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Rationale: Gas chromatography/electron ionization mass spectrometry (GC/EI-MS) is
a well-established tool for the identification of unknown compounds such as new
metabolites of xenobiotics. But it reaches the limits of confident structural
assignment if it comes to stereoisomers. This work helps to overcome this difficulty
by getting a deeper comprehension of composition of so far unspecific and also
characteristic fragment ions in general and comparison among stereoisomers.
Methods: Unit mass resolution mass spectra of various isotopologues of four 17a-
methyl steroid diastereomers obtained by selectively introducing [2Ho]-trimethylsilyl
(TMS) groups or chemical syntheses were systematically compared. The impact of
stereochemistry on variations of relative abundances has been assessed by statistical
comparison from repeated measurements. Additionally, characterization of
m/z 318 with high-resolution MS using gas chromatography/quadrupole time-
of-flight MS (GC/QTOF-MS) was performed.

Results: The formation of fragment ions from TMS-derivatives after cleavage of
methyl or TMS groups ([M-CH3] ", [M-TMSOH]**, [M-CH3-TMSOH]*, [M-2x90]°*,
[M-2x90-CH3]") rarely arises from only one position in the molecule and
composition of fragment ion signals is highly influenced by the stereochemistry of
the A-ring at C3 and C5 of the steroid. Similarly, the formation of the characteristic
fragment ion m/z 143 most likely consists of two different ways of formation. A
possible structure for fragment ion m/z 318 was postulated.

Conclusions: Stereoisomers showed differing fragmentation behaviors based on their
configuration. These observations further illustrate that variations among
stereoisomers in EI-MS fragmentation is no random underlying process but instead a
pattern which needs to be understood in its complexity. This easily accessible
technical approach can be applied on different molecule structures to further

investigate the field of isomeric assighment in GC/EI-MS.
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INTRODUCTION

One great benefit of working with EI-MS is its high reproducibility of
mass spectra irrespective of instrumental setups. This is taken
advantage of by identification of compounds without reference
material but using mass spectral reference libraries.! Regardless of the
growing number of databases and algorithms the problem of properly
assigning stereoisomers still seems to be challenging.2™® This can be
explained by the qualitatively identical mass spectra among
stereoisomers, which only differ in relative intensities of observed
fragment ions.*

This challenge can be observed in different disciplines in the
analytical community such as of food safety, forensics, and doping of
animals or humans. One example is the testing of the administration
of anabolic androgenic steroids (AAS) in sport. They are included in
the list of prohibited substances and methods published by the World
Anti-Doping Agency (WADA) and recently published numbers show
that the vast majority of adverse analytical findings belonged to the
group of AAS.> For detection of the misuse techniques of choice are
based on chromatographic separation and mass spectrometric
detection, mainly GC/EI-MS 710

Analysis of mass spectrometric fragmentation has been an
extensively investigated field for decades. Thevis and Schéanzer gave a
detailed review especially focusing on the field of sports drug
testing.!* There are two modalities which need to be differentiated
discussing fragmentation of AAS in EI-MS, ie. derivatized or
underivatized samples. The most common approach for AAS today is
introducing trimethylsilyl (TMS) ethers to hydroxy and carbonyl
groups present in the molecules via trimethylsilyl iodide (TMIS),
generally generated in situ.?>'> This alteration highly impacts
chemical properties of analytes and leads to an increase of volatility
and thermal stability besides altered fragmentation patterns.26-8 To
increase confidence in assignment of fragment ions, stable isotopic
labelling depicts a well-established concept.***%?° This might be
achieved by introducing deuterium and oxygen-18 by chemical
synthesis or simply by introducing labelled [2H

the labelled derivatizing agent.1221-2°

9]-TMS groups from

The presented work is focusing on fragmentation of the well-
known 17&-methyl-5&-androstane-3§,17&-diol structure also known as
tetrahydromethyltestosterone (THMT) as model substance. THMT
can be detected as metabolite after intake of, inter alia,
methyltestosterone, metandienone, methandriol and mestanolone.?®
This 17-methyl steroid bears in general stereogenic centers in position
C3, C5, C8, C9, C10, C13, C14 and C17, yet only stereoisomers of
THMT with inverted C3, C5 and C17 have been detected and seem to
be of relevance in anti-doping analysis.?” In our investigation we
concentrated on the four possible 17a-methyl isomers with
alternating A-ring stereochemistry to keep a comprehensive scope
(Figure 1). Stable isotopic labelling was used to take a closer look at
allegedly similar mass spectra and the origin of characteristic fragment
ions. Core investigation focused on presumably unspecific fragments
corresponding to a loss of methyl groups and TMS groups ([M-CH3]™,
[M-TMSOH]*", [M-2x90]°*, [M-2x90-CHz]*). By comparison of

