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and Cu(n)t
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Synthetic cathinones are a class of new psychoactive substances whose consumption has increased a lot
and is widespread throughout the world. Thus, there is currently a need for rapid and simple detection of
these drugs. In particular, detection of synthetic cathinones in oral fluid in drivers can be of great
importance in preventing traffic accidents. Herein, we report two probes, based on BODIPY derivatives
combined with Cu(i), which are able to detect these drugs both in water and in oral fluid, by changes in
color and fluorescence. The determined limits of detection for ephedrone (as a model drug) are lower
than the usual concentrations in saliva after intake of this type of drug. The sensing mechanism seems to
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Introduction

Cathinone is a psychoactive compound obtained from Catha edulis
(khat) leaves. Synthetic compounds based on the cathinone
structure are a group of drugs, also known as “bath salts” whose
consumption has increased a lot and is widespread throughout the
world. These compounds belong to the group of New Psychoactive
Substances (NPS). The most commonly consumed are: 3,4-meth-
ylenedioxypyrovalerone (MDPV), 4-methylmethcathinone (mephe-
drone), 4-methcathinone (ephedrone), methylone (beta-keto-
MDMA), ethylone (beta-keto-3,4-methylenedioxy-N-ethylamphet-
amine, MDEA), 4-methoxymethcathinone, 4-fluoromethcathinone
and butylone (Chart 1).**

The most important effects of these compounds are alertness,
talkativeness, euphoria or sexual arousal among others. However,
in case of overdose, dehydration, breakdown of skeletal muscle
tissue into the bloodstream, and kidney failure can be produced
and can even lead to death. These effects are observed between
30-45 min after the intake and generally last for 1 to 3 h.*
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Driving after drug consumption is highly dangerous because
driving skills are affected which very often leads to vehicle
crashes. Therefore, preventive detection of drugs in drivers is of
crucial interest not only for police forces but also for drivers
themselves. In this sense, the use of cheap, reliable and easy-to-
use chromogenic sensors to detect synthetic cathinones (SCs) in
oral fluid is of great interest.’

Although some sensors and probes for cathinones have been
reported, this is still an emerging field requiring continuous
improvement. Some of these probes exhibit rapid detection but
require a complicated sample pretreatment. For example, Shen
and col. have synthesized a molecular imprinted polymer for the
detection of cathinones in urine based on aggregation induced
emission (AIE), with a limit of detection (LoD) of 0.34 uM, but
the urine sample requires pretreatment.® Bovine serum
albumin-stabilized gold nanoclusters have also been developed
and carbon quantum dots (C-dot) functionalized chromatog-
raphy papers as photoluminescent systems with potential for
screening of these drugs in crime sites have also been reported.
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Chart 1 BODIPY derivatives 1 and 2 used as probes and some inter-
esting cathinones.
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However, they require concentrations in the mM range.”®
Finally, several biosensors have been prepared but they are not
selective to cathinones.®

It has been described in the literature that cathinone deriv-
atives are capable of reducing Cu(u) to Cu(x) giving rise to colour
changes in Cu(un)-neocuproine complexes.'®* On the other
hand, it is widely recognized that BODIPY derivatives possess
valuable optical characteristics, such as intense absorption and
fluorescence transitions in the visible spectral region, high
molar absorption coefficients and fluorescence quantum yields,
good stability and independence from pH.'*" Considering
these facts we decided to synthesize two probes, based on
BODIPY derivatives combined with Cu(u) (Chart 1), to detect
cathinones both in water and in oral fluid. The sensing mech-
anism would be based on the ability of cathinones to reduce
Cu(u) to Cu(r) and on the different behaviour of the BODIPY core
in presence of Cu(1) or Cu(u). The different substitution on the
phenyl group at the meso position of the BODIPY core should
induce different chemical properties interesting for the sensing
process.

Experimental
Materials

The reagents employed in the synthesis were acquired from
Sigma Aldrich and used without further purification. "H NMR
and "*C NMR spectra were registered with a Bruker Avance 300
MHz spectrometer, all of them referenced to solvent peak,
CDCl;. All photophysical analysis was carried out in air-
equilibrated THF at 298 K, unless otherwise specified. UV-vis
absorption spectra were recorded with a PerkinElmer A40
spectrophotometer or Shimadzu UV-2600 using quartz cells
with path length of 1.0 cm. The estimated experimental error
was 2 nm on the band maximum. Mass spectrometry spectra
were carried out with a TripleTOFTM 5600 LC/MS/MS System,
with 2 gas sources (both to 35 psi), 450 °C and ion gas voltage of
5500 V. Plot2 was the program used to plot titrations.

