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1 | INTRODUCTION

Fentanyl and fentanyl analogs have emerged as some of the most
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Abstract

This study uses a combination of multi-stage mass spectrometry (MS"), accurate mass
measurements - with high-resolution mass spectrometry (HRMS) - and isotopic
labeling to characterize the fragmentation behavior of fentanyl and 4-ANPP. By
understanding the fragmentation behavior of fentanyl and its analogs in more detail,
toxicologists and seized drug analysts will be better poised to identify new and
emerging fentalogs, which are increasingly common and deadly adulterants in the
growing opioid crisis. Throughout the literature the product ion at m/z 188 is often
the most abundant fragment in the mass spectrometric analysis of fentanyl and fen-
tanyl analogs, and this fragment is used for both qualitative and quantitative determi-
nations. Our work shows there are at least three different structures for the isobaric
fentanyl product ions at m/z 188, and they each form and fragment via different
pathways. The development of fragmentation mechanisms to explain the observed
fragmentation pathways of fentanyl and its main precursor 4-ANPP helps contribute
to the advancement of knowledge about fentanyl fragmentation and could provide

important information for the identification of future fentanyl analogs.
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The Janssen and Siegfried methods are the two main synthetic
routes for clandestine synthesis of fentanyl.” The Siegfried method is

the easier of the two approaches, and it uses N-phenethyl-

deadly compounds from the growing opioid crisis in America.l
Fentanyl is a synthetic opioid approved by the FDA as an analgesic
and anesthetic, but licit and illicit fentanyl analogs end up on the
drug market through theft, fraudulent prescriptions and illicit distri-
bution by patients, doctors, and pharmacists.? Since 2013, fentanyl
and fentanyl analogs have become increasingly common adulterants
in heroin seizures, and their incredible efficacy for binding to opioid
receptors in the body has caused accidental overdoses in almost
every state.®> According to the 2017 National Laboratory Forensic
Information System (NFLIS), more than 56,000 fentanyl drug
reports were filed the year before by local and state forensic

laboratories.*

4-piperidone (NPP) as the starting material and produces 4-anilino-
N-phenethylpiperidine (4-ANPP) as an intermediate to the fentanyl
product. Investigators can benefit from knowing the synthetic route
of a fentanyl seizure, and the synthetic pathway can be established by
the identification of residual unreacted precursors in the seizure. The
Siegfried method uses 4-ANPP and the Janssen method uses ben-
zylfentanyl. According to the DEA, four of the five domestic fentanyl
clandestine labs seized since 2000 used the Siegfried method or a
modified version thereof.’

Whereas fentanyl and its synthetic precursors are Schedule Il nar-
cotics, the impact on public health has led fentanyl analogs such as

a-methylfentanyl, 3-methylfentanyl, acetylfentanyl, butyryl fentanyl,
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and p-hydroxythiofentanyl to be listed as Schedule | narcotics.>¢
Figure 1 shows the generic chemical structure of fentanyl analogs.
This core structure is conserved in almost all analogs. Para-
methylphenethylacetylfentanyl is an example of a fentanyl analog
generated through modification at location R1. Thiofentanyl,
a-methylfentanyl, and p-hydroxyfentanyl are examples of fentanyl
analogs generated through modification at location R2. Carfentanil
and 3-methylfentanyl are examples of modifications at location R3.
Sufentanil, alfentanil, and remifentanil all contain modifications at
locations R2 and R3, where R3 refers to a substitution at any position
on the piperidine ring. Alteration in the length of the aliphatic chain at
location R4 differentiates butyrylfentanyl and acetylfenantyl analogs
from fentanyl. Finally, substitutions such as a fluorine at location R5
generate fentanyl analogs such as para-fluorofentanyl.”

