spectrum. As
discussed previously, when the alkyl chain length increases there are
additional intermediate product ions that feed into the tropylium ion
pathway. Likewise, the conversion rate from precursor to intermediate
changes as a function of possible pathways, where α-PBP contains only
two intermediates and PV8 contains four intermediates along the tro-
pylium ion pathways. The length of the alkyl chain has a direct effect on
the conversion rates; the intermediate product ion at m/z 133 for α-PVP
having a 79% conversion to the tropylium product ion at m/z 91,
whereas the intermediate product ion at m/z 133 from PV8 has only a

1% conversion rate to the tropylium product ion at m/z 91. Fig. 9 also
shows that the conversion rate for the intermediate product ion at m/z
119 to the tropylium product ion at m/z 91 is ~ 100% for the three
unsubstituted cathinones.

3.2. High-Resolution mass spectrometry (HRMS) measurements using ESI-
Q-TOF

Whereas the IT mass spectrometer offered the capability to perform
multiple stages of mass spectrometry (MSn), HRMS allowed for accurate
mass measurements from the tandem mass spectra. Accurate mass
measurements are useful because they provide unique elemental com-
positions, with our typical instrument uncertainty on the order of
10 ppm or about 3 mDa. The ability to identify the elemental compo-
sition of a fragment becomes particularly important when there are
multiple ways to explain a neutral loss, such as CO and C2H4, which

Fig. 6. Proposed mechanisms for the formation of product ions at m/z 91 and m/z 92 from the intermediate at m/z 120 for MS4 based on 13C isotopic labeling of the
carbonyl carbon and the α-carbon for α-PVP.
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both have the nominal mass of 28 Da. Fig. 10a shows the high-resolu-
tion tandem mass spectra of α-PVP with the major structural fragments
embedded.

The HRMS tandem mass spectrum of α-PVP allows for the de-
termination of the elemental formula of four important ions. The first is
the tropylium ion with an accurate mass of m/z 91.0559, which is about
12 ppm from the exact mass of C7H7

+. The second important ion is the
proposed phthalane structure with an accurate mass of m/z 119.0530,
which deviates 28 ppm from the exact mass for C8H7O+. Finally, the
HRMS measurements of the two product ions with a nominal mass of
m/z 133 in Fig. 10a had elemental compositions of both C9H9O+

(measured at m/z 133.0670; expected at m/z 133.0653; 13 ppm error)
and C10H13

+ (measured at m/z 133.1029; expected at m/z 133.1017;
9 ppm error). Beam-type CID in the HRMS instrument tends to favor the
formation of fragments at smaller m/z values than in the lower-energy
IT instrument, as shown by the low-abundance C10H13

+ product ion
relative to the C9H9O+ product ion under 35 eV CID conditions
(Fig. 10b). The slight differences in the accurate mass measurements in
Fig. 10a and 10b are because the zoomed-in plot in Fig. 10b was col-
lected at a collision energy of 35 eV; the differences in accurate mass
are representative of the typical uncertainty in replicate measurements.
The combination of the 18O-α-PVP IT results (Fig. 3) and the HRMS
results provide unequivocal evidence for the competing pathways be-
tween the loss of CO and ethylene for the formation of the product ion
with a nominal mass of m/z 133.

Fig. 11 shows the tandem mass spectra of PV8 with the major
structural fragments embedded. Although the alkyl chain is two carbons
longer for PV8 than α-PVP, the same core tropylium ion fragmentation
ions are observed for both α-PVP and PV8. Based on the HRMS accurate
mass measurements, the error between the accurate mass measure-
ments and exact masses is on the order of those discussed in Fig. 10. The

additional intermediate at m/z 147.0838 is hardly above the noise level
at the conditions used for this experiment; however, the accurate mass
measurement is consistent with the elemental formula C10H11O+.
Supplemental Fig. 9 contains an additional example of the tandem mass
spectra generated with the Q-TOF mass spectrometer for 3,4-MDPV.