Synthesis of compound 2

2 mL (19.4 mmol) of 2,4-dimethyl-1H-pyrrole were dissolved in
150 mL of DCM dried under Ar atmosphere. Then, 1.2 mL (11
mmol) of benzoyl chloride were added and the mixture was
stirred overnight at room temperature. Then, 10 mL (70.5
mmol) of NEt; were added. After stirring for 30 minutes, 10 mL
(81.4 mmol) of BF;0Et, were added dropwise in an ice-water
bath and the stirring was kept at room temperature overnight.
Then, the solvent was removed and the crude was purified by
column chromatography using hexane : DCM 8:2 as eluent.
Compound 2 was obtained as a green solid (600 mg, 16% yield).
"H NMR (300 MHz, CDCl;) 6 1.35 (s, 6H), 2.53 (s, 6H), 5.96 (s,
2H), 7.25 (m, 2H), 7.34 (m, 3H).

Sensing experiments

Titration with ephedrone solutions in water. In a 3 mL
quartz cell (1 cm of path length), 2565 pL of a THF solution of 1
were mixed with 134 uL of aqueous Cu(OAc), in order to obtain
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a 50 uM THF/H,O (95 : 5) solution of both 1 and Cu(u). Then,
300 pL of the reaction mixture were added. The reaction mixture
was prepared with increasing quantities of ephedrone 5 mM
solution in water until the saturation point was reached. In each
case, an incubation period of 2 min at reflux temperature was
established.

Interferents measurements. In a 3 mL quartz cell (1 cm of
path length), 2565 pL of 1 in THF were mixed with 134 pL of
Cu(OAc), in water in order to obtain a 50 uM THF (5% water)
solution of 1 and Cu(u). Then, 300 pL of the reaction mixture
were added. The reaction mixture was prepared adding 20 pL
from a 5 mM solution in water of the corresponding interfer-
ents. After an incubation period of 2 min at reflux temperature,
the corresponding spectra were recorded.

Titration with synthetic cathinone solutions in saliva. In
a 3 mL quartz cell (1 cm of path length), 2565 pL of a THF
solution of 1 were mixed with 134 pL of Cu(OAc), in water in
order to obtain a 50 uM THF (5% water) solution of 1 and Cu(u).
Then, 300 pL of the reaction mixture were added to the probe,
and after an incubation period of 2 minutes at reflux tempera-
ture, the corresponding spectrum was measured. The reaction
mixture was prepared with increasing quantities of cathinone
5 mM solution in saliva, until arriving to saturation point.

Results and discussion

The synthesis of BODIPYs 1 and 2 is shown in Scheme 1.
Compound 1 was prepared following the procedure described
in the literature' whereas compound 2 was prepared through
a new optimized procedure from benzoyl chloride that avoids
the usual treatment with DDQ and TFA (Scheme 1).

Solutions of these dyes in THF showed the characteristic
optical properties of BODIPY compounds: an intense absorp-
tion band at 501 nm and 503 nm with a shoulder at 480 nm and
470 nm for compounds 1 and 2, respectively. In addition, both
of them show a strong fluorescence emission at 511 nm. To
study the behavior of 1 and 2 in the presence of Cu(u) and Cu(1),
the corresponding UV-vis and fluorescence emission spectra in
THF/H,0 (95 : 5) were registered. The UV-vis spectra of both
probes did not show any appreciable changes in the presence of

Y
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Scheme 1 Synthesis BODIPYs 1 and 2.
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Fig.1 UV-vis spectra (A) and emission spectra (B) of: compound 1 (50
uMin THF: water 95 : 5 solution), 1 with 1 equiv. of Cu(AcO), and 1 with
1 equiv. of CuBr (Aexc = 450 nm). In all cases, the solution was previ-
ously heated to reflux for 2 min. Bottom of the absorption/emission
spectra: observed colour changes under visible light/UV lamp.

1 equiv. of Cu(AcO), neither at room temperature nor under
reflux. However, different results were observed when CuBr (1
equiv.) was added to the solution of 1 or 2. When the solutions
were left at room temperature, no changes were observed in the
corresponding spectra. However, when the solutions of the dyes
and Cu(1) were heated to reflux for 2-3 minutes, strong changes
were observed in both, the absorption and the emission spectra
of the solutions (see Fig. 1 for compound 1).

