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Abstract

Abstract

This study investigates the in vitro and in vivo metabolism of the synthetic steroid S42,
a novel selective androgen receptor modulator (SARM). Its pharmaceutical potential
triggered concerns towards illicit use in sports doping. The fragmentation behavior of
S42 was examined to support the development of a qualitative and quantitative doping
control method based on gas chromatography—electron ionization high-resolution
mass spectrometry (GC-EI-HRMS).

Chemically synthesized S42, S42-d4, S42-d7, and their trimethylsilyl (TMS) derivatives
were analyzed to characterize key fragment ions found of S42. In vitro assays using
human liver microsomes and the S9 fraction, a supernatant from homogenized liver
tissue, along with in vivo rat studies, were conducted to detect metabolites. Many
product ions from TMS-metabolites could be identified as they matched those of TMS-
S42, with extra TMSO groups, suggesting the actual hydroxylation levels in S42.
Comparison of the S42 metabolites and the deuterated metabolites by in vitro
experiments allowed localization of the oxidation position. To confirm metabolite
structures, S42-C20-OH, S42-C66-OH, and S42-C7a-OH were synthesized, TMS-
derivatized, and GC-MS analyzed as reference compounds for comparison of

chromatograms and spectra.

In vitro and in vivo phase Il metabolites were further analyzed via liquid
chromatography—electrospray ionization high-resolution mass spectrometry (LC-ESI-
HRMS) in negative mode, with parallel reaction monitoring (PRM) to detect glucuronide

and sulfate adducts.

In vitro results indicate that mono-hydroxylation and reduction reactions dominate
phase | metabolism, followed by glucuronidation in phase Il metabolism. In contrast,
triple hydroxylated metabolites were more abundant in rat urine. Sulfate conjugates

exhibited stronger LC-MS signals than glucuronides, showing a higher detectability.
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Introduction

1. Introduction

Steroids are essential hormonal compounds involved in a wide range of physiological
processes. The use of anabolic androgenic steroids (AASs) can enhance physical
strength and increase bone mass.I"l However, their intake is also associated with
androgenic side effects such as acne, testicular atrophy, insomnia, and sexual
dysfunction.l?l In addition, the risk of serious cardiovascular events, including heart

attacks, stroke, and increased mortality, should not be overlooked.[!

The term “steroid” is often associated with negative connotations due to its illicit use.
Anabolic androgenic steroids (AASs) are frequently misused in competitive sports and
bodybuilding. One well-known example is testosterone, which gained popularity in the
1990s as a performance-enhancing substance.! To ensure fairness in athletic
competition, anabolic agents have been banned by the World Anti-Doping Agency
(WADA).BI

Compared to AAS, selective androgen receptor modulators (SARMs) can selectively
bind to androgen receptors in specific tissues, which can enhance bone and muscle
growth without the side effects of AAS.[?l Therefore, SARMs have become increasingly
popular as doping agents, with a growing number of synthetic derivatives being
developed and sold on the black market illegally. Therefore, studying SARMs is

essential not only for clinical applications but also for improving doping control.

Me

19 B
S42 (1)

Scheme 1. Structure of novel C20-keto-steroid S42 (1) composing of A, B, C, D-ring with specific carbon atom

notation.[”]

In 2006, Uyanik et al. published a novel synthesized C20 keto steroid S42 (1).["]
Subsequent research by Liu et al. identified it as a selective androgen receptor
1
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modulator (SARM).B] S42 (1) has been reported to exhibit both anabolic and anti-
catabolic properties.®! It has shown the ability to suppress the proliferation of prostate
cancer cells.l'% Despite these promising findings, Thevis et al. have raised concerns
about the potential misuse of S42 (1) in illicit sports doping.l'' To date, no
comprehensive studies have been conducted on the metabolic profile of S42 (1), and
data obtained through gas chromatography-mass spectrometry (GC-MS) analysis

remain limited.

To enable future doping control of S42 (1), a detailed investigation of its fragmentation
behavior in GC-MS and its metabolic profile is essential. In this study, we first focus on
elucidating the fragmentation mechanism of S42 (1) in GC-MS. Two deuterium-labeled
reference compounds, S42-d4 (1-d4) and S42-d7 (1-d7), were synthesized for
comparative fragment interpretation. Trimethylsilyl (TMS) derivatives of these
compounds were generated and examined in detail. Subsequent in vitro and in vivo
metabolism studies of S42 (1) metabolites bring us a step closer to establishing

effective doping control strategies for S42 (1).
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2. State of knowledge

2.1 Roles of AAS in steroids

2.1.1 General knowledge about steroids and AAS

Steroids nomenclature

The fundamental structure and stereochemistry of steroids are defined by their fused
four-ring system and specific spatial configurations. Steroids are classified as
triterpenoids and belong to a class of natural compounds characterized by a core
structure composed of three six-membered rings (assigned as rings A, B, and C) and

one five-membered ring (ring D) (see Figure 1).

Figure 1. IUPAC nomenclature and planar representation of ergost-24-ene steroid skeleton.['?

The ring numbering system of steroids follows the IUPAC convention, starting with ring
A and proceeding sequentially through rings B and C, ending at the side-chain, often
referred to as the "bench" structure (see Figure 1). Structurally, the three saturated
six-membered rings typically adopt a chair conformation, while the five-membered D

ring assumes a half-chair conformation.
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A

37 OH 37
5a-Androstan-3a-ol 5/-Androstan-3o.-ol
trans between A and B ring cis between A and B ring

Figure 2. (A) stereochemical configuration of a steroid. The functional group at the axial position is labeled as 3,

and the equatorial position is labeled as a. (B) Trans form between A and B rings. (C) Cis form of A and B rings.['d

The nomenclature of steroids is defined by the International Union of Pure and Applied
Chemistry (IUPAC). A bond is defined as a-oriented when it lies below the molecular
plane, and B-oriented when it lies above (Figure 2A). The conformation between rings
A and B can be either frans or cis. A trans configuration occurs when the hydrogen
atom at carbon 5 is in the a-position, whereas a cis configuration is present when the
hydrogen is in the B-position (Figure 2B).I'3 If the ring system contains a double bond,
the symbol A (delta) is used to indicate its double position, for example, A*-testosterone
(46) (see Figure 4).1'3a
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Types of steroids by structures

Me
Gonane (38) Estrane (39) Androstane (40)
(17 carbon atoms) (18 carbon atoms) (19 carbon atoms)
Ex. Estradiol Ex. dihydrotestosterone
Me
Me Me
Me
Me Me Me
Me Me
Me
M
° Me
Pregnane (41) Cholane (42) Cholestane (43)
(21 carbon atoms) (24 carbon atoms) (27 carbon atoms)
Ex. Progesterone Ex. Cholic acid Ex. Cholesterol

Figure 3. Categories of steroids are based on the carbon number of the backbones: gonane (38), estrange (39),
androstane (40), pregnane (41), cholane (42), and cholestane (43).['2

Steroids can be classified according to their core carbon skeletons, particularly based
on the number and arrangement of carbon atoms attached to the fused ring system
(see Figure 3).1' The simplest structure, gonane (38, C17), consists of four fused
rings without side chains. The addition of a single methyl group at C18 defines the
estrane (39) class (C18), as seen in compounds like estradiol. Androstane (40, C19)
compounds carry methyl groups at both C18 and C19; typical examples include
testosterone and its metabolite dihydrotestosterone. The pregnane (41) class (C21)
exemplified by progesterone, features a two-carbon side chain at C17. In cholane (42,
C24), which includes bile acids such as cholic acid, a five-carbon side chain is attached
at C17. Finally, cholestane (43, C27), the structural framework of cholesterol, contains
a seven-carbon side chain at C17 and serves as the biosynthetic precursor of all other

steroid classes.
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Types of steroids by function

Cholesterol (44) Cortisone (45) Testosterone (46)

Figure 4. Well-known steroids: cholesterol, cortisone and testosterone.['?

Steroids play essential roles in both structural and hormonal functions within the
human body. Structurally, they are key components of cell membranes, such as
cholesterol (44). Hormonally, steroids act as signaling molecules and can be classified
as either catabolic, such as cortisone (45), which breaks down tissues, or anabolic,
such as testosterone (46), which promotes tissue growth. Testosterone is one of the
most well-known anabolic hormones. It functions as a sex hormone, and is more
prevalent in males than females.[' It contributes to muscle development and the
expression of male primary and secondary sexual characteristics, including facial hair

growth and voice deepening.!'®!

2.1.2 Development of force-enhancing agents

Due to the ability to promote muscle mass growth, anabolic androgenic steroids (AASSs)
have been misused in competitive sports and bodybuilding. As a result, AASs were
officially classified as prohibited substances by the World Anti-Doping Agency (WADA)
in 1976.1"61,

The prohibition of AAS in sports competitions has led to the emergence of synthetically
modified compounds known as designer steroids. These substances are specifically
designed to evade detection in routine doping tests while retaining their anabolic
effectsl'”l One prominent example is tetrahydro gestrinone (THG), nicknamed "the
clear", which was often used in combination with a testosterone-containing product
called "the cream" to avoid doping detection.['®] This designer steroid entered the black
market in 2003 through the Bay Area Laboratory Co-Operative (BALCO) in the United
States. The case became a major scandal when it was revealed that several high-
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profile athletes, including Major League Baseball players Barry Bonds and Jason

Giambi were among BALCO'’s clients.['°]

A
M
® oH
\ N
ﬂ { j@ oo J@[
HMe OH
RAD140 (47) compound 2f (48) S-23 (49)
(Testolone)
B

YK-11 (50) MK-0773 (51)

Figure 5. (A) Non-steroidal SARMs: RAD140 (47), 2f (48) and S-23 (49). (B) Steroidal SARMs: YK-11 (50) and
MK-0773 (51). 201

The side effects associated with the use of AAS have limited their application in
medicine. Long-term use of testosterone (46), for instance, has been linked to an
increased risk of cardiovascular events, including heart attacks, strokes, and overall
mortality.[®! To mitigate these adverse effects, selective androgen receptor modulators
(SARMs) were developed in 1998.12"1 SARMs can be either steroidal or non-steroidal
in structure. Well-known non-steroidal SARMSs include RAD 140 (47), [2%2-¢l compound
2f (48),1294 and S23 (49) (Figure 5A),12%¢! while examples for steroidal SARMs include
YK-11 (50) and MK0773 (51) (Figure 5B).[20%"]
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SARMs
Extracelular space

Cytoplasm

HSP
HSP HSP
Protein synthesis
Nucleus » Skeletal muscle

* Reproductive organs
* Bone tissue

SARMs SARMs

AR AR / mRNA
| ARE o

AR-targeted gene

AR-complex

Figure 6. Mechanism of SARMs and androgen receptor to induce protein synthesis. [ 221

Compared to AAS, SARMS exhibit tissue selectivity, meaning they can specifically
function on muscles and bone tissues but not on other tissues, such as the prostate
gland. SARMs and AASs can be administered either orally or via injection. Once in the
bloodstream, these small molecules circulate by binding to specific transport proteins,
such as sex hormone-binding globulin (SHBG) or albumin/??l, and are subsequently

delivered to target tissues (Figure 6).

After entering the cytoplasm, SARMs bind to the androgen receptor (AR), which is
initially stabilized by heat shock proteins (HSPs). The binding of a ligand, such as
testosterone or a SARM, induces a conformational change in the AR, leading to the
dissociation of the HSPs and the formation of the activated AR complex. This complex
then enters into the cell nucleus, where it binds to specific DNA sequences known as
androgen response elements (ARE) located in the promoter regions of target genes.
With the binding of co-activators (e.g., ARA70) and corepressors, the AR complex
regulates the transcription of messenger RNA (messenger ribonucleic acid), ultimately
promoting protein synthesis. This process drives the anabolic effects of SARMs, such

as muscle and bone tissue growth.[21-22]

Several hypotheses have been proposed to explain the tissue selectivity of SARMs.
One possible explanation is the distinct conformational change induced in the

androgen receptor (AR) upon binding with SARMs.?4 Most SARMs are non-

8



State of knowledge

steroidal,l?® for example, RAD 140 (47),[2%], compound 2f (48),12°9 and S-23 (49),[2%],
and differ significantly in structure from natural steroidal AR ligand. Even minor
structural modifications in steroidal ligands can alter their binding behaviors. Therefore,
this effect potentially results in SARM-like activity. Another possible reason may be the
different expression of metabolizing enzymes for SARM compared to AASs, which

could influence their tissue-specific activity.?]

The development of SARMSs has raised hopes for treating muscle-related diseases and
certain types of cancer, such as breast cancer. However, to date, the U.S. Food and
Drug Administration (FDA) has not approved any SARM for medical use.[?% Instead of
being applied therapeutically, SARMs have increasingly entered the black market and
are misused similarly to AAS in competitive sports. In 2008, the World Anti-Doping
Agency (WADA) officially classified SARMs as prohibited substances.l?”! Doping
control of SARMs remains challenging due to the availability of published data on their

metabolic pathways and detection methods.

2.2 Doping control of steroidal and non-steroidal metabolites

2.2.1 Formation of steroid metabolites

According to the ADME model - A (adsorption), D (distribution), M (metabolism), and
E (excretion), a drug administered either orally or via injection is transported through
bloodstreams. Once distributed to various tissues, the compound undergoes metabolic
transformation to increase polarity, facilitating elimination from the body via body
fluids.[?®l Phase | metabolism involves oxidation, reduction, and hydrolysis reactions
that increase the compound's hydrophilicity. Phase Il metabolism involves conjugation
reactions, such as glucuronidation and sulfation, which further increase polarity.[?°
Therefore, in doping control, it is essential to identify not only the parent compounds
but also their metabolites in order to detect illicit substance use by the analysis of
human body fluids.
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Figure 7. Metabolism pathway from biosynthesis, circulation, metabolism, and excretion, according to Schiffer et
al kol

The metabolic pathway of steroids is illustrated in Figure 7. In the human body, C19
steroids, such as testosterone, are synthesized de novo in the gonads: in Leydig cells
of the testicles in menB'l and in Theca cells of the ovaries in women.*? Once
synthesized, these steroids circulate in the bloodstream bound to carrier proteins such
as sex hormone-binding globulin (SHBG) or albumin, which facilitate their transport to
target tissues. (Figure 7). Steroids can undergo intracrine metabolism within cells,
where they are synthesized, modified, and act within the same cell. A well-known
example is the conversion of testosterone to dihydrotestosterone (DHT) by the enzyme
5a-reductase in tissues such as the prostate or skin.3% For excretion, steroids are
metabolized through phase | and phase Il enzymatic reactions, producing more polar

metabolites that are ultimately eliminated from the body.

10
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Primary steroid metabolism occurs in the liver, predominantly by enzymes from the
cytochrome P450 (CYP) family and hydroxysteroid dehydrogenases (HSDs). These
two enzyme families are responsible for phase | metabolic reactions such as oxidation,
reduction, and hydroxylation, which introduce or expose functional groups to increase
the polarity of steroid molecules. CYP3A4 isoform within the CYP450 superfamily is
especially essential for studying drug metabolism.3 CYP3A4 is involved in the
metabolism of up to 50% of drug metabolism. In addition, 30% of hepatic (liver) CYPs
are CYP 3A4 isoforms.[4]

RH + O, + NADPH + H@—> ROH + H,O + NADP®

Scheme 2. Hydroxylation reaction by cytochrome P450 with O2 and a cofactor NADPH.[39]

*  NAD(P - + NAD(PH + H
- (P) R)LR (P)

R

Scheme 3. Cofactor NAD+ acts as a hydrogen acceptor, and NADH is a hydrogen donor. An alcohol functional

group in steroids can be oxidized to a ketone by hydroxysteroid dehydrogenases (HSDs).[35-36]

Hydroxylation during phase | metabolism, as illustrated in Scheme 2, requires CYP450
enzymes. These enzymes contain a heme-bound iron atom that facilitates oxygen
binding and activation. NADPH acts as a crucial cofactor, enabling electron transfer
during the reaction. The resulting hydroxy groups can be further oxidized to ketones
by hydroxysteroid dehydrogenases (HSDs) using NAD(P)*as a cofactor. Conversely,
ketone-containing steroids can be reduced back to their corresponding hydroxy forms
by HSDs in the presence of NAD(P)H, as shown in Scheme 3.13¢]

Non-conjugated phase | metabolites are rapidly converted into phase Il conjugated
metabolites, primarily through glucuronidation or sulfation, to enhance their solubility
in body fluids. Phase Il metabolism, particularly glucuronidation, plays a central role in
detecting androgen doping via urine analysis. In humans, glucuronidation is the
predominant pathway in phase Il metabolism.3% Moreover, conjugated phase I
metabolites are typically more abundant in urine than their non-conjugated phase |
counterparts, especially in the case of anabolic steroids.?”l Therefore, phase |l

metabolites are preferred targets in doping control in urine testing.
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Scheme 4. The glucuronidation reaction of testosterone with UDPGA, which is catalyzed by UGTs (uridine

diphosphoglucuronosyl-transferases).[35 38l

Glucuronide metabolites are formed in the human body through a reaction between
uridine 5’-diphosphoglucuronic acid (UDPGA (52)) and target molecules, catalyzed by
uridine diphosphoglucuronosyltransferase (UGTs). This reaction follows an Sn2 type

nucleophilic substitution mechanism, as illustrated in Scheme 4.138]

—N N
0O o o) o. ¢ NH o) o) -
I I I N 2 ATP sulfurylase Y i O N NH,
HO_FI)_O_FI’_O_E,_O/\Q/ \N%\\’E ryl _ HOSO_E’_O/\Q/ % \
©  OH wd D

HO  OH y N>
ATP (54) K2SO4 9 9 APS (55)
HO-P—0-P—OH
OH OH

PP ATP
APS kinase
ADP

/:N
0 0 O__N NH,
HOSO—I‘;’—O/\S_Z/ 2
N
0 OH (l) OH N~
O=FI’—OH
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PAPS (56)

Scheme 5. Formation of PAPS (3'-Phosphoadenosine-5'-phosphosulfate) (56).

PAPS + Substrate-OH Substrate-OSOz;H + PAP

Scheme 6. Sulfation reaction by PAPS (3'-Phosphoadenosine-5-phosphosulfate). 39

In the sulfation pathway of phase Il metabolism, the cofactor 3'-phosphoadenosine-5'-
phosphosulfate (PAPS (56)) needs to be synthesized from adenosine triphosphate
(ATP (54)).3%l This process begins with adenosine 5'-phosphosulfate (APS (55))
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formation by adenosine triphosphate sulfurylase (ATP sulfurylase). APS (55) is then
phosphorylated by APS kinase to generate PAPS (56) (see Scheme 5).

Sulfotransferases catalyze the transfer of the sulfate group from PAPS to hydroxy-
containing phase | metabolites, forming sulfate metabolites (see Scheme 6) and

byproduct, 3'-phosphoadenosine 5'-phosphate (PAP).[38. 39b]

2.2.2 Doping control and analysis by GC and LC-MS

Effective doping control requires consideration of various factors that influence the
types of metabolites produced. Doping substances can be administered orally, via
injection, or through transdermal patches.!% Different ways of administration affect the
ratio and the types of metabolites diversely. In addition, individual variability, such as
nutrition, gender, ethnicity, and biological sex, can significantly influence metabolic

pathways. Therefore, studies of metabolism can be complicated.

Doping methods

The drug administration route significantly affects its therapeutic effectiveness and
practical usability. Oral administration is the most common method in daily life due to
its convenience. However, it often results in reduced drug concentration delivered to
the target sites, as liver absorption will filter out a significant part. This impact is called
the first pass effect.*!l Hypodermic injections bypass the first-pass effect, but they are
less convenient and carry risks such as infection or disease transmission when non-
sterile needles are used. Transdermal administration, which delivers drugs through the
skin, is a novel alternative 1% that avoids the drawbacks of both oral and injectable

methods. However, only a limited number of chemical compounds are suitable.

Doping samples

Various biological samples are used in doping analysis, including whole blood, serum,
urine, and dried blood spot (DBS). Some chemical compounds, such as testosterone
esters, can only be discovered in blood.[*?l Nevertheless, traditional urine samples are
still the primary sample type for doping analysis as they have some substantial
advantages: Phase Il metabolites from doping agents usually remain in urine, and

taking urine samples is less invasive than blood samples. In addition, urine samples
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provide larger volumes, which is beneficial for reanalysis. In contrast, DBS samples
are limited to three A samples (initial analysis) and one or two B samples (confirmation
analysis). Urine samples also offer storage advantages: they are easier to store and
transport than whole blood, which requires strict temperature control during shipment,
and significantly increases transportation costs.*3! Serum and urine samples are more
stable than whole blood, making them more suitable for long-term storage. DBS (dried
blood spot) samples were officially approved by WADA for routine doping control
starting September 1, 2021, during the COVID-19 pandemic.* Their low costs and
minimal storage requirements make them an attractive alternative, and research on
DBS-based analysis is ongoing.[*? Despite these developments, urine remains the

most widely used sample type in doping control.

Analysis methods

Modern doping control relies heavily on advanced analytical techniques to detect trace
substances in complex biological samples. Mass spectrometry (MS) is one of the most
widely used methods due to its high sensitivity, specificity, and low sample volume
requirements, making it ideal for high-throughput analysis.[*6] Traditional chemical
analysis methods like NMR, UV-Vis, and IR spectroscopy are less suitable for
analyzing complex body fluids due to their lower sensitivity, selectivity, and complexity.
The current gold standard in doping control is gas chromatography (GC) or high-
performance liquid chromatography (HPLC) coupling with mass spectrometry (MS).
GC-MS and LC-MS are complementary rather than competing techniques. A

comprehensive metabolic profile can be obtained when both methods are employed.
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Figure 8. AAS glucuronide and sulfate metabolites in urine samples need to be hydrolyzed and derivatized
(silylation) before GC-MS analysis. For LC-MS, conjugated products can be analyzed after purification from SPE.

The scheme was adapted from Putz and Piper et al.*"]

Before analysis, urine samples must undergo purification (Figure 8). Solid-phase
extraction (SPE) is a commonly used method that isolates target analytes from the
complex biological matrix. For GC-MS analysis, an additional hydrolysis step is
required to convert hydrophilic phase Il metabolites into non-conjugated phase |

metabolites, enabling their detection by GC-MS.

The purified urine samples are separated using liquid/ liquid extraction (LLE) into three

fractions:

a. Free fraction: non-conjugated phase | metabolites.

b. Glucuronide fraction: hydrolyzed phase Il conjugated metabolites using -
glucuronidase.

c. Sulfate fraction: solvolyzed phase Il conjugated metabolites using acidic hydrolysis

conditions.
Each fraction is dried and derivatized using trimethylsilyl (TMS) before GC-MS analysis.

In contrast, for LC-MS analysis, phase | and phase Il metabolites purified by SPE can
be directly diluted and analyzed, which is a more convenient workflow without

hydrolysis or derivatization.
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Steroid analysis with GC-El HRMS

GC-MS and LC-MS have different advantages and disadvantages for doping control.
The history of using GC-MS for steroid mixtures (cholesterol methyl ether, cholestanol
methyl, and synthetic steroids analysis began in 1960s by Horning and
Sweeley,*which is before the advent of online LC-MS coupling, which depended on
the development of electrospray (ESI).[* Compared to LC-MS, GC-MS relies on the
volatility of low-molecular mass and non-polar analytes.!®® Thermal vaporization does
not work with polar macromolecules, which are suited for ESI-MS and LC-MS
applications.*®l Therefore, GC-MS is particularly well-suited for analyzing hydrophobic

steroid molecules.

GC-EI-HRMS and LC-ESI-HRMS analysis both offer high detection sensitivity. Taking
AAS analysis in liquid samples for instance, GC-EI-HRMS has a detection limit of 0.25-
1.25 ng/mL,®1 while LC-ESI-HRMS/MS can present a detection limit of 0.2-
20 ng/mL.152 Nevertheless, GC-MS analysis requires a hydrolysis step to deconjugate
sulfate or glucuronide metabolites. This additional sample preparation causes steroid
metabolite analysis by GC-MS more time-consuming than LC-MS, which can direct

detect phase Il metabolites without hydrolysis workup.

However, GC-MS can provide more valuable structural information, giving profound
insights into elucidating steroidal structures. The phase | metabolites of steroids are
predominantly lipophilic, facilitating their ionization by electron ionization (El) more
efficiently than by electrospray ionization (ESI).[*°a Consequently, newly synthesized
steroids or compounds that have not yet been fully characterized are more suitable for
initial analysis by GC-MS. Furthermore, the coupling of mass spectrometry with gas
chromatography showed superior resolution of epimers.[*®! As a result, GC-EI-MS

remains the gold standard for comprehensive steroid analysis.

A. Sample-OH + R3Si-X ———» Sample-O-SiR; + HX

@) @)
B. Sample-OH + )J\ —_— + HX
R™ X Sample-O” R

Scheme 7. (A) Silylation reaction for a hydroxy metabolite. (B) Acylation of a hydroxy metabolite.[%!

Derivatization is a critical step in enhancing the sensitivity and volatility of analytes for

gas chromatography—mass spectrometry (GC-MS) analysis. It involves the chemical
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modification of functional groups, such as hydroxyl, amine, or carboxyl moieties, into
more volatile derivatives, typically esters or ethers (see Scheme 7). This
transformation of functional groups improves GC-MS detection limits by increasing
analyte volatility and thermal stability.®® Some common derivatization reactions are
silylation, acylation, and esterification. An additional benefit of derivatization is that it
can enhance the stability of analytes by replacing labile functional groups with more

stable derivatives.

However, a potential drawback of derivatization is that it can increase the number of
compounds detected by GC-MS analysis. For instance, forming various trimethylsilyl
(TMS) isomers during silylation reactions can complicate the interpretation of metabolic

profiles and hinder accurate quantification in complex biological samples.
Steroid analysis with LC-MS

Analysis using LC has different advantages and disadvantages. The benefits of using
LC-ESI MS are that the hydrophilic phase |l steroid metabolites, such as glucuronides
and sulfates, are readily soluble in polar solvents for LC analysis. These metabolites
can be efficiently deprotonated and ionized by ESI-MS, facilitating their direct detection

without hydrolysis workup.

CH
MeHO \///

NaHCO3/NaOH
pH=10.5 o
3 min
60 °C
N.
Me”™ "Me
Ethinylestradiol (57) Dansyl chloride (58) 3-Dansyl-ethinylestradiol (59)

Scheme 8. Derivatization of ethinylestradiol by dansyl chloride.53!

However, phase | metabolites, unconjugated and hydrophobic steroids, are less
suitable to be ionized by ESI or atmospheric pressure chemical ionization (APCI) due
to their low polarity. In such cases, derivatization is often necessary to improve
ionization efficiency. A commonly employed derivatization reagent for LC-MS is dansyl
chloride (58), which enhances both ionization and detection sensitivity (see Scheme

8).[%%1 However, the ability to separate diastereomers in GC can be superior than in
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LC.5% The diffusion speed in the gas phase is faster than in the liquid phase.l® The
GC columns are usually thinner and have more theoretical plates than LC-columns.%®
These factors contribute to the generally higher chromatographic resolution observed

in GC-MS analyses.

