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Structure elucidation of phototransformation
products of unapproved analogs of the erectile
dysfunction drug sildenafil in artificial
freshwater with UPLC-Q Exactive-MS
Jaume Aceña,a Sandra Pérez,a* Piero Gardinali,b José Luis Abad,c

Peter Eichhorn,a Nubia Heuettb and Damià Barcelóa,d
In this study, four unapproved analogues of Sildenafil (SDF) were photodegraded under synthetic sunlight in artificial freshwater.
Homosildenafil (H-SDF), hydroxyhomo-sildenafil (HH-SDF), norneosildenafil (NR-SDF) and thiosildenafil (T-SDF) were selected be-

cause they are frequently detected as adulterants in natural herbal products. UsingUPLC-Orbitrap (Q Exactive)-MS, six photoprod-
ucts common to H-SDF, HH-SDF and T-SDF and nine unique transformation products of different molecular weights were
identified based on their high-resolution (+)ESI product ion spectra. Mass spectral analysis of deuterated H-SDF, labeled on the
N-ethyl group, allowed to gain mechanistic insight into the fragmentation pathway of the substituted piperazine ring and to sup-
port the postulated photoproduct structures. The mass spectral fragmentation confirmed the stepwise destruction of the pipera-
zine ring eventually producing a sulfonic acid derivative (C17H20N4O5S: 392.1151Da). In contrast, the photodegradation of
NR-SDF, which lacks a piperazine ring in its structure, formed only two prominent photoproducts originating from N,N-
dealkylation of the sulfonamide followed by hydrolysis. The current work constitutes the first study on the photodegradation
of analogs of erectile dysfunction drugs and the first detection of two transformation products (m/z 449 and 489) in environmental
samples. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

In the European Union three drugs are approved for the treatment
of erectile dysfunction, namely sildenafil citrate, vardenafil hydro-
chloride (Levitra™, Bayer) and tadalafil (Cialis™, Elli Lilly). These
phosphodiesterase type V (PDE-5) inhibitors act on the smooth
muscle cells lining blood vessels, especially in the corpus
cavernosum of the penis. While these approved lifestyle drugs are
in principle only available exclusively bymedical prescription, grow-
ing evidence points to the undeclared presence of these PDE-5 in-
hibitors and structurally closely related analogs in herbal medicines
and dietary supplements for erectile dysfunction[1] Many cases of
adulterated products have been reported from East and Southeast
Asian countries.[2,3] Consumers in other parts of the world may also
be exposed unknowingly to such adulterated products that they
can readily purchase through internet portals. Besides the uninten-
tional exposure to any of the three aforementioned erectile
dysfunction drugs, human health risks arise particularly from the
presence of unapproved analogs containing minor structural mod-
ifications because they have not undergone extensive safety test-
ing. Since the first detection of homosildenafil (H-SDF) in 2003 in
herbal formulations,[4] a series of derivatives of SDF, vardenafil
and tadalafil have been identified in adulterated products.[1,5,6] As
the chemical structures of many of them are claimed in patents,
they can be expected to exert pharmacological effects in humans,
but toxicological safety profiles, as available for the three approved
J. Mass Spectrom. 2014, 49, 1279–1289
compounds, which underwent comprehensive preclinical testing
and subsequently clinical studies, are not released for any of the
derivatives.

Regarding the first-in-class PDE-5 inhibitor SDF, its synthetic ana-
logs that have been identified include the so-called homo-SDF
(H-SDF), homohydroxy-SDF (HH-SDF), thio-SDF (T-SDF) and
norneo-SDF (NR-SDF) (for structures see Scheme 1).[7] As little as is
known about the pharmacodynamics of the adulterants that have
been tracked down in a number of dietary supplements,[8–12] their
disposition in the human body is expectedly unknown. Ultimately,
however, all these exogenous substances are subject to excretory
Copyright © 2014 John Wiley & Sons, Ltd.
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Scheme 1. Fragmentation scheme for sildenafil and analogues.
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processes and are discharged as parent compound, and possibly
metabolites, eventually into sewage. Recent monitoring studies
conducted on raw and treated sewage from municipal wastewater
treatment plants (WWTP) have provided evidence for the occur-
rence of PDE-5 inhibitors, including SDF and several human
metabolites.[13,14] As with many other human pharmaceuticals,
common sewage treatment does not completely remove these
compounds from the wastewater stream and eventually leads to
discharge into receiving water bodies.[15] Once the aquatic environ-
ment has been reached, their fate is governed by a combination of
biotic and abiotic processes. Into the latter category fall photo-
chemical reactions which are considered an important mechanism
in the natural attenuation of organic environmental micro-
pollutants.[16] To address the possibility of photolysis of PDE-5 in-
hibitors in the environment, recent research efforts in our group
were devoted to assessing the photodegradability of SDF under
simulated sunlight.[17] In these studies we could demonstrate that
the aliphatic piperazine ring was the principal target of the
photolytical processes. With the aid of high-resolution mass spec-
trometry (quadrupole-time of flight instrument), coupled to ultra-
high performance liquid chromatography (UHPLC), a total of 18
photoproducts could be identified through their uniquemass spec-
tral fragmentation patterns.
With this inmind, the current work builds on the outcomes of the

previous study and aims to extend the spectrum of investigated
compounds by including a number of structural derivatives of
SDF, all of which reported to occur as analogs of erectile dysfunc-
tion drugs in various natural herbal products.[1,18–21] Specifically,
the objective consisted of elucidating the phototransformation
reactions of the four SDF analogs H-SDF, HH-SDF, T-SDF and
NR-SDF (Scheme 1), in aqueous solution under the influence of sim-
ulated solar radiation. Based on the findings of the SDF studies,[17]

we expected that the photodegradation pathways for the former
three compounds (NR-SDF does not contain a piperazine ring in
its structure), and therefore the spectra of their intermediates
formedwere very similar to those identified for SDF with a first gen-
eration quadrupole time-of-flight MS instrument. Largely improved
sensitivity, resolution andmass accuracy of the Q Exactive-Orbitrap-
MS platform held great promise in achieving more robust identifi-
cation results.
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joh
Experimental

