
Analytical
Methods

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
kv

tn
a 

20
19

. D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
12

:0
8:

22
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Analysis of synth
aDepartment of Pharmacy and Pharmacolog

E-mail: prsisb@bath.ac.uk; Tel: +44 (0)1225
bDepartment of Biology and Biochemistry, U

† Electronic supplementary informa
10.1039/c9ay00722a

Cite this: Anal. Methods, 2019, 11, 3101

Received 5th April 2019
Accepted 7th May 2019

DOI: 10.1039/c9ay00722a

rsc.li/methods

This journal is © The Royal Society of C
etic cannabinoid agonists and their
degradation products after combustion in
a smoking simulator†
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and Ian S. Blagbrough *a

Synthetic cannabinoids are a major class of NPS with a high impact on analytical, forensic and toxicological

fields. The main route of administration of synthetic cannabinoids is through inhalation, delivered by

smoking a conventional or electronic cigarette, pyrolysis possibly altering the nature of these

compounds and resulting in unknown combustion products with unknown biological activity/toxicology.

In this study, a twin-trap smoking inhalation model that simulates human inhalation has been developed.

The smoking simulator allows the efficient trapping of the combustion products. Analysis using UHPLC-

TOF-ESI-MS and GC-MS allowed the detection of all six synthetic cannabinoids tested in the smoking

simulator. A novel combustion product of MDMB-CHMICA was identified, a dihydro-1H-pyridoindole-

dione with its structure and mechanism of formation proposed. This study of SC combustion products

provides markers which may be useful for drug analysts and toxicologists in examining samples obtained

from suspected SC users/abusers.
1. Introduction

Synthetic cannabinoids (SCs) act as agonists at the same
receptors as the natural product cannabinoids, but they do so
with much higher potency for both CB1 and CB2 receptor
subtypes. The original SC drugs, e.g. the Hebrew University
compound HU-210, Pzer compounds CP 47,497 and CP
59,540, have been further developed into second and now
third generation analogues.1 In the early 1990s, John W.
Huffman from Clemson University synthesized a series of SCs
with a core structure of naphthoylindole, most notably JWH-
018 (Fig. 1) which, along with CP 47,497, constituted the rst
wave of illicitly synthesized SCs that started emerging on the
streets in 2008, with the help of internet vendors that
promoted these compounds as apparent research chemicals,
herbal incense and so called legal highs, at least before the
2016 Psychoactive Substance Act.2–4 Later SCs, illicitly manu-
factured, retained the indole core, but with different func-
tional group modications to the head, tail and linker
moieties (Fig. 1), resulting in hundreds of compounds in this
second generation. Some of these were also based on pub-
lished medicinal chemistry compounds, including the AM
series developed by Prof. A. Makriyannis at the University of
y, University of Bath, Bath BA2 7AY, UK.
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Connecticut, CT, USA.5 Continuous banning of SCs by
Governments worldwide resulted in further developments,
including compounds that possess the indazole core structure
instead of the indole, and amino acids such as alanine and
phenylalanine in the head components, replacing the naph-
thalene and substituted aromatic moiety. Most of these newer
generation SCs are novel compounds.6

These SCs are still known by the street name “spice” due to
the rst brands promoted over the internet and sold on the
street, e.g. Spice and K2. They are still sold in the form of herbal
blends of potpourri, Damiana (Turnera diffusa), Marshmallow
plant (Althaea officinalis) and other herbal blends soaked or
sprayed with the SC. SC analysis involves the characterization
and quantication, using GC-and LC-hyphenated techniques,
of seized powders or oen herbal blends containing SCs and
also toxicological samples, the latter relying on MS techniques
for analysis. Analytical methods that can be applied to crude
samples are of great value to drug analysts, but due to the fact
that SCs in herbal blends are mostly smoked, analytical studies
of combustion products are required.7 Simulation of smoking is
challenging for a number of reasons, mainly relating to the
temperature and the ow rate. Temperature in cigarette
smoking can routinely reach 700 �C and even goes up 900 �C at
some hot spots.8 Potentially toxic pyrolysis compounds are
released from herbal materials when temperatures exceed
200 �C, which is the case in cigarette smoking, e.g. toxic
compounds include toluene, benzene, and naphthalene.9 The
presence of several nitrogen atoms in the majority of SCs could
potentially result in a number of chemically variable
Anal. Methods, 2019, 11, 3101–3107 | 3101
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Fig. 1 A natural phytocannabinoid (THC) and five SCs.
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combustion products due to the thermal lability of C–N bonds.
For an accurate simulation of the smoking process, a ow rate
of 30 L min�1 needs to be maintained.10