Consequently, GC-MS remains the preferred method for comprehensive steroid
profiling, particularly when high-resolution separation and structural elucidation are

required.
Tandem MS: PRM and MRM

A mass spectrometry (MS) analyzer can operate in two primary acquisition modes: full
scan mode and single ion monitoring (SIM). In full scan mode, the instrument detects
a broad range of mass-to-charge (m/z) values, making it especially useful for
identifying unknown compounds. In contrast, SIM mode monitors only specific m/z
values, significantly increasing sensitivity and selectivity. As a result, SIM is commonly
employed in targeted quantitative analysis, where precise measurement of known

analytes is required.
Tandem MS

Tandem Mass Spectrometry (MS/MS) is a highly effective technique for structural
elucidation of molecules, especially when combined with soft ionization techniques
such as ESI. ESI delivers typically only molecular ions and only a few fragments, which
deliver detailed information on the composition, when accurate ion mass analysis is
performed. Tandem MS methods are developed for mass-selected ion activation and
deliberately generation of structure-characteristic fragment ion. In a typical beam-type
Tandem MS instrument, the first mass analyzer isolates a precursor ion with a defined
mass-to-charge ratio (m/z). This ion is subsequently directed into a collision cell, which
undergoes fragmentation via collision-induced dissociation (CID) or higher-energy
collisional dissociation (HCD). The resulting product ions are then analyzed by a
second mass analyzer. Only fragment ions that are sufficiently stable under the
experimental conditions are detected and appear as signals in the resulting MS/MS
spectrum®® providing detailed structural information about the precursor molecule.
The observed fragment ions provide critical information for the deduction of the
positions of functional groups and for elucidating the overall structural composition of

the molecule.
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Figure 9. Scheme of a triple quadrupole mass spectrometer, showing the combination of quadrupole (Q1),
quadrupole (g2) quadrupole (Qs) from can be applied for different scan modes: product ion experiments (panel A),

precursor ion experiments (panel B), and constant neutral Loss% 571

A widely employed instrument for tandem mass spectrometry is the triple quadrupole
(QgQ) mass spectrometer. In this configuration, the first quadrupole (Q1) serves as a
mass filter, selectively transmitting precursor ions based on their mass-to-charge (m/z)
ratio. These ions are then directed into the second quadrupole (gz2), which functions as
a rf-only quadrupole collision cell where fragmentation is induced via collisions with an
inert gas (e.g. He, Ar, Nz etc.) and fragmentation via collision-induced dissociation (CID)
is observed. The resulting product ions are subsequently analyzed by the third

quadrupole (Qs), which either scans or filters specific m/z values for detection Figure
g [49a, 57]

For the product ion experiments (Figure 9A), a single precursor ion is selected in Q1,
fragmented in g2, and all the resulting product ions are scanned in Q3. This mode can
help structure elucidation based on the fragmentation pattern.[“®a 57 Figure 9B
presents the precursor ion experiments, which can identify the relation between
specific product ions and their precursor ions. A scan is performed in Qi, and
fragmentations occur in g2. Only specific product ions are selected in Qs. This
technique helps investigate compounds that share common structure features, such

as sulfate or glucuronide functional groups. In Figure 9C, constant neutral loss
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experiments are illustrated. This mode detects compounds that lose the same neutral
fragment in gz2. All precursor ions are separated in Q1 and fragmented in gz2. Only
product ions, which are generated by the same neutral loss, are detected by Qs. For
instance, only product ions formed by a loss of sulfuric acid from sulfate metabolites
are selectively detected in this approach.

Collector C-trap Exit Lens  C-Trap Entrance Lens
HCD Collision Cell C-Trap SplitLens Quad Exit Lens Quadrupole TK Lens Bent Flatapole
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Figure 10.Q Exactive Orbitrap setup (Thermal Fisher) that can be connected with a GC at the transfer line.[®!

Due to the modest-to-low resolution capabilities of a triple quadrupole (QqQ) system,
coupling it with a time-of-flight (TOF) or Orbitrap analyzer can significantly enhance
mass accuracy and resolution. In Figure 10, the schematics of a Q Exactive Orbitrap

are shown.[580]

In the GC-MS orbitrap system, analytes are introduced via heated transfer lines into
the ion source, where ionization typically occurs by electron impact (electron ionization,
El) using a filament which produces electrons with a kinetic energy of typically 70eV.
All ions produced by EI-MS including open shell cationic molecular ions [M]* are
directed into a bent flatapole, which can deflect neutral species and prevent their

transmission into the quadrupole, therefore enhancing the signal-to-noise ratio.[%8"]

The subsequent quadrupole functions as the first mass filter, exclusively transmitting
the selected precursor ions within a defined m/z range. These ions subsequently pass
through a transfer multipole, which acts as a pre-filter and guides them into the C-trap.
The C-trap temporarily accumulates the selected ions before injecting them into the
higher-energy collisional dissociation (HCD) cell compared to a conventional

quadrupole ion trap.[® Within the HCD cell, ions undergo fragmentation through
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collisions with an inert gas, commonly argon, under controlled energy conditions

(kinetic energy range 0-100 eV).

The resulting fragment ions are then recollected in the C-trap and transferred to the
Orbitrap mass analyzer, where they are subjected to high-resolution and high-accuracy
m/z analysis. This system enables precise structural elucidation and quantification,

particularly in complex biological or environmental samples.

4 N\
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Figure 11. Representation of PRM (above) and SRM (below) methods by quadrupole-Orbitrap and triple

quadrupole instruments, respectively by following and adapting a figure from Zhou et al.!%}

PRM (Parallel Reaction Monitoring)

Parallel reaction monitoring (PRM) is a targeted mass spectrometry (MS/MS)
technique that combines high selectivity with high sensitivity, making it particularly
suitable for trace-level quantification. In PRM, the first mass analyzer isolates a specific
precursor ion, analogous to single ion monitoring (SIM), prior to fragmentation in the
collision cell.P157¢I The second analyzer scans the fragmented ions. All the fragments

from the precursor ions can be observed in the MS? spectra.
MRM (Multiple Reaction Monitoring)

MRM is another type of tandem MS analysis by monitoring a set of precursor-product
pairs of single/ selected reaction monitoring (SRM). After selecting a precursor ion from
the first analysis, the ions are fragmented.5® [57¢l Unlike the PRM method, a signal is
only generated when precursor ions are fragmented to specific product ions after a

defined neutral loss. A combined detection of stable isotope standards (with individual

21



State of knowledge

mass-shifted molecular ions) and selected analyte ions makes the MRM method highly
sensitive for screening and reliable for quantification (Figure 11) The sensitivity and
selectivity (reduced chemical noise) of SRM & MRM is much higher than that of simple

SIM, which recommends SRM / MRM for trace compound analysis.

2.3 Metabolite studies of xenobiotic steroid compounds

2.3.1 In vitro and in vivo metabolites studies

Different in vitro and in vivo models can be used before clinical trials to study human
metabolites of xenobiotic substances. In vitro experiments have two advantages: They
are simpler than in vivo animal experiments and have fewer ethical issues. The designs
of the experiments and influence factors are more straightforward than those of in vivo
models. Therefore, in vitro experiments are often conducted before any further animal

research.

There are different methods for in vitro studies: application of microsomes from human
tissues, %% using S9 fraction from liver, or conducting experiments in an isolated liver

containing perfusate flows.6"]

Metabolic reactions are primarily driven by the catalytic functions of hepatic enzymes,
and these processes can be effectively simulated using cell-based systems or

subcellular fractions.[6?

The benefit of cell culture is that all the metabolite pathways can be considered,
compared to conducting subcellular experiments. Enzymes contained in mitochondria

and nuclei in the cells can participate in metabolic reactions.6?

Another type is applying subcellular fractions containing metabolism enzymes, such
as S9 fraction, human liver microsomes, and cytosol. 62631 39 liver fraction is obtained
from the liver homogenate supernatant, which has a mixture of cytosol and
microsomes, under low-speed centrifugation.¥4 Human liver microsomes (HLM) are
derived from further high-speed ultracentrifugation of S9 fraction and resuspension of
the pellet in the buffer.

Compared to HLM, sulfotransferases (SULTs) can be found in S9 fraction, which is not

the case for HLM containing only uridine 5'-diphosphate glucuronosyltransferases
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(UGT) and CYP, but the overall enzyme activity in HLM is higher than S9 fraction.
CYPs and UGTs are enriched in HLM. In addition, there is no other enzyme
competition in HLM, so quantitative metabolite analysis from the subcellular system
might not show identical results from in vivo studies. The advantage of using the
subcellular model is that they are simple to handle, but adding a cofactor for the

reaction is necessary.

In vivo experiments have several advantages and potential complications that also
need to be considered. For in vivo experiments, mice and rats are usually chosen as
suitable candidates in the early stage before clinical trials. Their anatomical,
physiological, and genetic properties are close to humans,® and their size and life
span are small and short, which is more economically preferable than other big animals,
like dogs, rabbits, or pigs. Rats are even more ideal than mice for doping research
because their physiology is even more similar to human beings. In addition, rats have
bigger body sizes, allowing for higher administration doses and more concentrated

metabolites in urine samples.

In vivo experiments often give more reliable results than in vitro experiments because
they present the full complexity of living organisms. Nevertheless, the enzymes in rats
differ from those in humans.[®® Genetic factors and diets are also the reasons for
different metabolisms in rats and humans. In vivo experiments may not give consistent

results with clinical trials.

2.3.2 Chemical synthesis of steroid metabolites
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RYH AcO AcO
44-d1, R'= D/H = 95/5 60-d1, R'= D/H = 97/3 15 61
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(R- CraHIO) (MS-ratio) Condi. A: PCC, benzene, reflux ~ Condi. A: 89%
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Scheme 9. (A) Steroid 44-d1 C6 oxidation reaction using Jones reagent (CrOs, H2SO4) according to Salvador and
Hanson."l (B) Synthesis of a,8-unsaturated C7 ketone 61 by PCC (pyridinium chlorochromate) and PDC
(pyridinium dichromate).[88 (C) Oxidation of estradiol 62 by KMnQOas under acidic conditions.°]
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Assigning the correct molecular structure metabolites using solely analytical methods
can be challenging. MS analysis cannot fully confirm the structures of metabolites
produced by small-scale bio-experiments. Therefore, a reliable approach is to
synthesize specific reference compounds for comparison of analytical results to those

retrieved from in vivo or in vitro.

The structure of metabolites can be affirmed by NMR and XRD analysis, for which the
analytes are needed on a milligram scale. Hydroxylation is a common reaction for

steroids during phase | metabolism.

Steroid ketones can be prepared at the allylic position by oxidation reagents: Jones
reagents,’®’1 PCC (Scheme 9A and B).[®] Respective alcohols can then be generated
by reduction with NaBH4 or LiAlH4 or double bond rearrangement with KMnO4
(Scheme 9C) [

biocatalysis chemical oxidants

@@ = many reports
= few reports

Figure 12. Common hydroxylation position by biocatalyst: CYP450 or chemical oxidants.6%]

The steroid hydroxylation occurs at different locations depending on enzymatic or
chemical preparation routes. According to literature reports, biocatalytic hydroxylation
predominantly occurs in the B ring, whereas chemical oxidation concentrates on C and
D rings.[%! |t gets apparent that the synthetic hydroxylation reactions show significant

potential for optimization.

It turns out that one-step hydroxylation procedures are more challenging than two-step
procedures via ketone intermediates followed by a reduction reaction, as the former
requires activation of unreactive C-H bonds. Furthermore, the hydroxylated products

are only slightly more stable than their precursors./’"!
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Heme B (64) Manganese porphyrin catalyst 65

Figure 13. Structure of heme B (64) (left structure)l”? and the biomimetic Mn catalyst 65 (right structure) published

by Breslow et al.l”3l

Organic chemists often derive synthesis strategies from natural products and their
biosynthetic mechanisms. In 2001, Breslow et al. employed a manganese porphyrin
metal complex 65 to mimic CYP450 enzymes for the regioselective oxidation of
steroids. By utilizing a Mn biomimetic catalyst 65 with various ligands, the selective

hydroxylation of steroids was achieved (Figure 13).[73]

OCH,CF;
Me S
P
N
H20, f\N \Nln wOTf
Mn cat. 69 (0.3 mol. %)
— N | o
2-ethylhexanoic acid /N
CH3CN |
0°C, 4h 2
66 Me
OCH,CF4
67:68 = 5.5: % yi
5.5:1, 56% yield (S, S)-Cat. 69

Scheme 10. Hydroxylation of estrone acetate (66) using chiral Mn catalyst 69 gives C9-hydroxy 67 and C6-ketone
68 products.l’4

Since 2007, non-heme catalysts have gained increasing attention for stereo-selective
hydroxylation reactions.’”® Notably, the Bryliakov group reported a chiral Mn
aminopyridine complex capable of catalyzing the stereoselective benzylic
hydroxylation of estrone acetate (66) at the C9 position (67). In addition to the
hydroxylated product, a ketone byproduct was also observed at the C6 position (68)

under the same reaction conditions.[74 7€
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Scheme 11. A hydrogen atom transfer takes place at the benzylic position, and the Mn (V) oxo complex is reduced
to the Mn (1V) hydroxide complex (top scheme). A hydride shift from a benzyl compound to the Mn (V) oxo complex
can reduce the catalyst to the Mn (lll) complex (bottom scheme). A rebound of a hydroxy group gives the
hydroxybenzyl product.[’4. 771

The Mn (V)-oxo complex from Bryliakov et al. can hydroxylate benzylic carbons via two
mechanistic pathways: hydrogen atom abstraction (Scheme 11, top) or hydride
abstraction (Scheme 11, bottom), followed by an oxygen rebound step leading to
alcohol formation. Since resonance effects stabilize a benzylic radical, the C-H bond
dissociation energy is reduced at the benzylic position compared to a typical C-H bond

in an alkane.

MnO,, 15-crown-5,
DCE, 80 °C

2. Sml,, 2-Naphth-SH,
THF, -15°C

73, 51%
(over 2 steps)

Scheme 12. Steroid 72 hydroxylation by oxochromate (Cr (V)) and MnOz2. Sml2 was used for reduction of the

enone.l’8l

Besides manganese catalysts, chromium catalysts have also been proven effective for
regioselective hydroxylation. Reisman et al. reported the first synthesis of the cytotoxic
alkaloid ritterazine B[78, which involved the initial step of a C-H oxidation at the C7
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position of compound 72 using Cr (V) in combination with MnO2 as oxidants to
generate an enone intermediate.l’® To enhance the solubility of the oxidizing agents
in organic solvents, 15-crown-5 ether was employed. In the subsequent step,
samarium (ll) iodide (Smlz2) was used for selective reduction of the enone to the
corresponding alcohol. The addition of 2-naphthalenethiol helped stabilize reactive
intermediates at low temperatures, enabling selective reduction at C7 to afford
compound 73 without affecting the C14-C15 double bond (see Scheme 12).

The advantage of chemical hydroxylation of steroids is the scalability which is not
feasible for biosynthetic methods. However, finding the right oxidation agent and
designing a catalyst for stereospecific oxidation is also challenging. The hydroxylation

of steroids by chemical synthesis is still demanding and has room for development.

2.4. Synthesis and development of aromatic steroids in ring A

Steroid S42 (1) (structure shown in Scheme 1) is a synthetically derived steroidal
selective androgen receptor modulator (SARM), first reported by Uyanik in 2006.17 It
contains an aromatic ring in the ring A structure and a ketone functional group at the
C20 position. The development of this novel steroid can be traced back to research in
the 1950s.
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Scheme 13. (A) Synthesis of A5,7 and A4,6 steroids by bromination and dehydrobromination according to Djerassi
et all8%l (B) Synthesis of A5,7-steroids by Wolf-Ziegler bromination and dehydrobromination by 2,4,6-collidine

according to Antonucci et al.[l

In 1951, Djerassi et al®l and Antonucci et al.’B"l both published similar strategies to
synthesize A%"-steroids from A®-steroids. Djerassi et al published that by application of
Wolf-Ziegler bromination with NBS (N-bromosucciimide) to react with pregnenolone
benzoate (74), a 7-bromo derivative 75 can be given (Scheme 13A). After

27



State of knowledge

dehydrobromination with a base, 2,4,6-collidine, and saponification, A%’ steroid 77 and

A*6 steroid 76 were discovered.

Antonucci et al. used the same strategy to treat dehydroiso-androsterone acetate (78)
with NBS under light. After reflux in xylene with a base, 2,4,6-collidine, A5’

androstadiene-33-ol-17-one acetate (80) was found (Scheme 13B).[8"

Me R 1 DBDMH
benzen/petrol = 1/1
Ve 0 reflux, 1h
g — =1 .
@ H 2. 2,4,6-collidine
HO

reflux, 1Th

R
Me 1. DBDMH
benzen/petrol = 1/1 \\ Me\\.
Me _ refugth e
+
‘@ 2. 2,4,6-collidine Oe
HO reflux, 1h Me

=Ac 1, R=Ac, 40% 44,R = CgH,7 83 84
- o
-0 82, R=0, 46% 83:84 = 1:1 according to NMR

1. NBS
benzen/petrol = 1/1
reflux 1h
@ 2. 2,4,6-collidine
HO

reflux, 1h

1. DBDMH
benzen/petrol = 1/1
reflux 1h

Me R
vl )
2. 2,4,6-collidine ‘e A
reflux, 1h AcO' AcO

85, R=Ac, not found 86, R=Ac, 37%
87, R=0, 39% 80, R=0, trace

Scheme 14. (A) Dehydroiso-androsterone (81) and pregnenolone (17) were generated into aromatic steroids by
brominating agent DBDMH and dehydrobrominating by 2,4, 6- collidine. (B) An aromatic product 83 and A%#46
triene 84 were produced from cholesterol 44 by bromination and dehydrobromination. (C) A lower yield of aromatic
products was obtained from dehydroiso-androsterone (81) when NBS replaced DBDMH. (D) Dehydroiso-
androsterone acetate (78) and pregnenolone acetate (15) did not produce aromatic products but A*® or A57

steroids after bromination and dehydrobromination. 82

Nevertheless, when Hanson et al. used the same synthesis strategy to treat
pregnenolone (17) and dehydroiso-androsterone (81) with another brominating agent,
1,3-dibromo-5,5-dimethylhydantoin (DBDMH), followed by reflux with 2,4,6-collidine,
they discovered aromatic products 1 and 82 respectively, instead of A%’-steroid
(Scheme 14A).822. 83 Using cholesterol 44 as a starting material also afforded an
aromatic product 83 and a A48 triene byproduct 84. (Scheme 14B) Hanson et al.
replaced DBDMH with NBS as a bromination agent, followed by the treatment of
collidine to dehydroiso-androsterone (81), and showed a lower yield of aromatic
product 82 (25%) (Scheme 14C).182°1 A lower yield from using NBS means DBDMH is
a better alternative to NBS.[82

To compare Djerassi’s findings, Hanson et al. applied the same treatment to
pregnenolone acetate (15), A>7 -steroid 86 was successfully obtained (Scheme 14D),
in agreement with the earlier findings of Djerassi in Scheme 13A.3 However, A48
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steroid 85 was not discovered. When dehydroiso-androsterone acetate (compound 78)
was used as a starting material, the major product identified was a A*® steroid
(compound 87) (Scheme 14D). Only trace amounts of the A>’ steroid 80 were
detected, which was not totally in agreement with the results reported by Antonucci.
(Scheme 13B)

Route B
Me\ Me\\ 1,2 \
methyl schift
—_— —_—
HO HO e
Br K\ ® Br
H
Route A
spiro intermediate
formation
Me
Me,\\ \
HO
-
\\ HO HO
(Br Me

< e

Scheme 15. Proposed aromatization reaction based on the formation of a spiro intermediate (Route A) or a 1,2
methy! shift (Route B).[

Hanson et al. proposed that the critical step in the aromatization mechanism of
dehydroiso-androsterone 81 or pregnenolone 17 can be the formation of a spiro
intermediate (Scheme 15, Route A) or the generation of a 1,2 methyl shift from C19 to
C4 (Scheme 15, Route B).[84

1. DBDMH Me OAC

benzene
reflux, 1h

2. LiAIH,,
reflux, 30 min

3. Ac,0, AcOH
88 r.t., o/n

89, 5%

Scheme 16. Generation of 3,4 dimethyl A"35 triene 89 by aromatization, reduction, and acetylation reactions of
38,17 B-dihydroxy-1B-methyandrost-5-ene (88).1842

29



State of knowledge

To investigate whether a spiro intermediate or 1,2 methyl shift from C19 to C4 occurred
in the reaction, 3,17B-dihydroxy-18-methyandrost-5-ene (88) was used for
aromatization (Scheme 16). If a spiro intermediate were produced during the reaction,
the product would be a 3,4 dimethyl A'35 triene. If a 1,2 methyl shift took place from
C19 to C5, the generated product would be a 1,4 dimethyl A'33 triene.[842]

The generated aromatic product was further reduced and acetylated to compare with
the NMR data of the literature known as 3,4 dimethyl A"35 triene acetate and 1,4
dimethyl A'33triene acetate. It was concluded that the product was 3,4 dimethyl A'35
triene 89 (Scheme 16). Therefore, Hanson et al. proposed that a spiro intermediate

was generated by C9-C10 bond cleavage to give the aromatic product.

A Me @ 1. LiBr, Li,CO3
DME
Me 0’ reflux, 3h
‘G H 2. dil. HCI (aq)
MsO D
S o

90q, o-OMs a-OMs 91, 36% 82, 14%
905, f-OMs B-OMs 91, 34% 82, 1%

Me e’ 48% HBr
i
MsO AN reflux, 1h

91, 3% 82, 56% 92, 3%
Scheme 17. Aromatization reactions by using (A) LiBr with Li2COs or (B) HBr in acetic acid.[!

In 1972, Hanson et al. reported additional strategies for synthesizing aromatic steroids.
Treatment of epoxide derivatives (compounds 90a and 908) with lithium bromide (LiBr)
and lithium carbonate (Li2COs), or with hydrobromic acid in glacial acetic acid, resulted
in aromatization within ring A (Scheme 17). Notably, the reaction of the methane-
sulfonate derivative of 5a,6a-epoxy-3B-hydroxyandrostan-17-one (908) with 48%
hydrobromic acid in glacial acetic acid afforded the aromatic product 82 up to 56%
(Scheme 17B). The authors proposed that the reaction mechanism was independent
of the stereochemistry at C3, as both 3a- and 38- methane sulfonate derivatives 90a

and 90 yielded comparable results.8

30



State of knowledge

Me O

1.48% DBr

AcOD D
steroid substrate reflux, 30 min

904, 93 — 96 2. NaOH D

MeOH, H,0 = D
’ Me D D
reflux, 2h e
82-d7

Scheme 18. Synthesis of deuterated 4-methyloestratriene with DBr and AcOD from different steroidal

substrates.8¢]

Hanson et al. investigated the aromatization mechanism of 5a,6a-epoxy-38-mesyloxy-
androstan-17-one (compound 908). To elucidate the pathway, they modified the
structure of dehydroiso-androsterone by introducing various functional groups to
bromide 93, acetate 94, epoxide 95 and 96, and employed deuterated reagents to
trace hydrogen migration (see Scheme 18).¢6]

Table 1. Deuterium ratio of different substrates. The deuterium ratio of 2H-1 to 2H-6 was based on 1-'H ratio from

"H NMR by calibration 'H-18 as 3 protons. Since the proton signals of 'H-7a and 'H-78 overlapped with other
proton signals. The deuterium ratio was calculated by ?H NMR using 2H-68 as an internal standard.!8®!

Substrate ZH-1 2H-2 2H-3 ?H-6a- 2H-68 H-7a H-78
908 0.8 0.7 0.8 0.2 0.8 0.5 0.5
93 0.9 0.7 0.9 0.2 0.75 0.6 0.6
94 0.9 0.9 0.8 0.2 0.75 0.7 0.6
95 0.9 0.8 0.9 0.3 0.8 0.8 0.7
96 0.9 0.8 0.8 0.3 0.7 0.6 0.5

Deuterated hydrobromic acid and acetic acid were used to synthesize deuterium-
labeled 4-methyloestratrienes, which were subsequently analyzed using '3C-'H (2D)
NMR and ?H (1D) NMR spectroscopy. The ?H NMR spectra revealed deuterium
incorporation at positions C1-C3, C6, C7, and C16. To resolve overlapping signals of
?H at C16 and C7, the product was treated with methanolic sodium hydroxide, which

selectively exchanged the deuterium at C16 back to hydrogen.

Quantitative analysis of the '"H NMR spectra indicated a deuterium incorporation of
approximately 70-80% at C1 to C3, and around 50% at both C7a and C73 (Table 1).

Interestingly, deuterium incorporation at C6 was stereoselective, with approximately
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80%-70% at the B position and only 20%-30% at the a-position. The high deuterium
enrichment at C1 to C3 suggested the involvement of a phenyl cation intermediate in
the reaction mechanism. The incorporation at C6 and C7, particularly at C6a, further

supported the mechanistic hypothesis of the aromatization process.

AcOH

reflux MsO MsO

Scheme 19. Aromatization mechanism from the triene intermediate and a carbon cation.[87] [86]

Hanson et al. proposed that the aromatization mechanism converting 5a,6a-epoxy-
3B-mesyloxyandrostan-17-one (compound 908) to 4-methyloestratrienes (compound
82) may resemble the Westphalen—Lettré rearrangement (Scheme 19).188 The
reaction condition for aromatization, hydrobromic acid in acetic acid (HBr, acetic acid)
are notably similar to those used in the Wesitphalen—Lettré rearrangement, which
typically involves sulfuric acid and acetic anhydride (H2SOa, Ac20) 89 In the proposed
mechanism, the epoxide ring is opened via nucleophilic attack by a bromide anion,
followed by elimination reactions that generate double bonds at the C2-C3 and C4-C5
positions (route A). The bromide at the C6 position can be eliminated through dehydro-

bromination, yielding a A'35 steroid.

The methane-sulfonyl group, being a good leaving group, facilitates the formation of a
A%45 triene (route B). Alternatively, elimination of the methane-sulfonic group may
occur first, followed by hydrobromination, ultimately producing a A'35 triene. Under
acidic conditions, the resulting conjugated triene system is stabilized by resonance

effects.[® Furthermore, cleavage of the C9-C10 bond may lead to the formation of a
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spiro carbocation intermediate with two conjugated double bonds. Resonance
delocalization of the positive charge to C4 enables bond formation with C9, resulting
in a ring flip. Final abstraction of a proton at C5 completes the formation of the aromatic

A-ring.

48% HBr

_ >
AcOH
reflux, 30 min

98, 12%

Scheme 20. The carbonyl groups at the C11 position hinder the formation of the spiro intermediate.’®"]

Hanson et al observed that a carbonyl group at the C11 position in the substrate 97
led to a low yield of 178 acetoxy-4-methylestratrien-11-one (compound 98).°" It was
proposed that the carbonyl group at the C11 position may interfere with the cleavage
of the C9-C10 bond, thereby hindering the formation of the spiro intermediate, which

was necessary for aromatization.

48% HBr
AcOH

reflux
15 min

48% HBr

AcOH

reflux
15 min

48% HBr

AcOH

reflux
15 min

100, 13% 102, 13%

Scheme 21. Aromatization reactions were discovered using C6-carbonyl steroids as substrates and 1-

methylestratrien-6-one instead of 4-methylestratrien-6-one.[®'-92

Hanson et al. also emphasized the importance of a positive charge at the C5 position
for forming the spirocyclic intermediate. The presence of a functional group at C6 was
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found to influence the stability of the C5 carbocation during the reaction. When
steroidal substrates with a carbonyl group at the C6 position (compound 99, 101 ,103)
were treated with hydrogen bromide in glacial acetic acid (Scheme 21), 1-
methylestratrien-6-one (100) was produced. The formation of a methyl group at C1
indicates a methyl migration from C19 to C1, without the involvement of a spirocyclic
intermediate. This outcome suggests that the C5 carbocation is not sufficiently
stabilized by the C6 carbonyl group, thereby preventing the formation of the spiro

intermediate.

PN & P Y- S
A —acty— &y — G &Yy
H OHJ HO T ol (OH I

o)

O
99 H@

Scheme 22. Proposed mechanism of 1,2 methyl shift from C19 to C1 under acidic conditions with HBr.[92!

The mechanism of C19 to C1 methyl migration can be explained as follows: After the
epoxide ring of compound 99 was opened under acidic conditions, an elimination
reaction gave A" diene. A 1,2 methyl shift from C19 to C1 will produce A%#* diene with
a positive charge at C10. A proton at C1 was abstracted to give the final 1-methyl

aromatic product (Scheme 22).