18 2
173

FIGURE 1
backbone of THMT. Stereocenters of interest at C3 and C5 to yield
1.0, 2.0, 3.0, and 4.0 are indicated by wavy bonds and highlighted with
red markings. [Color figure can be viewed at wileyonlinelibrary.com]

Chemical structure and numbering of the carbon

relative abundances of corresponding signals based on resulting mass
shifts e.g. [M-CHg]" and [M-CDg]", statements are made about the
structural origin of detected ions and contextualized with different
behavior of stereoisomers. These investigations were highly inspired
by previous work by Kollmeier et al. considering mass spectral
fragmentation analyses of isotopically labelled androstanediols.??
Additionally, repeated measurements of mass spectra were used for
comparison of relative abundances of studied fragment ions between
four isomers of THMT. The goal was to determine the influence of
stereochemistry on fragmentational behavior and the shift of
intensities of corresponding signals between these isomers. Following,
data nicely illustrates that questioning even supposedly simple things

may reveal unexpected complexity.

2 | EXPERIMENTAL

21 | Reagents and chemicals

Ammonium iodide (299%) and ethanethiol (97%) were purchased
from Sigma-Aldrich GmbH (Taufkirchen, Germany). N-Methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) was purchased from
Chemische Fabrik Karl Bucher GmbH (Waldstetten, Germany) and
N,O-bis(trimethyl-[?Ho]-silyl)acetamide ([?H4g]-BSA) from Abcr GmbH
(Karlsruhe, Germany). The following molecule structures were
synthesized in house and their chemical structures of their bis-TMS
derivatives are schematically displayed in Figure 2: 17a-methyl-5a-
androstane-3a,17p-diol (1.0), 17a-methyl-5a-androstane-3p,17p-diol
(2.0), 17a-methyl-5B-androstane-3a,17B-diol (3.0), 17a-methyl-54-
androstane-3p,17p-diol (4.0), 19,19,19-ds-17a-methyl-5a-androstane-
3B,17p-diol (2.4), 19,19,19-ds-17a-methyl-5B-androstane-3p,17p-diol
(4.4),  20,20,20-d3-17a-methyl-5a-androstane-3p,178-diol  (2.5),
20,20,20-d3-17a-methyl-5p-androstane-3a,173-diol (3.5),
20,20,20-d3-17a-methyl-5p-androstane-3p,17p-diol (4.5),
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FIGURE 2 (A)Chemical (A)
structures of unlabeled bis-TMS

derivatives of THMT isomers P
mentioned in Section 2.1.1. ~“ho ;
(B) Schematic depiction of structures 1.1 (MA)
of synthesized and examined

isotopologues without stereochemical (B)
descriptors visualizing site of °
deuteration including resulting mass

shift of the bis-TMS derivatives of (OGS,

H

THMT (with “#” representing #.2 A[M]"*=18Da

corresponding core structure of non-
derivatized THMT 1.0, 2.0, 3.0, or
4.0).

#.6 A[M]*"=2Da

16,16-d,-17a-methyl-5a-androstane-3a,17-diol (1.6),
16,16-d,-17a-methyl-5a-androstane-3p,17p-diol (2.6), 16,16-d,-17a-
methyl-58-androstane-3a,178-diol  (3.6), 16,16-d,-17a-methyl-5p-
androstane-3p,17p-diol (4.6), 2,2,3,4,4-ds-17a-methyl-5a-androstane-
3a,17p-diol (1.7), 5-di-17a-methyl-5a-androstane-17,3p-ol (2.9),
5-d4-17a-methyl-5p-androstane-17p,3a-ol (3.9), 5-d;-17a-methyl-53-
androstane-17p,3p-ol (4.9). Detailed procedures of synthesis and
structural confirmation are published in a public data repository:
https://doi.org/10.17169/refubium-42842.