Fig. 1 shows the changes observed in the UV-vis and emis-
sion spectra of compound 1, after refluxing the solution for
2 min in the presence of Cu(i) or Cu(u) (for compound 2 see
ESIt). As can be seen in Fig. 1A, no changes in the UV-vis
absorption spectrum of 1 were observed in the presence of
Cu(u), whereas the characteristic absorption band of the BOD-
IPY core at ca. 500 nm disappeared when the solution was
heated for 2 min in presence of Cu(r). This change could be
observed naked-eye as a loss of color of the solution. Addi-
tionally, both cations induced different behavior in the corre-
sponding fluorescence spectra (Fig. 1B): again Cu(u) did not
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Fig. 2 Evolution of emission intensity at 515 nm (A¢yc = 450 nm) of
compound 1 (50 uM in THF: water 95 : 5 solution) in the presence of 1
equiv. of Cu(AcO), (blue) or 1 equiv. of CuBr (orange) over time when
heating the mixture to reflux.

induce any change, whereas Cu(1) gave rise to a total quenching
of the fluorescence emission of the dye.

The evolution with time of the absorption and emission
spectra of the dyes, with both copper cations, was studied to
establish the optimal experimental conditions (see Fig. 2 for
fluorescence studies with compound 1; for UV data of compound
1 and UV and fluorescence data of compound 2, see ESIT).

As can be seen in Fig. 2, 1 did not show any significant
changes in its fluorescence intensity in the presence of Cu(u)
over this two-minute period. By contrast, in the presence of
Cu(1) a clear quenching of the fluorescence was observed after
less than two minutes. The same behaviour was observed for
compound 2 in the presence of Cu(r).

Based on this behavior and on the ability of cathinones to
reduce Cu(u) to Cu(r) we decided to explore the chromogenic
and fluorescent response of THF solutions of 1 and 2 containing
1 equiv. of Cu(u), in the presence of increasing amounts of
ephedrone, as a model of a SC. As can be observed in Fig. 3 for
compound 1 (for compound 2, see ESIT), important changes in
both, the UV-vis and the fluorescence spectra of the dye were
observed in the presence of ephedrone, which can be ascribed
to the reduction of Cu(u) to Cu(i) by the SC. These changes in the
absorption and emission spectra of the dye + Cu(u) showed
a linear dependence with the amount of added ephedrone,
which allows the system to be used as a sensor for this drug. In
addition, these changes can be observed naked eye, either
under natural light or under a common UV lamp (Fig. 3).
Control experiments heating a solution of compound 1 with
this cathinone, in absence of Cu(u), did not show changes
neither in its UV-vis nor in its fluorescence spectra (see ESIT).

From the titration experiments carried out, the LoD could be
determined using the expression: LoD=(3-S},)/m, where Sy, is the
blank standard deviation and m the slope. The value deter-
mined from fluorescence measurements was 0.05 uM of ephe-
drone for compound 1 (Fig. S8f). This value is considerably
lower than the amount necessary to induce severe effects in
drinks.*

At this point we considered interesting to get some insight
into the mechanism of the sensing process. Regarding the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Emission spectra (Aexc = 450 nm) and (B) UV-vis spectra of
compound 1 (50 uM in THF : water 93 : 7 solution), in the presence of 1
equiv. of Cu(AcO), and increasing amounts of ephedrone after being
heated to reflux for 2 min. Insets: the corresponding color changes
observed naked-eye.

spectroscopic behavior, we observed the complete disappear-
ance of the characteristic BODIPY core UV-vis absorption band
at ca. 501 when solutions of compounds 1 or 2 (50 pM in THF:
water 95 : 5 solution) where refluxed for 2 min, either in the
presence of Cu(i) or in the presence of a mixture of Cu(AcO), and
SC. Concomitantly, a new, much less intense band at 405 nm
appear. This fact suggests that a new compound with a lower
conjugation is generated, which also explains the observed
quenching of the fluorescence emission of the dye. To gain
information about this compound, these solutions were studied
by HRMS. The major peak in the mass spectra of solutions of
either 1 or 2 and Cu(u) in the presence of ephedrone, was
observed at m/z 235.169 (M + NH;]") and was attributed to
compound 3 (Fig. 4). This dipyrromethane derivative 3 would
explain both the hypsochromic shift in the absorption spectra
and the quenching of the fluorescence.

The generation of compound 3 would involve different
transformations on the BODIPY dye: elimination of the aryl
substituent at the meso position, incorporation of a water
molecule in this position, and elimination of the BF, bridge. A
tentative mechanism for the formation of this compound would
start with an electron transfer from Cu(i) to the BODIPY core to
generate a radical-anion, followed by homolytic cleavage at the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structure of compound 3.

meso position leading to a BODIPY anion and an aryl radical. In
this sense, Chattopadhyay reported the photochemical removal
of the phenyl group in 8-phenyl BODIPY through a homolytic
mechanism.' The involvement of free radicals in the sensing
process was demonstrated by carrying out the reaction in
presence of hydroquinone. Under these conditions the reaction
did not take place. With respect to the BF, removal, Ravikanth
et al. reported the Lewis acid assisted decomplexation of F-
BODIPYs to dipyrrins.”” Thompson et al. also reported the
obtention of free-base dipyrrins from F-BODIPYs using KOH in
a t-BuOH/H,0 mixture. In this case, the potassium cation
assisted the substitution of the fluoride by the alkoxide gener-
ated in situ.'®" We can speculate that, in our case the copper
cation would assist the substitution of both fluorides by water
molecules or solvent molecules, in a similar way as the potas-
sium cation or the Lewis acid, leading to the corresponding free-
base dipyrrin. Finally, a conjugated addition of water at the
meso position, probably also catalysed by the copper cation,
would lead to compound 3. Further theoretical studies to
support this mechanism will be carried out.