The differentiation of fentanyl analogs with electron ionization
mass spectrometry (EI-MS) has proven to be difficult. Mallette et al.®
noted that 2-methylfentanyl and 3-methylfentanyl can only be
distinguished based on the subtle differences in the relative abundance
of ions at m/z 202, 203, 160, and 216. Similarly, cyclopropylfentanyl
and crotonylfentanyl are only distinguishable by differences in the
relative abundance of ions at m/z 69 and m/z 105.1° Kanamori et al.
reported the conserved nature of fragmentation pathways with
3-methylfentanyl analogs with all spectra having a base peak due to
the benzyl cleavage.!' The relative ion abundances were similar
between compounds, with cis-isomers having larger abundances than
trans-isomers, such as m/z 216, 203, 160, and 105 for cis-
3-methylfentanyl relative to trans-3-methylfentanyl. However, some
spectra, such as the diastereomers of B-hydroxy-cis-3-methylfentanyl,
were too similar to differentiate. Ohta et al. have reported on the highly
conserved nature of fentanyl analogs and called for forensic science
laboratories to prepare for new designer drugs.'? The conserved frag-
mentation pathways of these common structures has enabled National
Institute of Standards and Technology (NIST) to develop an EI-MS mass
spectral database and algorithm specifically designed to assist with the
identification of novel opioids including fentanyl analogs.*®

Whereas the use of tandem mass spectrometry is one of the most
effective ways to identify fentanyl analogs, especially at trace levels in

toxicological and seized drug samples,“‘15

certain analogs are
extremely difficult to distinguish. For example, Feasel et al. observed
largely analogous collision-induced dissociation (CID) spectra between
carfentanil and remifentanil.'® Caspar et al. discussed the value of
having group-indicating ions that might help to identify novel com-
pounds.'” They recommended HRMS to help identify the elemental
compositions of different fragment ions, including the fragment at

m/z 188.1439 in the case of fentanyl analogs.’” However,

FIGURE 1 Generic chemical structure of fentanyl highlighting
regions of substitutions for fentanyl analogs®

Wichitnithad et al. observed at least two isobaric product ions with
the same exact mass at m/z 188.1439.18 They were only able to dis-
tinguish the constitutional isomers using MS® and deuterium label-
ing.*® Their observation further highlights the need for a better
understanding of the fragmentation pathways of fentanyl and fentanyl
analogs.

Two approaches that have demonstrated success in the identi-
fication of novel psychoactive substances (NPS) are the use of
multi-stage mass spectrometry (MS™!%2° and the use of accurate
mass measurements with high-resolution mass spectrometry
(HRMS).2%?2 The current work employs both of these tactics and
isotopic labeling to elucidate additional fragmentation mechanisms
of fentanyl and 4-ANPP. The discovery of three isobaric product
ions at m/z 188 adds to the understanding of the fragmentation
behavior of fentanyl analogs and helps to defend the use of transi-
tions such as m/z 337 — m/z 188 for the quantitation and identifi-
cation of fentanyl in seized drugs and biological fluids.22%2> The
mechanism of formation of the new intermediate can be extrapo-
lated to other fentanyl analogs to help explain some previously uni-

dentified product ions in the spectra of existing and future fentanyl

analogs.
2 | METHODS
21 | Sample preparation

The 4-ANPP fentanyl precursor, fentanyl, and fentanyl-ds (deuterated
around the aniline) standards were purchased through Cayman Chem-
ical (Ann Arbor, MI, USA). The 4-ANPP and fentanyl standards were
dissolved in a solution of 48% HPLC grade methanol, 48% distilled
water, and 2% acetic acid. The fentanyl-ds certified reference material
(CRM) was left in the original methanol solvent to reduce the risk of
hydrogen 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).