211 | Systematical derivatization of THMT
diastereomers

Unlabeled 3,17-bis-TMS derivatives resulted when 10 pug of reference
compounds were treated with 100 uL of a solution of MSTFA, NH4l
and ethanethiol (1000:2:3, v/w/v).

3,17-[?Ho]-bis-TMS derivatives were generated by incubating
aliquots of 10 pg of respective THMT isomer with 11 pL of [?Hqg]-
N,O-bis[trimethylsilyl]acetamide (d4g-BSA) at 90°C for 30 min. The
liquid was brought to dryness with a gentle stream of nitrogen and
was redissolved in 50 L of cyclohexane.

Mixed 3-TMS-17-[?Ho]-TMS derivatives were obtained in
accordance with 3,17-[2H]-bis-TMS derivatives, but prior to
incubation with [?H4g]-BSA 50 uL of MSTFA was added and
incubated at 75°C for 15 min and then evaporated.

2.2 | Instrumentation

221 | GC/MS

Low-resolution GC/EI-MS experiments were conducted on a 7890 gas
chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA)
hyphenated to a 5975C single quadrupole mass-selective detector

(Agilent Technologies Inc.). A HP-Ultra 1 column (17 m x 200 um x

\,
Si(CD3)3

o
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M H H

#.3 A[M]**=9Da #.4 A[M]**=3Da

#.7 A[M]**=5Da

#.8 AIM]**=9Da

#.9 A[M]**=1Da

0.11 um; Agilent Technologies Inc.) was used with helium as carrier gas
with a constant flow rate of 1 mL/min. Inlet temperature was 300°C,
injection volume 2 pL and split ratio 25:1. The oven temperature
started at 183°C heating 3°C/min up to 232°C and then heated
40°C/min to 310°C with a hold time of 2 min. lonization energy of
70 eV was applied and full scan mode ranged from m/z 40 to 1000.

To improve chromatographic separation from side products
during analysis of synthesis of 19,19,19-d3-THMT structures an
adjusted method was used. It also started at 183°C and increased the
temperature with 5°C/min up to 200°C. After a hold time of 10 min a
ramp of 3°C/min up to 215°C was added and then heated with
40°C/min up to 310°C with a hold time of 2 min. Other conditions
were kept equal.

222 | GC/QTOF-MS

High-resolution data was acquired on an Agilent GC/EI-QTOF-MS
7890B/7250 (Agilent Technologies Inc., Milano, Italy) equipped with a
HP-5MS capillary column (17 m x 200 um x 0.11 um, Agilent
Technologies Inc.). Differences from the method used above
(Section 2.2.1) is inlet temperature of 280°C, split ratio of 10:1,
constant pressure of 18 psi and following oven parameters: initial
setpoint 150°C, heating rate of 50°C/min up to 200°C, following
heating of 3°C/min up to 230°C, heating rate of 50°C/min up to 320°C
and a final hold time for 3 min. The coupled QTOF mass spectrometer
was operated in full scan mode with an ionization energy of 70 eV and
range from m/z 50 to 750. Mass calibration was performed twice prior

to every sequence and then repeated after every second injection.
2.3 | Statistical comparison of relative intensities
of El fragment ions

Mean intensities of identical fragment ions of four isomeric THMTs

were compared among each other to later contextualize with
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respective stereochemistry. These substances were measured
multiple times (n = 5) with GC/EI-QTOF-MS as technical replicates.
Using Agilent MassHunter Qualitative Analysis 10.0 (Agilent
Technologies) the spectra of apexes of the chromatographic peaks
were extracted and subsequently the background has been
subtracted. Intensities of fragment ions were normalized to the base
peak intensity (m/z 143) and exported for further statistical analysis to
OriginPro 2021b (OriginLab Corporation, Northhampton, MA, USA).
Firstly, Shapiro-Wilk test for normal distribution was performed and
if normal distribution was not confirmed Grubbs test for outliers was
added. If set of data was normally distributed and homogeneity of
variances was proven by Levenes test an analysis of variances was
conducted. If there was significant difference between the groups,
Tukey post-hoc test was used for further description. In case of
normal distribution and heterogeneity of variances Welch-ANOVA
and a Games-Howell pairwise comparison was method of choice.