To explore the possibility of applying this method in the near
future, to the detection of cathinones in different matrices, such
as beverages or oral fluid, several possible interferents that
could be found in these matrices where evaluated. We included
acids (tartaric and citric acids), thiols (cysteine), reducing
species (sodium ascorbate) and sugars (sucrose). Amines
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Fig. 5 Absorption at 410 nm of 1 (50 uM in THF: water 93 : 7 solution)
containing 1 equiv. of Cu(AcO), (blank) and the same solution with 2
equiv. of the corresponding interferents. In each case, the solution was
heated to reflux for 2 minutes.
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(phenylglycine, benzylamine, serotonin) were also studied due
to the similarity of their structure to cathinones. As can be seen
in the Fig. 4, the response towards ephedrone is around 5 times
higher than that of the interferents (Fig. 5).

014
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01

Absorption at 410 nm

Blank Methylone 3,4-MDPHP MPHP Ephedrone

Fig. 6 Absorption at 410 nm of 1 (50 uM in THF : water 93 : 7 solution)
containing 1 equiv. of Cu(AcO), (blank) and the same solution with 2
equiv. of the corresponding cathinones. In each case, the solution was
heated to reflux for 2 min.
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Fig. 7 (A) Emission spectra (Aexc = 450 nm) for compound 1 in saliva
samples, (B) fluorescence emission calibration curve at 515 nm and (C)
color changes observed under a UV lamp in the presence of 0—4 uM of
ephedrone.
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Importantly, other common SCs were also studied in order to
confirm the versatility of the method. Thus, measurements with
methylone, 3,4-MDPHP and MPHP were carried out. The ob-
tained results showed that the probe was able to detect the
presence of these SCs, frequently used as abuse drugs, with even
better sensibility than for ephedrone (Fig. 6).

As a proof of the applicability of the method, we decided to
explore the utility of the sensor to detect cathinones in oral
fluid. The possibility of detecting these drugs in oral fluid in
a rapid and easy way, would be of great importance for pre-
venting traffic accidents. For this purpose, saliva samples were
spiked with ephedrone (5 mM). Pure saliva was also used for
comparison (Blank). Fluorescence titration experiments with
increasing amounts of ephedrone (Fig. 7) were carried out and
a linear response in the 0-1 pM concentration range was
observed, allowing to appreciate the presence of SC by naked
eye at concentrations above 1 uM (Fig. 7C). A limit of detection
of 0.16 uM (32 ng mL ") for ephedrone was obtained for probe 1
+ Cu(n), which is lower than the expected concentration in oral
fluid after their consumption (ca. 150-300 ng L™").>° We noticed
that the experiments in saliva samples had even better response
than in water samples. Recovery experiments carried out with
cathinone in saliva are summarized in Table S17 resulting in
around 90% recovery (see ESIt).

Conclusions

Two new probes based on a 1 : 1 mixture of a meso-aryl BODIPY
dye and Cu(u) have been prepared and their ability to detect the
presence of SCs in water and in oral fluid has been studied.
Upon heating for 2 min the probe in the presence of cathinones,
strong changes in the UV-vis and the emission spectra of the
probes are observed. This effect seems to be related to the ability
of cathinones to reduce Cu(n) to Cu(i) and to the structural
changes induced by Cu(1) on the BODIPY core under the
experimental conditions. In fact, the same changes in the UV-vis
and fluorescence spectra of the BODIPYs were observed either
in the presence of Cu(i) or in the presence of cathinone and
Cu(n). A LoD for ephedrone of 0.05 uM in water and 0.16 uM (32
ng mL ') in oral fluid was determined for probe 1 + Cu(u). Also
a visual LOD of ca. 1 uM ephedrone in oral fluid could be
observed. The applicability of the probe for the detection of
other related synthetic cathinones such as methylone, 3,4-
MDPHP and MPHP has been demonstrated, along with a low
interference from compounds that may be present in different
matrices. All this paves the way for the use of this methodology
in the development of rapid tests to detect the presence of
cathinones in complex matrices such as oral fluid or even
beverages.
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