Chemical reagents

SDF, DM-SDF, H-SDF, H-SDF-d5, HH-SDF, NR-SDF and T-SDF were
purchased from Toronto Research Chemicals (Toronto, Canada). All
organic solvents used for UPLC and TLC were Chromasol LC grade
or equivalent. Ultra pure water and LC/MS grade formic acid were
purchased from Sigma Aldrich (Munich, Germany). LC-grade aceto-
nitrile was purchased from Riedel de Häen (Steinheim, Germany).

Photolysis experiments

Phototransformation experiments were conducted in a Suntest CPS
solar simulator (Heraeus, Hanau, Germany) equipped with a Xenon
lamp. Appropriate window glass filters were installed between the
light source and the test solution in order to generate an emission
spectrum similar to that of natural solar radiation. Test solutions of
H-SDF, HH-SDF, NR-SDF and T-SDF at 10mg/l and 1μg/l were pre-
pared in artificial freshwater (AFW) resembling a moderately hard
water (96mg/l NaHCO3, 60mg/l CaSO4·2H2O, 60mg/l MgSO4 and
4mg/l KCl; pH: 6.9). Test solutions were irradiated in capped quartz
tubes (not airtight) for up to 58h. Dark control solutions containing
the target analytes and the selectedmatrix were kept inside the ex-
posure chamber to mimic the temperature conditions. Subsamples
of dark controls were taken at the same time points as those from
the irradiation experiments. H-SDF, HH-SDF, NR-SDF and T-SDF con-
centrations remained constant in the dark controls over the test pe-
riod and no bio or thermal degradation products were observed in
the vials (data not shown).

Sampling and sample preparation

Reclaimed water (16 l) from the North District Wastewater Treat-
ment Plant (North Miami, FL) was collected during the month of
June of 2014 in pre-cleaned stainless steel containers. The sample
produced reclaimed water for irrigation by using primary and
secondary treatment followed by final disinfection. Because the
nature and functionalities of the metabolites targeted was
completely unknown sample extraction was performed in three
4-l aliquots by liquid–liquid extraction against methylene chloride.
n Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1279–1289



Transformation products of sildenafil analogs
For two of the aliquots pH was modified prior to extraction as
follows: aliquot A was acidified to pH3.56 using 200μl of formic
acid; aliquot B was basified to pH9.66 using 3000μl of ammonium
hydroxide. Aliquot C was extracted as untreated (neutral). Liquid–
liquid extractions were performed using multiple 2-l separatory
funnels, and analytes were extracted using a total of 300mL of
methylene chloride (3 x 100mL) per sample aliquot. Extracts were
dried over anhydrous sodium sulfate and their volumes reduced
to 1000μl of methylene chloride using a combination of a water
bath and a stream of purified nitrogen gas. Prior to analysis the
extracts with UPLC-HR-MS (see next section) were diluted with a
mixture of methanol and water containing a suitable modifier such
as formic acid of ammonium formate.
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UHPLC/ESI-MS/MS analysis

Photolysis samples

Chromatographic separation was performed on a Waters ACQUITY
BEH C18 column (50×2.1mm, 1.7-μmparticle size) equipped with a
guard column (5×2.1mm) of the same packing material. The
mobile phases were (A) 0.1% HCOOH or 20mM of NH4OAc for acid
and neutral conditions respectively, and (B) acetonitrile. After
0.5-min isocratic elution at 90% A, the proportion of A was linearly
decreased to 10% within 6.5min. The percentage of A was then
maintained at 10% and held for 1.0min. The initial mobile phase
composition was reestablished within 1.0min followed by a
2.0-min equilibration step at 90% A. The flow rate was 300μl/min,
and the injection volume was 10μl. Exact mass measurements of
the SDF analogs and their phototransformation products formed
in the irradiation device were carried out in full-scan and product
ion scan mode on a Q Exactive mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA). All MS experiments were performed
in the positive ion mode using Heated Electro Spray Ionization
(HESI). The source parameters were as follows: spray voltage:
+3000V; sheath gas pressure: 40 psi; auxiliary gas flow: 10 (arbitrary
units); capillary temperature: 350 °C; heater temperature: 300 °C.
The Orbitrap mass analyzer was operated at a resolving power of
70 000 (FWHM) in full-scan mode and of 17 500 (FWHM) in the
data-dependent MS2 mode (normalized collision energy of 40).
The accurate mass of diisooctyl phthalate (m/z 391.28429) as a
ubiquitous contaminant in LC-MS systems was used as a lock mass.
External mass calibration for positive ESI mode was conducted
every 5 days for themass range ofm/z 50–2000 by infusing a Pierce
LTQ Velos ESI Positive Ion calibration solution from Thermo Fisher
Scientific. All MS data acquisition and processing were done using
the software package Xcalibur 2.2.