Significance level of all tests were chosen as o« = 0.05.

3 | RESULTS AND DISCUSSION
3.1 | Labelled TMS derivatives of THMT
diastereomers

To obtain selectively labelled hydroxy groups at C3 and C17 varying
silylating power and steric circumstances was taken advantage of.®
Due to the sterically hindered hydroxy group at C17 pure MSTFA
mainly silylates the hydroxy group at C3. In comparison, TMSI
and BSA are able to derivatize C3 and C17.28 Perdeuterotrimethylsilyl
was introduced by [?H1g]-BSA.22?* Mass spectra of 2.1, 2.2, and 2.3
are exemplary depicted in Figure 3, and GC/EI-MS spectra of 1.1, 2.1,
3.1, and 4.1 are available from the supporting information
(Supplement 1).

In the following isotopologues of THMT with configurations in
the A-ring analogous to androsterone (3a5a), epiandrosterone (3p5a),

etiocholanolone (3a5p), and epietiocholanolone (3p5p) will be referred
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to as MA, MEA, ME, and MEE as depicted in Figure 2A. The
percentages stated in brackets in combination to these abbreviations

originate from Table 1 as contribution of the labelled isotopologues
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fragment ion to the corresponding fragment ion with labelled
substructures. If a stereoisomer is not mentioned, then there is no

according data available due to a lack of reference material.
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FIGURE 4 Mean relative abundance relative to m/z 143 of GC/MS fragment ions of repeated measurements (n = 5) of 1.1 to 4.1 as
described in Section 2.4. [Color figure can be viewed at wileyonlinelibrary.com]
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Molecular ion [M]*+

Electron ionization belongs to the group of hard ionizations and that
often leads to low abundances of the molecular radical cation, also in
[MI** =m/z 450 as illustrated in Figure 4A. The
abundance of molecular radical cation of MEE was not even

this case,

quantifiable. MA shows a significantly higher relative abundance
compared to ME and MEA, which indicates a higher thermodynamic
stability of this ion.

3.3 | Fragmention [M-CH3]™

The loss of 15 Da in unlabeled structures indicates a radical loss of a
methyl group. In these molecules, it might either emerge from the
steroid nucleus from C18, C19, or C20 or from the TMS groups in
position C3 or C17. By selectively labelling single substructures as for
example the methyl group at C20 as in 2.5, 3.5, and 4.5 the mass of
fragment ions is shifted by +3 Da which enables deduction to which
fragment ion a substructure contributes in comparison to spectra of
unlabeled molecules. For this reason, abundances of losses of 15 Da
compared with 18 Da to yield fragments obtained from 3,17-[?Ho]-
bis-TMS isomers with 3-TMS,17-[?H
minor contribution to fragment signals is derived from a cleavage at
TMS groups (MA 2%, MEA 7%, ME 5%, MEE 3%). Furthermore, in all

four isomers, if cleaved from TMS groups, loss takes places from TMS

Hg]-TMS isomers show that only a

at C3. Consequentially, main loss of the methyl group originates from
the steroid backbone. A loss of 18 Da in 20,20,20-d5-THMT isomers
(MEA 75%, ME 75%, MEE 83%) confirms that losses of methyl groups
from the steroid nucleus majorily originate from C20. In addition, only
losses of 15 Da and no loss of 18 Da in 19,19,19-d5-THMT isomers
led to the conclusion that the loss of the C18-methyl group
contributes to the formation of [M-CHjg]" besides the loss of C20
(MEA 25%, MEE 17%). No significant impact by the stereochemistry
of the A-ring was observed for the generation of these fragments,
which is in line with the observation that the loss of a methyl group
mainly takes place at the D-ring.