2.2 | Instrumentation
221 | Thermo Scientific Velos Pro linear ion trap
(LIT)

A Thermo Scientific Velos Pro linear ion trap (LIT) mass spectrometer
was operated with a heated electrospray ionization (HESI) source. The
HESI source was operated at 50°C with a spray voltage of 4000 V.
The nitrogen sheath gas was operated at 8 arbitrary units with a nitro-
gen auxiliary gas flow of 5 arbitrary units. The mass spectrometer cap-
illary temperature was 275°C. The scan range and normalized collision
energies (NCEs) were compound specific and are labeled with each
mass spectrum. An isolation width of 1 Da was used for all samples.
Ultra-pure helium was used as the bath gas purchased through
Matheson Tri-Gas (Fairmont, WV, USA).
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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 dual
electrospray ionization (ESI) with a spray voltage of 3500 V. The nitro-
gen gas was set to 300°C with a drying gas flow of 5 L/min and a neb-
ulizer flow of 30 psig. The MS fragmentor and skimmer voltages were
operated at 225 V and 65 V, respectively. The scan range and colli-
sions energies were specific to 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 Tri-Gas (Fairmont, WV, USA).

2.3 | Data analysis

Xcalibur 2.0.0.48 software was used for the Velos Pro LIT data analy-
sis, whereas MassHunter Qualitative Analysis B.05.00 was used for
the Agilent Q-TOF data analysis. Microsoft Excel version 14
(Microsoft, Redmond, WA, USA) and ChemDraw 16.0 (PerkinElmer,
Waltham, MA, USA) were used for the mass spectral plots and mass

spectral fragmentation mechanisms.

2.3.1 | Mass spectral interpretation and
mechanisms

The fragmentation mechanisms for each compound are based on MS"
analyses, accurate mass measurements, and prevailing electron push-
ing conventions. The proposed mechanisms follow the expected low-
est energy pathways.?® Whereas the identification of the exact
hydrogen(s) involved in a specific rearrangement was not possible in
this study, we could exclude certain hydrogen atoms by using per-
deuterated analogs. Examples include MS" of fentanyl that was per-
deuterated on the aniline ring. MS" resolved the relationships
between primary, secondary, and tertiary product ions in a variety of
pathways, and even though the exact atoms could not always be
resolved in a rearrangement, the results provided a deeper level of

understanding than the present status.

3 | RESULTS AND DISCUSSION

Figure 2 shows an example of the product ion spectrum generated
from the fragmentation of the [M+H]"* protonated precursor of fenta-
nyl observed at m/z 337 with the major structural fragments embed-
ded. The base peak in this spectrum is observed at m/z 188, which
has been identified as a characteristic ion for the identification of fen-
tanyl derivatives.'” However, based on the competing mechanisms
for the loss of the N-phenylpropanamide neutral, previous literature
has demonstrated that this peak must contain at least two isobaric

product ions with different constitutional structures.*®
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FIGURE 2 Tandem mass spectrum of protonated fentanyl using
CID in a linear ion trap mass spectrometer (35% NCE)

Other ions of significant abundance are observed at m/z 281 and
m/z 216, of which the ion at m/z 281 has been shown to fragment
into m/z 188.1>1%27 Figure 3 shows the MS® product ion spectrum
from the isolation and fragmentation of the intermediate product ion
at m/z 281 (Figure 3A) and the MS* product ion spectrum of the isola-
tion and fragmentation of the intermediate product ion at m/z
188 from Figure 3A. These spectra contain the major structural frag-
ments for each MS-level. The distribution of product ions in Figure 3B
is in agreement with the work of Wichitnithad et al.'®

As described by Wichitnithad et al.,'® the intermediate product
ion at m/z 188 forms through a 6-centered rearrangement resulting in
the loss of N-phenylpropanamide. However, based on our MS" stud-
ies, we have identified the intermediate product ion at m/z 281 as an
intermediate between the [M+H]* precursor and the fragment at m/z
188. Our proposed mechanism involves a 4-center-elimination of the
methylketene from the N-phenylpropanamide moiety, as shown at
the top of Figure 4. Figure 4 also shows the two proposed fragmenta-
tion pathways that explain the experimentally observed MS* mass
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FIGURE 3 Product ion mass spectra of protonated fentanyl