Environmental samples

Liquid chromatography analysis was carried out using a quaternary
Accela 1200 pump equipped with a CTC PAL autosampler. Twenty
microliters of the extract was used for analysis. Separation of analytes
was achieved using a Hypersil Gold aQ (150×2.1mm×3μm)
analytical column and a gradient composition of methanol, HPLC
grade water and HPLC water with 1% formic acid and 100mM
ammonium formate. Detection of analytes was performed using a
Thermo QExactive Orbitrap high resolution mass spectrometer
equipped with a HESI ionization source operated in the positive
mode. Full scan analysis (R= 140 000) followed by target MS2 anal-
ysis (R= 35000, NCE 35) was carried out for identification and con-
firmation purposes. Samples were acquired in both ESI positive and
negative ion mode and processed for target compound
J. Mass Spectrom. 2014, 49, 1279–1289 Copyright © 2014 John
identification using a combination of Xcalibur, Metworks and Mass
Frontier software packages (Thermo Scientific, San Jose CA).
Results and discussion

Irradiation of the aqueous solutions degraded efficiently unde-
clared erectile dysfunction drugs in all studied matrices at high
and low concentration. Figure S1, provided in the Supporting Infor-
mation, shows the degradation profiles at different concentrations.
Common phototransformation products were obtained in each
sample, regardless of the concentration of the test compound
(Figure S4). Plausible chemical structures were proposed by com-
bining chromatographic information, accurate mass and MS2 frag-
mentation data based on the knowledge of the photodegradation
pathways of SDF.[17]

Comparison of the TICs of the control samples with those of the
irradiated samples showed several new peaks indicating the pres-
ence of phototransformation products (Fig. S2). Their retention
times relative to the test compound provided first hints on the
polarity of the photodegradates. N-Oxide-SDF was confirmed with
a chemically synthetized standard in the irradiated samples from
T-SDF. In order to identify the formation of more N-oxides of the
two other piperazine-analogs of SDF (H-SDF and HH-SDF), the
change of pH of the mobile phase was evaluated. Figure S3 com-
pares the effect of mobile phase pH (3.2 vs 6.8) on the retention
times of H-SDF and TP504. In case of H-SDF increasing the pH from
3.2 to 6.8 led in stronger retention. This behavior was expected be-
cause the lower degree of protonation of the tertiary amine (pKb) in
the piperazine ring resulted in a less polar molecule. Results indi-
cated that the new TP corresponds to a neutral molecule probably
to an N-oxide. If other polar compounds would have been formed,
when changing the pH of the mobile phase a shift in the retention
time of the new TP on the reversed-phase columnwould have been
observed. The effect of the pH on the retention times of TPs allow
us to gain insight on the formation of N-oxides of the two analogs
containing the piperazine ring in their structures.[22,23]
Fragmentation patterns of H-SDF, HH-SDF, T-SDF and NR-SDF

In order to identify the structures of the TPs formed under simu-
lated sunlight, the first step was to elucidate and compare the frag-
mentation patterns of the four related parent compounds obtained
under (+)ESI conditions. The high-resolving Q Exactive mass spec-
trometer delivered consistently low mass errors in both full-scan
and product ion mode, thereby greatly facilitating the assignment
of fragment ion compositions (Tables 1 and 2). Moreover, previous
experience gained on a QToF-MS for SDF and its photoproducts
allowed for straightforward interpretation of the (+)ESI-MS2 spectra
(for the sake of comparability Fig. 1 includes the mass spectrum
of SDF).[17,24] The generic fragmentation pathway depicted in
Scheme 1 summarizes the main fragment ions. While the right
portion of the molecule containing the phenyl-pyrazolopyrimidin
(ethi)one remains largely intact upon collision-induced dissociation,
several bond cleavages occur at, and in the proximity of, the sulfon-
amide bond as well as within the piperazine ring. The fragmenta-
tions a, b, c and d lead to a characteristic set of ions with m/z
ratios of 377, 311, 299 and 283 for SDF, H-SDF, HH-SDF and NR-
SDF. In T-SDF where the oxygen atomof the pyrimidinone ring is re-
placed by a sulfur atom, the corresponding cleavages produce frag-
ment ions that are 16m/z units heavier (m/z 393 (a), 327 (b), 315 (c)
and 299 (d)). Given the distinct substitution pattern in the piperazine
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Table 1. Accurate mass measurements of H-SDF(-d5), HH-SDF, T-SDF
and NR-SDF obtained by UPLC-(+)ESI-Orbitrap-MS in MS or MS/MS
mode

Compound Measured
ion mass [m/z]

Elemental
composition

Theoretical ion
mass [m/z]

Rel. error
[ppm]