However, comparison of relative abundances among MA, MEA,
ME, and MEE in Figure 4B shows significant differences even if
composition of contributing fragments as shown above is very similar.
5a-Configuration shows abundances at least twice as high as
5B-configuration, which might indicate a higher stability of fragment
ions with 5a-configuration. Interestingly, the same observation
was made by Massé et al investigating, inter alia, mono-TMS and
bis-TMS derivatives of 19-norandrosterone, 19-norepiandrosterone,
19-noretiocholanolone, and 19-norepietiocholanolone.*”

Fascinatingly, comparing this data with findings of Kollmeier et al.
about 5&-androstane-3§,17p-diols shows highly significant divergence
of fragmentational behavior by the additional 17a-methyl group.
Without a 17a-methyl group these molecules show up to 90% of the
cleavage from TMS groups.?? In THMT, it shifts almost completely to
a loss of C20- or C18-methyl group. Further, it has been reported
that 17a-methyl-androst-5-ene-3p,17p-diol yields the fragment ion

[M-CH3]" with 60% representing elimination of the 17a-methyl group
and 40% being cleaved from 3p-TMS function.'? The assignment of
60% of elimination to 17a-methyl group as sole origin by Vouros et al.
must be evaluated critically because it does not include C18 and C19
as possible origin especially when having only spectral data of
3,17-[2Ho]-bis-TMS derivatives.

34 | Fragmention [M-TMSOH]**

The fragment ion m/z 360 evolves after a loss of 90 Da, which is
known as cleavage of a TMSO group with an additional hydrogen
(TMSOH). It was shown by Kollmeier et al. and Fenselau et al. that
hydrogens in 1,3-diaxial position to the TMS group are favored to be
eliminated presumably due to their intramolecular distance with
TMS0.222% As [M-TMSOH]*" represents the loss of a group which
was added via derivatization in sample preparation only little
structural information is allegedly delivered. Comparing abundances
of [M-90]"* and [M-99]°* in 3-TMS,17-[?Ho]-TMS isomers shows
that cleavage of TMSOH in MA, MEA, and ME exclusively appears at
C17. Only MEE shows an additional cleavage from C3 of about 22%.

In Kollmeier et al.’s work, 5&-androstane-3§,17p-diols, similar to
THMT without a 17a-methyl group, show that 5a-configuration
supports cleavage of TMSOH from C17. Equivalent to this,
diastereomers with 5B-configuration cleavage from C3 is favored. In
contrast, THMT diastereomers show overall behavior of cleaving
TMSOH from C17 and only MEE showing partially cleavage from C3.
This may be explained by structural tension resulting from the joint
methyl group and the TMSO group at C17 generally favoring the
cleavage at C17. However, in case of MEE, the TMSO group at C3 in
1,3-diaxial position is in favorable distance with H5 which supports
the loss of TMSOH as shown by Kollmeier et al., whereas MA, MEA,
and ME do not exhibit this favorable distance.??

The deuteration in case of 16,16-d,-derivatives was not
quantitative. Therefore, signals with a mass shift of m/z+ 2 and
m/z+ 1 are detectable in considerable amounts and statements
about the elimination of a single hydrogen at position 16 during

fragmentation are not robust.

3.5 | Fragmention [M-CH;-TMSOH]™"

The composition of fragment ion m/z 345 shows a variety of
compositions due to losses of methyl and TMS groups and
combinations among them from different positions. Overall, about
90% of the methyl group cleavages originate from the steroid
backbone and not from the remaining TMS group as described in
Section 3.3. The majority of these 90% originates again from C20
(MEA 56%, ME 80%, MEE 67%) and minorly from C18 (MEA 44%,
MEE 33%).

Interestingly, in this fragment the origin of cleavage of TMSOH
22
In

No loss of the C19-methyl group was observed.

follows the same pattern as in the 5§-androstane-3§17p-diols.