HBr (48 wt. %)

AcOH
reflux, 15 min

16 $42 (1), 59%

Scheme 23. Synthesis of S42 (1) from 38 acetoxy-5a,6a-epoxypregnen-20-one (16) with HBr in acetic acid. The

structure was proved by XRD analysis.["]

In 2006, Hanson et al. continued publishing ring A aromatic steroids using pregnane
derivatives as precursors. The aromatic ring was also generated by bromination and
hydrobromination from pregnane derivatives. One of the highlighted products, S42 (1),
was synthesized from 38 acetoxy-5a,6a-epoxypregnen-20-one (16), and its structure
was confirmed by X-ray diffraction (XRD) analysis (Scheme 23).[1 Notably, the yield
was significantly improved when the starting material contained an epoxide moiety at
the C5 and C6 positions.
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S42 (1) was later mentioned and referenced in a publication by Muta et al. as a
potential selective androgen receptor modulator (SARM).I°! It was shown to increase
muscle mass in orchiectomized rats, demonstrating anabolic activity. S42 (1) was
found to activate mTORC1 (mechanistic target of rapamycin complex 1), leading to
enhanced phosphorylation of p70S6K (70 kDa ribosomal protein S6 kinase), a key
regulator of protein synthesis in skeletal muscle. Additionally, S42 (1) exhibited anti-
catabolic effects by inhibition of atrogin 1 (an F-box protein or Ub-protein ligase)®3 and
MuRF1 (Muscle RING-finger protein-1), thereby reducing muscle degradation in
cultured C2X12 myotubes.

Importantly, S42 (1) does not exhibit the common side effects of stimulating prostate
growth, which are frequently associated with anabolic steroids such as testosterone
(46).°1 This property suggests its potential utility in treating prostate cancer and

muscle-wasting diseases.[8a 10.24]

In addition, S42 (1) may be potentially applied against breast cancer.[’l It has been
shown that an aromatic ring ligand structure is critical for binding to estrogen receptors,
which is an important target for suppressing cancer cell growth.[® %4 The aromatic ring
can mimic the natural ligand, estradiol, enhancing receptor binding through
hydrophobicity interaction andTr-1r stacking.l®¥ Synthetic aromatic steroids may bind to

estrogen receptors but do not exhibit estrogenic activity.

Based on current medicinal investigations, S42 (1) may provide new opportunities for
future therapeutic applications in muscle-related diseases and breast cancer. The
development of S42 (1) highlights the significance of chemical synthesis of steroids for

drug development.
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3. Scientific problems

Selective androgen receptor modulators (SARMSs) are listed as prohibited agents by
the World Anti-Doping Agency (WADA).[?%" The synthesis of the novel C20-keto
steroid S42 (1) (see Scheme 1) was published in 2006, and due to its anabolic
properties, it can potentially be used as a doping agent in illicit sports activity.['!l To
date, the metabolites of S42 (1) remain unidentified, and no validated analytical

methods have been established for its detection in biological fluids.

The project's challenge begins with the synthesis of S42 (1) and the production of its
deuterium-labeled isotopologues as reference compounds. The vyield of the
aromatization reaction is reported to be low, indicating that the current synthetic route
for S42 (1) requires optimization. In addition, a synthetic strategy for site-specific
deuterium labeling of S42 (1) in rings A and B should be developed to generate a

potential quantitative internal standard for future analytical applications.

Subsequently, S42 (1) and its relevant derivatives are investigated by GC-EI-HRMS to
gain fundamental understanding of their EI-MS behavior. Particularly, the electron
ionization (EIl) fragmentation mechanisms of S42 (1), of its silyl ether derivatives, and
of the corresponding stable isotope-labelled reference compounds are investigated in
great detail. This analytical data set is the foundation for reliable and predictable data

interpretation of in vitro S42 (1) metabolism studies.

In vitro subcellular phase | and phase |l metabolism experiments should be conducted
and analyzed using GC-EI-HRMS? and LC-ESI-HRMS?, respectively. Method
development and optimization are needed to identify the metabolites and to locate
oxidation positions. Furthermore, proposed metabolite structures should be
synthesized and used as standard and reference compounds for confirmation of

structure assignments and identification of in vitro metabolites of S42 (1).

To gain a comprehensive understanding of S42 (1) metabolism, not only in vitro but
also in vivo experiments should be conducted. The analysis of urine samples from rats
administered with S42 is expected to reveal details of a metabolism profile of realistic

complexity compared to the simplified situation of in vitro studies.
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4. Results and discussion

4.1 S42 derivatives synthesis for EI-MS fragments elucidation

4.1.1 Synthesis of S42 (1) and modification/ optimization of the

procedures

S42 (1) was synthesized according to a procedure reported earlier by Uyanik

and Hanson et al.l"- 8

mCPBA HBr (48 w%)

AcOH
reflux, 15 min

- .
DCM, 0 °C, 15 min
rt,2h

S42 (1), 9%

Scheme 24. S42 (1) synthesis starting from pregnenolone 3-acetate by epoxidation and aromatization

by rearrangement as reported by Uyanik and Hanson et al.l"]

S42 (1) was synthesized in 2 steps from pregnenolone acetate (15) as a starting
material (see Scheme 24). Pregnenolone acetate (15) was epoxidized by meta-
chloroperoxybenzoic acid (mCPBA), giving a mixture of stereo isomers 16. The
following aromatization reaction was conducted in acetic acid with hydrobromic
acid under reflux conditions. White precipitation can be observed in the
beginning, which may be a bromination product. However, this byproduct was
not further investigated. The solution quickly turned dark brown when the reflux
started.

It is known that different steroid intermediates with a conjugated system were
produced in the aromatization step under these conditions.[7186] The
aromatization reaction involves deprotection of the acetyl functional group,
multiple elimination steps and the generation of the spiro intermediate
(mechanism see e.g. Scheme 19). At the same time, acetylation at C21 position
may also occur. It was hard to control the aromatization reaction. Either the
reaction was not complete or oxidized to a byproduct, containing a C17 acetoxy
instead of an acyl group in S42 (1).[7]
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Separation of the conjugate byproducts and S42 (1) is also complicated, as the
byproducts have similar polarities to S42 (1), so their retention time is very close
to each other in the GC chromatogram. Both column chromatography or normal
phase HPLC could not separate the byproduct and product. The product could
be isolated by multiple crystallization steps, but the purification steps could lead

to low product yield.

MsCI

pyridine, r.t.
o/n

120 °C
1h

Me Path B

HBr (48 w%) HMPA

AcOH
120 °C
Me S42 (1) h 20
Path A: 17%
Path B: 16% over 2 steps
(without crystallization
acc. NMR)

230 °C, 5 min

Scheme 25. Modified synthesis route to S42 (1) following procedures from Hanson (path A) 871 and Watt
(path B)I%! respectively.

Another synthesis strategy was attempted using pregnenolone methane
sulfonate (17) as a starting material for epoxidation and aromatization, which

was presented by Hanson et al and Watt et al.t87- 99

Pregnenolone (17) methane sulfonylation gave quantitative yield of compound
18 by application of methane sulfonyl chloride with pyridine as a base, which
also acted as solvent in this protocol. The following synthesis route, namely
epoxidation and aromatization (path A) were identical to the previously
discussed route starting from pregnenolone acetate. The yield of the
aromatization could be increased from 9% following the original procedure
published by Uyanik in 2006, to 17 % by exchanging the acetate at C3 with
methane sulfonate. Methane sulfonate is a better leaving group than acetate.

Therefore, the elimination rate increased to give a better yield.

Another modification is to perform the aromatization in two steps. The epoxide

and methane sulfonyl functional groups was eliminated to A48 triene 20 in
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hexamethylphosphoramide (HMPA) at 230 °C for 5 minutes.[®>! Rearrangement
reaction, producing A'-32triene 20, followed by the aromatization reaction could
give S42 (1) crude with less byproducts under acidic condition with HBr in acetic
acid. There were less byproducts produced in the 2-steps aromatization
reaction, which simplified the purification steps. Nevertheless, HMPA is
carcinogen, therefore the original one pot aromatization procedure was

conducted.

4.1.2 Synthesis of hydrindane derivative 13

The EI-MS fragmentation behavior of S42 (1) involves a prominent H20-loss
reaction, likely originating from the C20 ketone moiety. A simplified C and D
ring analog 13 of S42 was synthesized to check that reaction also in silico via

DFT computations (See Scheme 35, page 54).

Scheme 26. The structure of S42 (1) was simplified to 8-methyl-1-acetyl-hydrindane 13 containing only
ring C and D with the C20 ketone sidechain for independent investigation of the H20-loss reaction found
in EI-MS.
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Scheme 27. Synthesis of 8-methyl-1-acetyl-hydrindane (1-(octahydro-1H-inden-1-yl)-1-ethanone) (13)
used as a S42 (1) C,D-ring surrogate to investigate the H20-loss reaction in detail. The multistep synthesis
yielded a mixture of the desired hydrindane derivative 13 along with the bicyclic isomer octahydro-1,8a-
dimethyl-2(1H)-naphthalenone (14).1%

The simplified steroid model of S42 (1), i.e. the 8-methyl-1-acetyl-hydrindane
(1-(octahydro-1H-inden-1-yl)-1-ethanone) (13) was synthesized according to a

procedure reported by Lansbury et al. (Scheme 27).19-97]

Cyclohexanone (21) was condensed with cyclohexylamine (22) under inert
conditions with molecular sieves overnight to give the imine compound 23. The
imine compound 23 was relative unstable, and the next step was conducted

immediately after purification by Kugelrohr distillation.

Imine 23 was activated by a Grignard reagent, ethylmagnesium bromide, to
react with freshly prepared sulfonate compound 27, which was prepared by
reacting 3-pentyn-1-ol (26) with tosyl chloride (25) under a basic condition.

Ketone 28 was given after stirring the mixture with acid chloride for 1.5 h at r.t.

Methyl-cyclohexanol derivatives 29 and 29’ were achieved using methyl
magnesium iodide. The final step was generating compound 13 and 14. Upon

the addition of acetic acid, a tertiary carbon cation was generated by a water
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loss from methyl-cyclohexanol. Ring closure was achieved by alkyne

nucleophilic attack on the carbocation.

Subsequently, KOH was added, and a hydroxide ion attacked the resulting
positive charged double bond. Tautomerization yielded ketone products 13 and
14, which remained as a mixture after column chromatography purification, but
they could be differentiated by GC-MS analysis based on El-fragmentation

patterns.

4.1.3 Synthesis deuterium labeled S42-d7 (1-d7), S42-d4 (1-d4)

Stable isotope-labeled derivatives of S42[% were prepared and analyzed either
directly or as silyl ethers by GC-EI-HRMS to complement the results of the S42

(1) analysis.

TMS derivatization is routinely conducted to increase detection sensitivity.[%%
Therefore, fragmentation studies of TMS derivatives of S42 are also crucial in

our project.

S42-d4 (1-d4) synthesis

NaOD

THF/D,0/MeOD,
o/n, 60 °C

quant. Me
S42 (1) S42-d4 (1-d4)

Scheme 28. Synthesis of S42-d4 (1-d4) by hydrogen/deuterium exchange at C17 and C21 via keto-enol

tautomerization chemistry.[%

The synthesis of S42-d4 (1-d4) was achieved via late stage hydrogen /
deuterium exchange at C-17 and C-20 by keto-enol tautomerization chemistry
in deuterated alkaline medium, as illustrated in Scheme 28.1°

Deuterated water D20 was used as a deuterium source. Since S42 (1) is
hydrophobic and needed to be dissolved in organic tetrahydrofuran (THF)
solvent, addition of extra MeOD was critical for producing a homogeneous
three-solvent system for a completed deuterium labeling reaction. The reaction

was monitored by GC-EI-LR-MS and NMR spectroscopy.
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The deuterated products were not further purified and were directly analyzed
by GC-EI-HRMS. The 8-methyl-1-acetyl-hydrindane (1-(octahydro-1H-inden-1-
yl)-1-ethanone) (13) was also deuterated by this protocol for additionally GC-
EI-HRMS analysis.

Since the product 1-d4 can undergo facile hydrogen deuterium exchange via
keto-enol tautomerism chemistry, this isotopologue is important to study the
fragmentation reactions but is not appropriate to be used in solutions as an

internal standard for S42 (1) analysis.

S42-d7 (1-d7) synthesis
To avoid depletion of deuterium labels, A/B ring labeling was aimed for S42 (1).
Strategy A

D,0, 50 eq.
10 mol%, B(CgFs)3

CHCI3, 100 °C
18.5h

30 30-d9
90%, [lit.]: 84%

Scheme 29. Preparation of deuterated progesterone by D20 and a Lewis acidic B(CeFs)3.[10%!
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1) acetic anhydride, Nal,
SiMe3Cl, 0 °C, 30 min

2)0°Ctort.
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(3 A, powder) 1) KO'Bu, 'BUOR,
rt., 5d 40°C,2h
30, R=H 31, R=H, 82%; [lit]: 81% 32, R=H, 80%
30-d9, R=D 31-d9, R=D, 75% 2)10 % AcOR 32.d9, ReD, 84%
rt, 0.5h
NaBR,,
THF/MeOR=1/1
0°C;1h
0
RBr (48 W%) CPBA
AcOR, 120 °C
15 min CHxCl,,
rt., 2h
R RO R
S42 (1), R=H, 18% 33, R=H, 18% 17, R=H, 72%
S42-d11 (1-d11), R=D, 5% 33-d11, R=D, 15% 17-d11, R=D, 77%

Scheme 30. S42-d11 (1-d11) synthesis started from progesterone. The C20 ketone group was protected
by application of 1,2-ethanediol before double bond rearrangement from C4-C5 to C5-C6. A reduction
reaction was conducted by NaBD4 at 0 °C, which not only gave an alcohol at C3 but also deprotected the
ketal functional group. After epoxidation and aromatization reaction, S42-d11 (1-d11) was generated. The
deuteration rate (in red) was calculated by NMR calibration three proton from C18.

S42-d7 (1-d7) was initially planned to be synthesized from progesterone (30)
as starting material. The hydrogen / deuterium exchange at C2, C4, C6, C17,
and C21 was conducted using D20 and a Lewis acidic B(CeF5)3 according to a

procedure from Wasa et al (Scheme 29).[100]

The C20 carbonyl group of compound 30 and 30-d9 was protected by 1,2-
ethanedioll'®'l before the double bond rearrangement from C4-C5 (compound
31 and 31-d9) to C5-C6 (32, 32-d9) (Scheme 30). Potassium tert-butoxide was
vital for the rearrangement reaction as a base, and deuterated tert-butanol
served as solvent and as deuterium source.['%? The m-electron delocalization
between C3 and C6 was disrupted under acidic conditions by treatment with
deuterated acetic acid. The reaction mixture was added shortly after the
previous step to deuterated acetic acid to avoid equilibration and back-reaction
to the starting material.

The last few steps of the synthesis are firstly, reduction reaction by NaBD4,
secondly, epoxidation reaction by mCPBA and finally aromatization with DBr in
AcOD according to a procedure described by Uynik et al.l’l The synthesis yields
remained unaffected by application deuterated or non-deuterated reagents.

The last two steps afforded low yields and the aromatization using DBr in AcOD
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afforded only 3 mg (5% vyield) S42-d11 product (1-d11) prior to purification. The
deuteration rate at C6 and C7 was around 50% according to NMR peak
integration. This synthesis strategy, especially the last two steps, should be

improved. Obviously, the last two steps need to be optimized.

Strategy B

M: Me Mce) Me 1. DBr (47 w%)

CH,CO0D
Me mCPBA Me Rxn conditions

)‘i CH,Cl, )OL 2. NaOH
Me” N0 0°C,15min  Me” O ) MeOH/THF/H,0
rt,2h o 60 °C overnight

15 16, 98% S42-d7 (1-d7)

3-12%
Scheme 31. The synthesis of S42-d7 (1-d7) can be straightforward synthesized by using deuterated
agents in the aromatization step.®® The hydrogen / deuterium exchange ratio in C7 position (around 0.2
to 0.7) is relatively lower than C1-C3 position (around 0.8 to 0.9).

Table 2 Synthesis of S42-d7 (1-d7). 8¢ Deuterium labeling ratio at each position was determined by 'H-
NMR, using the C18 methyl protons as an internal reference calibrated to three. The deuteration ratio
was calculated as (x-y), where x and y represented normalized proton peak integrations of the non-
deuterated and deuterated S42, respectively. D-6, D-6’ and D-7, D-7’ exhibited different chemical shifts.
D-6 and D7 appeared at higher chemical shifts than D-6" and D7’ in the corresponding order.

Deuteration ratio
Ent Rxn. Scale
Y | Condition @ D4 D2 D3 D-6 D& D7 D7 D7 D-21
1 [120°C.15mn 06 08 08 06 05 12 07 04 04
2 120”0‘;;1“”? 06 08 08 05 06 04 0 06 07 05
g | 120°C,30min 08 08 09 06 08 0 06 04 0
r.t., o/n
120 °C, 30 min 2
4 rt. 425 h 08 08 08 07 08 0 07 06 0
50 °C, 22 h
120 °C, 30 min
5, 50 Caon 2 09 08 09 08 09 0 06 02 0
rt.,1h
6. | 120°C.30mn 2 09 08 08 07 07 O 06 03 0
50°C. 2 d

Another synthesis strategy of deuterated S42 at the A/B ring was achieved in
three steps as illustrated in Scheme 31. The S42 (1) synthesis protocol was
adapted from Uyanik at al. HBr and AcOH were replaced by DBr and AcOD in
the respective steps.l”] This procedure is more effective and proceeds via fewer
synthesis steps than strategy A. Therefore, synthesis strategy B was chosen
for S42-d7 (1-d7) synthesis.
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Reaction conditions were optimized for maximum deuteration ratios. Prolonged
stirring in acidic condition proved to be beneficial and an increased deuteration
ratio at D-6 and D-6’ was achieved when the reaction was heated at 50 or 60 °C

overnight.

The composition of deuterium labeled S42 was deduced from GC-EI-HRMS
single ion monitoring (SIM) measurements and total ion counting (TIC)

experiments at m/z 280 to 310.

SIM experiments were repeated three times and the averaged signal areas of
individual ions from S42-d2 (m/z 298) to S42-d9 (m/z 305) were monitored and

yielded the extent of labeling of the deuterated isotopologues present.

Full scan / total ion counting (TIC) analysis at the molecular ions at m/z 280 to
310 was repeated 5 times. The signal intensities of accurate ion masses from
S42-d2 to S42-d9 (error lower 5 ppm) were transformed into deuteration
labeling ratios. 3C isotope contributions to individual ion abundances were

considered to avoid intensity errors for the calculation of 2H-isotopologue ratios.

LabelChecker Results ,
Settings
i T— Max. Labels (auto): 7
Mass (monasotopic): 29621 Resolution Delta: 0.06
Difference Vaue: 0.000067
Sty e ll: : Rel. Int. Percentage
Deuterium: 0-fold (%):  0.00 0.00
s Deuterium: 1-fold (%):  0.00 0.00
® Deuterium: 2-fold (%):  4.82 1.51
e Deuterium: 3-fold (%): 19.77 6.18
tw Deuterium: 4-fold (%): 51.94 16.24
. Deuterium: 5-fold (%):  89.48 27.99
" Deuterium: 6-fold (%):  100.00 31.28
1 Deuterium: 7-fold (%): 53.72 16.80
2 28 200 300 301 02 303 204 305 Label Atom Sum: 5.32 (1899%)

Figure 14. Simulation of an isotopic distribution of the molecular ion of synthetic S42-d7 (1-d7) with the
UMC V3.12.0.37 software (blue bars) and comparison with the isotopic pattern of the molecular ion of 1-
d7 recorded with GC-EI-HRMS (green bars).l'% The degree of deuteration is deduced from the simulated
isotopic distribution as shown.

The maximum deuterium number is seven and the percentage of compound 1-
d7 containing six deuterium is close to 31%, followed by the incorporation of
five deuterium atoms with 28%, seven deuteriums with 17%, and four

deuteriums with 16% (Figure 14). To correct for the isotope effects, the isotopic
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distribution was simulated with the UMC V3.12.0.37 software based with the

deuterium level values recorded in the TIC experiments.[10]

4.1.4 TMS and TBDMS derivatization S42 (1)

TMS and TBDMS derived S42 compounds were synthesized to examine the
mass shift in their fragment ions and to investigate ion structures by GC-ElI-
HRMS.

TMS/TBDMS derivatization of S42

Trimethyl silyl ether derivative synthesis of the analytes (1-C20-TMS and 1-
C17-TMS(E/Z)) were achieved by two different procedures summarized in

Scheme 32.19%a, 104]

1.LDA (1.1eq.),

THF,-78°C
——
2. TMSCI (1.1eq.),

-78°Ctor.t. \\ H

1-C20-TMS

TMSO,

MSTFA, EtSH, NH4l

60 °C, 30 min :
S
1-C17-TMS (z)  1-C17-TMS (E) 1-C20-TMS
OTBDMS
TBDMSTFA Me
EtSH, NH,l
60 °C, 30 min

L
1-C17-TBDMS (Z) 1-C17-TBDMS (E) 1-C20-TBDMS
Scheme 32. Preparation of TMS-ether derivatives of S42 (1-C17-TMS(Z); 1-C17-TMS(E); 1-C20-TMS)
by either lithium diisopropyl amine (LDA) and chloro(trimethyl)silane (TMSCI) treatment, or by using a
mixture of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)/ ammonium iodide (NHal)/ ethanethiol
(EtSH).198a. %<l TBDMS-ether derivatives of S42 (1-C17-TBDMS(Z); 1-C17-TBDMS(E); 1-C20-TBDMS)
were generated by replacing MSTFA with TBDMSTFA. However, the assignment of the absolute
configuration of the E or Z diastereomers of the 1-C17-TMS and the 1-C17-TBDMS derivatives could not
be achieved via GC-EI-HRMS as their respective EI-HRMS spectra are not distinguishable

Compound 1-C20-TMS was initially synthesized by Dr. Tobias Wilczek before
the start of this project. A strong base, lithium isopropyl amide (LDA) was used

to generate an enolate at S42(1) (Scheme 32, top) under inert conditions. For
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silylation, trimethylsilyl chloride (TMSCI), was added and the 1-C20-TMS
product was generated by a Sn2 attack by the enolate. Structure confirmation
of the C20-TMS derivative was achieved by observing protons at the C20-C21
double bond in the "H NMR spectrum.

TMS derivatization by LDA under inert condition is impractical for routine
analysis involving large sample sizes, so a derivatization mixture of N-methyl-
N-trimethylsilyl-trifluoroacetamide (MSTFA)/ ammonium iodide (NHal) /
ethanethiol (EtSH) was more commonly applied (see Scheme 32, middle). A
purified dried samples will be TMS derivatized by mixing with the derivatizing

agent mentioned above and heating at 60 °C for 30 min.[®8a. 98¢l

MSTFA first reacted with ammonium iodide to produce trimethyl iodide (TMSI),
a reactive derivatization agent (see Scheme 32, middle). Ethanethiol was an
agent to react with iodine, that formed from decomposition of TMSI. Byproducts
diethyl disulfide and hydrogen iodide were generated during derivatization.[104b]
Therefore, the reactive iodine was consumed to prevent its interaction with
steroids S42 (1).

Preparation of S42-TBDMS (tert-butyldimethylsilyl) (1-C20-TBDMS and 1-C17-
TBDMS(E/Z)) was accomplished with N-methyl-N-tert-butyl-dimethylsilyl-
trifluoroacetamide (TBDMSTFA) instead of N-methyl-N-trimethylsilyl-
trifluoroacetamide (MSTFA) (see Scheme 32, bottom). Ammonium iodide could
not be completely dissolved in TBDMSTFA, which results in less concentrated
tert-butyldimethylsilyl iodide (TBDMSI) in the derivatization agent. This

procedure is not commonly used in routine doping sample preparation.

Using LDA and TMSCI can generate 1-C20-TMS stereo selectively because
the bulky base, LDA, abstract the hydrogens at C20 more easily than at C17 to

produce the enolate, reacting with TMSCI.

Mixture of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)/ ammonium
iodide (NHal) / ethanethiol (EtSH) produce TMSI, which is more reactive than
TMSCI, but all three TMS products:1-C17-TMS(2); 1-C17-TMS(E); 1-C20-TMS

will be given.

47



Results and discussion

TMS/TBDMS derivatization of S42-d4 (1-d4)

We note that the synthesis of S42-d4-TMS (1-d4-TMS) led to a mixture of S42-
d3/d2/d1-TMS isotopologues (1-d1-C20-TMS; 1-d2-C20-TMS; 1-d3-C17-
TMS(E/Z)) as Scheme 33.

MSTFA,
EtSH, NH4l
_ _—

60 °C, 30 min

1-d4

1-d3 mixture 1-d3-C17-TMS(E/Z)

Scheme 33. Preparation of TMS-ether derivatives of S42-d4 (1-d4) with a mixture of
MSTFA/NH4I/EtSH. Deuterium/hydrogen back exchange to S42-d3 (1-d3) was detected to take place in
the silylation reaction mixture. The resulting mixture of S42-d1 to d3 isotopologues was characterized with
GC-EI-HRMS.

Hydrogen iodide, which was produced as a byproduct in the mixture of the
derivatization agent, was suspected to be responsible for the deuterium-
hydrogen back exchange of S42-d4 (1-d4) before TMS. The resulting mixture
of d1-, d2-, and d3-TMS derivatives of S42 (1-d1-C20-TMS; 1-d2-C20-TMS; 1-
d3-C17-TMS(E/Z)) were separated and individually analyzed by GC-EI-HRMS
(see Scheme 33). However, the assignment of the absolute configuration of
the E or Z diastereomers of 1-d3-C17 could not be achieved via GC-EI-HRMS
as their EI-HRMS spectra are not distinguishable.

A similar phenomenon was found with TMS and TBDMS derivatized S42 (1).
The assignment of the absolute configuration of the individual silylated
diastereomers 1-C17-TMS(E), 1-C17-TMS(Z) and 1-C17-TBDMS(E) 1-C17-
TBDMS(2) (see Scheme 32) was not possible via GC-EI-HRMS. We therefore
rely on the characteristic elution behavior, i.e. the individual retention times, and

the EI-HRMS spectra for structure assignments of the isomers.
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4.1.5 Mechanism studies of S42 (1) by GC-EI-MS

Analysis of S42 (1) by GC-El HRMS

A detailed studies of S42 (1) fragmentation pattern in EI-MS is an important

precondition for the investigation of complex S42 metabolites.
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Figure 15. (A) GC-EI-HRMS spectra of S42 (1) (see Table 3 for accurate ion masses and compositions).
(B) GC-EI-HRMS spectra of S42-d4 (1-d4). The samples were analyzed at University of Cologne. A
characteristic mass shift of 4 Da werefound in the GC-EI-HRMS spectrum of S42-d4 compared to the
one of S42: ions at m/z 296 shifted to 300; m/z 278 to 282; m/z 263 to 267; m/z 249 to 250.

The fragmentation pathways observed in the EI-HRMS spectrum of S42 (1)
(see Figure 15, Scheme 34 to Scheme 40) and their interpretation along with
the structure assignments therefore rests on the broad knowledge available on
GC-EI-HRMS of steroids.[96: 109]
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The EI-MS spectrum of S42 (1) exhibits the radical molecular ion [M]** at m/z
296 along with a number of significant fragment ions, at m/z 278, 263, 157, 155,
131, as shown in Figure 15A. All relevant ion masses are determined with GC-
EI-HRMS. The accurate ion mass determination allows the identification of the
molecular compositions, which underpin straight-forward structure assignments

as listed in Table 3.