The rst reported SC pyrolysis analysis was performed on
UR-144, an indole tetramethyl-cyclopropyl closely related to
JWH-018 using LC-MS/MS.11 Raso and Bell12 performed GC-MS
analysis, revealing pyrolysis products of rst generation (JWH-
018, JWH-073) and second generation (AM-694) SC using an
in-house built pyrolysis device comprised of a quartz tube
inserted into a round-bottom ask, where the sample is com-
busted using a blow torch. Common and distinctive fragments
were revealed for each type of SC, e.g. naphthalene for the JWH
family and cinnolineamine for the indazole family. The authors
also acknowledged the problem of maintaining a stable
temperature.12 Kevin et al.13 recently by-passed the issue of
uctuating temperature by conducting a temperature
controlled study on six carboxamide type SC at 200, 400, 600,
and 800 �C using a pyro-probe coupled to a GC-MS, thus
creating temperature-controlled pyrolysis conditions where the
degradants were analysed at each temperature.13

A focus on the simulation of smoking is the aim of this paper
rather than pyrolysis at high temperatures coupled to anaerobic
conditions. Work on the combustion and degradation products
is an area that requires further investigation due to the gener-
ation of potentially harmful products with possible alteration in
the target receptor or the affinity for that receptor of any new
compounds. In particular, it is essential that we determine the
nature of the volatile products resulting from combustion so
that there is a better understanding of what ab/users of SCs are
actually inhaling.14 In this study, a SC smoking model was
designed and constructed. It was then employed for the analysis
of different SCs and the detection of their combustion products.
The resulting combustion products may help drug analysts to
3102 | Anal. Methods, 2019, 11, 3101–3107
uncover markers for SC smoking that will facilitate toxicological
drug detection and inform research into the biological effects of
SC use.
2. Experimental section
Chemicals and sample preparation

All extraction solvents 99.9% anhydrous (chloroform, meth-
anol, and acetonitrile), were purchased from Fisher Scientic
(UK) and ACROS Organics (UK). The samples were in the form
of herbal blends (1.0–3.0 g) as commercially packaged brands
(Exodus, Loco Elite). Turnera diffusa (Damiana) dried herb
(illicit-drug free) was purchased from Spiceworks (Hereford,
UK).
UHPLC-TOF-ESI-MS and GC-MS

Analysis of the combustion products used UHPLC-TOF-ESI-MS
and GC-MS. The UHPLC-QTOF-ESI-MS analysis was conducted
using a MaXis HD Quadrupole electrospray ionization Time-
of-Flight (ESI-QTOF) mass spectrometer (MS) (Bruker Dalto-
nik GmbH, Bremen, Germany), operated in ESI positive mode.
The QTOF was coupled to an Ultimate 3000 UHPLC (Thermo
Fisher Scientic, CA, USA). The capillary voltage was set to
4500 V, nebulizing gas at 4 bar, drying gas at 12 L min�1 at
220 �C. The TOF scan range was from 75–1000 mass-to-charge
ratio (m/z). For LC-MS/MS capabilities, the in-source CID was
set to 0.0 eV, with the collision energy for TOF MS acquisition
at 3.0 eV. The collision energy was set to a sliding scale from
100 m/z at 14.0 eV, 500 m/z at 20.0 eV and 1000 m/z at 30.0 eV.
For the analytes, the actual collision energy was between 15.0–
18.0 eV. Liquid chromatography separation was performed
using an Acquity UPLC BEH C18, 1.7 mM, 2.1 � 50 mm RP-
column (Waters, Milford, MA, USA) with a ow rate of 0.4
This journal is © The Royal Society of Chemistry 2019
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mL min�1, and an injection volume of 10 mL at 40 �C column
temperature. Mobile phase A consisted of LC-MS grade water
0.1% formic acid v/v, mobile phase B consisted of acetonitrile
0.1% formic acid v/v. For Gradient 1 starting with 1% B for
2 min followed by a linear increase from 2.0 min to 100% B at
5.0 min, held for 3 min, followed by return to 1% B at 8.1 min,
where it was held for equilibration for 3.9 min, total run time
of 12.0 min. For gradient 2, starting with 1% B for 2 min fol-
lowed by a linear increase from 2.0 min to 100% B at 10.0 min,
held for 3 min followed by return to 1% B at 13.1 min, where it
was held for equilibration for 2.9 min, total run time of
16.0 min. Data analysis used Bruker data analysis 4.3.
Gradient 3 and mobile phases were: mobile phase A consisted
of LC-MS grade water 0.1% FA v/v; mobile phase B consisted of
Fig. 2 In-house constructed SC smoking simulation model: (A) graphic,
position.