H-SDF 489.2281 C23H33N6O4S 489.2279 0.5

461.1969 C21H29N6O4S 461.1966 0.8

377.1281 C17H21N4O4S 377.1278 0.7

311.1503 C17H19N4O2 311.1503 0.2

283.1195 C15H15N4O2 283.1190 1.8

113.1078 C6H13N2 113.1073 3.8

99.0923 C5H11N2 99.0917 5.8

84.0815 C5H10N 84.0808 8.1

72.0816 C4H10N 72.0808 10.7

58.0660 C3H8N 58.0651 15.4

H-SDF-d5 494.2589 C23H28 D5N6O4S 494.2592 0.6

461.1973 C21H29N6O4S 461.1966 1.7

377.1284 C17H21N4O4S 377.1278 1.6

311.1500 C17H19N4O2 311.1503 �0.9

283.1188 C15H15N4O2 283.1190 �0.4

118.1391 C6H8D5N2 118.1387 3.0

101.1047 C5H9D2N2 101.1042 4.7

89.1128 C5H5D5N 89.1122 7.5

77.1129 C4H5D5N 77.1122 10.0

62.0911 C3H4D4N 62.0902 14.0

HH-SDF 505.2232 C23H33N6O5S 505.2228 0.9

487.2129 C23H31N6O4S 487.2122 1.5

461.1970 C21H29N6O4S 461.1966 1.0

377.1281 C17H21N4O4S 377.1278 0.8

311.1505 C17H19N4O2 311.1503 0.6

299.1142 C15H15N4O3 299.1139 1.2

283.1192 C15H15N4O2 283.1190 0.9

129.1026 C6H13N2O 129.1022 2.9

112.1000 C6H10NO 112.0757 4.5

99.0923 C5H11N2 99.0917 6.3

88.0765 C4H10NO 88.0757 9.0

74.0609 C3H8NO 74.0600 11.6

58.0661 C3H8N 58.0651 16.3

T-SDF 491.1896 C22H31N6O3S2 491.1894 0.6

393.1046 C17H21N4O3S2 393.1050 �0.8

327.1274 C17H19N4OS 327.1274 �0.1

299.1138 C15H15N4OS 299.1139 0.4

100.1002 C5H12N2 100.0995 6.5

99.0923 C5H11N2 99.0917 6.4

85.0767 C4H9N2 85.0760 8.4

70.0660 C4H8N 70.1651 11.8

58.0660 C3H8N 58.0651 15.2

NR-SDF 460.2015 C22H30N5O4S 460.2013 0.4

432.1702 C20H26N5O4S 432.1700 0.5

377.1274 C17H21N4O4S 377.1278 �1.0

329.1611 C17H21N4O3 329.1608 1.0

311.1504 C17H19N4O2 311.1503 0.6

299.1142 C15H15N4O3 299.1139 1.0

283.1193 C15H15N4O2 283.1190 1.2

256.0953 C13H12N4O2 256.0955 �0.8

84.0815 C5H10N 84.0808 8.6

Table 2. Accurate mass measurements of photoproducts obtained
by UPLC-(+)ESI-Orbitrap-MS in MS or MS/MS mode. For those TPs
formed by more than one parent compound the listed data corre-
spond to the one labeled with an asterisk. The accurate mass data
for the other parent compounds are provided in Tables S1, 2 and 3
in the Supporting Information

Photoproduct Formed
by…

Measured
ion mass
[m/z]

Elemental
composition

Theoretical
ion mass
[m/z]

Rel.
error
[ppm]

TP520 HH-SDF 521.2182 C23H33N6O6S 521.2177 1.0

473.1975 C22H29N6O4S 473.1966 2.0

404.1389 C18H22N5O4S 404.1387 0.4

377.1282 C17H21N4O4S 377.1278 1.1

344.1482 C17H20N4O4 344.1479 1.0

311.1502 C17H19N4O2 311.1503 0.1

283.1191 C15H15N4O2 283.1190 0.6

129.1025 C6H13N2O 129.1022 2.3

98.0846 C5H10N2 98.0839 7.2

83.0611 C4H7N2 83.0604 9.3

TP506 HH-SDF 507.2026 C22H31N6O6S 507.2020 1.0

489.1926 C22H29N6O5S 489.1915 2.3

461.1969 C21H29N6O4S 461.1966 0.6

418.1552 C19H24N5O4S 418.1544 2.0

311.1507 C17H19N4O2 311.1503 1.4

299.1143 C15H15N4O3 299.1139 1.5

283.1196 C15H15N4O2 283.1190 2.4

115.0871 C5H11N2O 115.0860 4.3

88.0765 C4H10NO 88.0757 9.5

70.0661 C4H8N 70.0651 13.6

TP504 H-SDF 505.2230 C23H33N6O5S 505.2228 0.2

477.1918 C21H29N6O5S 477.1915 0.8

404.1388 C18H22N5O4S 404.1387 0.1

377.1278 C17H21N4O4S 377.1278 0.1

344.1479 C17H20N4O4 344.1479 �0.1

311.1501 C17H19N4O2 311.1503 �0.4

283.1190 C15H15N4O2 283.1190 0.1

113.1078 C6H13N2 113.1073 3.8

98.0845 C5H10N2 98.0839 6.2

83.0611 C4H7N2 83.0604 8.3

TP490-A H-SDF 491.2075 C22H31N6O5S 491.2071 0.7

473.1972 C22H29N6O4S 473.1966 1.4

463.2127 C21H31N6O4S 463.2122 1.1

99.0924 C5H11N2 99.0917 6.8

72.0816 C4H10N 72.0808 11.8

TP490-B T-SDF 491.2073 C22H31N6O5S 491.2071 0.4

463.1756 C20H27N6O5S 463.1758 �0.4

404.1389 C18H22N5O4S 404.1387 0.5

377.1279 C17H21N4O4S 377.1278 0.3

344.1479 C17H20N4O4 344.1479 �0.1

311.1501 C17H19N4O2 311.1503 �0.5

299.1138 C15H15N4O3 299.1139 �0.3

283.1190 C15H15N4O2 283.1190 0.3

99.0922 C5H11N2 99.0917 5.1

70.0659 C4H8N 70.1651 11.5

58.0660 C3H8N 58.0651 14.9

TP488 H-SDFa 489.1919 C22H29N6O5S 489.1915 0.8

HH-SDF 461.1970 C21H29N6O4S 461.1966 0.9

T-SDF 377.1279 C17H21N4O4S 377.1278 0.2

311.1507 C17H19N4O2 311.1503 1.3

299.1146 C15H15N4O3 299.1139 2.3

(Continues)
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ring (piperidine in case of NR-SDF) of the SDF analogs, fragment ions
arising from cleavage of the sulfonamide bond (e) or dissociation of
the aliphatic ring (f, g and h) have compound-specificm/z values. All
wileyonlinelibrary.com/journal/jms Copyright © 2014 John Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1279–1289