A G

H M Me

Ny A H MEC\/\ Me e

McLafferty ‘ '—1 Mi ‘ AN
Rearrangement Z 0K > O‘ (OH,
_ Rearrangement
i H

M Me

e o
[C21H260]
m/z 296

Me
H
T —
SOREEE
CaqHael™
Me  [Caohzsl* [ ” 5?2
m/z 263 m/z

Me Me .
[C21Ha6l"
m/z 278
Me
[C1gHal"
m/z 249
—q
(e}
B H Me
Es
McLafferty H Me . +
Rearrangement P Zr
_ OH _— H
H - H,0
Me
Me Me
[Ca1H26l™

m/z 278

Scheme 34. Suggested reaction sequence of the molecular radical cation of S42 (1) at m/z 296 leading
to the allylic fragment ion at m/z 278 upon water loss. Subsequent methyl, or ethyl radical loss (Am 15 Da
or 29 Da) delivers the allylic fragment ions at m/z 263 and at m/z 249, respectively. Accurate ion masses
are provided in Table 3. Atoms in blue were labeled by deuterium in S42-d4 (1-d4).

To investigate the mechanism of the water-loss, generating an ion at m/z 278
and especially to clarify the origin of the hydrogens expelled with the water
molecule in EI-HRMS of S42 (1), we performed H/D exchange in the condensed

phase at carbons C17 and C21 and analyzed S42-d4 (1-d4) with GC-EI-HRMS.
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The unambiguous loss of H20 from the molecular ions of S42-d4 (1-d4) and
S42-d3 (1-d3) evidenced that the hydrogens at C17 and C21 are not involved
(compare Figure 15A with B).

Apparently, there are a few y-hydrogens within reach of the carbonyl oxygen
which can be transferred in a McLafferty rearrangement reaction as illustrated

in Scheme 34.[105a, 105b, 106]

Hydrogens in y-position to the carbonyl oxygen are available at the C12
methylene group in ring C (Scheme 34A), and at the C18 methyl group
(Scheme 34B) as discussed and studied earlier by Djerassi.[% Afterwards, or
concerted with the first step, a B-fragmentation opens ring D and a second
hydrogen e.g. from C16 is transferred to pave the way for the ultimate release
of water and the formation of the [C21H2e]™ ion at m/z 278 (m/z 282 from

compound 1-d4).

Starting from the ion at m/z 278 the formation of the allylic fragment ion [C20H23]*
at m/z 263 (m/z 267 from compound 1-d4) is rationalized upon ring closure and
loss of the C18 methyl radical as shown in Scheme 34A. The analogous
reaction in S42-d3 (1-d3) and S42-d4 (1-d4) shifts the mass of the respective
product ion to m/z 267 and m/z 266, supporting the mechanism shown above
(Scheme 34B).

Besides the formation of the ion [C20H23]* at m/z 263, we envisage a similar
formation of the low abundant fragment ion [C19H21]* at m/z 249 (Scheme 34A)
via hydride shift from methyl group at C18, hydrogen atom shift followed by the
ring closure reaction and ultimate loss of an ethyl radical ("C2Hs, Am 29 Da)
from m/z 278 (Figure 15A)). An analogous fragment ion is found in the EI-MS
spectrum of S42-d4 (1-d4) mass shifted by one unit to m/z 250, albeit with very

low abundance (Scheme 34B).

Additionally, a series of low-abundant signals corresponding to, for example,
[C1oH21]* at m/z 249 (Figure 15A) and to [C19H17°H4]* at m/z 253 (Figure 15B),
which document extensive H/D scrambling of m/z 282 (Figure 15B), that is, the
water-loss product of the d4-isotopologue at m/z 300 (compare to m/z 278 in
(Figure 15A). Finally, the fragment ions [C19H23]* at m/z 251, [C1oH22?H]* at

51



Results and discussion

m/z 252, and [C19H18?H4]* at m/z 254 stem from different formation pathways
(Figure 15B).

Table 3. lons found in the EI-HRMS Spectrum of S42 (1) presented in Figure 15A.

S42 Nominal - Theo. Accurate ion mass measured ~ Error

(CarHasO) mass Composition mass Da] (opm)
[Da] [Da]

[M]* 296 [C21H280]"  296.2135 296.2132 -0.89

[M-H20]* 278 [CotHze]  278.2029 278.2027 077

[M-H20-Me'T* 263 [CooHos]*  263.1794 263.1793 -0.31

249 [C1gH21]* 249.1638 249.1636 -0.14

238 [C1gH22]* 238.1716 238.1715 -0.06

225 [Ci7H21]*  225.1638 225.1636 -0.57

211 [C1eHn9]* 211.1481 211.1479 -1.16

209 [CieH17]*  209.1325 209.1323 -0.66

169 [CisH1]*  169.1012 169.1010 -0.94

157 [C12H43]* 157.1012 157.1010 -1.35

156 [C12H42]* 156.0934 156.0932 -1.20

155 [C12H11]* 155.0855 155.0854 -0.90

143 [C11H1]* 143.0855 143.0854 -0.58

131 [CioH1]*  131.0855 131.0855 -0.23

115 [CoH7]* 115.0542 115.0542 -0.41
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Figure 16 (A) GC-EI-HRMS analysis of isomers of compounds 13 at a retention time of 15.96 min. (B)

GC-EI-HRMS and spectrum of deuterated 13-d4 at a retention time of RT: 15.92 min. Three isomers of

13 are three isomers of 13-d4 were presented (RT: 15.96, 16.27 and 16.36 min). All isomers have similar

EI-HRMS spectra.

Additionally, the GC-EI-HRMS analysis of freshly synthesized 8-methyl-1-
acetyl-hydrindane (13) and of its d4 derivative, labeled with ?H at C1 and C12

delivered results additionally validating the mechanistic assumptions by

observation of ions at m/z 162 and m/z 166 from compound 13 and 13-d4.[%]
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NaOD 15% in D,O

D
Me H CHy Me CD;
THF/D,0/MeOH= 5/10/3 L
3d, 60 °C H
5 13-d4

\ GC-MS ‘ GC-MS

Me Me
= Z “CH, = Z “CD;
2 H i D

IM-H,01* [M-H,0]*
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Scheme 35. S42 (1) structure simplification and deuteration of GC-MS analysis. The 4-ring structure
was simplified to a hydride derivative (13) to study the mechanism of water loss by GC-EI-HRMS.

Table 4. Literature mass spectra of deuterated hydrindane derivative 13 adapted from Djerassi et al.’
The result of the deuterated derivative at the acetyl functional group fits our experimental outcome.

D M} Water loss
Structure percentage [Da] Am product ion
(%) [Da]
I;"?Eu
Wt 4 100 180 18 162
52 ¢
4 H
o 20 163 (~20%)
G d
Cﬂ 3 09> 183 19 164 (~40%)
i 18 165 (~40%)
e 4 %
Y % ds 7 184 18 166
A d, 4
m: o d, 83 19 163
D]Ct\g d, 13 182
o d, 4 18 164
50 oo Oy 82 20 168 (~15%)
; d; 12 188 19 169 (~60%)
D gpH dg 6 18 170 (~25%)

Further confirmation of the depicted reaction pathways was drawn from
exhaustive work by Djerassi with 9 different deuterium-labeled hydrindane
derivatives.l®®l A loss of D20 was found when C4-7 and C10 were labeled with

deuterium.
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The H20-loss reaction in 8-methyl-1-acetyl-hydrindane (13) was complemented

by preliminary DFT computations, which also indicated that both pathways in

Scheme 34A and B are possible and energetically feasible.[07]

GC-EI-HRMS analysis of S42 (1) and of S42 isotopologues (1-d3,

1-d4, 1-d7)

The GC-EI-HRMS spectra of S42 (1), S42-d4 (1-d4) and S42-d7 (1-d7) mixture

are dominated by the prominent fragment ion at m/z211, and m/z 217

respectively (Figure 17A, B and C) which results from D-ring cleavage. More

than one reaction pathway is conceivable to explain the formation of the C-ring

cyclohexene structures of [C1sH19]" isomers, found at m/z 211 as shown in

Scheme 36A and B.
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Figure 17. GC-EI-HRMS spectra of S42 (1) (Figure A), of S42-d3 (1-d3) (Figure B), and of the A,B-ring
labeled S42-d7 (1-d7) (Figure C). In this synthetic product, 1-d7, a maximum number of seven deuterium

atoms are presented.

(0}
A H Me Me o]
. Me M
_— Me ;
H -85Da
Me Me Me

+e

[C21H250] [CreH1gl”

m/z 296 m/z 211

. e
e +
= M
\\ X__Me Ao a e
(&L /
MclLafferty & Pz OH O‘ [CigH1al"
Rearrangement -85Da m/z 211
Me
Me Me
[C21H,g01™
m/z 296
yMe
P2
. Me + Me =z N
O o 2¢O
- C4Hg - C3Hg
Me - 56 Da -42 Da Me

[CqoHy ]
m/z 155

[Cy3Hq3]"
m/z 169

Scheme 36. Fragmentation reaction sequences of the molecular ion of steroid S42 (1) at m/z 296. (a)
Formation of fragment ion at m/z 211. (b) Alternative formation mechanism to fragment ions at m/z 211,

155 and 169. Accurate ion masses are provided in Table 3.

First, we propose an isomeric molecular ion, ionized at the sigma bond between
C13 and C17, which loses the 2-pentanonyl radical (*CsHeO, Am 85 Da) after
36A).
initial McLafferty rearrangement reaction opens the D-ring followed by the loss
of the enol moiety as a radical ("CsHsO, Am 85 Da) (Scheme 36B).[4%. 1053, 105b]

The ion at m/z 211 is central for the following reactions involving retro-Diels-

hydrogen rearrangement as shown (Scheme Second, an
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Alder reactions, RDAI4%. 105a, 105b] fg|lowed by intramolecular ring closure and

olefin loss (propene, Am 42 Da or isobutene, Am 56 Da).

The resonance stabilization favors the formation of the bicyclic product ion
structures of [C12H141]" at m/z 155 and of [C13H13]" at m/z 169 at dispense of an

entropic penalty for the ring closure reaction (Scheme 36B).
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?:CS:L/\)L -71Da

Me

[021stO] [C17H24]

m/z 296 J m/z 225
OH + Me

Me
f %\Me =
2 H /
- 58 Da
Me
Me
Me” O [C1gHzal™

m/z 238

Scheme 37. Fragmentation reaction sequences of the molecular ion of steroid S42 (1)
at m/z 296. Formation of fragment ions at m/z 238 and 225. Accurate ion masses are provided in Table
3.

The ionization of the sigma bond between C13 and C17 opens ring D in the
molecular ion of S42 (1), a pathway described earlier for 20-keto steroids
(Scheme 37). [49a, 105a, 105b, 106, 108] This process leads to the formation of the

fragment ions at m/z 238 (loss of propen-2-ol; Am 58 Da) and at m/z 225 (loss

of 2-butanonyl radical *C4H7O; Am 71 Da).
@éE/ C4H6 @é
- 54 Da

[CrgH1ql [Ci2H43]"
m/z 211 m/z 157

Scheme 38. Fragmentation reaction sequences of the molecular ion of steroid S42 (1)

at m/z 296. Formation of fragment ion at m/z 157. Accurate ion masses are provided in Table 3.

Finally, it is reasonable to assume that the important ion [C12H13]" at m/z 157
may originate from m/z 211 by loss of C4Hs (Scheme 38). All named fragment

ions retain the A and B ring system of S42 (1) and are therefore insensitive to
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the deuterium labels at C-17 and C-21, as documented in the EI-MS spectrum
of S42-d3 (1-d3) and S42-d4 (1-d4) (Figure 17B and Figure 15B).
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. Me e .
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Me

[C21H2601™

.
/2 296 [C1oH11]

m/z 131

Scheme 39. Fragmentation reaction sequences of the molecular ion of steroid S42 (1) at m/z 296. (e)

Formation of fragment ion at m/z 131.11%%8 Accurate ion masses are provided in Table 3.

Additionally, we attribute the reaction sequence shown in Scheme 39 starting
from an A-ring ionized molecular ion of S42 (1), a subsequent loss of the C,D-
ring system as a radical, ultimately leading to the resonance stabilized 4-
methyl-indanylium cation at m/z 131. This reaction considers that the ion
at m/z 131 is observed also in the El mass spectrum of the S42-C20 enol-TMS
ether (1-C20-TMS) in which the ion at m/z 211 is absent (Figure 18B).

M
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m/z 144

B Me

SN

O‘ ﬁ—\-/\AOH —_—
- CaHhi0

-86Da

Me
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Scheme 40 RDA reaction of the rearranged radical molecular ion of S42 (1) at m/z 296 leading ultimately
to the A,B-ring fragment ion [C11H11]* at m/z 143 found in the GC-EI-HRMS spectrum shown Figure 15A.
The side-chain cleavage and subsequent hydrogen atom transfer generates the resonance stabilized

fragment ion [C1eH17]" at m/z 209. Accurate ion masses are provided in Table 3.

Finally, the A,B-ring fragment at m/z 143 can be formed via a retro Diels-Alder
(RAD) reaction of the radical molecular ion as shown in Scheme 40A. Similarly,
a side-chain cleavage followed by a hydrogen atom transfer generates the

resonance stabilized fragment ion [C1sH17]* at m/z 209 (Scheme 40B).
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It is remarkable that the radical cationic intermediates at m/z 144 and m/z 210
formed by the initial neutral loss reactions described in Scheme 40 are not
found with prominent abundance in the GC-EI-HRMS spectrum of S42 (1).
Confirmation for this mechanistic understanding rests on the fact that these ions
are not mass-shifted in the spectra of and S42-d4 (1-d4) and S42-d3 (1-d3)
(Figure 15B and Figure 17).

4.1.6 GC-EI-HRMS analysis of TMS derived S42 derivatives

The understanding of TMS derived S42 fragment ions is the base for analysis
TMS derived S42 metabolites in the future. The fragmentation patterns of 1-
C20-TMS and 1-C17-TMS(E/Z) are different.
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Figure 18. GC-EI-HRMS analysis of silylated steroid S42-TMS isomers yielded from treatment of S42 (1)
by using MSTFA/ NH4l / EtSH mixture. (A) All three different S42-enol-TMS ether isomers are separated
by GC. (B) GC-EI-HRMS of a C20 enol-TMS ether of S42 (1-C20-TMS). (C) GC-EI-HRMS of a C17 enol-
TMS ether of S42 (1-C17-TMS(E/Z)). (D) GC-EI-HRMS of the diastereomer of the C17 enol-TMS ether of
S42 (1-C17-TMS(E/Z)) analyzed in (C). The samples were analyzed at the University of Cologne.
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EI-MS fragmentation pattern of 1-C20-TMS
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Figure 19. GC-EI-HRMS spectrum of the 1-C20-TMS derivative found in the TIC at RT: 23.70 min with
a GC temperature program: 100(5)-10-320(5) (analyzed at the University of Cologne).

We identify typical enol TMS ether derivative (1-C20-TMS) reaction pathways
to the important fragment ions at m/z 353 (methyl radical loss), at m/z 278 (loss

of trimethyl silanol), and formation of [(CH3)3Si]* at m/z 73 (Table 5).[98a. 98b, 104,
109]

Table 5. lons found in the EI-HRMS spectrum of the C-20 enol-TMS ether derivative of S42 (1-C20-TMS)

presented in Figures 18B and 19. The sample was analyzed at the German Sport University Cologne.

s42-C20-TMs  Nominal , Theo.Mass ~ /\courateionmass g
(Ca4Hs608Si) mass Composition [Dal] measured (ppm)
[Da] [Da]
[M]* 368 [C24H360Si]*™ 368.2529 368.2529 0.00
[M-Me'T* 353 [C23H330Si]* 353.2295 353.2298 0.87
[M-TMSOH]* 278 [C21H26]* 278.2029 278.2029 0.02
[M-TMSOH-Me'T* 263 [CaoH23]* 263.1794 263.1795 0.03
[M-TMSOH-C2Hs1* 249 [C1oH21]* 249.1638 249.1638 -0.01
235 [C1gH19]* 235.1481 235.1481 -0.03
222 [C17H18]* 222.1403 222.1405 0.17
209 [CieH17]* 209.1325 209.1324 -0.04
207 [CreH15]* 207.1168 207.1168 0.00
193 [C1sH13]* 193.1012 193.1010 -0.17
181 [CraH13]* 181.1012 181.1011 -0.13
157 [Cs H17OSI]* 157.1043 157.1043 -0.05
157 [C1aH13]* 157.1012 157.1010 -0.14
156 [CsH160Si]* 156.0965 156.0964 -0.05
156 [CraH12]* 156.0934 156.0933 -0.02
155 [Cr2H11]* 155.0855 155.0855 -0.05
143 [C7H150Si]* 143.0887 143.0886 -0.07
141 [C7H130Si]* 141.0730 141.0730 -0.03
131 [CroH1]* 131.0855 131.0856 0.06
117 [CsH130Si]* 117.0730 117.0730 0.00
105 [CeHo]* 105.0699 105.0699 0.06
91 [C7HA 91.0542 91.0543 0.07
75 [C2H70 SiT* 75.0261 75.0261 0.05
73 [CsHoSI]* 73.0468 73.0469 0.05
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Me,_ Me_ Me

SI Me
Me / S2 (Me\*
. o
CaHmOSI --CHjy
-90 Da
Me
[C24H360Si]"™ [CoqHag]™ [CaoHasl*
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Scheme 41. Prominent fragmentation pathways of the molecular ion at m/z 368 observed in the GC-EI-
HRMS spectrum of the C-20 enol-TMS ether of S42 (1-C20-TMS) depicted in Figure 19. Formation of
fragment ions at m/z 278 and m/z 263. Accurate ion masses are provided in Table 5.

Apparently, the structure of the ion [C21H26]*" at m/z 278 formed from the S42
C-20 enol-TMS ether (1-C20-TMS) differs from the [C21Hz26]™" ions accessible
from the molecular radical cation [M]** of S42 (1) (compare Scheme 34 with
Scheme 41).

Me
[Ca1Hael™ [CroHa1]"
m/z 278 m/z 249

Scheme 42. Fragmentation pathway of the ion at m/z 278 explaining the ethyl radical loss and the
formation of fragment ion at m/z 249 observed in GC-EI-HRMS of the C-20 enol-TMS ether of S42 (1-
C20-TMS) in Figure 18. Accurate ion masses are provided in Table 5.

An ethyl radical loss *CH2CH3 (Am 29 Da) from a C-ring fragmentation of the
ion at m/z 278 explains to the formation of fragment ion at m/z 249 as illustrated
in Scheme 42.

Based on this finding, differences in the two EI-HRMS spectra of S42 (1) and
1-C20-TMS are rationalized. Especially, the absence of the ion at m/z 211 in
Figure 19 is significant and correlates with the substantially reduced
abundance of the ions at m/z 155, 157, and at m/z 169 which are all present in

Figure 15 (see also Scheme 36B and Scheme 38).

Interestingly, two isobaric fragment ions are identified at m/z 157 in the ElI-
HRMS data of the molecular ions of S42 enol-TMS ether isomers (1-C20-TMS,
1-C17-TMS(E/Z)), i.e. [C12H13]" and [CsH17028Si]* (see Table 5, 6 and Figure
A46, Figure A47, and Figure A48 in the Appendix).
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Close inspection of the EI-HRMS data at m/z 156 reveals that more than one
species is present in the spectrum of 1-C20-TMS (compare Figure A45 in the
Appendix) which are not observed in the El mass spectra of the C-17 enol TMS
ether isomers (1-C17-TMS(E/Z))(Figure 18B,C ,and D). Besides the abundant
ion [C12H12]* at m/z 156.0933 (as listed in Table 5), we also separately detect
[CsH16028Si]* at m/z 156.0963 with minor intensity (see Figure A45 in the
Appendix). The latter results from D-ring fragmentation, whereas the ultimate

formation of the [C12H12]™ is not further rationalized.

The formation of a bicyclic fragment [C10H11]" at m/z 131 is independent of the
formation of the intermediate ion at m/z 211 and is consequently found in both

EI-HRMS spectra (compare Figure 15A and Figure 19).

Me,
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o
T
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Me_ -
o) si-Me CigH1g [C7H150Si]
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Me +
-“CH,
A N Me Me, :H
2H Si-Me
Me [¢]
ve DO
L -
Me

[C24H30STT™ [C23H330SiT*
m/z 368 m/z 353

[CigH171" C7H160Si
m/z 209 144 Da

Scheme 43. Prominent fragmentation pathways of the molecular ion at m/z 368 observed in the GC-EI-
HRMS spectrum of the C-20 enol-TMS ether of S42 (1-C20-TMS) depicted in Figure 19. (a) Formation
of fragment ions at m/z 143 and m/z 209. (b) Formation of fragment ions at m/z 278 and m/z 263.

Accurate ion masses are provided in Table 5.

Additionally, a D-ring fragmentation of 1-C20-TMS, accompanied with a shift of
2 hydrogens observed at the ion at m/z 353 explains the formation of the
abundant ions [C7H150Si]" and [C1eH17]" at m/z 143 and 209 by the loss of the

complementary neutrals (see Scheme 43).198b, 1053, 108b]

Finally, the ion at m/z 143 found in the EI-HR mass spectrum of the C-20 enol-
TMS ether S42 derivative (1-C20-TMS) (Figure 19), contains silicon, i.e.
[C7H150Si]* (Scheme 43) and differs insofar from the isobaric ion formed from
the molecular radical cation [M]** of S42 (1) (see Figure 17A and Scheme 40A),
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which is [C11H11]* according to the accurate ion mass measurements (compare
Table 3 and Table 5.

GC-EI-HRMS analysis of S42-C17-TMS(E/Z)

The two spectra of 1-C17-TMS(E) and 1-C17-TMS(Z2) are virtually identical, and
cannot be differentiated by GC-MS. It is remarkable that the abundance of the
fragment ion at m/z 278 ion is substantially reduced in the EI-HRMS spectra of
the two S42 C-17 enol TMS ether diastereomers (1-C17-TMS(E/Z)) (Figure
18C and D, Figure 20) compared to the spectrum of the C20 enol-TMS ether
isomer (1-C20-TMS) in Figure 18B.
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Figure 20. GC-EI-HRMS analysis and spectrum of 1-C17-TMS(E/Z). The spectrum refers to fraction at
RT: 21.78 min. The sample was analyzed at the University of Cologne with a GC temperature program
of 120(5)-10-320(5).
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Scheme 44. Formation and fragmentation pathway to the 1-C17-TMS(E/Z) fragment ion at m/z 278. A
hydrogen can be rearranged from C12.

This finding suggests that the hydrogen from C17 of 1-C20-TMS is crucial for

the formation of the ion at m/z 278 and preferably transferred as shown in
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Scheme 41. Instead a hydrogen can be rearranged from C12 as shown for the
d3 isotopologues of the S42-C17 TMS diastereomers (1-C17-TMS(E/Z) and 1-
d3-C17-TMS(E/Z)) (compare Figure 20 with Figure 21C, Scheme 44 and
Scheme 46).
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Figure 21. GC-EI-HRMS analysis of a S42-d3 (1-d3) compared with a S42-d3-C17 enol TMS derivative
(1-d3-C17-TMS(E/Z)). (A) The GC separation indicates 4 components and the EI-HRMS spectra evidence
the presence of a large portion of unreacted S42-d3 (1-d3) (RT: 26.12 min) besides three deuterated S42-
enol TMS ether derivatives (RT: 26.97, 27.09, 27.34 min). (B) Mass spectrum of S42-d3 (1-d3). (C) Mass
spectrum of S42-d3-C17 enol TMS derivative (1-d3-C17-TMS(E/Z)). Details of the GC temperature
program, the stationary phase and the GC-EI-HRMS results of the other two S42-d1/3-TMS isomers (1-
d3-C17-TMS(E/Z); 1-d1-C20-TMS; 1-d1-C20-TMS) are provided in the Experimental part. The sample

was analyzed at University of Cologne.
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Scheme 45. The D ring fragmentation pathway observed in the GC-EI-HRMS spectra of both C-17 enol-
TMS ether of S42 (1-C17-TMS(E/Z)) leading to the significant silicon containing fragment ion [C11H190Si]*
at m/z 195 as observed in Figure 20.'%2% Accurate ion masses are provided in Table 3.

Significant for the EI-HRMS spectra of the two S42 C-17 enol-TMS ether
diastereomers (1-C17-TMS(E/Z2)) is a prominent ion [C11H19OSi]" at m/z 195
(Scheme 45) which is generated via a reaction sequence starting from an A-
ring ionized molecular ion as Scheme 45 illustrates (see Table 6 for accurate

ion mass of m/z 195).
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Table 6. lons found in the EI-HRMS spectrum of the S42 C-17 enol-TMS ether derivative of S42 (1-C17-
TMS(E/Z)) presented in Figure 18C and D. The sample was analyzed at German Sport University

Cologne.
S42-C17-TMS Nominal y Theo. Accurate ion mass Error
(Ca4H360Si) mass Composition Mass measured (ppm)
240 [Da] [Da] [Da] PP
[M]** 368 [C24H3sOSI["  368.2530 368.2533 0.29
[M-MeT* 353 [C23H330Si]*  353.2295 353.2300 0.45
[M-TMSOH-Me"]* 263 [C20H23]* 263.1794 263.1798 0.38
[M-CT;I\A?]?H- 235 [C1gH49]* 235.1481 235.1483 0.18
221 [Ca7H47]* 221.1325 221.1323 -0.19
209 [C12H21OSIT* 209.1356 209.1357 0.06
207 [C1eH15]* 207.1168 207.1169 0.06
195 [C11H19OSIT* 195.1200 195.1202 0.21
193 [C1sH43]* 193.1012 193.1010 -0.17
181 [C14H43]* 181.1012 181.1012 -0.01
157 [CeH17OSi]*  157.1043 157.1044 0.06
157 [C12H43]* 157.1012 157.1012 0.02
155 [C12H44]* 155.0855 155.0856 0.03
142 [C11H40]* 142.0777 142.0778 0.11
131 [C1oH44]* 131.0855 131.0856 0.10
105 [CsHo]* 105.0699 105.0700 0.16
91 [CrH7]* 91.0542 91.0544 0.13
75 [C2HOSI]*  75.0261 75.0262 0.12
73 [C3sHeSI]* 73.0468 73.0469 0.10
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Figure 22. Comparison of GC-EI-HRMS results obtained for S42 C-17 enol-TMS ether (1-C17-TMS(E/Z))
and S42 C17 enol S42-TBDMS (1-C17-TBDMS(E/Z)). (A) Upper traces total ion currents TICs
documenting the separation of the three isomers. (B) Spectrum of substance 1-C17-TMS(E/Z). (c)
Spectrum of substance 1-C17-TBDMS(E/2). (GC-EI-HRMS results of the two pairs of TMS and TBDMS
isomers are provided in the Appendix: Figure A49 to Figure A53. Temperature program and other details

of the GC separations are provided). The samples were analyzed at German Sport University Cologne.
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The comparison of the GC-EI-HRMS results obtained for S42-TMS (1-C20-
TMS, 1-C17-TMS(E/Z)) with S42-TBDMS ether isomers (1-C20-TBDMS, 1-
C17-TBDMS(E/Z)) clearly confirms the origin and the structure of the fragment
ions as discussed above (compare Figure 22, see also Figure A49 to Figure
A53 in the Appendix).

An exemplary case is the mass shifted D-ring fragment ion [C11H19OSi]* at m/z
195 of the S42 C17 enol-TMS ether (1-C17-TMS(E/Z)) (Figure 22) by 42 Da to
m/z 237 in the spectrum of the S42 C17 enol-TBDMS ether (1-C17-
TBDMS(E/Z)) (Figure 22C). Besides the correct accurate ion mass this result

is strong evidence for the D-ring fragment structure assignment.

Additionally, we find that the signal at m/z 157 in the EI-HRMS spectrum of the
S42-TBDMS ether isomers (1-C17-TBDMS(E/Z)) evidences the exclusive
presence of the hydrocarbon species [C12H13]*. The isobaric silicon containing
ion [CsH170%Si]* at m/z 157 which is additionally present in the EI-HRMS
spectrum of the S42 enol-TMS ether ions (1-C17-TMS(E/2)) is shifted in the
spectrum of 1-C17-TBDMS(E/Z) to m/z 199 (compare Table 6, Figure 22 and
Figure A52 and Figure A53 in the Appendix).