3.3. General fragmentation trends and practical implications

Based on the accurate mass measurements from the Q-TOF mass
spectrometer and the MSn fragmentation from the IT mass spectro-
meter, the following generalized trends can be made about the frag-
mentation behavior of α-pyrrolidinophenone synthetic cathinones.
Unlike N-alkylated synthetic cathinones [36,37], radical fragments are
rarely formed from the even-electron precursors. The loss of the 71 Da
pyrrolidine neutral is always observed, as shown by the product ion at
m/z 189 for PV8. From this intermediate, there are competing pathways
for the loss of CO and ethylene (both nominally 28 Da), and the loss of
CO is favored for all the studied compounds. For the model compound
PV8, these two elementally distinct product ions both occur at the same
nominal m/z value of 161. Any member of this class of cathinones with
a carbon skeleton comprised of at least four contiguous carbon atoms,
including the carbonyl carbon, can form products through the loss of
neutral alkenes from the aliphatic chain. For the model compound PV8,
two such products are observed at m/z 133 for the loss of 28 Da (C2H4)
from the intermediate at m/z 161 and m/z 147 for the loss of 42 Da
(C3H6) from the intermediate at m/z 189. The intermediate formed
through the loss of propylene feeds directly into the tropylium ion
pathway through the loss of 28 Da (ethylene) in all cases studied, as
shown by the product ion at m/z 119 for all cathinones. The inter-
mediate at m/z 119 forms the tropylium ion at m/z 91 through the loss
of CO for all the studied α-pyrrolidinophenone cathinones. Finally, the

Fig. 7. Tandem mass spectra of α-PVP-d7: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 product ion spectrum of the product ion at
m/z 168 (30% NCE) showing the formation of secondary product ions at m/z 140, 122, 121, 120, 94, 93, and 92; c) MS4 product ion spectrum of the intermediate at
m/z 140 (30% NCE) showing the formation of secondary product ions at m/z 92, 93, and 94.
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intermediate at m/z 133 forms the tropylium ion through the loss of
C2H2O, as shown in Supplemental Fig. 4 for 13C-carbonyl carbon-α-
PVP.

The differences in the mass spectra generated with IT and Q-TOF
mass spectrometers are beyond the focus of the current project.
However, in brief, the IT mass spectrometer favors the formation of
lower energy and higher mass intermediate ions relative to the Q-TOF
mass spectrometer, which included some higher-energy pathways like
the loss of alkyl radicals to form odd-electron product ions. These
spectral differences stem from the well-known differences in the colli-
sion energy, number of collisions, and activation time scales between
the IT and Q-TOF mass spectrometers. IT fragmentation involves trap-
ping CID (very slow activation, i.e. 10–100 ms) through hundreds of
collisions with the bath gas, whereas Q-TOF fragmentation occurs
through low-energy (slow activation, i.e. 0.5–1 ms) beam-type colli-
sions (i.e. 10–100) as the analyte passes through the collision cell
[51,52].

In general, the mass spectra collected with both the IT and Q-TOF
mass spectrometers were sufficiently similar that they are cross-com-
parable, and the fragmentation pathways were conserved across all
synthetic cathinones analyzed. The impact of this information is that it
allows for a quick and easy manner for the detection of aromatic sub-
stitutions on synthetic cathinones. In contrast to typical tandem mass
spectra, a dominant peak for this class of cathinones at nominal m/z 91
indicates an unsubstituted aromatic ring, a peak at nominal m/z 105
indicates a methyl-substituted aromatic ring (Supplemental Fig. 10),
and a peak at nominal m/z 135 indicates a methylenedioxy substitution.
Any isotope labels on the carbonyl carbon or oxygen should not affect
the m/z positions of these substituted tropylium ions.

3.4. Infrared ion spectroscopy

The combination of the MSn and accurate mass measurement results
determined the relationship between each intermediate product ion of
interest and the tropylium ion, but also the elemental formula of those
intermediates. However, neither of these techniques allow for the de-
termination of the exact arrangement of the atoms present in each in-
termediate. To help answer the question of constitutional arrangement,
gas-phase infrared ion spectroscopy was employed to characterize the
intermediates at m/z 119 and m/z 133 for α-PVP.

Fig. 12 shows a comparison between the experimentally observed
gas-phase IR spectra and the theoretically calculated DFT spectra for
two proposed structures for the intermediate product ion at m/z 119.
Based on being the lowest-energy isomer from eight isomeric structures
evaluated (Supplemental Fig. 1), and the similarity in wavenumber
between the experimental and theoretical calculation, the structure
labeled 119a was identified as the most likely structure for the inter-
mediate product ion at m/z 119. We note here that the IR-induced
dissociation was energetically demanding, requiring 10 FEL pulses at
high IR laser pulse energy, probably as a consequence of the compact
nature of the interrogated structures. We suspect these high thresholds
in combination with non-linearities in the multiple-photon excitation
process lead to a skewed frequency dependence of the fragment yield,
reducing the observed intensities in the IRMPD spectra towards lower
photon energies.