Table 2. (Continued)

Photoproduct Formed

by…

Measured

ion mass

[m/z]

Elemental

composition

Theoretical

ion mass

[m/z]

Rel.

error

[ppm]

283.1195 C15H15N4O2 283.1190 1.9

85.0768 C4H9N2 85.0760 9.6

TP478 HH-SDF 479.2074 C21H31N6O5S 479.2071 0.6

461.1964 C21H29N6O4S 461.1966 �0.3

418.1550 C19H24N5O4S 418.1544 1.6

435.1813 C19H27N6O4S 435.1809 1.0

392.1394 C17H22N5O4S 392.1387 1.7

344.1488 C17H20N4O4 344.1479 2.6

311.1502 C17H19N4O2 311.1503 �0.2

299.1140 C15H15N4O3 299.1139 0.5

283.1192 C15H15N4O2 283.1190 0.8

149.0383 C4H9N2O2S 149.0379 2.5

88.0764 C4H10NO 88.0757 7.5

70.06595 C4H8N 70.0651 11.8

TP476 T-SDF 477.1917 C21H29N6O5S 477.1915 0.5

449.1971 C20H29N6O4S 449.1966 1.2

418.1545 C19H24N5O4S 418.1544 0.3

392.1393 C17H22N5O4S 392.1387 1.4

311.1504 C17H19N4O2 311.1503 0.4

283.1193 C15H15N4O2 283.1190 1.4

85.0768 C4H9N2 85.0760 9.6

58.0661 C3H8N 58.0651 16.1

TP474 T-SDF 475.2125 C22H31N6O4S 475.2122 0.6

(SDF) 377.1287 C17H21N4O4S 377.1278 2.4

311.1505 C17H19N4O2 311.1503 0.8

283.1193 C15H15N4O2 283.1190 1.4

100.1001 C5H12N2 100.0995 6.3

99.0923 C5H11N2 99.0917 6.2

70.0660 C4H8N 70.1651 11.8

58.0660 C3H8N 58.0651 15.7

TP462-A H-SDF 463.2124 C21H31N6O4S 463.2122 0.3

435.1829 C19H27N6O4S 435.1809 4.6

418.1548 C19H24N5O4S 418.1544 1.0

392.1382 C17H22N5O4S 392.1387 �1.3

344.1486 C17H20N4O4 344.1479 2.0

311.1502 C17H19N4O2 311.1503 �0.1

299.1142 C15H15N4O3 299.1139 1.0

283.1193 C15H15N4O2 283.1190 1.2

151.0537 C4H11N2O2S 151.0536 0.9

72.0816 C4H10N 72.0808 11.4

58.0660 C3H8N 58.0651 15.7

TP462-B H-SDFa 463.1760 C20H27N6O5S 463.1758 0.4

HH-SDF 435.1811 C19H27N6O4S 435.1809 0.4

T-SDF 418.1545 C19H24N5O4S 418.1544 0.4

393.1223 C17H21N4O5S 393.1227 �1.1

311.1502 C17H19N4O2 311.1503 �0.1

299.1142 C15H15N4O3 299.1139 1.0

283.1193 C15H15N4O2 283.1190 1.1

71.0611 C3H7N2 71.0604 10.2

59.0612 C2H7N2 59.0604 13.5

TP460 H-SDFa 461.1967 C21H29N6O4S 461.1966 0.2

HH-SDF 377.1278 C17H21N4O4S 377.1278 0.1

T-SDF 311.1507 C17H19N4O2 311.1503 1.4

299.1140 C15H15N4O3 299.1139 0.6

Table 2. (Continued)

Photoproduct Formed

by…

Measured

ion mass

[m/z]

Elemental

composition

Theoretical

ion mass

[m/z]

Rel.

error

[ppm]

283.1195 C15H15N4O2 283.1190 1.8

85.0768 C4H9N2 85.0760 9.3

TP448 T-SDF 449.1968 C20H29N6O4S 449.1966 0.4

418.1546 C19H24N5O4S 418.1544 0.6

392.1389 C17H22N5O4S 392.1387 0.4

377.1278 C17H21N4O4S 377.1278 �0.1

311.1502 C17H19N4O2 311.1503 �0.3

283.1189 C15H15N4O2 283.1190 �0.1

137.0375 C3H9N2O2S 137.0379 �2.8

73.0768 C3H9N2 73.0760 10.5

58.0660 C3H8N 58.0651 14.4

TP434 H-SDFa 435.1811 C19H27N6O4S 435.1809 0.4

HH-SDF 418.1545 C19H24N5O4S 418.1544 0.5

T-SDF 392.1386 C17H22N5O4S 392.1387 �0.4

377.1285 C17H21N4O4S 377.1278 1.7

311.1502 C17H19N4O2 311.1503 �0.1

299.1141 C15H15N4O3 299.1139 0.8

283.1191 C15H15N4O2 283.1190 0.5

TP392 H-SDFa 393.1224 C17H21N4O5S 393.1227 �0.8

HH-SDF 365.0916 C15H17N4O5S 365.0914 0.5

T-SDF 336.0521 C13H12N4O5S 336.0523 �0.7

NR-SDF 284.1269 C15H16N4O2 284.1268 0.4

256.0956 C13H12N4O2 256.0955 0.4

TP391 H-SDFa 392.1386 C17H22N5O4S 392.1387 �0.3

HH-SDF 364.1078 C15H18N5O4S 364.1074 1.2

335.0683 C13H13N5O4S 335.0683 0.1

311.1505 C17H19N4O2 311.1503 0.7

T-SDF 299.1140 C15H15N4O3 299.1139 0.4

NR-SDF 283.1192 C15H15N4O2 283.1190 1.0

256.0955 C13H12N4O2 256.0955 0.1

aHomolytic cleavage of sulfonamide bond.