GC-EI-HRMS analysis of S42-d3-TMS isotopologues

The GC-EI-HRMS analysis of S42-d3-C17 enol-TMS ether (1-d3-C17-
TMS(E/Z)) (Figure 23B) is also fully consistent with the fragment ion structures

outlaid above for the silyl ether derivatives as Figure 23B and Scheme 46

illustrate.
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Figure 23. GC-EI-MS spectra of 1-C17-TMS(E/Z) and a S42-d3-C17 enol TMS derivative (1-d3-C17-
TMS(EI/Z)). The sample was analyzed at University of Cologne.
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Scheme 46. Formation and fragmentation pathway to the d3 labeled fragment ion at m/z 281 and
subsequently that of m/z 266 found in the GC-EI-HRMS spectrum of the C17 enol-TMS ether (1-d3-C17-
TMS(EI/Z)) shown in Figure 23.

In the spectrum of the S42-d3 C17 enol-TMS ether (1-d3-C17-TMS(E/Z), the
characteristic D-ring fragment ion [C11H190Si]* at m/z 195 (see Scheme 46 and
Figure 23A), is mass shifted by 3 Da to m/z 198 [C11'H162H30Si]* (see Figure
23B), evidencing trifold deuterium labeling at C21. The loss of a methyl
radical *CHs from the TMS moiety conserves the three deuterium labels at
terminal carbon C21 and leads to the most abundant fragment ion at m/z 356
in the spectrum of the S42-d3-C17 enol-TMS ether (1-d3-C17-TMS(E/Z)).

However, the observation of the [C12H11]" and [C12H13]* fragment ions at m/z
155 and 157 found in the EI-HRMS spectra of both S42-d3 C17 enol-TMS ether
isomers (1-d3-C17-TMS(E/Z)) (Figure 23B and Figure A49 to Figure A51 in
the Appendix) can also be interpreted as an indication for an alternative
formation pathway without involvement of the intermediate ion at m/z 211

(compare Scheme 38), which is absent in Figure 18B, C and D.

The ion [M-TMSOH]** was discovered at m/z 281 (Figure 23B). Loss of TMSOH
instead of TMSOD indirectly supports our assumption that the migrated
hydrogen lost with TMSOH originates from C12 (Scheme 46). The subsequent
loss of a methyl radical delivers the resonance-stabilized even electron ion at
m/z 266.

GC-EI-HRMS of S42-d7-C17-TMS (E/Z)

The GC-EI-HRMS analysis of the A,B-ring labeled S42-d7-TMS derivative (1-
d7-C20-TMS, 1-d7-C17-TMS(E/Z)) concludes the study with additional

evidence for the ion structure assignments (Figure A54 in the Appendix).
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Figure 24. GC-EI-MS?-product ion spectra of mass selected molecular ions of the S42 C17 enol-TMS-
ether (1-C17-TMS(E/Z)) at m/z 368 and of S42-d7 C17 enol-TMS-ether (1-d7-C17-TMS(E/Z)) at m/z 375
performed in the HCD collision cell of a GC-Q Exactive Orbitrap instrument. (A) EI MS? spectrum of 1-
C17-TMS(E/Z). (B) EI MS? spectrum of 1-d7-C17-TMS(E/Z). The samples were analyzed at German

Sport University Cologne. Accurate ion masses are provided in Table 7 and Table 8.

Table 7. Product ions observed in the MS2-product ion spectrum of the mass selected molecular ion of
the S42 C-17 enol-TMS-ether (1-C17-TMS(EIZ)) at m/z 368. The sample was analyzed at German Sport
University Cologne.

MS2 Nominal Accurate ion

S42-C17-TMS mass Composition Thef)bé\;lass mégifﬁe d (Errr?]r)
(C24H360Si) [Da] (Da] PP

[M-MeT 353 [C23H330Si]* 353.2295 353.2300 0.43

[M-TMSOH-Me'T* 263 [C20H23]* 263.1794 263.1798 0.42

[M-C12H157T* 209 [C12H210SiT* 209.1356 209.1365 0.86

207 [C1eH15]* 207.1168 207.1170 0.20

195 [C11H190SI]* 195.1200 195.1202 0.27

181 [C1aH13]* 181.1012 181.1012 0.03

171 [C1sH15]* 171.1168 171.1169 0.06

169 [CoH17OSI]* 169.1043 169.1047 0.39

157 [CeH17OSIT 157.1043 157.1046 0.28

157 [C12H13]* 157.1012 157.1014 0.18

156 [CraH12]* 156.0934 156.0935 0.20

155 [Cr2H11]* 155.0855 155.0857 0.17

145 [C11H13]* 145.1012 145.1013 0.14

143 [C7H150Si]* 143.0887 143.0889 0.23

143 [Ci1H11]* 143.0855 143.0857 0.22

131 [CroH11]* 131.0855 131.0857 0.19

117 [CsH130Si]* 117.0730 117.0732 0.19

73 [C3HeSi]* 73.0468 73.0469 0.10
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Table 8. Product ions observed in the MS2-product ion spectrum of mass selected molecular ions of the
S42-d7 C-17 enol-TMS ether (1-d7-C17-TMS(E/Z)) at m/z 375. The sample was analyzed at German
Sport University Cologne.

Accurate ion

Ms? NETIEL Theo. mass mass Error

S42-d7-TMS mass Composition [ba] measured (ppM)
(C24H29D70Si) [Da] (D] PP

[M-Me‘T* 360 [C23H26D70SI]* 360.2735 360.2737 0.23

[M-TMSOH-Me']* 270 [C20H16D7]* 270.2234 270.2239 0.51

[M-CsH210Si* 214 [C1eHsD7]* 214.1608 214.1614 0.67

[M-CsH19DOSI'T* [C16H10De]* 214.1623 -0.87

212 [C16H10Ds]* 212.1482 212.1488 0.56

209 [C12H210SiT 209.1356 209.1358 0.20

195 [C11H190SIT* 195.1200 195.1203 0.29

169 [CoH170Si]* 169.1043 169.1045 0.16

164 [C12H6D7]* 164.1451 164.1424 -2.69

160 [C12HeDs]* 160.1169 160.1172 0.25

157 [CsH170SI]* 157.1043 157.1045 0.18

143 [C7H4150Si]* 143.0887 143.0888 0.18

138 [C10H4D7]* 138.1295 138.1296 0.16

137 [C10H5De]* 137.1232 137.1234 0.18

117 [CsH130Si]* 117.0730 117.0732 0.20

73 [C3HoSI]* 73.0468 73.0470 0.15

To further scrutinize the fragmentation pathways we conducted EI-MS? product
ion experiments of the molecular ion of S42 C17 enol-TMS-ether (1-C17-
TMS(E/Z)) and the one of the S42-d7-C17-enol-TMS-ether derivative (1-d7-
C17-TMS(E/2)) by collision induced dissociation in a multipole collision cell
(HCD, CID) with accurate ion mass determination as presented in (see also
Figure 24, Table 7 and Table 8).4°2

The significant mass shift of 7 Da found in selected fragment ions is in complete
agreement with the fragment ion structure proposals presented. This holds true
for the fragment ions stemming from trimethyl silanol loss from the TMS moiety
at ring D (Scheme 44 and Scheme 45).
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Figure 25. Close-up of the mass range m/z 125 to m/z 180 of the GC-EI MS2-product ion spectra of
mass selected molecular ions of the S42 C-17 enol-TMS-ether (1-C17-TMS(E/Z)) and of S42-D7 C-17
enol-TMS-ether (1-d7-C17-TMS(E/Z)) shown in Figure 7. (a) MS? spectrum of 1-C17-TMS(E/Z). (b) MS?
spectrum of 1-d7-C17-TMS(E/Z). The samples were analyzed at the German Sport University Cologne.

All ions containing the steroid A,B-ring system, e.g. [CioH11]" at m/z 131,
[C12H13]" at m/z 157, and [C20H23]* at m/z 263 are shifted accordingly to m/z
138, 164, and 270 (Figure 24 and Figure 25, compare Scheme 38 and
Scheme 39), while the silicon containing fragment ion [C11H190OSi]* at m/z 195
is found in both spectra of Figure 24 without any mass shift (compare Scheme
45). The observation of the ion at m/z 157 in the product ion spectrum of the
molecular ion of S42-d7 C17 enol-TMS-ether derivative (1-C17-TMS(E/Z))
shown in Figure 25A and Figure 25B) indicates the presence of a D-ring
fragment [CsH17OSi]*, while the ion at m/z 160 in Figure 25B results from a d5
isotopologue of the ion [C12'H11]* at m/z 155 found in Figure 25A. The latter
ion is mass shifted by 5 Da to m/z 160 and is found with the composition
[C12'"He?Hs]* in Figure 25B.

4.1.7 GC-EI-HRMS investigations of S42 (1) and of synthetic

derivatives

A comprehensive GC-EI-HRMS examination of the synthetic 20-keto-steroid
S42 (1) was conducted. A GC-EI-HRMS study of an array of silyl derivatives as
well as of selectively labelled isotopologues of S42 delivered a compendious
insight into the fragmentation behavior of the new steroid S42 (1). In an

exemplary case study, we carefully examined the water-loss reaction found in
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the EI-MS spectrum of S42 (1). As clearly evidenced y-positioned hydrogens at
either C12 or C18 of S42 (1) are rearranged to the carbonyl oxygen in a
McLafferty-type rearrangement reaction which precedes the ultimate water-loss
and the formation of the respective product ion at m/z 278. Furthermore, we
deduce fragmentation patterns of the respective molecular ions and propose
product ion formation mechanisms on the basis of accurate ion mass
measurements of all relevant ions as well as by comparison with GC-EI-HRMS
data of selectively ?H-labelled derivatives. Furthermore, synthetic TMS and
TBDMS derivatives of S42 (1) were included in our GC-EI-HRMS study.
Concluding, we present an extensive and fundamental GC-EI-HRMS data set
to serve as a firm basis for the development of selective and sensitive detection

protocols for application in forensic detection of this new compound.
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4.2 S42-C20/C6/C7-OH synthesis and investigation

Before performing the in vitro experiments, the phase | metabolism was
simulated by BioTransformer 3.0 (https://biotransformer.ca/) developed by
Wishart et al., which indicated a high probability for hydroxylation at the
steroidal A-, B- and D-rings of S42 (1).[''% Accordingly, three hydroxylated S42
derivatives at ring D and B were synthesized: S42-C20-OH (2), S42-C63-OH
(3) and S42-C7a-OH (4) as reference materials (see Scheme 47). The
synthesis of the mono-hydroxylated S42 derivatives 2-4 was accomplished

employing established synthetic routes.['!1:[101

BioTransformer simulation Target compounds

Me OH

Me
Hydroxylation Reduction S42-C20-OH (2) S42-C6-OH (3) S42-C7-OH (4)

Scheme 47. BioTransformer 3.0 (https://biotransformer.ca/) proposed the hydroxylated and reduced
position of S42 (1).[''%1 At the same time, the hydroxylation position at C6 and C7 were proposed based
on the later phase | in vitro metabolism experiment (section 4.3). According to the simulation and the in
vitro phase | experiment, the target compounds S42-C20-OH (2), S42-C63-OH (3) were aimed to be

synthesized.

4.2.1 Synthesis of S42- C20/C6/C7-OH

Synthesis of S42-C20-OH (2)

o M

Me ©
G’ LiAIH,

A —

Oe dry THF
0°C,1.5h
Me

)

s42 (1

$42-C20-OH (2) $42-C20-OH' (2')
(stereoselective)

91%

Scheme 48. Synthesis of S42-C20-OH (2) and S42-C20-OH’ (2’) from S42 (1) by reduction with
LiAlH4.[101

Stereoselective synthesis of S42-C20-OH (2) was accomplished by application
of LiAlH4, according to a protocol from MacNevin et al.l'®"l The configuration of

S42-C20-OH (2) was confirmed by crystallization and XRD analysis.
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Compound 2 was TMS derivatized and analyzed by GC-EI-MS, compared with

the analysis results from the in vitro phase | experiments.

Synthesis of S42-C63-OH (3)

reduction elimination

reduction

Path B
protection

S42-C6B-OH (3)
Path A
oxidation

Me S42(1)

Scheme 49. Retro-synthesis plane of S42-C63-mono-OH (3) and S42-C7a-mono-OH (4) from S42 (1).

The retrosynthesis of S42-C6-mono-OH (3) and S42-C7a-mono-OH (4) are
derived from the synthesis strategy reported by Neto et all''l The first step
could be either benzylic oxidation (Path A) or C20 ketone protection (Path B).
However, the ketal protection group is sensitive to moisture and acidic
conditions, so initial oxidation (Path A) eliminates any concerns towards the
acidity of oxidation reagents. Initial protection at C20 (Path B) necessitates

selective ketone protection at either C20 or C6.

reagent

solvent, temperature
time

Scheme 50. Benzylic oxidation reactions were conducted to produce a C6 ketone 34.
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Table 9. Different oxidative agents were tested at small scale to synthesize a C6 ketone 34.

Entry Reagent Solvent T(eog)p. T(lhm)e Yield GC-EI-LRMS
1 CrO3 AcOH/H20 r.t. 28 n.a. n.a.
trace (more RT=17.15
2 KMnOg4 benzene 85 3 byproducts) m/z =310
3 PCC/Celite foluene 135 5 7 il R 8
conversion m/z =310
4 PCC/Celite benzene 90 8 37% RT=18.013
m/z =310

Three different oxidative agents, CrOs, KMnOs4, and pyridinium chlorochromate
(PCC) were tested. It was found that PCC was most effective for benzylic
oxidation to give product 34 with a yield of 37% (Table 9, entry 4). Celite was
added with PCC to absorb tarry byproducts from PCC to maintain a

homogeneous reaction mixture.l'12l

ethylene glycol,
molecular sieves
p-TsOH

- - O .
rt,17d
DCM

PCC/Celite

Benzene
reflux
8h

K-selectride
THF
-78°Ctor.t.
14.5h

P-TsOH

acetone
rt. 23h

Me OH
3 and 3', 20 mg, crude 10 and 10’

Scheme 51. Preliminary S42-C6-OH (3 and 3’) synthesis strategy. The procedure to produce compound

9 could not be reproduced.

The C6-ketone was successfully generated by PCC oxidation and underwent
C20 selective protection in mild conditions at r.t. for 17 days to avoid any ketal
formation at C6 position. The protected derivative 9 was reduced by K-
selectride, which was a stereoselective reducing agent and C20-ketal 10 was
deprotected to form a crude in 20 mg scale. The stereo structure was not
confirmed by XRD analysis in this scale. It was attempted to repeat the reaction
in larger scale; however successful synthesis could not be reproduced due to
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overprotection at both C6 and C20 ketones. In addition, K-selektride was not
an efficient reducing agent. Therefore, a different synthesis strategy of S42-

C6p6-0OH (3) was developed according to pathway A sketched in Scheme 49.

10 mol% 2,4-dimehtyl benzoic acid

20 mol% Ti(O'Pr), NH N=
20 mol% salalen ligand L
20eq. M0, ON OH HO
MeCN or CHCl3, rt,, 24 h CoFs CoF's

salalen ligand L

Scheme 52. The benzylic hydroxylation reaction failed by using Ti(O'Pr)s catalyst with salalen ligand L
that was developed by Dr. Christina Wartmann.!'13]

Hydroxylation reaction at C6 position was attempted with the procedure and the
titanium catalyst from Wartmann et al.l'"3! It is reported that this reaction works
the best in acetonitrile, but acetonitrile could not totally dissolve the S42 (1)
substrate. Therefore, the solvent was changed to CHCIs. Unfortunately, both

attempts failed.

ethylene glycol, p-TsOH,
trimethyl orthoformate

CHClj, reflux,
63 °C,8d
oxidizing agent
solvent
time

Scheme 53. Screening benzylic oxidation of C20 protected S42 (1) with different oxidizing agents.
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Table 10 Screening of benzylic oxidation reaction by PCC, PDC/'/BuOOH, CrOas/ 3,5-dimethyl pyrazole
(DMP) under different conditions.

Entry Oxidizing Temp. and time Salt Mixture rgti.o.(GC-MS)
reagent a:b:cd
1 PCClcelite 90 °C, 10 h NaOAc 0:0:0:1
PDC,
2 tert-butyl 10 to 25 °C, o/n 2:3:5:0
hydroperoxide
PDC,
3 tert-butyl 10 to 25 °C, o/n NaOAc 0:1:1:0
hydroperoxide
PDC, trace after column
4 tert-butyl 10 to 25 °C, o/n NaOAc chromatography
hydroperoxide (500 mg scale)
5 CrOs/DMP -14°C,2h Only SM
0°C. 2 h SM and 1:0:2:3
6 CrO3s/DMP rt ,o/n NaOAc (0:0:1:1.2 after column)
" Yield: 19%

The synthesis strategy was changed to first perform the protection and then the
oxidation to avoid overprotection at both C6 and C20 ketone sites. PCC was
not ideal for this purpose because PPC is an acidic oxidizing agent, which
needs substantial heating to 92 °C to work. This harsh condition, however, led
to deprotection of the C20 ketal group during oxidation (Table 10, entry 1).
Therefore, the less acidic pyridinium dichromate (PDC) with NaOAc as a buffer
salt was used instead to avoid deprotection and produce product 34 /(d) (see
Scheme 53).'"4 Unfortunately, only traces of products 10 or 10’ /(b) and 9 /(c)
were generated, which were lost after column chromatography (Table 10, entry
4). Finally, the CrOs/ 3,5-dimethyl pyrazole (DMP) was applied for oxidation at
r.t. overnight (Table 10, entry 6). These reagents produced a mixture of the
product, byproduct and precursor, but preparative column chromatography on

silica gel allowed separation.
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CrO3 NaOAc 6.0 eq.
3,5-dimethyl pyrazole NaBH,4
0°C, 10 min., MeOH/Et,0
rt., 2d 0°Ctort.
DCM 1h 10", 72% 10, 16%
stereoselective
s 80% AcOH
3 QJ;.\( HCI
—— — THF
m\‘{ ! rt., 15 min

without further purification, quant.
10 mg

Scheme 54. Synthesis of S42-C6p (3)-OH by adapting the synthesis strategy from Neto et al.['']

Final reduction reaction with NaBHs, vyielded the C20 protected a

(stereoselective) and B epimers (10 and 10’) which were separated via column
chromatography. Deprotection reaction under acidic conditions at r.t. generated
S42-C6B3-OH (3). The structure of the product was confirmed by XRD analysis.

ethylene glycol
p-TsOH

trimethyl orthoformate mCPBA
toluene, CH,Cl,,
reflux Oe phosphate buffer
4h (0.1 M, pH=8),
(2 steps, elimination rt,5h 12, 94%
eth)ge%eoﬂycoh and protection) (1) LiAlH4 (2) 80% AcOH
~ p-TsOH, THF HCl
ch-lectTy' o;lthof%;mfée 0°Ctort. |THF, rt, 0.5h
3, refiux,
10d

82% (0.09 mmol, 28 mg)
in 2 steps

Scheme 55. Synthesis of S42-C7a-OH (4) from protected S42-C6a-OH (1), according to a synthetic
strategy reported by Neto et al.l'']

The protected C63-OH (10’) underwent elimination reaction to generate double
bond at C6-C7. In the reaction, extra ethylene glycol, catalyst p-TsOH and
trimethyl orthoformate were added to prevent C20 ketal deprotection. Since the
deprotection reaction still occurred, C20 carbonyl group protection was
repeated and a 2-step reaction yielded 82% of the compound 11. Selective
epoxidation was performed by mCPBA at pH=8. After reduction reaction with
LiAlH4 and C20 ketal protection, the target product S42-C785-OH (4) was
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accessible. It was fully characterized spectroscopically and via XRD

crystallography.['!1]

The synthesized hydroxyl S42 derivatives: S42-C20-OH (2), S42-C63-OH (3),
and S42-C7a-OH (4) could be used as reference materials for comparing the

results of in vitro and even in vivo experiments.

4.2.2 Characterization S42- C20/C6/C7-OH by GC-EI-HRMS
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Figure 26. Total ion chromatograms (TIC) of S42 (1), S42-C20-OH (2) and (2’), S42-C68-OH (3) and
S42-C7a-OH (4). Structures in panel B, D and E are deduced from X-ray crystallography. In panel D, a
C6-C7 S42 olefine was found at RT: 21.07 min, while a byproduct was observed at RT: 22.31 min
(Spectra of these byproducts are in the Appendix 9.3.3).

All synthetic hydroxyl S42 derivatives 2-4 were analyzed by GC-EI-HRMS. The
chromatograms, MS spectra and the proposed fragment ions were compared

as Figure 26 and Figure 27 illustrate.
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Figure 27. GC-El HR mass spectra of S42 (1) in panel A, S42-C20-OH (2 and 2’) in panels B and C,
S42-C6R-OH (3) in panel D, and S42-C7a-OH (4) in panel E.

The El HR MS spectra of the two epimers of S42-C20-OH (2) and (2’) show
identical spectra (Figure 27B and C). However, the crystal structure of S42-
C20-OH (2) allows the assignment of the absolute configuration at C20 as
shown in Figure 26B. The fragmentation patterns of analytes 2 and 2’ are
related to those found in the MS spectrum of S42 (1) (Figure 27A); compare
Figure 27, panels A with B and C. Significant fragments of S42-C20-OH (2) can
be derived from those of S42 (1) (See Section 4.1.5) as shown in Figure 28
(panels A and B&C).['19]

The water-loss reaction of the molecular ion of S42 (1) leading to the fragment
ion at m/z 278 (Figure 28A) is also found in the El mass spectra of 2 and 2’
(here leading to the ion at m/z 280, Figure 28B&C). The subsequent loss of
the C18-methyl group is suggested to deliver the closed-shell fragment ion at
m/z 265 (see Figure 27B and C and ions in Figure 28B&C).
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Figure 28. lon structures suggested in accordance with the composition deduced from the accurate ion
masses measured from S42 (1) in panel A, S42-C20-OH (2) and (2’) in panel B and C, S42-C68-OH (3)
in panel D and S42-C7a-OH (4) in panel E, obtained from the GC-El HR mass spectra presented in

Figure 27. Accurate ion masses are presented in Table A1 to Table A4 in Appendix.

The ions at m/z 211 and m/z 209 are proposed to originate from D-ring
fragmentation, followed by the formation of A,B-ring fragments at m/z 155, 143
and 131, which are found in the EI-HR MS data of S42 (1) and in those of the
S42-C20-OH compounds (2 and 2’) (Figure 28A and B&C). The radical
cationic ion of the steroidal A,B-ring system at m/z 158 observed in the spectra
of both S42-C20-OH analytes (2) and (2’) (Figure 27, Figure 26B and C)

represents a distinctive difference from the spectrum of S42 (1) (Figure 27A).

HO,

Me

HO, M HO, M

e e
Me. Me Me
+ + . . /

~ Me

. o 8T 7 N

i I
Me
Me

Chemical Formula: C1gHq9* Chemical Formula: C14Hq5"
Exact Mass: 211.1481 Exact Mass: 183.1168

Scheme 56. EI-MS Fragmentation pathway with an initial cleavage of the C13-C17 bond, followed by a
radical loss and a retro-Diels Alder (RDA) reaction, ultimately leading to the fragment ion at m/z 183 from
S42-C20-0OH (2 and 2’).
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Chemical Formula: Cy4H45"
Exact Mass: 183.1168

N
Me + :
@ij/\.
Me Me

Chemical Formula: Cq3Hq4™
Exact Mass: 170.1090

Scheme 57. Alternative EI-MS fragmentation pathway with an initial benzylic cleavage, hydrogen atom
migration steps, and ultimate bond cleavage reactions leading to the ions at m/z 183 and m/z 170 from
S42-C20-0OH (2 and 2’).

Additionally, the El spectra of both S42-C20-OH analytes (2 and 2’, see Figure
27B and C) show fragment ions at m/z 183 and at m/z 170. We propose
fragmentation pathways to explain the formation of the latter ions in Scheme
56 and Scheme 57.[105¢. 116]

Me OH
Exact Mass: 297.1849

Me

Me OH Me OH

Me OH

Me OH
Exact Mass: 297.1849

Me OH

Scheme 58. Proposed fragmentation pathways for the elimination of a methyl radical “CHs from the
molecular ion S42-C6R-OH (3) according to Djerassi and Budzikiewicz.!'%5% 1181 The [3-"CH3]"* is found at

m/z 297 in the GC-EI-HRMS spectrum of 3 as shown in Figure 27D.

Next, the GC-EI HR MS spectrum of S42-C63-OH (3) was investigated (see
Figure 27D). First of all, the absence of the radical cationic molecular ion [3]*
of S42-C6LR-OH (3) at m/z 312 in the EI mass spectrum (see Figure 27D) was
noted. Instead, ions resulting from the loss of a methyl group [3-"CHs]* at m/z
297 and a water molecule [3-H20]" at m/z 294 are found with highest m/z value
(see Figure 28D).
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Me OH

Exact Mass: 297.1849

Me O

Me

Me OH
Exact Mass: 297.1849

Me OH

Scheme 59. Proposed fragmentation pathways for the elimination of a methyl radical “CHs from the
molecular ion S42-C6R-OH (3) according to Djerassi and Budzikiewicz.['9%¢ 1161 The [3-"CHa]* is found at
m/z 297 in the GC-EI-HRMS spectrum of 3 as shown in Figure27D.

The elimination reaction of the methyl group of the S42 derivative can be
explained along the lines discussed by Djerassi and Budzikiewicz.['05¢. 116l
Accordingly, the CHs-residue located at C18 or a methyl group comprising
carbon C11 can be lost as illustrated in Scheme 59. The loss of the C21 methyl
group is not considered here, as an initial a-cleavage at C20-C21 would
produce a fragile acylium ion [3-"CHs]" destabilized by the facilitated
subsequent loss of carbon monoxide.[%52 1171 The absence of an elimination of
the C21-linked methyl group in EI MS data of other 20-keto steroids like

pregnan-20-one and D-homopregnan-20-one rests on this rationale.['1®]

Finally, the GC-El HR MS spectrum of S42-C7a-OH (4) was investigated (see
Figure 27E and Figure 28E). Largely, the spectrum of analyte 4 is
indistinguishable from the one of analyte 3. Only the absence of the product ion
at m/z 297 representing the loss of the methyl group in the spectrum of the C6

isomer (3) is noted, as documented in Figure 27E.

4.2.3 GC-EI-HRMS analysis of TMS derivatives of S42- C20/C6/C7-
OH

The hydroxylated S42 derivatives S42-C20-OH (2, 2’), S42-C63-OH (3), S42-
C7a-OH (4) were further derivatized to the trimethyl silyl (TMS) ethers 5, 5’,

6(C17-TMS), isomers (7(C20-TMS), and 7(C17-TMS) respectively (SIC traces
presented in Figure 29). The singly TMS-derivatized S42-C20-OH epimers (5,
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RT: 21.65 min in Figure 29, panel A; 5’, RT: 21.76 min in Figure 29, panel B)

were separately analyzed. The series of GC-EI-HRMS data are presented in

Figure 29 to Figure 31.