detail, 5a-configuration results in an excessive cleavage at C17
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(MA 62-77%, MEA 89%) and 5B isomers mainly eliminate TMSOH
from C3 (ME 71%, MEE 67%). Thus, a loss of 105Da in
3-TMS,17-[?Ho]TMS isomers in ME and MEE indicates that the loss
of the methyl group originates from backbone and TMSOH is cleaved
from C3. Comparing abundances to the loss of 108 Da (cleavage of a
methyl group from TMS group at C17 instead) allows following
statement: If TMSOH originates from C3, the methyl group originates
excessively from steroid nucleus (ME93%, MEE97%). This knowledge
supports the hypothesis that [M-CH; -TMSOH]' is formed
sequentially by a first loss of the methyl group, preferably C20, as the
fragmentation behavior in this case is very similar to Kollmeier et al.’s
findings referring to the origin of TMSOH in 5a and 5p-configuration.
This thesis is further strengthened when structural similarities of 5&-
androstane-3§,17p-diols to the fragment [M-CH3]" of THMTs are
considered. Additionally, the amounts of cleaved methyl group C20
(ME 80% and MEE 67%) are very similar to the amounts of eliminated
TMSOH from C3 (ME 71%, MEE 67%). The same pattern was seen
with methyl group C18 (ME 20%, MEE 33%) and eliminated TMSOH
from C17 (ME 29%, MEE 33%). This data supports the hypothesis
that cleavage of two groups at the same position as C17 is unfavored.
Thus, if TMSOH is cleaved from C17, the C20-methyl group will not
be eliminated but rather C18 methyl.

In case of 5p-configuration, TMSOH is mainly cleaved from C3
and the majority of methyl group losses derive from C20. Now taking
relative abundances into consideration, 5p-configuration shows
significantly higher intensities of [M-CH3-TMSOH]" than 5a
(Figure 4D). Hence, it seems as it is energetically favored that
cleavage happens at C3 and C20 (5p-configuration) than at C17 and
C18 (5a-configuration).

3.6 | Fragmention [M-2xTMSOH]**

In unlabeled molecules of THMT derivatized with TMIS the fragment
ion m/z 270 represents the structure after the loss of the two
TMSOH residues. Therefore, no assignment of origin needs to be
done. Interestingly, relative abundances of m/z 270 show significant
differences among MA, MEA, ME and MEE even though 5a-
configuration displays again noticeably lower signals than 5p-
configuration (Figure 4E). Considering that this preference was
observed before for ion [M-CH3-TMSOH] " where 58 preferably leads
to cleavage of TMSOH at C3 in combination with the C20-methyl
group, it might be the case that the preference of cleaving TMSOH
from C3 does not depend on loss of 17« methyl but mainly depends
on configuration of the hydroxy group at C3.

Regarding the fact that m/z 360 represents the loss of a single
TMSOH, which is almost without exception located at C17 (3.4), it
seems as the formation of the fragment m/z 270 depends on
favorability of cleavage from C3. But contemplating the relative
abundances among the isomers of THMT, no preference towards 3a-
or 3p-configuration of the hydroxy group can be noted (Figure 4C).
Although the validity of statements about the loss of a hydrogen in
position 16 is limited due to the isotopic purity of the isotopologues,

¥ Mass Spectrometry

the fragment ion [M-2xTMSOH]*" of 16,16-d,-isotopologues shows
a shift of the ratio between m/z 271 and m/z 272 towards m/z 271.
This may imply an elimination of a 16D and therefore explain the
origin of the deuterium contributing to the cleavage of a TMSOD.
This hypothesis can be supported by the intramolecular distance
between 16D and the oxygen of the TMS group.?>?° Furthermore,
fragmentation of 18,18,18-d3-THMT could give illuminating insights
to the origin of the hydrogen, when TMSOH is cleaved from C17 and

will therefore be addressed in future investigations.

3.7 | Fragmention [M-CH3-2xTMSOH]*"

The loss of two TMSOH and one methyl group is represented by the
fragment ion m/z 255 in unlabeled molecules of derivatized THMT.
After loss of all TMSOH the origin of the methyl group must be from
the steroid backbone. Contrasting 19,19,19-d3-3,17-bis-TMS and
20,20,20-d3-3,17-bis-TMS in Table 1 revealed that in this fragment
the majority of methyl losses derives from C19 (MEA 45%, MEE 51%)
and about one third from C20 (MEA 33%, ME 30%, MEE 33%). Due
to a lack of 19,19,19-d3-ME (3.4), it can only be stated that 70%
derive from C19 or C18 which indicates similar behavior as MEA and
MEE. This leads to the impression that stereochemistry has a rather
minor impact on the proportion of origin of the methyl group in this
fragment.