The structure 119d is an example of a poor fit both in terms of re-
lative energy of formation (208 kJ/mol relative to structure 119a) and
alignment of the experimental and theoretical spectra. The principal
feature of the calculated spectra of 119d at ~1850 cm−1 can be

Fig. 8. Tandem mass spectra of 3,4-MDPV-d8: a) MS2 product ion spectrum of the [M+H]+ molecular ion (35% NCE); b) MS3 product ion spectrum of the product
ion at m/z 205 (35% NCE) showing the formation of secondary product ions at m/z 177, 163 and 135; and c) MS4 product ion spectrum of the product ion at m/z 177
(35% NCE) showing the formation of the tropylium ion derivative at m/z 135.
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assigned to the stretching of the carbonyl bond. The highly coupled
stretch of the Cα–Cβ bonds is responsible for both the peaks at
~1600 cm−1 and 1400 cm−1. Based on the experimental spectra, we
know that the intermediate product ion at m/z 119 cannot contain a
carbonyl because of the absence of the characteristic feature at
1850 cm−1, which is well beyond the experimentally observed peak at
1600 cm−1. The additional peaks in the measured spectrum between
~1100–1500 cm−1 derive from C-H wagging of CH2 hydrogens. The
absence of the feature at the carboxylic absorption wavelength and the
good match of the peak at ~1600 cm−1, assigned to a highly-coupled
C–C stretching of aromatic carbon bonds, along with the most favorable
thermodynamics, make isomer 119a the most probable structure of the
m/z 119 fragment.

Fig. 13 shows the analogous comparison for the intermediate pro-
duct ion at m/z 133. The 133a’ structure was identified as the most
likely structure for the intermediate product ion at m/z 133 based on
the relative energy (35 kJ/mol more stable than the next isomer
Supplemental Fig. 2) and similarity between the experimental and
theoretical spectra. The experimental band at ~1600 cm−1 matches
well with the theoretical absorption frequency for a highly-coupled C–C
stretching mode involving all aromatic carbons and C(aromatic)–Cα
bonds. The experimental absorption at ~1500 cm−1 is matched by
Cα–Cβ and Cα–O stretching coupled to aromatic C–H wagging. The
absorption at ~1400 cm−1 is where CH2 and CH3 scissoring motions
are predicted to absorb. In comparison, structure 133c gives a poorer fit
because of the high relative energy (123 kJ/mol) and the significant
differences between the experimental and theoretical spectra. For in-
stance, the main predicted band, the C]O stretch coupled to adjacent

C–C stretching modes, should appear near 1700 cm−1, but is absent in
the experimental IRMPD spectrum. Thus, the IR spectra indicate that
neither an epoxide nor a carbonyl functional group are abundant in the
ions at m/z 119 or m/z 133.

The gas-phase IR spectra in Fig. 13 indicates the presence of two
structures in the IR spectra. The structure 133a’ has both the best
spectral match and the lowest energy configuration and is likely the
dominant structure. However, the structure 133 g, which lacks an
oxygen, cannot be ruled out and is also likely to be present. The MSn

and accurate mass data indicate the loss of the CO is favored over the
loss of ethylene (C2H4) for α-PVP. However, the accurate mass data
indicates that both pathways co-exist, so both structures are likely to be
present in the gas-phase ion spectroscopy analysis. Due to the isobaric
nature of these compounds, the isolation step before IR irradiation of
the ions is unable to separate the intermediates C9H9O+ and C10H13

+

that are both observed at nominal m/z 133.
The various experiments described above enable the generation of a

general set of rules to describe the fragmentation patterns and the
formation of substituted tropylium ions in the tandem mass spectra of
substituted cathinones. For example, the base peak in the tandem mass
spectra of most α-pyrrolidine-containing cathinones stems from the
neutral loss of the pyrrolidine moiety. The only exception in our studies
was 2,3-MDPV. The second common feature in the fragmentation be-
havior is the competition between the loss of CO and ethylene (C2H4)
from this base peak, which both have a nominal mass of 28 Da. Of the
two losses, the loss of CO is typically dominant.

Another experimentally observed aspect of the fragmentation be-
havior is that competing fragmentation pathways lead to the formation

Fig. 9. Selected fragmentation pathways and corresponding flux for: a) α-PBP, b) α-PVP, and c) PV8. The percentages shown at each level of MSn provide the ion’s
abundance relative to the summed ion abundance of the product ion spectrum at that level. For example, m/z 147 is the base peak (100% peak height) in the MS2

product ion spectrum of α-PBP and 55% of the summed product ion spectrum.
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Fig. 10. Tandem mass spectra of α-PVP showing: a) the fragmentation observed on the Q-TOF mass spectrometer with a 25 eV collision energy and b) a zoomed-in
view of the product ions at m/z 133.0611 and m/z 133.0970 with a slightly higher collision energy of 35 eV.