collected under different conditions: (A) MS® product ion spectrum
for the transition m/z 337 — 281 — at 35% NCE, and (B) MS*
product ion spectrum for the transition m/z 337 — 281 — 188 — at
33% NCE
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FIGURE 4 Proposed mechanisms for the formation of
different product ions from two isobaric intermediates at
m/z 188.18 Pathway (A) leads to the formation of product
ions at m/z 134, 160, and 120, whereas pathway (B) leads
to the formation of product ions at m/z 146, 132, and 105
[Colour figure can be viewed at wileyonlinelibrary.com]

spectrum (Figure 3B). Pathway (A) describes the formation of the
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product ion at m/z 134 through a retro-Diels-Alder reaction as well as
the formation of the intermediate product ion at m/z 160 and ulti-
mately, the product ion at m/z 120. Pathway (B) describes the forma-
tion of the product ions at m/z 146, 132, and 105 from the second
isobaric intermediate product ion at m/z 188.

In addition to the two isomers at m/z 188 that form from the
intermediate at m/z 281, a third isobar at the nominal mass of m/z
188 forms via fragmentation of the intermediate product ion at m/z
216 (Figure 5A). However, fragmentation of this particular isomer at
the MS* level only forms a product ion at m/z 132 (Figure 5B). The
product ion at m/z 188 formed through the intermediate at m/z
216 fragments differently from either of the two isomers at m/z
188 identified by Wichitnithad et al.'® Supplemental Figure 1 shows
product ion spectra collected in pseudo-MS® mode on the Q-TOF
instrument with proposed structures of the major fragments embed-
ded. In these spectra, in-source CID of the protonated molecular ion
generated pseudo-MS? primary fragments, which were then isolated
at the MS? level and fragmented in the collision cell to generate
pseudo-MS? spectra. CID of the fragment at m/z 216.1300 gave many
ions at the MS® level, one of which has an accurate mass of m/z
188.1086. The accurate mass for the new product ion is consistent
with an elemental composition of C1,H14NO™, which has an exact
mass of 188.1075 Da (6 ppm error). In contrast, the isomers formed
via the intermediate at m/z 281.2020 have an accurate mass of m/z
188.1465. This product is consistent with an elemental composition
of C13H1gN*, which has an exact mass of 188.1439 Da (14 ppm error).
The measured masses are different by almost 200 ppm, so there can
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FIGURE 5 Product ion mass spectra of protonated fentanyl

collected under different conditions: (A) MS® product ion spectrum
for the transition m/z 337 — 216 — at 35% NCE, and (B) MS*
product ion spectrum for the transition m/z 337 — 216 — 188 — at
25% NCE

be no confusion between the different elemental compositions of the
isobars formed via the two different pathways.

As shown in Figure 6, the intermediate product ion at m/z
216 most likely forms through the opening of the piperidine ring and
charge stabilization on a tertiary carbocation as described by Thevis
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FIGURE 6 Proposed mechanisms for the formation of the novel
product ion at m/z 188 from the intermediate product ion at m/z 216
[Colour figure can be viewed at wileyonlinelibrary.com]

et al.’® From the structure at m/z 216, the intermediate product ion at
m/z 188 can then form through a 4-center-elimination at the carbo-
cation. The product ion at m/z 132 can be formed via two different
pathways, one through the intermediate at m/z 188 and the other
through the intermediate at m/z 160. Formation of m/z 132 from the
intermediate at m/z 188 occurs through a 4-center-elimination of
propenone. Formation of m/z 132 from m/z 160 can occur via the
4-center-elimination of ethene. Either way, the resulting product at
m/z 132 contains the original aniline moiety rather than the previously
described phenyl moiety. This newly identified pathway provides a
third alternative structure for the isobars at the nominal mass of m/z
188 in the tandem mass spectra of fentanyl.