Not only is C19 the major origin of cleaved methyl groups in
m/z 255 but it is also interestingly the very first fragment showing a
loss at this position at all. At least for MEA and ME and their
corresponding fragment signals of [M-CHg]™ and [M-CH3-TMSOH]*
as source of fragmentation C19 was not observed. This either
indicates that as long as there is a TMS group remaining in the
molecule, it is highly unfavored to cleave off C19 and m/z 255 does
mainly not originate from m/z 435. Or on the other hand, it can also
suggest that fragment ions m/z 435 resulting of a loss of C19 are
simply not detectable, because of very fast elimination of two
TMSOH groups.

Furthermore, 5-d4-isomers of MEA, ME, and MEE were obtained
and elimination tendency of hydrogen atoms in 1,3-diaxial position to
a TMSO group was evaluated. Respective mass spectra are depicted
in Figure 5. Theoretically, hydrogen at C1 and C5 are in 1,3-diaxial
position to a TMSO group. For MEA and ME the formation of
m/z 256, same as m/z 346 and m/z 271, indicating the remaining
of 5D in the molecule, were observed. In contrast, for MEE
additional signals in considerable intensities of m/z 255, m/z 345 and
m/z 270 were detected. This finding is in line with Kollmeier et al.’s
hypothesis for TMSO group in 3p and hydrogen in 5f position where
a 1,3-diaxial position in adequate bonding distance is supporting
elimination of a 5B deuterium atom for the loss of TMSOD
fragments.?22? In theory, in MEA and MEE with a TMSO group in 3p
configuration the 1 hydrogen is also in a favorable distance for the
elimination of TMSOH. On the other hand, in MA and ME with a
TMSO group in 3a configuration, it seems more likely for the protons

in 1o position to be eliminated as well.
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Furthermore, MEA shows a significantly lower relative intensity
for the loss of TMSOH compared to the other three isomers
(Figure 4F). This may be explained by a lack of hydrogen atoms in
1,3-diaxial position to the TMS group in 3a position or in general
spatial proximity as it is the case for ME with hydrogens in 7a and
9 position.??

3.8 | Fragmentionm/z 143

Even though relative intensities vary between the investigated
stereoisomers, m/z 143 always represents the base peak. This
fragment ion is very characteristic for 17a-methyl steroids and is

therefore used as indicator in anti-doping for

It must be noted that

analysis
trimethylsilylated 17a-methyl steroids.>°
m/z 143 may also result from several steroid structures, such as
3-hydroxy steroids with a double bond within the A-ring or some with
TMSO groups like 5a-androstane-2ﬁ,3<x,17ﬁ-trio|.31’33
3&,4¢-dihydroxy-5&-androstan-17-ones 30,4p,7a-

trihydroxy-5p-cholanoic acid provide the fragment m/z 147.34%°

vicinal
Interestingly, or
The fragment ion in spectra of THMT generally originates from the
D-ring and a mechanism of formation has been postulated.}%123¢:37
m/z 143, m/z 146 and m/z 152 in the different isotopologues of our
investigations further confirmed that mechanism (Figure 6). It has been
reported that if a methyl or an ethyl group was introduced to C17 of
an AAS, predominantly the respective D-ring fragment appears to
result as the base peak.'’ By normalizing investigated spectra to the