Fig. 11. Tandem mass spectra of PV8 (25 eV) showing the conserved nature of the loss of the pyrrolidine moiety with the Q-TOF mass spectrometer and the
propensity to form the tropylium ion.
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of the tropylium ion via various neutral losses from the alkyl chain. As
far as we have established, the fragmentation pathways seem to go
through one of two phthalane structures shown in Fig. 5; the only
difference between the two is whether or not there is a methyl sub-
stitution on the saturated phthalane ring. The use of 13C isotopic la-
beling on both the carbonyl carbon and α-carbon demonstrate that the
α-carbon from the m/z 120 intermediate ion is almost exclusively in-
corporated into the tropylium ion and the carbonyl carbon is quanti-
tatively lost as neutral CO, which, to our knowledge, has not been de-
monstrated in literature before.

There are several requirements for the proposed tropylium ion re-
arrangements to occur. First, the alkyl chain must be at least four
carbon atoms long (including the carbonyl carbon) to enable the ne-
cessary rearrangements to occur. Second, there must be a reasonable
leaving group available prior to ring expansion. Third, the α-carbon
must not be substituted; in the case of methyl substitution on the α-
carbon, for example, the methyl group poses a barrier to nucleophilic

attack and the bicyclic phthalane intermediate cannot form. A final
trend in tropylium ion behavior is that the abundance of the tropylium
ion tends to increase with increasing alkyl chain lengths. Presumably,
longer alkyl chains provide additional pathways towards the tropylium
ion and larger alkyl chains provide more stable leaving groups.

Regarding other trends in fragmentation behavior, the mechanisms
described in Fig. 5 remain conserved even with additional substituents.
For example, the intermediate products ions of 3,4-MDPV show a si-
milar distribution to α-PVP, but shifted by the expected 44 Da of the
methylenedioxy substituent. Similarly, when a methyl group is present
on the aromatic ring, such as with MPHP, the substituted tropylium ion
at m/z 105 (C8H9

+) is more abundant than the native/unsubstituted
tropylium ion at m/z 91. However, for cathinones with different sub-
stituents on the aromatic ring, the favorability of a specific pathway can
be influenced by the position of the substituent, as demonstrated for
3,4-MDPV versus 2,3-MDPV. Finally, whereas the proposed mechan-
isms in Fig. 5 do not pinpoint the exact hydrogens involved in the

Fig. 12. Comparison of experimental gas-phase IR ion spectroscopy and DFT theoretical IR spectra for fragments of protonated α-PVP: a) proposed 119a structure
demonstrating a good alignment between experimental and predicted spectra and b) proposed 119d structure demonstrating a poor alignment between the ex-
perimental and predicted spectra.

Fig. 13. Comparison of experimental gas-phase IR ion spectroscopy and DFT calculated IR spectra for fragments of protonated α-PVP: a) proposed 133a’ structure
demonstrating a good alignment between experimental and predicted spectra and b) proposed 133c structure demonstrating a poor alignment between the ex-
perimental and predicted spectra.
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hydride shifts, the iminium-d8 product ion atm/z 134 of deuterated 3,4-
MDPV-d8 specifically exclude the hydrogens on the pyrrolidine ring. In
this class of cathinones the pyrrolidine neutral is lost before any hy-
drogen rearrangements occur.

4. Conclusions

This manuscript describes the use of MSn on an IT mass spectro-
meter, accurate mass measurements with HRMS, stable isotope la-
beling, and gas-phase infrared ion spectroscopy to elucidate the me-
chanism of formation of the tropylium ion in the tandem mass spectra
of various α-pyrrolidinophenone synthetic cathinones. The identifica-
tion of the proposed carbon backbone rearrangements for the genera-
tion of the tropylium ion or substituted tropylium ion analogs with ESI-
MS/MS provides the forensic science community with a mechanistic
explanation for this previously unexplained phenomenon. The con-
served nature of the proposed mechanisms offers an additional tool for
the identification of emerging synthetic cathinones using tandem mass
spectra. For example, a ring-substituted α-pyrrolidinophenone syn-
thetic cathinone will typically provide a peak of reasonable abundance
that corresponds to the ring-substituted tropylium ion. However, the
mechanism requires a good leaving group for the nitrogen atom—such
as the pyrrolidine ring—and at least four carbon atoms on the alkyl-
phenone chain (including the carbonyl carbon). Finally, the ability to
defend the observations of existing casework and better predict the
fragmentation patterns of future synthetic cathinones provides analysts
with increased confidence in their interpretations and provides a
stronger scientific foundation for their opinions in court.
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