This journal is © The Royal Society of Chemistry 2019
acetonitrile 0.1% FA v/v. Solvent gradient started from 1% B
for 2 min followed by a linear increase from 2.1 min to 100% B
at 9.0 min, held for 3 min, followed by a return to 1% B at
12.1 min, where it was held for 2.9 min for equilibration,
giving a total run time of 15.0 min.

GC-MS analysis of SC combustion was achieved on a Ther-
mosher ISQ series GC-MS. Full scan mode 50–650 m/z, injec-
tion volume splitless 1 mL, with He as the carrier gas, ow rate
12.0 mL min�1. HP-1 column was used (50 m � 0.32 mm, 0.17
mm thickness) Temperature gradient started at 80 �C, it was
increased to 320 �C at 20�C min�1, then maintained for 3.0 min
with a total run time of 15.0 min. Transfer line temperature
310 �C, ion source temperature 310 �C, scan rate of 0.2 s per
scan. Data analysis used Xcalibur soware.
(B) cigarette inserted into the quartz tube, (C) Copley flow rate meter in

Anal. Methods, 2019, 11, 3101–3107 | 3103
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SC smoking simulation apparatus

The smoking model is a two-stage trap rig (Fig. 2), constructed in-
house using two 250 mL gas washing bottles Lenz® (VWR, UK),
lled to the midpoint with 8 mm glass beads (VWR, UK) to
increase the surface area. Volatile products from the combustion
were collected in two dry ice/acetone traps. The gas washing bottle
heads were without lters, with traps placed in a dry ice/acetone
slush-bath allowing the efficient trapping of the volatiles. A
quartz tube 8 mm OD � ID 6 mm was purchased from Almath
crucibles (Suffolk, UK) where the SC cigarettes were inserted. The
traps were connected to a GAST G626X pump (General Electric,
USA), the pump dial was used to control the ow rate which was
measured using a Copley® DFM 2000 ow regulator (Notting-
ham, UK). The ow rate was set between 28–30 L min�1 and the
temperature was monitored using a TENMA thermocouple. SC-
doped herb (200 mg with SC concentration between 1–6% by
weight)12 was rolled into a cigarette and inserted into the quartz
tube followed by lighting it with a cigarette lighter.

Sample collection

The condensed volatiles were extracted by washing the glass
beads in each trap with methanol (3 � 25.0 mL), followed by
concentration by solvent evaporation under a stream of
nitrogen gas and nally the samples were reconstituted in
methanol (1.0 mL) for UHPLC-TOF-ESI-MS and GC-MS analysis.

3. Results and discussion

Analysis of combustion showed the recovery of all six SCs tested
by UHPLC-TOF-ESI-MS (AB-CHMINACA, AM-694, 5F-ADB,
Fig. 3 SCs tested by combustion analysis.

3104 | Anal. Methods, 2019, 11, 3101–3107
MDMB-CHMICA, MMB-2201, 5F-PB-22) (Fig. 3). Three areas
of the apparatus were tested for the presence of the SC, trap 1,
trap 2 and the combustion zone (CZ) in the quartz tube where
the 200–300 mg cigarettes were xed. Most of the SCs were
detected in the rst trap (80–90%) and interestingly no to very
little SCs were detected in the CZ, proving that the tested SCs
have very good volatility. This is supporting evidence for
reports of prisoners and prison guards being overcome by
smoke inhalation in UK prisons.15 There was neither visible
evidence of the presence of American (Virginian) tobacco
mixed with any of the SCs on herbal material tested, T. diffusa
(Damiana), nor by HR-MS scanning the samples' MS data for
any nicotine molecular ions e.g. C10H15N2 requires 163.1229 [M
+ H]+ and C20H29N4Cl dimer-HCl salt requires 360.2069
(Fig. S1†).