abundance of m/z 143 one must be aware that even if it is common

m/z 143

practice every value of relative intensity is influenced by the
abundance of m/z 143 and statements according to m/z 143 and for
comparison among stereoisomers is not possible in this case.
Therefore, all obtained spectra were additionally normalized to the
intensity of the total ion current (TIC). This gives us a new possibility
to assess the impact of variations in absolute abundances of
m/z 143 among the four diastereomers. The overall procedure was as
described in Section 2.3, except not using apexes but integrated peaks
to extract mass spectra. The figure of the resulting data is available
from the supporting information (Supplement Il). Even though the
abundance of m/z 143 varies, the impact on the relative abundance
of the investigated fragment ions (m/z 450, m/z 435, m/z 360,
m/z 345 m/z 270, m/z 255) and the ratio of relative abundances is
consistent. Thus, the quality of the statements based on this data is not
impacted. Moreover, what makes it even more challenging to describe
m/z 143 is that the remaining steroid backbone with a theoretical
signal m/z 307 due to a potential neutral loss of C15-C17 is not
observed. The partial shift from m/z 143 to m/z 144 in the 16,16-d,-
isomers (2.6, Table 1) leads to the theory that there must be more than
one origin of formation of this fragment ion. Regarding the proposed
mechanism of formation by Borges et al. which also proclaims
formation of a bond between C13 and one proton of C16, m/z 144 can
be explained (Figure 6).3” But there is still a lack of explanation for
the formation of the signal m/z 143 of these 16,16-d,-isomers with a
ratio of intensity of about 55:45 compared with m/z 144. This may
indicate that there is a parallel second way of formation involving a
loss of both deuterium atoms at C16 or that the formation includes

an enol intermediate after the homolytic cleavage (Figure 6).
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FIGURE 7 Possible postulated structures of fragment ion
m/z 318 (me = 318.2373, C20H34OSi+).

TABLE 2 Stereochemical assignment, accurate mass and mass
difference of a fragment ion m/z 318 (M*™, El, 70 eV), mean (n = 5)
mass difference to exact mass (m, = 318.2373, C5oH3,0Si*t, as
mono-TMS derivatives).

Stereochemical assignment Accurate mass A m/z (ppm)
3a5a/MA 318.2374 0.31
3p50/MEA 318.2376 0.94
3a5p/ME 318.2376 0.94
3p58/MEE 318.2378 1.57

3.9 | Fragmentionm/z 318

m/z 318 has been reported for 3,17-bis-TMS derivatives of THMT
before, but was not yet further described structurally.? This fragment
may be explained by the cleavage of the C-13/C-17 and C-15/C-16
bonds and an additional elimination of two hydrogens resulting in a
postulated fragment ion as illustrated in Figure 7A, in analogy to the
fragment ion, m/z 246, derived from androsterone, epiandrosterone,
etiocholanolone, and epietiocholanolone. This was described for
underivatized samples by Egger et al. and supported using stable
isotopic labeling.3® Moreover, labeling experiments of our work (see
Table 1) have shown that the TMS group at C3 and methyl group at
C19 remain in this fragment whereas the TMS group at C17 and
C20-methyl group are cleaved off. Furthermore, 2,2,3,4,4-ds-THMT
(1.7) showed no loss of labeled positions. On the other hand, spectra
of 16,16-d,-isomers show a fragment ion m/z 320, which indicates
remaining of the labeled position. Thus, it might be better explained by
the proposal given in Figure 7B. The average mass error among the
four stereoisomers of THMT (Table 2) supports the proposed
elemental composition of CyoH340Si* which is identical for both
structure proposals. To further elucidate the structure of this fragment
the mass spectra of 18,18,18-d3-THMT would be of eminent
importance to see if a mass shift of m/z 318 + 2 or a loss of 18 Da will

be detectable. This will be addressed in future investigations.

4 | CONCLUSION

This work was able to point out clear differences in fragmentation
pattern of the four diastereomers MA, MEA, ME, and MEE. Not only
relative intensities diverge among these isomers but also the

compositions of single signals are different. It was achieved to assign
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structural origins of fragment ions m/z 435, m/z 360, m/z 345,
m/z 270, m/z 255 and to give semi-quantitative statements about the
contribution of the different origins for methyl and TMS groups. This
demonstrated crucial differences between THMTs and their 20-nor
analogues 5&-androstane-3§,17p-diols in the composition of the
respective ions [M-TMSOH]*" and [M-CHg]". The latter were
investigated by our group previously and a fundamental shift of
favored origin of cleaved methyl groups was observed. This nicely
illustrates that even allegedly minor structural variations as the
17a-methyl group can significantly impact fragmentation patterns. On
the other hand, the previous hypothesis of Kollmeier et al. was
confirmed that for MEE a 1,3-diaxial configuration of TMSOH in 3p
and hydrogen atom in 5B position supports elimination of TMSOH
from the A-ring. Additionally, two previously unknown structures for
a yet uncharacterized fragment ion were proposed and supported by

HRMS measurements.
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