100- A 21.65 5
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© | p El Full ms ,J"!ﬁz 1 {
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0 : U~ /"L‘,:J' zm\ ‘ f’l‘H/ "gms
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Figure 29. Extracted ion chromatograms of the molecular ions of S42-TMS derivatives evidenced the
formation of diastereomers (5 & 5°; 6(C17-TMS) and isomers (7(C20-TMS) & 7(C17-TMS)) mixtures.
Panel A and B: TMS derivatized S42-C20-OH epimers (5 and 5’), Panel C: doubly TMS derivatized S42-
C63-OH epimers (6(C17-TMS) and 6’(C17-TMS), Panel D: S42-C7a-OH isomers (7(C20-TMS), 7(C17-

TMS) and 7°(C17-TMS).
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Figure 30. GC-El HR MS Spectra of TMS-derivatized S42-C20-OH, S42-C6R}-OH, S42-C7a-OH (5, 5’,
6(C17-TMS), 6’(C17-TMS), 7(C20-TMS), 7(C17-TMS) and 7°(C17-TMS)). The isomer 6(C20-TMS) was
found in the GC-EI- HRMS data analyzed at German Sport University Cologne in Figure A63 in Appendix).
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Figure 31. lon structures according to the composition deduced from the accurate ion masses measured
from TMS derivatized S42-C20-OH (5 and 5’ in panel A and B), S42-C6R-OH (6(C17-TMS) and 6’(C17-
TMS) in panel C and D) and S42-C7a-OH (7(C20-TMS), 7(C17-TMS) and 7°(C17-TMS) in panel E, F
and G) found in the GC-EI-HRMS data presented in Figure 30.

Interpretation of the GC-EI-HRMS spectra of S42-C20-OH

derivatives 5 and 5’

The GC-EI HR MS spectra of the singly TMS-derivatized S42-C20-OH epimers
(5 and 5’) are virtually identical as documented in Figure 30A and B. The
molecular ions are found with low abundance at m/z 370 and the loss of
trimethyl silanol TMSOH (90 Da) explains the formation of the fragment ion at
m/z 280 (Figure 31A&B), isobaric to the water-loss product ions found in
Figure 27B, C and Figure 28B, 3C. The El HR mass spectra of 5 and 5’ are
dominated by the pronounced ions at m/z 73 and m/z 117 which evidence the

TMS group at position C20 in the two analytes 2 and 2’ (Figure 30A and B).

Interpretation the GC-EI-HRMS spectra of S42-C6[R-OH derivatives
6(C17-TMS) and 6’(C17-TMS)

S42-C63-0OH (3) turned out to be unstable under the reaction conditions of the
TMS-derivatization (MSTFA/NH4I/EtSH) which led to the formation of
byproducts which were fractionated as documented in the selected ion

chromatogram of the respective molecular ion mass at m/z 456 (see Figure
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30C). E.g. an unsaturated water-loss product of S42-C6B-OH (3) with a
molecular ion [3 -H20]* at m/z 366 was detected by GC-EI-HRMS (see Figure
A59 to Figure A62 in the Appendix for further details).

Two TMS-S42-C63-OH diastereomers (6(C17-TMS) in Figure 29C; 6°(C17-
TMS) in Figure 29D) were identified. The assignment of the C17-TMS-regio
isomers of TMS-S42-C68-OH (6(C17-TMS)) rests on the observation of the D-
ring fragment [C11H190Si]" at m/z 195 (see Scheme 45) and the prominent A,B-
ring fragment ion [C12H11]" at m/z 155, whereas the C20-TMS regio isomer of
TMS-S42-C7a-OH (7(C20-TMS) in Figure 29E) was assigned on the basis of
the dominant signal of the respective D-ring fragment [C7H150Si]* at m/z 143

(see Scheme 43).

These assumptions are derived from the evaluation of a previous
comprehensive investigation of S42 (1) and its TMS derivatives.['%] The GC-EI
HRMS spectra of 6(C17-TMS) in Figure 30C and 6’(C17-TMS) in Figure 30D
are very similar. The mass spectra presented Figure 30C and D document a
methyl-radical loss leading to the fragment ion at m/z 441, generated from the
molecular ion at m/z 456. Furthermore, product ions attributed to TMSOH-loss
(Am = 90 Da) explain the ions at m/z 366 and m/z 351, in which the latter ion
suggested in the formation of a C6,C7-double bond in the B-ring.

Interpretation of the GC-EI-HRMS spectra of S42-C7a-OH
derivatives 7(C20-TMS), 7(C17-TMS) and 7°(C17-TMS)

Prominent TMS-derivatized isomers of S42-C7a-OH (4) are identified: the regio
isomers (7(C20-TMS) in Figure 30E and 7(C17-TMS) in Figure 30F, as well
as the epimer of the latter 7°(C17-TMS) in Figure 30G. The evaluation of the
GC-El HR mass spectrum shown in Figure 30F is less straightforward, as the
spectrum exhibits the C17-TMS diagnostic D-ring fragments [C11H19OSi]* at
m/z 195 and [CsH17OSi]* at m/z 157, but also exhibits an [C7H150Si]* ion at m/z
143, albeit with low to medium abundance (Table A6 and Table A7 in the
Appendix).

More remarkable is that the spectrum in Figure 30F and G differ significantly

from the other ones in Figure 30 as the ion at m/z 351 dominates these spectra.
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This finding can be related to the TMSOH-loss from C7, yielding the C6,C7-
double bond in ring B in the open-shell ion at m/z 366. A subsequent methyl-
radical loss from the C17-TMS group generates the prominent ion at m/z 351
(Figure 31), which is obviously very stable and is observed with high

abundance in the EI-MS spectrum in Figure 30F.

Apparently, the isobaric ion at m/z 351 in Figure 30E resulting from the
analogous fragmentation sequence of the C20-TMS moiety is much less stable
and is therefore found with only minimal abundance (cf. Figure 30E with F).
These considerations led to the conclusion that the spectrum in Figure 30F
belongs to 7(C17-TMS).

From the observations of MS spectra of compounds 2, 3, and 4 above, the
hydroxy groups at C6 and C7 appear to be relatively unstable. The molecular
ion peaks of compounds 3 and 4 were relatively weak and were not clearly
observed. A water loss is suggested to be favored, resulting in a double bond
at C6-C7, which is a stable conjugate system.

A similar phenomenal was also observed in the TMS derivatives of compound
3 and 4. The ion peak [M-TMSOH-Me]* is significantly more intense than the

molecular ion, supporting the tendency of formation the double bond at C6-C7.

In addition, the ion m/z 143 and 195 from the D ring were also observed in the
MS spectra. Notably, the ion at m/z 155 was constantly found in all MS spectra
of the synthesized derivatives. The ion at m/z 155 may be a diagnostic fragment
for investigation S42 metabolites using GC-EI-HRMS.

4.3 In vitro studies applied with HLM and S9

In vitro metabolism experiments of S42 (1) were conducted together with the
deuterated S42-d7 (1-d7) isotopologue in parallel experiments.[''% For the in
vitro study, the S9 enzyme fraction and human liver microsomes (HLM) were
used.'® The samples were purified by SPE extraction, dried and TMS
derivatized before GC-EI-HR-MS/MS (Orbitrap) analysis.
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4.3.1 Method setup for GC-EI-HRMS analysis

The molecular ion masses of phase | metabolites of S42 (1) were calculated
and respective single ion current traces were selected and monitored by GC-
EI-HRMS (Orbitrap) in the full scan mode.

To securely prevent spectra-overlays of simultaneously eluting compounds
resulting of insufficient GC-separation present in the in vitro experiments, MS2-
product ion spectra of the S42 molecular ion species were conducted. The MS2-
product ion experiments yielded reliable data sets to further investigate specific
fragmentation pathways of the molecular ions of S42 phase | metabolites.
Mono-, bis-, and tris-hydroxylated S42 derivatives were identified as TMS-

derivatives.

Close inspection of the MS data of the in vitro experiments showed that neither
the retention times of the TMS-derivatized reference analytes S42-C20-OH (5),
S42-C63-OH (6(C17-TMS)), and S42-C7a-OH (7(C20-TMS) and 7(C17-TMS))
nor the qualitative analysis of their EIl HR MS data matched the results that were
found in the TMS-derivatized metabolites of the in vitro experiments.
Accordingly, we concluded that S42-C20-OH (2), S42-C63-OH (3), and S42-

C7a-OH (4) were not formed in the in vitro experiments of S42 (1).

Despite that, at least 8 different TMS-derived phase | S42 metabolites were
successfully identified and their structures were elucidated with GC-El HR.['"]
The structure elucidation of individual S42 metabolites was based on GC
separation (single ion current analysis of the molecular ions), interpretation of
the MS2-product ion spectra of the molecular ions and the parallel examination
of a specifically 2H-labeled S42 derivative (1-d7) fed in the in vitro experiments.
Significant mass shifts of the molecular ions and important fragment ions was
the basis for a largely straightforward analysis of the data and allowed the
location of the hydroxy functional groups to individual steroidal rings. Additional
product ion experiments of selected ions were conducted to further scrutinize

ion structure proposals and fragmentation mechanisms.
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4.3.2 In vitro S42-mono-OH metabolites M1a, M1b and M1c
investigated by GC-EI-HRMS

Three TMS derivatized S42-mono-OH isomers (M1a, M1b and M1c) of a mono-
hydroxylated S42 metabolite were identified on the basis of their accurate ion

mass (see Figure 32A and B) and the characteristic fragmentation patterns in
the GC-El HR mass spectra (see Figure 32C, D and Figure 33C and D).
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Figure 32. Extracted SICs of the molecular ions of the TMS derivatized S42-mono-OH metabolites at
m/z 456 and m/z 461 (panel A and B). MS2-product ion mass spectra of the molecular ions of the M1a
at m/z 456 (RT: 17.92 min) and M1a-d5 at m/z 461 (RT: 17.91 min) metabolites (panel C and D). lon
structures of significant fragment ions are included in panel E.

One C20-TMS isomer (M1a, RT: 17.92) and two C17-TMS isomers (M1b, RT:
17.99 and M1c, RT: 18.06) were assigned on the basis of the observation of
the already highlighted diagnostic fragment ions, i.e. the D-ring fragment ions
at m/z 143 indicating C20-TMS (see Figure 32) and the respective ion at m/z
195 indicating C17-TMS isomers of S42 (see Figure 33).

The silicon-containing fragment ions in the lower m/z range (m/z 73 and 117)
are stemming from D-ring fragmentations as they are not mass shifted in the
spectrum of the labeled isotopologue (see Figure 32 and Figure 33). The
position of the TMS-ether moiety (CsHsOSi Am 88 Da) can be located to the
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A,B-rings as the respective A,B-ring fragment ions found in the EI-HR MS
spectrum of the S42-C20-TMS derivatives are characteristically shifted by
88 Da. The respective ions are observed at m/z 219 (131 + 88 Da), m/z 232
(144 + 88 Da), m/z 245 (157 + 88 Da), and m/z 297 (209+88 Da). All of these
ions are characteristically mass shifted by 5 Da in the EI-HR MS spectrum of

the d5-isotopologue (see Figure 32C and D).
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Figure 33. Extracted single ion currents (SICs) of the molecular ions of the TMS derivatized S42-mono-
OH metabolites at m/z 456 and m/z 461 (panel A and B). MS2-product ion mass spectra of the molecular
ions of M1b at m/z 456 (RT: 17.99 min) and M1b-d5 at m/z 461 (RT: 17.98 min) metabolites (panel C

and D). lon structures of significant fragment ions are included in panel E.

Similarly, the almost identical GC-EI HR mass spectra of the C17-TMS isomers
M1b and M1c exhibit shifted fragment ions at m/z 295 (207 + 88 Da), 245 (157+
88 Da), 243 (155 + 88 Da), 219 (131 + 88 Da) leading to the same assumption
(see Figure 33).
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Localization of the hydroxyl group in metabolites M1a, M1b and M1c
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Figure 34. Extracted SICs of the characteristic fragment ions of the TMS derivatized S42-mono-OH
metabolites at m/z 456 (panel A), m/z 219 (panel B), m/z 461(d5) (panel C) and m/z 224 (d5) (panel D).
MS2-product ion experiments of the ions at m/z 219 (131+88 Da) (d0), of m/z 224 (131+88+5 Da) (d5) of
M1a and of M1a-d5, respectively (panel E and F). MS2-product ion mass spectra of metabolites M1b,

M1c, M1b-d5 and M1c-d5 deliver similar results; data not shown.

On the basis of the collected MS data, we assume that the phase | hydroxylation
in compounds M1a, M1b and M1c can be ring A benzylic alcohol. This

conclusion rests on the following considerations.

Firstly, A/B-ring fragment ions of all three S42-derivatives M1a, M1b, M1c
decorated with a TMSO functional group were characteristically mass-shifted
in the El HR MS spectra of the deuterated derivatives M1a-d5, M1b-d5 and
M1c-d5 (see Figure 32D and Figure 33D). Additionally, the indicative D-ring
fragment ions at m/z 143 ([C7H150Si]*), and at m/z 195 ([C11H190Si]*) were
found in the MS2-spectra of the non- and deuterated molecular ions, clearly

excluding any D-ring hydroxylation.

Furthermore, the mismatch of the in vitro metabolite mass spectra with the MS
data collected of the reference analytes S42-C6-OH and S42-C7-OH (cf.
Figure 30) excluded a B-ring hydroxylation as result of the in vitro metabolism.

In conclusion, these findings point towards an A-ring oxidation of S42, which
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lead upon silylation to the formation of the set of isomeric M1a, M1b and M1c
S42 derivatives, documenting a phase | metabolism pathway also found for
estrogen and estrone.['20]
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Scheme 60. Charge-remote fragmentation pathway of the TMSOH/D-loss of m/z 219 and its d5-
isotopologue at m/z 224 via a 6-membered transition state.

Finally, the characteristic loss of trimethyl silanol (Am of 90 Da; TMSOH) and
of TMOD (Am of 91 Da) of the ?H-labelled isotopologues, indicated the benzylic
hydroxylation at C19 and renders the formation of phenolic OH groups at either
C2 or C3 unlikely (see Figure 34). The TMSOH-loss (Am of 90 Da), observed
in the product ion mass spectra of the respective A/B-ring fragments at m/z 219
(d0) - m/z 129, can proceed via a 6-membered transition state as shown in
Scheme 60A TMSOD-loss is found in the MS?-spectrum of the analogous d5-
ion at m/z 224 - m/z 133 (Am of 91 Da)(see Figure 34).
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Figure 35. Extracted single ion currents SIC of the characteristic fragment ions of the TMS derivatized
S42-mono-OH metabolites M1a and M1a-d5 at m/z 245 and m/z 250 (panel B and D). MS?-product ion
experiments of the ions at m/z 245 (157+88 Da) (d0), of m/z 250 (157+88+5 Da) (d5) of M1a and of M1a-
d5, respectively (panel E and F). MS2-product ion mass spectra of metabolites M1b, M1c, M1b-d5 and
M1c-d5 deliver similar results; data not shown.

Similar results were collected for the A/B-ring fragments at m/z 245 (d0) and
m/z 250 (d5) as Figure 35 documents. In line with these assumptions and

considerations, MS2-experiments of the ions at m/z 243 of M1a, M1b and M1c

92



Results and discussion

did not show any TMSOH-loss (Figure 36). This finding is in accordance with
the proposed bicyclic ion structure with a double bond at C6-C7 position,

preventing a TMSOH elimination.

100 18.00
A 542 phase |, El Full ms
17.93 18.07 m/z 456.2828-456.2920
d 18.00
100 - S42 phase |, MS? 243.1200
B - 18.07 miz 243.1176-243.1224
e 17.93
[
20
8 1760 1770 17.80 17.90 1800 1810 1820 1830 1840 1850
5 Time (min)
2 73.0469 M1a
100 . MS?243.1200, RT: 17.93
c T 80 91.0575 /\t{ by ™SO
[} LA e =
= 60 ! /\jef
oTMS [n J
. Pt
40 1670555 Exact Mass: 243.1200 ﬂL tU i
49.04
20 5 pggy 810336 149.0449 2110008 2431201 uso—— [
0
280

60 80 100 120 140 1521,7 180 200 220 240 260

Figure 36. Extracted single ion currents SIC of the molecular ion at m/z 456 (panel A) and the
characteristic fragment ion of the TMS derivatized S42-mono-OH metabolites M1a at m/z 243 (panel B).
MS2-product ion experiment of the ion at m/z 243 (d0) of M1a (panel C). MS2-product ion mass spectra

of metabolites M1b and M1c deliver similar results; data not shown.

In conclusion we assume that the three isomeric TMS derivatives M1a-M1c
carry an OTMS group at benzylic position and stem from one benzyl mono-

hydroxylated S42 metabolite.

4.3.3 In vitro S42-bis-OH metabolites: M2a, M2b, M2c and M2d
investigated by GC-EI-HRMS

Bis-hydroxylated metabolites of S42 (M2a-M2c) formed in the in vitro
experiments were identified according to their calculated molecular ion masses
(GC-EI HR MS) at m/z 544 along with deuterated d6-isotopologues (M2a-d6 to
M2d-d6) at m/z 550. GC separation was documented by the respective SIC
traces. The structure elucidation of the detected bis-hydroxy-metabolites was
accomplished on the basis of the MS2?-product ion mass spectra of the

respective molecular ions.
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Figure 37. Extracted single ion currents SIC of the molecular ions of the TMS derivatized S42-bis-OH
metabolites M2a and M2a-d6 at m/z 544 and m/z 550 (panel A and B). MS2-product ion mass spectra of
the molecular ions of the M2a (RT: 18.38 min) and M2a-d6 metabolites (RT: 18.36 min) (panel C and D).

lon structures of significant fragment ions are included in panel E.

In the MS2-product ion mass spectrum of the molecular ion of M2a at m/z 544
shown in Figure 37, characteristically mass-shifted D-ring fragment ions are
found at m/z 244 [C11H2402Si2]** (CsH160OSi + 88 Da), at m/z 231 [C10H2302Siz2]*
(C7H150Si + 88 Da), and at m/z 230 [C10H2202Si2]** (C7H140Si + 88 Da) (with
C3HsOSi = 88 Da) suggesting an OTMS functionalization in the D-ring. These
pronounced ions were also observed in the mass spectrum of the A,B-ring
deuterated metabolite M2a-d6 (see Figure 37D), hinting towards the formation

of a C20-TMS isomer and an unchanged steroidal A/B ring system.
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Figure 38. Extracted single ion currents SIC of the molecular ions of the TMS derivatized S42-bis-OH

metabolites M2b and M2b-d6 at m/z 544 and m/z 550. MS2-product ion mass spectra of the molecular
ions of the M2b (RT: 18.43 min) and M2b-d6 metabolites (RT: 18.40 min). lon structures of significant

fragment ions are included in panel E.

In the MS? product ion mass spectrum of the molecular ion of metabolite M2b,

the prominent formation of the D-ring fragment ion at m/z 195 [C11H19OSi]*

indicates the presence of a C17-TMS moiety (see Figure 38C). The significant

ion at m/z 195 is not mass shifted in the spectrum of the M2b-d6 isotopologue

confirming this assumption (see Figure 38D).
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Figure 39. Sections of the MS?-product ion mass spectra (m/z 270-350) of the molecular ions of the M2b
at m/z 544 (RT: 18.43 min) and M2b-d6 at m/z 550 (RT: 18.40 min) metabolites highlighting the

characteristic mass-shifts in the product ions of M2b-d6.
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The indicative fragment ions of M2b at m/z 333 [C1sH2902Si2]*, at m/z 331
[C18H2702Si2]" and at m/z 307 [C1eH2702Si2]" originate from characteristic
A,B-ring fragments ([C12H13]* at m/z 157, [C12H14]" at m/z 155, [C1oH11]* at m/z
131) now mass shifted by 176 Da corresponding to the mass of two OTMS
moieties attached to the A-ring (with C3sHsOSi = 88 Da).

These ions are characteristically mass-shifted in the spectrum of the A,B-ring
deuterated metabolite M2b-d6 (see Figure 38D and Figure 39), indicating the
presence of two OTMS moieties in the A,B ring system of M2b.
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Figure 40. Extracted single ion currents SIC of the molecular ions of the TMS derivatized S42-bis-OH
metabolites M2c and M2c-d6 at m/z 544 and m/z 550 (panel A and B). MS?-product ion mass spectra of
the molecular ions of the M2c (RT: 18.48 min) and M2c-d6 metabolites (RT: 18.47 min) (panel C and D).

lon structures of significant fragment ions are included in panel E.

In the MS? product ion mass spectrum of the molecular ion of the metabolite
M2c, the abundant signals at m/z 143.0888 and m/z 156.0965 were noted,
which point towards the C20-TMS-ion structure (see Figure 40).['' The
significant fragment ion signal at m/z 281 [C14H2502Si2]*, i.e. a benzylic
fragment ion, mass shifted by the presence of two OTMS groups, is observed
in the respective MS2-product ion mass spectrum of the d6-isotopologue M2c-
d6 to m/z 284 (d3), indicating A,B-ring substitution (cf. Figure 40C,D). The
trimethyl silanol TMSOH loss (Am 90 Da) is found in the MS? product ion mass
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spectra of the molecular ions of M2c at m/z 454 and of the deuterated
isotopologue M2c-d6 at m/z 460, indicating a TMSOH loss from the C20

position to the product ions at m/z 454 and at m/z 460.
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Figure 41. Extracted SIC of the molecular ions of metabolites M2d and M2d-d5 at m/z 544 and m/z 549
(panel B; panel D). MS2-product ion mass spectra of the molecular ions of the M2d (RT 18.63 min) and
M2d-d5 metabolites (RT 18.61 min) (panel E and F). A new GC column was used, so the retention time
of M2d was shifted from 18.66 min to 18.63 min. The major signal of the fragment ion [C10H2302Si2]* at
m/z 231 indicates a D-ring hydroxylation in metabolite M2d.

In the MS2-product ion mass spectrum of the molecular ion of M2d at m/z 544,
characteristically mass-shifted D-ring fragment ions are found at m/z 244
[C11H2402Si2]* (CsH16OSi+88 Da) and at m/z 231 [C1oH2302Siz2]*
(C7H150Si+88 Da) as evidenced in Figure 41. These pronounced ions were
also observed in the mass spectrum of the A,B-ring deuterated metabolite M2d-
d5, which suggests the formation of a C20-TMS isomer. (cf. Figure 41E with
F).

97



Results and discussion

4.3.4 In vitro S42-tris-OH metabolites M3a, M3b and M3c
investigated by GC-EI-HRMS
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Figure 42. Extracted single ion currents SIC of the molecular ions of the TMS derivatized S42-tris-OH
metabolites M3a and M3a-d5 at m/z 632 and m/z 637 (panel A and B). MS?-product ion mass spectra of
the molecular ions of the M3a (RT: 19.00 min) and M3a-d5 metabolites (RT: 18.99 min) (panel C and D).

lon structures of significant fragment ions are included in panel E.

The MS?-product ion mass spectrum of the molecular ion of TMS-derivatized
S42-tris-OH metabolite M3a at m/z 632 shows the prominent fragment ions
[C10H2302Si2]* at m/z 231 and [C11H2402Si2]™ at m/z 244 which indicates the
formation of the C20-TMS substructure (see Figure 42C). These ions are not
influenced by the presence of deuterium labelling in rings A and B as the
spectrum of the deuterated metabolite M3a-d5 documents (cf. Figure 42C and
D). These findings indicate a D-ring hydroxylation in analogy to the

observations and conclusions made for the M2a and M2d metabolites.

The fragment ion at m/z 281 [C14H2502Si2]* of M3a is shifted to m/z 284 in the
MS2-product ion mass spectrum of the molecular ion of M3a-d5 (see Figure
42D). This observation implies the presence of two hydroxy groups at the
steroidal A,B-ring system investigated here as TMS derivatives (cf. discussion

of M2c). This assumption is additionally confirmed by the presence of the
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characteristic fragment ions at m/z 331, at m/z 320, and at m/z 307 (see Figure

38, cf. discussion of M2b).
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Figure 43: Extracted SIC of the molecular ions of the TMS derivatized S42-bis-OH metabolites M3b and
M3b-d5 at m/z 632 and m/z 637 (panel A and B). MS2-product ion mass spectra of the molecular ions of
the M3b (RT: 19.16 min) and M3b-d5 metabolites (RT: 19.16 min) (panel C and D). lon structures of

significant fragment ions are included in panel E.

Metabolite M3b can be identified to be a C20-TMS isomer with one hydroxy
group at ring D of the steroidal scaffold on the basis of the observation of the
significant ion [C10H2302Si2]* at m/z 231 found in the MS?-product ion mass
spectrum, which is not mass shifted in the spectrum of M3b-d5 (see Figure
43C and D). Again, the formation of the ions at m/z 281, at m/z 307, at m/z 320,
and at m/z 331 are evidences for the presence of two hydroxy groups attached
to the A,B-ring system of metabolite M3b (cf. discussion of metabolites M3a
and M2b).

99



Results and discussion

100 S42 phase |
A 19.16 m/z = 632.3537-632.3601
2
. 16,00 19.64 p El Full MS2 m/z 632.4
— - — S42-d5 phase |
B 100 19.16 mz 637.3851-637.3915
18.99 19.63 p El Full MS? m/z 637 .4
0 1890 19.00 1910 1920 19.30 1940 1950 1960  19.70
Time (min)
385 M3c
230 do MS2 m/z 632.4, RT: 19.64
c ' 231 632
_ 80 | 243
% 33 387 439 542 ome
5] 320 402 452 516 TMSO
5 20 8‘1‘91 143,449 183 ‘ ‘ 281307 f a71) | 1'% (473 500529 617 SO
5180 230 637 d5 M3c-d5
D < g0 243 MS? m/z 637.4, RT: 19.63
2
k- 60 390
40 444 547
81 325 40719 521
183 284 457
P L sl ‘ P2l s f g T s0s P38 622
50 100 150 200 250 300 350 400 450 500 550 600 650
m/z
Me
e - r M . . T
E ME'S‘F"M Me-g ‘ ™SO, P - - Ji/
C C 7 e (Sl &
! L i 7 7 otms
\L,e OTMS ‘;\Irle oTMS I oTMS e gmg Me OIS
[C1oH220,51]" [C1oH230,8i,)" [C11H23058i,]" [C14H2502Si5]" [C22H330480:]"
m/z 230.1154 m/z 231.1232 m/z 243.1233 m/z 281.1388 385.2017

Figure 44. Extracted SIC of the molecular ions of the TMS derivatized S42-tris-OH metabolites M3c and
M3c-d5 at m/z 632 and m/z 637 (panel A and B). MS2-product ion mass spectra of the molecular ions of
the M3c (RT: 19.64 min) and M3c-d5 metabolites (RT: 19.63 min) (panel C and D). lon structures of
significant fragment ions are included in panel E.

The interpretation of the MS2-product ion mass spectrum of metabolite M3c led
to similar assumptions as presented for M3a (see Figure 44C). The MS?-
product ion mass spectrum of M3c shows characteristic fragment ions at
m/z 281 (105 + 88 x 2 Da), m/z 307 (131 + 88 x 2 Da), m/z 320 (144 + 88 x
2 Da) and at m/z 331 (155 + 88 x 2 Da) indicating the presence of two hydroxy
groups located at the A,B-ring system (CsHsOSi; Am 88 Da). These ions are
observed mass-shifted in the MS2-product ion mass spectrum of the respective
M3c-d5 metabolite (see Figure 44D).

Besides, significant D-ring fragments at m/z 231(143 + 88 Da) and at m/z 230
(142 + 88 Da) were detected in both spectra of M3c and of M3c-d5. Interestingly,
an [C11H2302Siz2]* ion at m/z 243 is found in this case, whereas in the MS2-
product ion mass spectrum of the isomeric C20-TMS metabolite M3a an ion at
m/z 244 is found (cf. Figure 42). This could be an indication of an influence of
the OTMS moiety at ring D on the fragmentation pathways of the C20-TMS

isomer M3c.
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4.3.5 Analysis of additional in vitro metabolites M4 and M5

investigated by GC-EI-HRMS
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Figure 45. Metabolite structures of TMS-derivatized M4 and M5 deduced from the GC-EI-HRMS data.