UHPLC-TOF-ESI-MS/MS analysis resulted in the detection
of the combustion samples of AB-CHMINACA, AM-694, 5F-
ADB/MMB-2201 mixture, and 5F-PB-22 (Fig. 4), with their
mass ions and fragmentation pattern assignments conrmed
by comparison with our in-house built database.16 The total
ion current (TIC) chromatograms are shown. Each TIC chro-
matogram represents the summed intensity across the entire
range of masses being detected at every point in the analysis.
Then the HR-MS data are shown followed by the extracted-ion
chromatograms (EIC) of each analyte m/z value that is being
sought. That the chromatographic peaks are homogenous,
nothing is co-eluting, is seen from the clean HR-MS data. GC-
MS analysis resulted in the detection of the parent SC in trap 1
as well as some combustion products from some of the SCs
tested. 5F-PB-22 GC-MS combustion analysis resulted in the
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Each TIC chromatogram is shown above the respective HR-MS data followed by the EIC of each specific analyte m/z value. Typical
UHPLC-TOF-ESI-MS/MS analysis of trap 1 for: (A) AB-CHMINACA RT ¼ 8.7 min, (B) AM-694 RT ¼ 9.1 min, (C) MMB-2201 RT ¼ 8.6 min, 5F-ADB
RT ¼ 9.2 min, (D) 5F-PB-22 RT ¼ 8.9 min.

This journal is © The Royal Society of Chemistry 2019 Anal. Methods, 2019, 11, 3101–3107 | 3105
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Fig. 5 TIC chromatogram of a combustion sample of MDMB-CHMICA showing the novel combustion product at RT ¼ 10.80 min and MDMB-
CHMICA at RT ¼ 11.74 min.
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detection of 5F-PB-22 at RT ¼ 8.20 min as well as the
combustion products 1-(5-uoropentyl)-indole (205m/z) and 1-
pentyl-indole (185 m/z) at RT ¼ 5.71 min and RT ¼ 6.15 min
respectively (Fig. S2†).

MDMB-CHMICA EI MS afforded a more extensive and
slightly different fragmentation than the ESI-MS/MS. The rst
fragment resulted from the cleavage of the tert-butyl side chain
(328) rather than the initial loss of methoxy observed in the ESI-
MS/MS. In addition to the 240 base peak, also seen in the MS/
MS analysis, 245 is concluded to be the result of the loss of
the tert-butyl side-chain along with the cleavage of the cyclo-
hexyl moiety with the formation of 1-methylidene-indolinium
ion (Fig. S3†). These results are in agreement with those of
Langer et al.17

Analysis of MDMB-CHMICA combustion showed that there
had been the formation of a not previously reported combus-
tion product. Two peaks appear in the combustion sample TIC
chromatogram (Fig. 5), MDMB-CHMICA RT ¼ 11.74 min, and
the novel combustion product, a keto-d-lactam (a dihydro-1H-
pyridoindole-dione) RT ¼ 10.80 min, which was absent in the
crude sample of MDMB-CHMICA that had not been subjected
to combustion. The proposed mechanism for the formation of
the keto-d-lactam is rearrangement involving intramolecular
electrophilic substitution of indole by the terminal methyl ester
of MDMB-CHMICA during the combustion process (Fig. S4†).
Unlike in the MS fragmentation pattern of MDMB-CHMICA, the
296 m/z peak is more intense and is the result of the formation
of an indole-1-cyclohexylmethyl-N-propylidene ion, while the
rest of the fragments are similar toMDMB-CHMICA with a base-
3106 | Anal. Methods, 2019, 11, 3101–3107
peak fragment of 240 m/z. UHPLC separation of the two prod-
ucts and their HR-MS molecular ion identication using
UHPLC-TOF-ESI-MS showed a low intensity peak and [M + H]+

for the keto-d-lactam at RT ¼ 10.7 min, 353.2229 found for
C22H29N2O2 requires 353.2223, and MDMB-CHMICA RT ¼
9.7 min, [M + H]+ 385.2493 found for C23H33N2O3 requires
385.2485 (Fig. S5†).
4. Conclusions

The in-house constructed SC smoking simulator provided
a good method for the recovery of combusted SCs. SCs showed
good volatility with parent SCs being captured in the traps with
little or no SC le in the combustion zone (CZ) as tested by
UHPLC-MS and GC-MS. GC-MS analysis revealed combustion
products for 5F-PB-22 that were not detected using the UHPLC
method. Combustion of MDMB-CHMICA resulted in the
formation of a novel keto-d-lactam that could be detected by
both GC-MS and UHPLC-ESI-MS analysis.

This study of combustion products of SCs provides markers
which may be useful for drug analysts and toxicologists in
examining samples obtained from suspected SC users. Thus,
taken together, making reliable methods for the identication
and quantication of substituted 3rd generation SCs.
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