(Continues)
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of the analytes undergo cleavage of the sulfonamide bond accord-
ing to e – in contrast to pathway a the positive charge remains in
the left part of the molecule – but the cross-ring cleavages g and
h are exclusively observed for the piperazine-bearing compounds
(SDF, H-SDF, HH-SDF and T-SDF; X3 =N in generic structure in
Scheme 1) in which. That NR-SDF does not produce any charged
species apart fromm/z 84 (see Fig. 1E) is due to the lack of a readily
protonatable nitrogen in this moiety. It is worthmentioning that the
dissociation of the sulfonamide bond according to the aforemen-
tioned pathway e can also proceed homolytically (indicated as e*
in Scheme 1), thereby generating radical cations that differ from
the ions in series e by an additional hydrogen atom.

As there are a few subtle yet distinct features present in the mass
spectra of the SDF analogs, closer examination of commonalities
and differences is warranted. The mass spectra of both SDF and
its thio-analog T-SDF show expectedly the formation of the ions
at m/z 99 (100) and m/z 58 originating from fragmentations e(*)

and h, respectively. Replacement of the N-methyl group by an ethyl
group in H-SDF (Fig. 1A), in turn, leads to the homologues ions at
m/z 113 (114) and m/z 72 in the (+)ESI-MS2 spectrum. Unexpected
though is the observation of intense ions with m/z 99 and m/z 58
which differ from the two former ions by a CH2 unit. What at first
glance suggests cross-ring cleavage involving rupture of the C―C
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 1. (+)ESI-MS/MS spectra of SDF, H-SDF, T-SDF, HH-SDF, NR-SDF and H-SDF-d5.
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bond in the ethylene bridge of the piperazine ring corresponds in
fact to elimination of the terminal methyl group. By recording the
(+)ESI product ion mass spectrum of H-SDF-d5, the mass shifts rela-
tive to H-SDF provide valuable information on the site of fragmen-
tation. In H-SDF-d5 all five deuterium atoms are located in the
N-ethyl group. Therefore, the fragmentations a, b, c and d produce
the same set of ions as in H-SDF (see Scheme 1). On the other hand,
the ionsm/z 118 and 77 in the spectrum of H-SDF-d5 are 5m/z units
higher than the corresponding ions in the H-SDF product ion pro-
file, being in line with conservation of all five deuterium atoms in
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joh
these two ion species. Determination of the elemental composi-
tion of the ion at m/z 101, however, reveals the presence of only
two deuterium atoms in this ion (C5H9D2N2) thus providing evi-
dence for loss of the CD3 group at some point during the
collision-induced dissociation. As for the fragment ion m/z 62,
the accurate mass data suggest a formula of C3H4D4N, i.e. one
deuterium has been lost during the fragmentation process. The
inset in Fig. 1C shows a plausible structure of this ion in which
rearrangement has led to a four-membered ring. As far as
N-hydroxyethyl analog HH-SDF is concerned (Fig. 1D), the
n Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1279–1289
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protonated molecule can undergo dehydration of the aliphatic
hydroxyl group to generate m/z 487. Cleavage of the precursor
ion according to pathway e gives rise to ionm/z 129. The base peak
in the mass spectrum (m/z 99) corresponds to the formula C5H11N2

thus being identical in composition tom/z 99 in SDF. It is proposed
to correspond to the elimination of methanol (30Da) fromm/z 129.
A fragment ion with a unique structure is detected atm/z 112. Here,
the accurate mass strongly points at simultaneous cleavage of the
C―N bonds between the carbons of the two ethylene groups
and the sulfonamide-N. To produce an unsubstituted sulfonamide
as neutral fragment, two hydrogen atoms have to be transferred
to the sulfonamide-N, thereby generating the unsaturated species
shown in the inset in Fig. 1C.
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Identification of the photoproducts

Upon irradiation of the spiked AFW solutions with simulated sun-
light, all four test compounds (H-SDF, HH-SDF, T-SDF and NR-SFD)
underwent extensive photodegradation. The UPLC-based separa-
tion revealed the conversion of the SDF analogs into mixtures of
different complexity. Compilation of retention time and molecular
weight information provided already hints on the presence of
several identical photoproducts across compounds. This came as
no surprise because previous studies performed on SDF had
demonstrated the gradual breakdown of the piperazine ring up
to the point where hydrolysis of the sulfonamide yielded a stable
sulfonic acid derivative. Since, with the exception of T-SDF, all other
analogs bore modifications in this aliphatic heterocycle, its light-
induced destruction would eventually lead to the generation of
photoproducts with identical structures. In case of T-SDF none of
the mass spectra of the photoproducts showed the diagnostic
series of ions atm/z 299, 315, 327 and 393 produced by fragmenta-
tion of the protonated parent compound. Instead, they were all
shifted to the SDF-specific series of m/z 283, 299, 313 and 377,
and, in fact, SDF was unequivocally identified in the samples from
the T-SDF photolysis experiments by the perfect match of retention
time and product ion profile. The absence of thioketone-containing
photoproducts indicated a rapid oxidation of this moiety and
therefore allowed to anticipate a degradation pathway comparable
to that of SDF.