Finally, 2 additional metabolites were detected in trace amounts with respective
molecular ions at m/z 470 and at m/z 558 (Figure 45). The diagnostic fragment
ions at m/z 195 and at m/z 231(143 + 88 Da) were instrumental to identify C-17
and C20-TMS isomers.
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Figure 46. Extracted single ion current SIC of the molecular ion [C27H4203Si2]** of the TMS derivatized
S42-metabolite M4 at m/z 470 and M4-d6 at m/z 461 (panel B and D). The composition of the molecular
ion points towards an additional oxidation (+O -2H) potentially documenting a S42-keto-derivative. MS2-
product ion mass spectra of the M4 metabolite exhibits the diagnostic fragment ion at m/z 195 indicating
the formation of a C17-TMS derivative (panel E). A retention time shift of M4 from 18.27 min to 18.25

min was registered upon the use of a new GC column.
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Figure 47. Extracted single ion current SIC of the molecular ion [C30Hs5004Sis]** of the TMS derivatized
S42-metabolite M5 at m/z 558 and M5-d6 at m/z 564 (panel B and D). The composition of the molecular
ion points towards an additional oxidation (+O-2H) potentially documenting a S42-keto-derivative. MS?-
product ion mass spectra of the M5 and M5-d6 metabolite exhibit the diagnostic fragment ion at m/z 231

and 244 indicating the formation of a C17-TMS derivative (panel E and F). The old GC column was

400 450 500 550 600

replaced by a new one, but the retention time shifting of M5 was not observed.
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4.3.6 Conclusions of the analysis of the phase | metabolites from in
vitro experiments of S42 (1)

In vitro phase | metabolism experiments of S42 (1) and S42-d7 (1-d7) with HLM
and S9 were conducted and analyzed by GC-EI-HRMS. Eight different TMS-

derivatives from S42 hydroxylated metabolites were reliably identified (Scheme
61).
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0 ——OH fo)
Me Me | Me N Me Me
M2a, M2d
{ OH
OH Me OH
M1a, M1b, M1c M2b, M2c
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Me Me ©
Me OH Me

+0-2H / s42(1) \ ort
Me

OH oA,
Me
M5 M3a, M3b, M3c
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+0-2H

OH

Me
M4

Scheme 61. Metabolite structures identified in the in vitro study of S42 -based on data obtained from
GC-EI-HRMS? experiments.
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Table 11. Phase | metabolites of S42 generated by in vitro transformation with HLM and S9 fraction.

*The relative abundance was determined by the peak area from the extracted ion chromatograms.

Identified Molecular Identified
Molecular ion Rel.
Metabolite hydroxylation ion mass TMS
composition abundance
site/s [Da] isomer
Mono hydroxylated
S42
M1a [C27H4402Si2]* Ating 456.2875  C20-TMS ++
benzylic OH )
M1b [CorH4402Sis] " ber{*z';;irC‘;QOH 456.2878  C17-TMS .
M1c [CarMusOzSie]” oSy 456.2876  C17-TMS .
Bis hydroxylated
S42
M2a C30Hs5203Si3]* D-ring 544.3225 C20-TMS +
M2b C30H5203Si3]*™ A,B-ring 544.3233 C17-TMS +++
M2c Cs0H5203Si3]™ A,B-ring 544.3228 C20-TMS ++
M2d C30H5203Si3]*™ D-ring 544.3225 C20-TMS ++
Tris hydroxylated
S42
M3a Cs3He004Sis]*  A,B & D-ring 632.3589 C20-TMS +
M3b Cs3He004Sis]"  A,B & D-ring 632.3586 C20-TMS +++
M3c Cs3He004Sis]**  A,B & D-ring 632.3588 C20-TMS +
oxygenated S42
M4 C27H4203Si2] ™ - 470.2666 C17-TMS ++
M5 Cs0H5004Si3]™ - 558.3004 C20-TMS +

The mono-hydroxylated S42 metabolite characterized on the basis of the GC-
El HR MS analysis of three isomeric TMS derivatives (M1a, M1b, and M1c) is
identified to have a benzylic alcohol functionality in ring A (Scheme 61) This
conclusion can be drawn on the basis of the characteristic mass shifts found in
the respective A,B-ring fragment ions of 2H-labeled metabolites M1a-d5, M1b-
d5, and M1c-d5 and in comparison with the EIl HR MS data of S42-C63-OH (3),
S42-C7a-OH (4).

The analyses of the bis-hydroxylated S42 metabolites yielded extensive

structural insights on a set of four isomeric TMS-S42 derivatives
(M2a, M2b, M2c, and M2d) However, the respective GC-El HR MS and MS?-
product ion mass spectra do not allow a conclusive assignment to either a
single or more than one metabolite structures. The structural similarities
of M2a and M2d as well as of M2b and M2c were found but the results do not

allow an unambiguous judgment and an unequivocal structure assignment.

Furthermore, three tris-hydroxylated S42 metabolites M3a, M3b, and M3c were
identified and investigated on the basis of GC-EI-MS and MSZ2-product ion

spectra Finally, two additional oxidized S42 metabolites M4 and M5 were
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identified in trace amounts on the basis of MS2-product ion mass spectra. The
El HR mass spectra of the analytes M4 and M5 indicate an additional oxidation
site, potentially the formation of an oxo-function in these S42 biotransformation

products.
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Scheme 62. Proposed ion structures of significant fragment ions that were found in GC-EI-MS? spectra.

The precursor ions were the respective molecular ions of TMS-derivatized S42 in vitro metabolites.

Generally, characteristically mass-shifted fragment ions indicate the presence
of TMS functionalities (88 Da) in the respective steroid sub-structure (Scheme
62). For example, the ion series at m/z 281 (105 + 88 x 2 Da), m/z 307 (131 +
88 x 2 Da), m/z 320 (144 + 88 x 2 Da), m/z 331 (155 + 88 x 2 Da), and m/z 333
(157 + 88 x 2 Da) indicated double hydroxylation at ring A based on the TMS-
related mass-shifts; while the indicative fragment ions at m/z 230 (142 +
88 Da), at m/z 231 (143 + 88 Da), and at m/z 244 (156 + 88 Da) suggested
hydroxylation at ring D for the same reasons.

This study provides fundamental analytical data for further studies on the
metabolic transformation of synthetic 20-keto steroids like S42 (1). The
observed fragments from the in vitro phase | metabolites may be found in in
vivo samples as well.
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4.3.7 In vitro phase |l metabolism of S42 (1) analyzed by LC-ESI-
HRMS

Phase Il metabolites are usually more abundant than phase | metabolites in
urine.l¥”. 1211 The conjugation reactions enhance the metabolites' polarity and
solubility in urine, allowing them to be excreted in urine. Therefore, phase I
metabolites are the preferred targets for urine doping control. Due to the high
polarity, phase Il metabolites are better suited for LC-ESI-HRMS while phase |
metabolites, which are less polar, are more compatible for GC-EI-HRMS

analysis.

Sample preparation

Aliquots from the phase | reaction mixture were taken for glucuronidation and
sulfation to study phase Il conjugation. Uridine-5"-diphosphoglucuronic acid
(UDPGA) was applied as a glucuronidation agent. The common sulfation
method utilizes 3'-phosphoadenosine-5'-phosphosulfate (PAPS). In this study,
PAPS was substituted with a cost-effective mixture of ATP, Na2S0O4, and MgClz,

which yielded higher conjugation efficiency in the literature.l'??

R-OH R-0SO;H
NHZ>< NH,
/N NN sulfotransferase /N NN
¢ J (SULT) <
o o NN 0 NN
HO-S-0-P-0— o HO-P-0— o
PAPS
0 OH OH PAP
O\\P,o OH O\\P,o OH
7\ 7\
HO oy HO "oy
APS kinase/
ATP
NH, NH,
N S N S
N N
< <
o] N N/) o o o N/)
HO-§-0-P-0— o HO-P-0-P-0-P-0—
0 OH APS OH OH OH ATP

OH OH \/ OH OH

ATP-sulfurylase/
Nay,SO,

Scheme 63. Formation of PAPS by using ATP and Na2SO4 with S9 fraction according to Weththasinghe

et all'22

Furthermore, additional human liver microsomes (HLM), enzyme S9 fraction,

and the cofactor NADPH were added. The phase Il reaction included two
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additional reagents, alamethicin and D-saccharic acid-1,4-lactone (SL). The
inclusion of the pore-forming peptide alamethicin in the phase Il reaction has
been shown to enhance conjugation rates.['23] Alamethicin improves substrate
accessibility to enzymes by disrupting the membrane diffusion barrier between
substrate and enzyme. D-saccharic acid-1,4-lactone (SL) acts as a f-

glucuronidase inhibitor to prevent degradation of glucuronide conjugates.['?4

After incubation at 37 °C for 24 hours, the reaction was stopped by the addition
of cold acetonitrile, then centrifuged, transferred, and dried for LC-ESI-HRMS
analysis.[?%°l Due to the hydrophilic property of the conjugated metabolites, LC-
ESI-HRMS in negative ion mode was performed for most sensitive phase |l
metabolite detection without derivatization. Based on in silico predictions from
BioTransformer, the phase | metabolites that were found from previous
experiments (Section 4.3.6) were anticipated to undergo conjugation with
either glucuronic acid or sulfate groups. The extracted ion chromate-
grams (EICs) from the full MS analysis were then screened for signals
corresponding to the expected exact masses, using a mass accuracy threshold

of 5 ppm.

LC-HRMS/MS analysis of in vitro phase |l metabolites of S42

Signals identified in full scan acquisition mode were further analyzed using LC-
ESI-HRMS? PRM experiments to identify diagnostic product ions indicative of

glucuronide or sulfate conjugation (see Figure 11).
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Chemical Formula: CgHgO7~  Chemical Formula: CgH7O0g" Chemical Formula: CgH505 Chemical Formula: CgHgOg
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o] o HO

Chemical Formula: CsH503 Chemical Formula: C4H505 Chemical Formula: CoH305”

Exact Mass: 113.0244 Exact Mass: 85.0295 Exact Mass: 75.0088

Scheme 64. Common fragments at m/z 193, 175, 157, 113, 85, and 75 from glucuronide metabolites by

MS? experiments in negative mode. A neutral loss of 176 Da will produce an ion at m/z [M-H-CgHgQOs].['2°]
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For glucuronide metabolites, common product ions were observed at m/z 193,
175, 157, and 113, corresponding to characteristic glucuronide cleavage
patterns (see Scheme 64). Additional minor fragments at m/z 85 and m/z 75
were also occasionally detected. A neutral loss of 176 Da (CsHsOs), which is
most likely assigned the dehydrated glucuronic acid residue, is identified as a
characteristic dissociation pathway for glucuronide metabolites investigated.
[125] This neutral loss provides an effective screening method for glucuronide
adducts and serves as first evidence for the presence of glucuronide-

conjugated metabolites.

©
o /Oe 0
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HO 0]
Chemical Formula: HSO,~ Chemical Formula: SO3"
Exact Mass: 96.9601 Exact Mass: 79.9574
O\‘s/?H o:s’P

/>0 W\
HO 0]
Chemical Formula: H,SO,  Chemical Formula: SO3
Exact Mass: 97.9674 Exact Mass: 79.9568

Scheme 65. Common fragments at m/z 97 and 80 from sulfate metabolites by MS? experiments in
negative ionization mode. Neutral loss of 98 Da or 80 Da will produce ions at m/z [M-H-H2SQO4] and
[M-H-SOs3] respectively.[26]

The confirmatory product ions for sulfate-conjugated metabolites in the MS?
spectra were observed at m/z 97 and 80, corresponding to characteristic
sulfate-related fragments (SOs4 and SOs™, respectively) (Scheme 65).
Additionally, neutral losses of 98 Da (H2SO4) and 80 Da (SOs) from the
precursor ion forming product ions at m/z [M-H-H2S04]" and [M-H-SO3]",
respectively. These fragmentation patterns provide strong evidence for the

presence of sulfate conjugates, consistent with findings by Fitzgerald et al.l'?6]

Qualitative analysis of in vitro phase || metabolites of S42

Based on EICs and MS? data, both glucuronide and sulfate metabolites were
successfully identified. The relative ratios of different metabolites were
determined by the signal area ratio. For that approach the signal areas of the
metabolites were divided by the area of the internal standard (testosterone
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glucuronide-d3 added with known concentration) from the EICs in the full mass

analysis.

Although the matrix in the sample may induce ion suppression when comparing
metabolite ratios in full MS analysis, the relatively high concentrations of the
conjugated metabolites and the minimal salt and matrix under simplified in vitro

conditions provide a good reliability of this comparative analysis.
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Scheme 66. lonized glucuronide metabolites (negative mode) detected by LC-ESI-HR-MS.The major
glucuronide-conjugated metabolites identified were L1a, L2c, L4a, and L4b. These correspond to the
glucuronidation products of reduced S42 (L1a, m/z 473), S42-mono-OH (L2c, m/z 487), and S42-bis-
OH (L4a, L4b, m/z 503). Additional minor metabolites were detected at m/z 489 (reduced S42-mono-O-
GlucA), 505 (reduced S42-mono-O-GlucA+OH), and 519 (S42-mono-O-GlucA+20H), with lower

intensities.

It was identified that the major metabolites are the glucuronide-conjugated
products from reduced S42 (L1a, m/z 473), S42-mono-OH (L2¢c, m/z 487), and
S42-bis-OH (L4a, L4b, m/z 503). Additional metabolites with lower
concentrations were found including reduced S42-mono-O-GlucA (L3a-L3g,
m/z 489), reduced S42-mono-O-GlucA+OH (L5a-L5g, m/z 505), and S42-
mono-O-GlucA+20H (L6a-L6l, m/z 519). Only low levels of sulfated products
from S42-mono-OH (L7a, L7b, m/z 391), reduced S42 (L8a, L8b, m/z 393),
and S42-bis-OH (L9a, m/z 407) were detected.
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0S04
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m/z 391.1585 m/z 393.1741 m/z 407.1534
L7a, L7b L8a, L8b L9a

Scheme 67. lonized sulfate metabolites (negative mode) from in vitro phase Il experiments analyzed by
LC-ESI-HRMS? (Orbitrap). Only low intensity of sulfated products (L7a-L9a) was discovered: conjugates
derived from S42-mono-OH (L7a, L7b, m/z 391), reduced S42 (L8a, L8b, m/z 393), and S42-bis-OH (L9a,
m/z 407).

Comparative results from in vitro phase | and phase |l
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Figure 48. In vitro phase |l metabolite profiles from two independent samples (A and B). They show the
same trends and types of glucuronide and sulfate metabolites. The area ratios of glucuronide metabolites
(L1a-L6l) were much higher than the sulfate metabolites (L7a-L9a).

The metabolic patterns observed in the two independently prepared samples
by the same method were consistent, demonstrating reproducible

glucuronidation and sulfation profiles (see Figure 48A and B). The experiments
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Exp1 and Exp2 showed that glucuronide conjugates (L1a-L6l) were
significantly more abundant than sulfate conjugates (L7a—L9a). Among the
glucuronide products, metabolites derived from S42-mono-OH (L2a-L2d) and
S42-bis-OH (L4a—L4e) were particularly prominent. Several triple-oxidized
glucuronide species (L6a—L6l) were also detected but appeared at much lower

intensities.

Metabolites with reduced C20-keto functionality (L1a-1b, L3a-3g, L5a-5f) were
detected based on the mass shift of 2 Da (Scheme 66). Interestingly, the
intensity of the reduced glucuronide metabolite L1a was comparable to L2c,
that was derived from S42-mono-OH (Figure 48). The results suggest that
respective metabolite formation, i.e. reduction pathways, occurred during the
phase Il experiment.['?’l |In fact, the metabolites L1a-1b are glucuronide
conjugates of the identical synthetic S42-C20-OH compound (2), which was not
detected in the in vitro phase | experiments analyzed by GC-EI-HRMS. One
possible explanation could be the ionization efficiency of compound 2 in EI-MS.
In contrast, sulfate conjugates of S42-mono-OH (L7a-L7b) were found in
smaller quantities, reinforcing the predominance of glucuronidation in this

system.

These findings from phase Il in vitro studies are consistent with phase | results.
In phase I, the glucuronidation and sulfation reaction occurred to S42-mono-
OH, S42-bis-OH, or S42-tirs-OH, that were detected by the GC-EI-HRMS.
Glucuronide formation was more favorable over sulfation. This trend is
consistent with phase Il metabolic patterns of structurally related steroids such
as testosterone, epitestosterone, androsterone, and etiocholanolone reported

in the literature.[37]

Origin of reduced metabolites in the in vitro phase Il study

The detection of molecular ions of reduced S42 metabolites at m/z 473 (L1a—
L1b), 489 (L3a-L3g), and 505 (L5a-L5f) indicates a respective formation on
the in vitro phase Il level (Scheme 66), as these ions were absent in the
previous phase | study by GC-EI-HRMS. This finding may be related to the
different detection sensitivity and selectivity in LC-ESI-HRMS and GC-El-
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HRMS methods, but can also be an artefact from reduction of phase |
metabolites during in vitro incubation with the reaction mixture for phase Il

metabolite formation.[27]

alcohol

dehyd
o ehydrogenase OH

®
L+ NADPH + H” .+ NADP

R R R R

Scheme 68. Oxidation and reduction reactions by alcohol dehydrogenase are reversible and influenced
by the cofactors concentration and substrate availability.['28]

In particular, it is plausible that both reduction and re-oxidation reactions
occurred in the phase | system, with cytochrome P450 enzymes and alcohol
dehydrogenase in the S9 fraction and the presence of NADPH as a cofactor

(see Scheme 67).

In the phase Il experiments, additional NADPH was introduced, which could
have shifted the oxidation equilibrium toward the reduction pathway.l'?® In
addition, the competition between glucuronidation and sulfation reactions may

have further influenced this shift, consistent with Le Chatelier's Principle.

Metabolite’s structure elucidation based on phase | and phase |l

experiments

The enhanced sensitivity of LC-ESI-HRMS (Orbitrap) also contributed to
detecting trace amounts of triply oxidized metabolites which weren’t observed
in the GC-EI-HRMS (Orbitrap) approach. Possibly, triply hydroxylated
metabolites (L6e-6g) show enhanced ionization properties compared to the
mono- and bis-hydroxylated S42 derivatives in (-)ESI-MS analysis. LC-MS
allowed the identification of a set of new metabolites with molecular ions at m/z
489 (L3a-L3g) and 505 (L5a-L5f). Furthermore, the enzymatic systems
employed in phase | and phase Il in vitro experiments, could have continued
the phase | oxidation reaction, thereby generating additional tris-hydroxylated
precursors available for conjugation. Despite the increased complexity of
metabolites, most observed products remained single- or bis-oxidized species,

aligning with the phase | data acquired earlier.
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Scheme 69. Proposed metabolite ion structures of abundant phase Il metabolites: L1a, L1b; L2a, L2b,
L2c and L2d. lon structure IV contains a double bond, but the exact position is not determined and is

indicated by a loss of two hydrogen atoms.

Because MS? dissociation in LC-MS primarily cleaves conjugated groups like
glucuronide or sulfate, localizing exact oxidation sites is challenging. Based on
the findings of the phase | experiments, oxidation sites are likely to be the A, B,
or D rings in the steroid skeleton. The reduction products L1a and L1b, which
were not observed previously, are hypothesized to result from the reduction of
the C20 ketone group in S42 (1), forming glucuronic ester epimers (epimers,

see Scheme 69).

In the phase | experiments, TMS-derivatized S42-mono-OH metabolites (M1a—
M1b) were identified as hydroxyl derivatives in the C4 methyl group. The results
of the phase | experiment indicate that glucuronidation may have occurred at
the benzylic alcohol position (compound |, see Scheme 69). Further oxidation
of the benzylic alcohol could produce a benzaldehyde intermediate. When the
intermediate undergoes a reduction reaction at the C20 ketone group, this may
lead to the formation of compound Il and compound Ill. Compound IV is likely
a product containing two hydroxy groups and one double bond without knowing
the exact position. The double bond was indicated by a loss of two hydrogen

atoms in Scheme 69.
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Scheme 70. A water elimination reaction from reduced S42-bis-OH and glucuronidation may give
compound IV. The double bond position is not determined and is indicated by a loss of two hydrogen

atoms.

Compound IV may be derived from S42-bis-OH through stepwise reactions
involving the reduction of the C20 ketone to a secondary alcohol, followed by
glucuronidation and an elimination reaction. The elimination step likely forms a
double bond within the steroid ring system, ultimately yielding compound IV

(see Scheme 70).

Glucuronidation
and
oxidation

—GlucA

Chemical Formula: C,7H3¢09
Exact Mass: 504.2359

(L4a-Lde)

Scheme 71. Hypothesized structures of L4a-L4e from oxidation of benzaldehyde to benzylic acid

derivatives and glucuronidation.

Further oxidation of the unstable aldehyde intermediates could produce benzoic
acid derivatives, which may correspond to L4a—L4e, as shown in Scheme 71.
Literature reports have shown the formation of a benzoic acid through stepwise

oxidation of benzylic alcohols and aldehydes.['2°]
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4.4 In vivo animal studies of S42 (1): rat model

Compared to simplified in vitro assays using human liver microsomes (HLM)
and the S9 fraction, in vivo animal studies offer a more complex and
physiologically relevant view of metabolic pathways. To investigate the
metabolism of S42 (1) in vivo, the CER Group in Belgium administered the
compound to six male rats (average weight 276 £ 12 g). Blank urine samples
were collected on day 1 prior to the administration of S42 (1). Subsequent urine

samples were collected daily from day 2 through day 8.

Urine samples from Rats 1 and 2 were analyzed by GC-EI-HRMS (Orbitrap),
using a targeted parallel reaction monitoring (PRM) mode. Samples from Rats
2 to 4 were analyzed by GC-EI-LRMS (triple quadrupole) using multiple reaction
monitoring (MRM) to enhance detection sensitivity. Urine sample preparation
for GC-MS analysis comprised enzymatic and acid-catalyzed hydrolysis of
phase llI-conjugates followed by trimethyl silylation (TMS) to improve volatility
and sensitivity. For LC-MS analysis, urine samples from all six rats were cleared

by centrifugation and analyzed subsequently without any front-end

Workup &
derivatization GC-EI-MS
» | analysis
Worku
| P s |LC-ESI-MS
Day1 (blank) analysis

to day 8

derivatization step.

Scheme 72. Overviews of the S42 (1) administration in male rats and urine collection for eight
consecutive days, followed by analysis via GC-EI-HR/LRMS and LC-ESI-HRMS. Image of the urine
sample was produced by ChatGPT.I'30

4.4.1 Sample workup before GC-MS analysis

Since GC-MS is more suitable for analyzing hydrophobic compounds,
glucuronide and sulfate conjugates required enzymatic and acid-catalyzed
deconjugation to reduce polarity before trimethylsilyl (TMS) derivatization of the
set of resulting phase | metabolites.
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Methyltestosterone (103)

Scheme 73. Structure of methyltestosterone used as an internal standard (ISTD) in rat urine sample

analysis.

Rat urine samples were purified using a combination of solid-phase extraction
(SPE) and liquid-liquid extraction (LLE) to isolate both non-conjugated phase |
metabolites (free fraction) and conjugated phase Il metabolites (glucuronides
and sulfates fractions). The initial SPE purification step used a C18 cartridge to
concentrate samples and to remove salt and matrix impurities and minimize
microbial interference, which is critical for the preservation of the internal
standard methyltestosterone.['31l Methyltestosterone is commonly used due to
its structural similarity to anabolic androgenic steroids (AAS) and comparable

physicochemical characteristics.
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|, | glucuronide agueous phase
metabolites | (1) glucuronidase,
50°C,60 min .| sulfate -
(2) LLE metabolites (1) SPE
(2) HyS04
50 °C, 60 min
(3) LLE

Scheme 74. Sample preparation is conducted according to the procedures of Putz, Piper, and Thevis.*’]
The free fraction was separated after SPE and LLE. Conjugated glucuronide and sulfate metabolites
underwent hydrolysis to yield hydroxy derivatives suitable for GC-MS analysis. Image of the urine sample
was produced by ChatGPT.['30

Following SPE, samples were dried and reconstituted for liquid/liquid extraction
(LLE) using methyl tert-butyl ether (MTBE) and phosphate buffer (Scheme 74).
The non-conjugated (free) phase | metabolites were extracted into the organic
phase, while glucuronide and sulfate conjugates remained in the aqueous

phase.
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Glucuronide conjugates were hydrolyzed using B-glucuronidase and then
subjected to a second LLE to isolate the liberated hydroxy metabolites in the
organic layer. Enzymatic hydrolysis was stopped by adding 20% aqueous
potassium carbonate (K2COs). These samples were purified by an additional
SPE step, followed by sulfuric acid solvolysis and a final LLE to extract formerly
sulfated metabolites. All processed fractions (free, deconjugated glucuronide
and deconjugated sulfate) were dried, and TMS derivatized before GC-EI-MS

analysis.

4.4.2 PRM analysis by GC-EI-HRMS (Orbitrap)

Overview of metabolite investigation by PRM method

GC-EI-HRMS (Orbitrap) was employed to characterize S42 metabolites in rat
urine. Conventional 70-50 eV electron ionization (El) imparts a substantial
amount of activation energy on the molecular ions which therefore show
typically extensive fragmentation reactions leading to the formation of
characteristic fragment ions that are instrumental for structure elucidation. In
the much more gentle electrospray ionization (ESI) cooled molecular ions are

formed and only minimal fragment formation is observed.

Urine samples from Rat 1 (days 1 to 8) were analyzed via full-scan GC-ElI-
HRMS following TMS derivatization. Based on previous in vitro data and
BioTransformer (https://biotransformer.ca/) predictions,!''% specific molecular
ions were selected for monitoring in the extracted ion chromatograms,
particularly within the retention window of 17.0—-19.5 minutes. When both [M]**
and [M-Me']* signals were detected within a five-ppm mass error, MS? (PRM)
experiments were then conducted to reduce matrix interference and provide

information about their product ions.

TMS-derivatized mono-, bis- and tris-hydroxylated metabolites were observed,
consistent with the earlier in vitro experiments. However, since only non-
deuterated S42 was administered in vivo, the assignment of hydroxylation
position was interpreted solely from high-resolution MS? data and previous

structural knowledge from in vitro experiments. Notably, TMS derivatization can
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complicate MS interpretation, especially when distinguishing between ketone

products and hydroxylated compounds with extra double bonds.

Several fragment ions (m/z 193.1043 and 281.1388) correspond to multiple
constitutional isomers originating from TMS groups on the A/B or D rings. In
contrast, ions such as m/z 307.1544 and 331.1554 are characteristic of A/B ring
fragmentation. In in vitro MS? data, the co-appearance of m/z 281, 307, 331,
and 333 supports the oxidation at A/B rings. Therefore, high-resolution MS? is

indispensable for assigning oxidation positions in S42 metabolites.

TMSO,
TMSO TMSO LoT™S .
Me Me oTMS
% 7 oTMS )
* + OTMS OTMS OTMS
Chemical Formula: Cq;H;OSi* Chemical Formula: C14Hp50,5i,"  Chemical Formula: CyoHa;0,Si5"  Chemical Formula: Cq4Ha;O3Sis”
Exact Mass: 193.1043 Exact Mass: 281.1388 Exact Mass: 307.1576 Exact Mass: 331.1576
TMSO
. TMSO . ™SO TMSO
Me
TMSO TMSO Me

. . Chemical Formula:
Chemical Formula: C;;H,0Si*  Chemical Formula: C14Hp50,8i,"  Chemical Formula: C16H27028i,"

. . C1gH27028i,"
Exact Mass: 193.1043 Exact Mass: 281.1388 Exact Mass: 307.1544 Exact Mass: 331.1544

Scheme 75. Possible TMSO fragments at m/z 193 and 281 can be from A/B, or D rings. The positions
of the TMSO groups were unknown. The ions at m/z 307.1544 and 331.1554 should be from the A/B

ring.