MS"-level analysis of protonated fentanyl also provided evidence
for a fourth fragmentation pathway for a product with a nominal mass
of m/z 188. This fourth pathway has a measured accurate mass of m/z
188.1465, which is within 10 ppm of the exact mass of Ci3HgN™.
This minor pathway, which occurs at approximately 0.5% of the abun-
dance of m/z 188 in Figure 2, involves an R-group transfer of the
propionaldehyde moiety of the molecular ion to form the intermediate
product ion at m/z 244. Figure 7A shows that although the formation
of the product at m/z 190 is the preferred product from the activation
of the intermediate fragment at m/z 244, the product ion at m/z
188 is still observable at the MS* level. Figure 7B shows that MS*-
level fragmentation via the sequence m/z 337 — 244 — 188 — results
in product ions at m/z 120 and m/z 134. Such fragmentation was not
observed by Wichitnithad et al.,'® presumably because this pathway is
negligible in abundance relative to the other pathways.

Figure 8 shows that the proposed R-group transfer to form the
product ion at m/z 244 involves transferring the propionaldehyde

group from the aniline moiety to the piperidine nitrogen via
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FIGURE 7 Product ion mass spectra of protonated fentanyl

collected under different conditions: (A) MS® product ion spectrum
for the transition m/z 337 — 244 — at 25% NCE, and (B) MS*
product ion spectrum for the transition m/z 337 — 244 — 188 — at
25% NCE

nucleophilic attack of the carbonyl carbon by the lone pair on the
piperidine nitrogen atom. Transfer to the nitrogen atom is more con-
sistent with both MS*-level spectra of fentanyl and MS3-level spectra
of other fentanyl analogs. This mechanism is more easily visualized
when the piperidine ring adopts a boat configuration. In the boat con-
figuration, the propionaldehyde transfer to the nitrogen atom can
occur via a sterically favored 6-center rearrangement. Transfer of the
propionaldehyde group to the carbon atoms of the piperidine ring
would involve sterically unfavorable rearrangements and weaker
nucleophilic attack.

After transfer of the propionaldehyde group, the intermediate at
m/z 244 forms via a 4-center-elimination of aniline from the
rearranged precursor. The intermediate product ion at m/z 188 forms
from a 4-center elimination of methylketene, which can then undergo
a retro-Diels-Alder reaction to produce the product ion at m/z 134.
Fragmentation at the MS? level shows that the product ion observed
at m/z 134 can also form through the intermediate product ion at m/z
190, which is formed through the loss of cyclobutene from the inter-
mediate product ion at m/z 244. The intermediate at m/z 190 was
identified through the conserved loss of 54 Da from a variety of fen-
tanyl analogs (unpublished data) and the accurate mass measurements
using the Q-TOF HRMS instrument (Supplemental Figure 2). The
measured accurate mass of m/z 190.1249 is less than 9 ppm different
than the exact mass for C1,H1sON™.

The analysis of the ds version of fentanyl, which is deuterated
around the aniline moiety, provides support for the three proposed
mechanisms. Figure 9A shows the tandem mass spectrum of proton-
ated fentanyl-ds observed at m/z 342 with the structures of the major
fragments embedded. The incorporation of 5 deuterium atoms instead

of 5 hydrogen atoms onto the aniline ring allows this moiety to be
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FIGURE 9 Product ion mass spectra of protonated fentanyl-ds
collected under different conditions: (A) MS? product ion spectrum of
the precursor at m/z 342 at 35% NCE, (B) MS® product ion spectrum
for the transition m/z 337 — 286 — at 25% NCE, and (C) MS®
product ion spectrum for the transition m/z 337 — 221 — at

25% NCE

traced down each fragmentation pathway. The observed product ions
at m/z 286 and m/z 221 confirm that the deuterated aniline moiety is
present, whereas the product ion at m/z 244 indicates the deuterated

aniline moiety has been lost. The proposed R-group transfer in
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Proposed mechanisms for the formation of the product ion at m/z 188 from the intermediate product ion at m/z 244 [Colour

Figure 8 is further supported by the observation of the product ion at
m/z 244 from both fentanyl and fentanyl-ds. The fragment at m/z
244 occurs through the loss of 93 Da from fentanyl and 98 Da from
fentanyl-ds.