The (+)ESI mass spectra of six photoproducts common to H-SDF,
HH-SDF and T-SDF are depicted in Fig. 2 with the corresponding ac-
curate mass data listed in the Table 2. The heaviest of them (TP488)
had an elemental composition of C22H28N6O5S and showed an in-
tense fragment ion atm/z 461 corresponding to the loss of CO from
the molecular íon (Fig. 2A). The same difference in m/z values and
elemental compositions was observed between the low-intensity
fragment ion atm/z 113 and the abundant ion withm/z 85. The ac-
curate mass data of the latter indicated a composition of C4H9N2

which led to propose the cyclic structure shown in the inset of Fig. 2-
A. The dissociation of CO from the protonated molecule and from
fragment ionm/z 113 is consistent with an amide that results from
oxidation of the N-alkyl group in H-SDF, HH-SDF and T-SDF (con-
verted into SDF after oxidation of the thioketone). Complete loss
of the N-substituent is then postulated to generate TP460
exhibiting a very similar fragmentation pattern with the character-
istic ion at m/z 85 (Fig. 2C). The formation of this secondary-amine
bearing compound was ultimately confirmed by comparison with
the authentic standard, N-demethylated SDF, which was commer-
cially available and reported to be a major human metabolite of
SDF. The TP434 (C19H26N6O4S) in turn differs in chemical formula
J. Mass Spectrom. 2014, 49, 1279–1289 Copyright © 2014 John
from TP460 by the elimination of C2H2 and while it maintains the
diagnostic series at m/z 283, 299, 311 and 377, it lacks prominent
fragment ions in the low mass range (Fig. 2D). A key fragment ion
in the mass spectrum of TP434 originates from loss of ammonia
in the precursor ion which points at the presence of a terminal
amine group as proposed in the N,N-deethylated structure shown
in Fig. 2D. If dissociation of the sulfur-nitrogen bond in the sulfon-
amide group precedes the neutral loss of NH3 from the precursor
ion, the result is the low-intensity ion at m/z 59 (C3H8N). Further
photo-induced degradation of TP434 upon loss of the aminoethyl
substituent of the sulfonamide is then postulated to generate
TP391 (C17H22N5O4S). With an unsubstituted sulfonamide remain-
ing, no low-mass fragment íons are observed under the applied
CID conditions (Fig. 2F). Instead, the first step of dissociation corre-
sponds to the loss of ethylene producing the base peak atm/z 364
(C15H18N5O4S). This cleavage is proposed to occur in the ethoxy
group in analogy to the difference in generic fragmentations b
and d in Scheme 1 (see also inset in Fig. 1A). In contrast,
fragmentation according to pathway a cannot take place in the
N-unsubstituted sulfonamide TP391, and hence the class-specific
fragment ion atm/z 377 is not anymore detected in the mass spec-
trum. The emergence of fragment ions at m/z 335 and 256, how-
ever, cannot be rationalized using straightforward heterolytic
cleavages. Since the accurate mass data clearly point to chemical
formulae of C13H13N5O4S and C13H12N4O2, respectively (these two
differ in composition by HNSO2), the fact that computing the
double-bond equivalents of these charged species produce integer
values can only be attributed to the presence of ions with unpaired
electrons. As form/z 335, successive elimination from themolecular
ion of first C2H4 (ethoxy group:m/z 364) and then of C2H5 from the
propyl side chain give rise to this fragment ion bearing an exo-
methylene group. The relative stability of this radical is thought to
be due to resonance stabilization involving the adjacent imine
group. The same sequence of neutral losses is apparent in themass
spectrum of TP392 (Fig. 2E) where a hydroxyl group replaces the
amino group in the sulfonamide to yield the corresponding sulfonic
acid (C17H20N4O5S). Under the applied CID conditions, the radical
ion at m/z 256 – as in case of TP391 – represents the final stage
of fragmentation.

Of the aforementioned photoproducts identified in the irradi-
ated solutions of H-SDF, HH-SDF and T-SDF, only TP391 and
TP392 were formed during exposure of NR-SDF in the sunlight sim-
ulator. This is fully in line with the structural differences between
the four SDF analogs: lacking the tertiary amine, the N,N-pentylene
bridge in NR-SDF does not give rise to any oxidative intermediates
but produces directly the N,N-dealkylated compound TP391.

Beside those TPs that were observed for more than one of the test
compounds, a number of unique photoproducts was detected
suggesting the conservation of the substance-specific N-alkyl sub-
stituent on the respective piperazine rings. Comparison of the ele-
mental compositions of the molecular ions as well as examination
of the product ion spectra (Fig. 3) for commonalities revealed the
presence of three series, of which the first one comprised TPs arising
frommonooxygenation (TP504 for H-SDF; TP520 for HH-SDF; TP490-
B for T-SDF after conversion to SDF). With chromatographic reten-
tion times being longer than those of the test compounds (taking
SDF as reference in case of T-SDF), C-hydroxylation on an aliphatic
or aromatic position appeared unlikely as this would have generated
more polar, and thus less retained, entities. At first glance the corre-
sponding (+)ESI mass spectra (Fig. 3A, 3D and 3G) display an appar-
ent inconsistency in that on the one hand they contain the
characteristic series of ions comprising m/z 404, 311, 299 and 283
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 2. (+)ESI-MS/MS spectra of the common TPs obtained for H-SDF, HH-SDF and T-SDF irradiated samples.
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indicating the absence of anymodification beyond the sulfonamide,
while on the other hand, fragment ions arising from cleavage
according to process a in Scheme 1 are observed in all three spectra
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joh
(m/z 113, 129 and 99, respectively). Based on compelling evidence
presented in our previous work on the photodegradation of SDF
under identical experimental conditions as in the current study,[17]
n Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 1279–1289



Figure 3. (+)ESI-MS/MS spectra of novel TPs obtained for H-SDF, HH-SDF and T-SDF irradiated samples.
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the three TPs are attributed to N-oxygenation of the tertiary amine in
the piperazine ring. In fact, the mass spectrum of TP490-B (Fig. 3G) is
essentially identical to that of the eponymous photoproduct in
Eichhorn et al.,[17] i.e. the N-oxide of SDF. As with TP490-B, formed
from SDF after rapid initial oxidation of the thiocarbonyl group in
T-SDF, the slower elution of TP504 and TP520 as compared to the
precursor compound is due to the loss of basicity of the aliphatic
amine by conversion into the neutral N-oxide.