Figure 9B shows the MS3-level fragmentation of the intermediate
at m/z 286. The base peak at m/z 188 indicates that the deuterated
aniline moiety is lost, which agrees with the proposed pathways in
Figure 4. The most important discovery from the analysis of fentanyl-
ds is that the intermediate product at m/z 221 fragments into product
ions at m/z 193, 165, and 137 (Figure 9C). The product ion at m/z
193 is consistent with the deuterated version of the product ion at
m/z 188, which is described in Figure 6.

Deuterium labeling provides definitive proof that the aromatic

ring that is ultimately incorporated into the product ion at m/z
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FIGURE 10 Product ion mass spectra of protonated 4-ANPP:

(A) MS? product ion spectrum of protonated precursor ion at m/z
281 (35% NCE) and (B) MS? product ion spectrum for the transition
m/z 281 — 188 — at 35% NCE
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188 from the intermediate product ion at m/z 216 pathway must be
from the aniline moiety and not from the phenyl moiety. In contrast,
the phenyl moiety is retained in the more-dominant pathways to m/z
188 that occur through intermediates at m/z 281 and m/z 244. Also,
observation of product ions at m/z 165 and m/z 137 in the deuterated
fentanyl sample (Figure 9C) provides support for the mechanisms
presented in Figure 6 through the incorporation of five deuterium into
the proposed product ions at m/z 160 and m/z 132. Finally,
Supplemental Figure 3 contains the accurate mass measurements for
the analysis of in-source CID generated m/z 221.1700 for fentanyl-ds
collected on the Q-TOF instrument. The incorporation of the deuter-
ated aniline moiety is observed at every step along the proposed
fragmentation pathway presented in Figure 6.

MS" analysis of 4-ANPP enabled the identification of similar
fragmentation pathways as fentanyl. For example, Figure 10A shows
the tandem mass spectrum of the [M+H]* precursor of 4-ANPP at
m/z 281. The MS? product ion spectrum shows the characteristic
base peak observed at m/z 188, which is present in most fentalogs.
Product ions of other significance are observed at m/z 146, 134,
and 105, which are all product ions of the dominant product ion at
m/z 188 in Figure 4. Figure 10B shows that MS®-level fragmenta-
tion of the intermediate at m/z 188. The product ion distribution is
identical to that of fentanyl and is consistent with the proposed
mechanisms in Figure 4. The two new pathways to the formation of
isobars at m/z 188 for fentanyl are not possible for 4-ANPP. How-
ever, tandem mass spectrometry analysis of a variety of other
fentalogs also show R-group transfers that are consistent with the
mechanism shown in Figure 8, the results of which are the topic of

ongoing work.

4 | CONCLUSIONS

This manuscript demonstrates the use of multi-stage mass spectrome-
try (MS"), accurate mass measurements with HRMS and isotopic
labeling for the elucidation of the fragmentation mechanisms for fen-
tanyl and 4-ANPP. Specifically, this manuscript establishes the identi-
fication of three isobaric fentanyl product ions at m/z 188 including a
novel product ion formed through the intermediate product ion at
m/z 216. This realization has a potential impact on product ion selec-
tion for quantitative analyses. The product ion at m/z 188 is com-
monly reported in literature as a product ion used for quantification
based on monitoring the transition from m/z 337 — 188. However,
there are at least three isobaric fentanyl product ions at m/z 188 which
have different rates and energies of formation. These differences can
lead to variation in ion abundances, which can affect the accuracy and
precision of quantitative analyses,*® but recognition of these different
pathways can also help to identify similar mechanisms in emerging
fentanyl analogs. As new fentanyl analogs enter the drug market our
ability to identify characteristic fragmentation pathways and con-
served fragmentation mechanisms can assist medical examiners, toxi-
cologists, and seized drug analysts with the identification of novel

fentanyl related compounds.
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