Figure 3B, 3E and 3H shows a second series of TPs differing in
elemental composition from the parent compounds (SDF in case
of the T-SDF) by –CH2+O. As with the three afore discussed TPs
or in all three instances the fragment ions at m/z 283 and 311
indicate that the modification is in the left part of the molecule.
As compared to the parent compounds, the piperazine ring-
specific fragment ions at m/z 113, 129 and 99 (SDF) are shifted
to m/z 99, 115 and 85 for H-SDF, HH-SDF and T-SDF (SDF),
respectively. At the same time, the molecular ions of the TPs
J. Mass Spectrom. 2014, 49, 1279–1289 Copyright © 2014 John
all show a loss of water producing m/z 473 (H-SDF), m/z 489
(HH-SDF) and m/z 459 (T-SDF/SDF) as well as decarbonilation
of similar intensity. Plausible structures being consistent with
these fragmentation patterns arise from oxidative cleavage of
one ethylene bridge upon loss of one carbon atom. Fragmenta-
tion of the resulting amide produces the loss of CO or dehydra-
tion. Although the latter mechanism is uncommon, the loss of
water from has been previously reported.[25]

A third series of homologous TPs comprises TP462 (H-SDF),
TP478 (HH-SDF) and TP448 (T-SDF after oxidation to SDF). In terms
of elemental formulae, they differ from their precursor compounds
by removal of C2H2 (26Da) (see Table 2). The heaviest fragment ion
common to all three TPs (Fig. 3C, 3F, and 3I) is the even-electron
species with m/z 418 (C19H24N5O4S

+). Taking into account that the
three product ion spectra contain the characteristic series of ions
atm/z 377, 311, 299 and 283, the most plausible photodegradation
pathway giving rise to the TPs is N,N-deethylation. Hence, the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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common ion at m/z 418 corresponds to the loss of the substituent
on the secondary amine, e.g. of methylamine (C2H5N=31Da) in
case of TP448. Apart from the mass spectral information, the chro-
matographic behavior is also in agreement with the structural mod-
ification insofar as the loss of lipophilicity, i.e. the bridging N,N-
ethylene moiety, translates into weaker chromatographic retention
and therefore earlier elution than the precursor compounds (H-SDF:
3.48 vs 3.64min; HH-SDF: 3.33 vs 3.50min; (T-)SDF: 3.46 vs 3.56min).
Environmental occurrence

The environmental survey of SDF, SDF analogues and their TPs in
waters allowed the first detection of TP488 and TP448 in effluent
samples. SDF and SDF analogues were not detected in the effluent
of WWTP and nor in surface waters. The implementation of UV
treatment in the WWTPs could be an important factor in the forma-
tion of these TPs. Furthermore, these TPs could be produced from
different treatments such as biodegradation in WWTP. Accurate
masses and MS2 spectra are given in the Supporting Information
(Figure S4) and confirmed TPs identities. Because authentic stan-
dards are currently not commercially available, the concentrations
of TPs cannot be accurately determined.
Conclusion

In the present study, we examined the photodegradation pathways
of several SDF analogues based on the elucidation of high-resolution
MS/MS data. Thanks to distinct fragmentation patterns with a num-
ber of highly diagnostic fragment ions across the entire m/z range,
and the possibility to rationalize the formation of the photoproducts
by comparing the TP spectrum between the different SDF
analogues, the structures of a large number of both unique and
common photoproducts could be proposed. It was demonstrated
that the piperazine-bearing analogues H-SDF, HH-SDF and T-SDF
displayed a similar behavior as SDF in that the aliphatic ring was
gradually broken down upon exposure to simulated sunlight. In
case of the thioketone-containing T-SDF, all of the identified
photoproducts were devoid of the C¼S group thereby providing
evidence for the instability of this moiety. With the thioketone be-
ing subject to rapid oxidation to the corresponding ketone group,
i.e. becoming SDF, the set of generated photoproducts was there-
fore very similar to those reported in our previous work on the
photolysis of SDF under identical experimental conditions. Lacking
the basic nitrogen atom in the aliphatic ring, NR-SDF, in turn,
gave rise to only two prominent photoproducts (TP391 and
TP392). These were also found in the solutions of the experiments
performed with H-SDF, HH-SDF and T-SDF indicating that the
photodegradation pathways of all four SDF analogues eventually
converged in the formation of the stable sulfonic acid TP392. As-
suming that the findings from the photodegradation studies car-
ried out under controlled laboratory conditions are predictive of
the photofate under real conditions in the environment, e.g. in
sunlit surface waters having received treated effluents from sew-
age treatment plants, the detection of one TP or another in the
samples would likely not allow to unequivocally determine the
identity of the discharged drug. On the other hand, the polar
TP392 might serve as a tracer compound for detecting the con-
tamination of surface waters with SDF-related compounds.
Environmental analysis allowed the first detection of TP488 and

TP448 in wastewater effluents. It worth noting that their detection
does not allow to unequivocally determine the identity of the
wileyonlinelibrary.com/journal/jms Copyright © 2014 Joh
initially discharged precursor compound, because the two TPs
can originate from different SDF analogs.
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