GC-EI-PRM analysis of urine samples collected from Rat 1

Identification of mono-hydroxylated metabolites (m/z 450—-456)

Mono-hydroxylated metabolites of S42 were detected across a retention time
window of 18.21-18.82 minutes. Most of these species were present in the
sulfate fraction, although some ions were also observed in the free fraction.
(Scheme 76) Notably, metabolites at m/z 450 (R1_M1a — R1_M1e) were
detected in the free fraction and may arise as fragment ions from parent species

at m/z 540 due to their identical retention times.
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™SO, ™SO, — sc-
e Yol Me)) Me/
-6H -4H A -2H
OTMS OTMS & OTMS OTMS
Me Ve Me Me
R1_M1a - R1_M2a - R1_M3a—
R1_M1e R1_M2h R1_M3d R1_M4a

F:4, G:0, S:1 F:0, G:0, S:9 F:0, G:0, S:2 F:0, G:0, S:1

. OO OTMS
F (free fraction) {”%J{Me

G (glucuronide fraction)

+
S (Sulfate fraction) C15H190Si
m/z 243.1202

Scheme 76. S42-mono-OH derivatives found in urine samples of Rat 1 by GC-EI-HRMS (Orbitrap).
R1_M1b, R1_M1c, R1_M2b, R1_M2c, and R1_M2g may be derived from S42-bis-OH derivative. The
double bonds exact positions are not determined in the metabolites and is indicated by a loss of two
hydrogen atoms.

A similar finding was observed with m/z 452 (R1_M2a — R1_M2h) in the sulfate
fraction, which could be derived from the fragmentation of a m/z 542 precursor.
Coelution patterns were observed in extracted ion chromatograms. Because
these ions share retention times with known bis-hydroxylated metabolites, it is
challenging to determine whether they represent different hydroxylated species

or are simply [M-TMSOH]* fragments of more oxidized parent ions.

The presence of product ions,[M-Me']" and [M-Me*-TMSOH]* were discovered
in most precursor ions at m/z 435, 345 (from m/z 450); m/z 437 and 347 (from
m/z 452); m/z 439 and 349 (from m/z 454); m/z 351 (from m/z 456).

MS? spectra for m/z 452 and 454 consistently detected m/z 243, a diagnostic
ion suggestive of A/B ring oxidation. The oxidation position is supported by

earlier in vitro data

119



Results and discussion

Table 12. Mono-hydroxylated metabolites of S42 found in free, glucuronide and sulfate fractions in urine
samples of Rat 1 on day 2. The signals (in red) of m/z 450 and 452 may be fragmented ions from other

molecular ions at m/z 540 and 542 respectively (see Table 15).

GC T program: 185(0)-3-234(0)-40-310(2)

Rat 1 ISTD: Methyltestosterone
RT:14.12 (RT 18-20 min not influence)
. Theo. Precursor ion RT Pr'oduct
Metabolites mass it ions
[Da] SRS Free Glucuronide Sulfate (m/z)
S42-mono- 18.37,
OH-6H 18.60, n.a.
450.2405 [CotHasOoSiol™  10:6% 18.21 435, 345
(R1_M1a - ’ 18.76 (R1_M1e) ’
R1_M1e) (R1_M1a -
R1_M1d)
S42-mono- 18.05, 18.27,
OH-4H 18.32, 18.53,
. 18.63, 18.70, 437, 347,
(R1_M2a - 452.2561 [C27H4002Siz] n.a. n.a. 18.73, 18.81 243
R1_M2h) (R1_M2a -
R1_M2h)
S4§L|m20|:0- 17.83, 17.89,
i 4542718 [C27H4202Si2]* n.a. n.a. 18.76, 18.82 439, 349,
(R1_M3a - (R1_M3a - 243
R1:M3d) R1_N3d)
S42-mono-
OH 4562874 [CorHasOSia]" n.a. n.a. Uyere Skl 2%,
(R1_Md4a) (R1_M4a) 117

High-resolution MS? spectra for m/z 452 (R1_M2a — R1_M2h) revealed
consistent signals at m/z 193.1043 and 196.1278, which correspond to possible
TMS-ether fragments from either the C17 or C20 positions at the D ring.

TMSO

Me +§ Meﬁwﬁr

Chemical Formula: C41H;;0Si* Chemical Formula: C41H;7;0Si*
Exact Mass: 193.1043 Exact Mass: 193.1043

+e te
TMSO TMSO
Me g Me /fL o

Chemical Formula: C11H»00Si™  Chemical Formula: C41Hy,0Si"™
Exact Mass: 196.1278 Exact Mass: 196.1278

Scheme 77. Proposed structures for m/z 193 and 196 fragment ions may be C20 or C17-TMS isomers

from mono-OH precursors or degradation of bis-OH species.

It was observed that the peaks at m/z 196, m/z 193, and m/z 195 correspond

in their extracted ion chromatograms. The ion at m/z 193 could be generated
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when a new double bond at the D ring formed during the hydrolysis workup or

analysis.
Identification of bis-hydroxylated metabolites (m/z 540-544)

Bis-hydroxylated metabolites of S42 were identified across the free,
glucuronide, and sulfate fractions in Rat 1 urine collected on day 2. The GC-EI-
HRMS chromatogram presents these compounds in retention times between
18.22 and 18.72 minutes. Three different molecular ions were observed at: m/z
540 (R1_Mb5a — R1_M5d), 542 (R1_M6a — R1_M6f) and 544 (R1_M7a —

R1_M7d).
TMSO TMSO TMSO
Me Me Me
OTMS
OTMS OTMS
OTMS OTMS OoTMS

R1_M5a - R1_M5d R1_M6a - R1_M6f R1_M7a - R1_M7d

F:3,G:1, 8:2 F:2, G4, S:4 F:3, G:3, S:1
orms %oms F (free fraction)
e oms G (glucuronide fraction)
C18H27O2S|2 C18H29O2S|2 S (Sulfate fraction)

m/z 331.1546 m/z 333.1704

Scheme 78. S42-bis-OH derivatives found in urine samples of Rat 1 by GC-EI-HRMS (Orbitrap). The
double bonds exact positions are not determined in the metabolites and is indicated by a loss of two
hydrogen atoms.

These ion masses correspond to metabolites with two oxygen atoms and up to
two double bonds (likely hydroxyl groups with double bonds or ketone groups),
confirmed by their MS? product ions. The most prominent bis-OH derivatives
were R1_M5b (m/z 540, RT 18.61 min) and R1_M7a (m/z 544, RT 18.22 min),

both detected in the free fraction.

Their product ions at m/z 281, 307, and 331 were found to be similar to the in
vitro experiment results, indicating oxidation position at the A and B rings. lons
at m/z 143 and 195 hinted at derivatization at the C17 and C20 positions,

respectively.

Many bis-OH metabolites detected in the free fraction were also identified in the
glucuronide and sulfate fractions, with matching retention times and

fragmentation profiles. This observation supports the theory that phase |
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hydroxylated compounds undergo phase |l conjugation,

incomplete metabolic conversion.

Table 13. S42-bis-OH derivatives found in Rat 1 urine on day 2.

presenting an

GC T program: 185(0)-3-234(0)-40-310(2)

Rat 1 ISTD: Methyltestosterone
RT:14.11
. Nominal ;10 cular ion R () MS? product
Metabolites mass composition ions (m/z)
[Da] F G S
18.23
S42-bis- (R1_M5a)
OH-4H 18.61, 18.61 525, 435,
540.2906 [CaoH4s033Sis]”  (R1_M5b) (R1_M5b’) 345, 331,
(El—mgg)' 18.65 18.79 18.64 143/195
- (R1_M5c) (R1_M5d) (R1_M5c’)
18.30 18.30 18.27
(R1_M6a) (R1_M6a’) (R1_M6e)
18.32 18.32
S42-bis- (R1_Méc) (R1_Méc’)
OH-2H 527, 333,
542.3062  [CaoHs00sSia]* 18.55 18.68 331, 281,
(R1_M6a - (R1_M6d)  (R1_M6f) 143/195
R1_M6f)
18.72 18.72 18.72
(R1_M6b) (R1_M6b’) (R1_M6b”)
. 18.22 18.22
3433'3' (R1_M7a) (R1_M7a’) 333, 331
5443219 [CaoHs20sSis]” o102/ 18.27 (18.27) 307, 281,
(R1_M7a - : (R1_M7b) (R1_M7b’) (R1_M7b") 108/143
R1M74) 18.48 18.48 18.46
— (R1_M7c) (R1_M7¢’) (R1_M7d)

Identification of tris-hydroxylated metabolites (m/z 630, 632)

Tris-hydroxylated derivatives of S42 were identified predominantly in the free

and glucuronide fractions of Rat 1 urine samples collected on day 2. These
metabolites eluted between 18.90 and 19.40 minutes in the GC-EI-HRMS
chromatogram. Molecular ions were observed at m/z 630 (S42-tris-OH-2H,
R1_M8a — R1_M8e) and m/z 632 (S42-tris-OH, R1_M9a — R1_M9b). The most

intense signals originated from R1_M8a in free fraction and R1_M8a' in

glucuronide fraction, both at RT 18.93 min.
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TMSO+"__ 2H ™SO, _
Me /1 Me
_  ——OTMS oTMS
F (free fraction) ——OTMS S OTMS
G (glucuronide fraction) —t—otms |l OTMS
S (Sulfate fraction) Me | Me
R1_M8a — R1_M9a —
R1_M8e R1_M9b
F:3, G:3, S:2 F:1, G:2,S:0
Me,
N 2 Si-Me
red + + * +Me
+Me +Me
OTMS Mo OTMS Mo OTMS e OTMS
C1oH2305Si5" C1gH270,8i," C1gH2902Si," C1gH2702Si,"
m/z 2311231 m/z 331.1546 m/z 333.1704 m/z 419.1896

Scheme 79. S42-tris-OH derivatives were discovered in Rat 1 urine on day 2. Hydroxylation at the D
ring and A/B ring was hypothesized by detecting ions at m/z 231, and m/z 331, 333, and 419 in MS?
spectra, with TMSO groups contributing characteristic m/z 143, 155, 157 + n x 88 Da shifts (n =1 - 3).

A new key diagnostic fragment ion at m/z 419 was consistently observed in the
MS? spectra of R1_M8a and R1_M8a' (see Table 14). This fragment
corresponds to m/z 155 + 3 x 88 Da (TMSO functional groups), suggesting all

three hydroxy groups are located at A, B ring system.

The product ions at m/z 331 (155 + 2 x 88 Da) and m/z 307 (131 + 2 x 88 Da),
observed in both R1_M9a and R1_M9b, indicate the presence of two hydroxyl
groups derivatized with TMS on the A, B ring system. The fragment ion at m/z
231 (143 + 88 Da) also suggests a third hydroxyl group at the D ring. These
fragmentation signatures closely match the results in in vitro phase | MS?
spectra of S42-tris-OH derivatives, supporting structural consistency across in

vitro and in vivo models.
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Table 14. S42-tris-OH derivatives were discovered in Rat 1 urine on day 2.

GC T program: 185(0)-3-234(0)-40-310(2)

Rat 1 ISTD: Methyltestosterone
RT:14.11
2
Ulhizo. Molecular ion RT .MS product
Types mass composition ions from rat
[Da] : F G S samples (m/z)
_ 18.93 18.93 n.a
S42-tris- (R1_M8a)  (R1_M8a’) o
OH-2H 19.11 18.99 18.98 331 231
i1 (R1_M8b R1_M8d R1_M8d’ ,
(R1_Mga 0303407  [CasHsaOsSid (R1_M8b)  (R1_M8d)  (R1_M8d’) 525, 419,
- 19.17 19.10 19.21 331, 195
R1_M8e) (R1_M8c) (R1_M8b’)  (R1-M8e)
S42-tris- (19.06) 19.05 n.a.
el (R1_M9a) (R1_M9a’) n.a.
632.3563  [C33He004Sia]* 331, 307, 231
(RSN 19.40 19.40 o a
- R1_M9b R1_M9b’ <
R1_M9b) (R1_M9b) (R1_ )

Comparison of the metabolite profile found in urine of Rat 1 and in the in

vitro phase | study

A comparison between in vitro and in vivo (rat) metabolism models of S42
reveals notable differences in oxidative biotransformation and conjugation
patterns. The primary metabolites in the in vitro phase | experiments were
mono-hydroxylated species. However, in urine samples from Rat 1, particularly
those collected on Days 2 and 3, the dominant metabolites identified in the free
and glucuronide fractions were bis- and tris-hydroxylated compounds. In
contrast, the sulfate fraction predominantly contains mono-hydroxylated

metabolites.

Analysis of the MS? spectra revealed key diagnostic fragment ions at m/z 231,
243, 331, and 419. These ions are essential for elucidating the oxidation
positions on the S42 backbone. Fragment ions at m/z 231 (143 + 88 Da) and
243 (155 + 88 Da) typically indicate oxidation at the D ring and A/B rings,
respectively. The ion at m/z 331 (155 + 2 x 88 Da) corresponds to two TMSO-
derivatized hydroxyl groups at the A/B ring. A novel peak at m/z 419 (155 + 3 x
88 Da) strongly indicates tris-hydroxylation at the A/B rings. All of these
fragments, except m/z 419, were previously detected in the in vitro data,

providing a solid basis for comparison and structural interpretation.
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R1_M5a — R1_M6a — R1_M7a— R1_M8a — R1_M9a —
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F:3, G:1, S:2 F:2, G4, S:4 F:3, G:3, 8:1 F:3, G:3, S:2 F:1, G:2, 8:0
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| (Otoms e o
Ve +Me ) OTMS T OTMS I OTMS
oTMS C15H190Si" C1gH270,Si," C1gH290,Siz" C1gH270,Si,"

m/z 243.1202 m/z 331.1546 m/z 333.1704 m/z 419.1896

C10H2302Siz"
m/z 231.1231

Scheme 80. lllustration of the TMS-derivatized metabolites detected in the urine of Rat 1. Fragment ions
at m/z 231, 243, 331, and 419 were consistently observed across the free, glucuronide, and sulfate
fractions. In the free fraction, a fragment ion at m/z 450 likely originated from a parent ion at m/z 540,
based on their identical retention times in the extracted chromatograms. Similarly, m/z 452 is likely

derived from m/z 542 in the sulfate fraction.

As illustrated in Scheme 80, the fragment ions mentioned above were
consistently found across all three sample types: free, glucuronide, and sulfate
fractions. Importantly, in the free fraction, an ion at m/z 450 was observed at
the same retention time as a precursor ion at m/z 540 (see Table 15). This
coelution suggests that m/z 450 is not a molecular ion but a fragment ion
(IM-TMSOH]™) of the bis-hydroxylated metabolite at m/z 540. A similar
phenomenon was found in the sulfate fraction, where m/z 452 coeluted with m/z
542. Full-scan and MS? analysis suggested that m/z 450 and 452 are fragment
ions originating from TMS-dehydration of precursor ions at m/z 540 and 542,

respectively.

It is interesting to compare rat and in vitro metabolism models. The major in
vitro phase | metabolite is a mono-hydroxylate product. For Rat 1 samples, the
free and glucuronide fractions were identified as bis- or tris-hydroxylated
derivatives. In contrast, the sulfate fraction mainly contained mono-
hydroxylated metabolites. These compounds were primarily detected in

samples from Day 2 and Day 3.
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In addition, many metabolites observed in the free fraction were also detected
in the glucuronide and sulfate fractions with matching molecular ion masses,
retention times, and fragmentation profiles. This observation supports a
sequential metabolic pathway where phase | hydroxylated metabolites become
substrates for phase Il conjugation reactions. The identical metabolite patterns
and retention time in conjugated and non-conjugated fractions confirm that
hydroxylation precedes glucuronidation or sulfation. Therefore, the rat
metabolism data shows that S42 (1) undergoes multiple oxidations followed by
conjugation, highlighting a more complex metabolic pathway from the in vivo

model than the in vitro model.
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Table 15. Metabolites identified from Rat 1 urine samples were analyzed using GC-EI-HR-MS (Orbitrap) with HCD at 20 eV. The bis-hydroxylated metabolite S42-bis-OH

appeared at 18.48 minutes (in bold) and exhibited a fragmentation pattern and retention behavior closely aligned with the in vitro phase | experiments. Importantly, metabolites

with identical molecular ions and retention times (underlined) were consistently observed across the free, glucuronide, and sulfate fractions. Notably, fragment ions detected at

m/z 450 and 452 were found to share retention times (in red) with parent ions at m/z 540 and 542, respectively. * Results not from the same in vitro experiment.

Types

S42-mono-
OH-6H

S42-mono-
OH-4H
S42-mono-
OH-2H
S42-mono-
OH
S42-bis-OH-
4H
S42-bis-OH-
2H

S42-bis-OH

S42-tris-
OH-2H

S42-tris-OH

Metabolites

R1_M1a -
R1_M1e

R1_M2a -
R1_M2h

R1_M3a-
R1_M3d

R1_Md4a

R1_M5a -
R1_M5d
R1_Méa -
R1_M6f
R1_M7a-
R1_M7d

R1_M8a -
R1_M8e

R1_M9a -
R1_M9b

Rat 1

Theo.
mass
[Da]

450.2405

452.2561

454.2718
456.2874
540.2906
542.3062

544.3219

630.3407

632.3563

Molecular ion
composition

[C27 H3SOZS IZ] i

[C27H400:Siz]™

[C27 H4ZOZS IZ] i

[C27H440,Si,] ™

[C30H48033Si3]™

[C3oHs5003Sis]™

[C3oHs5203Sis]™

[Ca3Hs804Sis]™

[C33He0O4Sia]™

T program: 185(0)-3-234(0)-40-310(2)

ISTD: Methyltestosterone

RT:14.12 > 14.81 (RT 18-20 min not influence)

F

18.37, 18.60,
18.64, 18.76

n.a.

n.a.

n.a.

18.23, 18.61,
18.65

18.30, 18.72

18.22, 18.27,
18.48

18.93, 19.11,

19.17

(19.06), 19.40

RT

G

n.a.

n.a.

n.a.
n.a.

18.79

18.30, 18.32,
18.55, 18.72

18.22, 18.27, 18.48

S

18.21

18.05, 18.27, 18.32,
18.53, 18.63, 18.70,
18.73, 18.81
17.83, 17.89,
18.76, 18.82

17.72

18.27, 18.32,
18.68, 18.72

(18.27), 18.46

18.93, 18.99, 19.10

19.05, 19.40

18.98, 19.21

n.a.

MS? product ions from rat samples

In vitro phase |

n.a.

n.a.

n.a.

17.88, 17.96,
18.03

n.a.

n.a.

18.37, 18.41,
18.47, 18.63

n.a.

*19.00, 19.15,
19.64

(m/z)

435, 345

437, 347, 243

439, 349, 243
351, 244, 117

435, 345, 331

527, 333,
331, 281

333, 331,
307, 281

525, 419, 331,
331, 231

331, 307, 231

Hypothesized
oxidation
position

n.a.

A, Bring
A, B ring
n.a.
A, Bring
A, Bring
A, Bring

A, B ring;
A,B and D ring;

A, B and D ring
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Scheme 81. Proposed metabolite structures found in urine collected from Rat 1. GC-EI-HRMS/MS analysis after phase Il adduct hydrolysis and TMS derivatization.
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Comparative analysis of urine samples collected from Rats 1 and 2

Rat 2 samples on day 1 and day 2 were analyzed by GC-MS (Orbitrap) to determine
whether the metabolites profile from Rat 2 is similar to samples from Rat 1. Due to
biological variation and therefore differences in excretion patterns from individuals can
be expected. The data here only showed the preliminary results of S42 rat metabolites

and more data is needed to confirm the findings.

Although several derivatives from Rat 1 and Rat 2 showed similar MS? fragmentation
patterns and aligned retention times, they cannot be definitively confirmed as the same

metabolites due to the coelution problem and instrument-related retention time shifts.

Nevertheless, the observed metabolites identified in the urine samples of Rat 2 are
similar to those found in the urine of Rat 1. In Rat 1 samples, the S42-tris-OH-2H
(m/z 630) had a high intensity in the free and glucuronide fraction, while S42-mono-
OH-4H (m/z 452) is more abundant in the sulfate fraction. In Rat 2, less S42-mono-
OH-4H derivative (m/z 452) was observed. Our focus was comparing the presence
and abundance of S42-mono-OH derivatives (m/z 450, 452, 454), S42-bis-OH
derivatives (m/z 540, 542, 544), and S42-tris-OH derivatives (m/z 630, 632).

Rat 1 Free fraction Rat 1 Glucuronide fraction Rat 1 Sulfate fraction

‘-nTono SEx tris, 9%
tris, 25% tris, 38% ﬂ
2 bis, 30%
bis, 62% ‘ mono, 61%
mrzsaa  DiS:50% | m/z540 | ——
Rat 2 Free fraction Rat2 Glucuronide fraction Rat 2 Sulfate fraction

/2450

2
iz
m/az.
tris, 9%
mono, 36%
bis, 55"/,

mono, 21% 2
tris, 36%
tris, 32%
bis, 47% bis, 64%

Figure 49. Percentage of different metabolites on day 2 in free, glucuronide, and sulfate fractions from Rat 1 and
Rat 2.
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In the free fraction, similar patterns were observed for both Rat 1 and Rat 2. All three
metabolite categories were detected: S42-mono-OH, -bis-OH, and -tris-OH derivatives.
S42-bis-OH derivatives dominate approximately 50%, while S42-tris-OH and S42-

mono-OH derivatives represent about 30% and 20%, respectively.

In the glucuronide fraction, the profiles of both rats were also highly comparable. Only
S42-bis-OH (around 60%) and S42-tris-OH (around 40%) derivatives were present.

Mono-hydroxylated derivatives were not detected in either of the two rats.

In contrast, the sulfate fraction differed distinctly between Rat 1 and Rat 2. In Rat 1,
S42-mono-OH derivatives were predominant (61%), followed by S42-bis-OH (30%)
and S42-tris-OH (9%). In Rat 2, the primary metabolites were S42-bis-OH derivatives
(55%), with mono-OH (36%) and tris-OH (9%) present in smaller proportions.

These results suggest that phase Il sulfation may differ between the two animals. In
Rat 1, sulfate conjugation primarily involved mono-hydroxylated metabolites, while Rat

2 primarily presented bis-hydroxylated metabolites.

Table 16. lons at m/z 450 and m/z 540 were both discovered at the same retention time by Orbitrap and quadrupole

analysis.
Nominal mass Chemical Orbitrap
(m/z) composition Rt (min) (after 2.5 weeks)
450 C27H3802Si2™ 18.40, 18.73, 18.88
18.39, 18.72, 18.88, 18.81, 18.98,
540 C30H4803Sis™
19.18, 19.27
452 C27H24002Si2™ 18.41, 18.45, 18.50, 18.92
454 C27H42028Si2™ 18.45, 18.94
542 C30H5003Si3™ 18.41, 18.45,18.50, 18.91, 18.87
544 C30H52038Si3™ n.a.

From another perspective, it is also possible that the sulfate metabolites decomposed
before the MS? experiment in the Rat 1 sample. In the sulfate fraction in Rat 2, the
retention time of metabolite at m/z 540 and m/z 450 were the same. Additionally, m/z
450, 452, 454, and 542 showed similar retention times. This phenomenon is also

observed in the analysis of GC-EI-LRMS (triple quadrupole) (see Section 4.4.1).
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One possible explanation is that during ionization, S42-bis-OH ([M]**) derivatives may
undergo elimination of a TMSOH group (=90 Da), resulting in more stable fragment
ions that resemble S42-mono-OH derivatives ([M - TMSOH]*). This phenomenon
would explain the concurrent presence of m/z 450 and 540, or 452 and 542, at the
same retention times. Nevertheless, it is challenging to know whether the two different
compounds coeluted at the same retention time or a produced fragmented ion is much

more concentrated than its molecular ion.

TMSO, ; B ™SO, ™S
|
6H -4H 2H
—OTMS OTMS OTMS
m/z 450 m/z 452 m/z 454
TMSC‘;‘ 7 i 3 r TMSO+‘ r TMSO+-
-4H : -2H
—-OTMS ! OTMS OTMS
—-OTMS | OTMS OoTMS
m/z 540 ‘ m/z 542  m/z544

Scheme 82. Structures of ions sharing the same retention time in the chromatogram. The double bonds exact
positions are not determined in the metabolites and are indicated by a loss of two hydrogen atoms.

This finding suggests that the hydrolyzed sulfate metabolites were not very stable.['3?]
From the previous synthesis results, GC-MS analysis of TMS-derivatized S42-C6-OH
and S42-C7-OH revealed the formation of double bonds at the C6—C7 position. If the
hydroxy position is at C6 or C7, an additional double bond may be formed during either
TMS derivatization or sample injection with heat. These findings strongly suggest that

S42 metabolite samples should be analyzed immediately after derivatization.

4.4.3 Low resolution GC-EI-MS (triple quadrupole ) MRM experiments

PRM experiments using GC-MS (Orbitrap) are crucial for structure elucidation, but only
three to four precursor ions can be included in a PRM experiment. Detailed MS?
spectra allows structure assignment, but PRM experiments are inefficient for routine
doping control purposes. MRM experiments by GC-EI-LRMS (triple quadrupole) can
help reduce matrix effects for sensitive, quantitative analysis. In this approach more
precursor-product ion transitions can be included per run than in the Orbitrap
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instrument, making it more suitable for routine monitoring of previously characterized

metabolites.

Comparative validation of GC-EI-LRMS with GC-EI-HRMS for the analysis

of S42 in vitro metabolites

Before analyzing the more complex metabolic profile of the rat urine samples, in vitro
phase | metabolism studies were conducted with a set of MRM experiments by GC-EI-
LRMS (QqgQ (triple quadrupole)). This preliminary analysis allowed us to investigate
the retention time window and fragmentation characteristics of S42 metabolites,

providing valuable information for interpreting in vivo data.

Although both the Orbitrap and triple quadrupole instruments employed the same GC
columns, the retention times of metabolites shifted. Table 17 summarizes the retention
time shifts observed between the GC-Orbitrap (HCD: 20 eV) and the triple quadrupole
MS (CID: 20 eV or 8 eV)

Table 17. Retention time comparison of in vitro metabolites between GC-Orbitrap (HCD 20 eV) and triple
quadrupole MS. (CID 20 eV for ISTD, M1a-M1c, M2a-M2b; CID 8 eV for M3a-M3b, M4, and M5).

In vitro phase | Exp

. Molecular ion GC-Orbitrap-PRM GC-QqQ MRM Transitions MRM

Metabolites (m/z) (RT) (RT) (m/z)

ISTD: MT 14.81 1439 301.3>169.1

(methyltestosterone) (after column change) ' 446.3>301.3

456.3>195.2

M1a - M1c 456.2874 17.88, 17.96, 18.03 17.74,17.82, 17.90 456.3>245.1

456.3>351.2

544.3>231.1

18.35, 18.41, 18.47, 18.20, 18.22, 18.28, 544.3>244 1

M2a — M2d 544.3219 18.65 18.51 544.3>307.1

544.3>439.2

632.3>231.1

M3a, M3b 632.3563 19.00, 19.15 19.00 632.3>331.1

632.3>542.3

470.2>195.1

M4 470.2667 18.25 18.13 470 25455 2

558.3>231.1

M5 558.3004 18.89 18.73 558.3->244 1

The triple quadrupole machine is a low-resolution mass spectrometer, providing mass
measurements roughly accurate to two decimals, with a mass tolerance of £0.7 u. As
a result, coeluting isobaric ions selected by the first quadrupole may can originate from
different molecular species having the same nominal mass. A similar phenomenon can
occur in the third quadrupole, where product ions with identical nominal masses are
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detected following fragmentation in the second quadrupole. Therefore, comparing the
results with blank samples and the coordinated high resolution mass spectra obtained
from GC-HRMS (Orbitrap) is important.

A particularly noteworthy observation occurred in the MRM traces at RT 18.12 minutes
in the chromatogram of the transitions at m/z 456 to 195 (Figure 50, left). The peak at
18.12 min was detected along with M1a, M1b, and M1c. However, the signal did not
belong to a S42-mono-OH derivative as expected, but it could be attributed to an
oxygenated compound S42-mono-OH+0-2H, previously identified metabolite M4 (see
Figure 45, page 101). In the MS? spectrum obtained from the Orbitrap analysis, M4
contained a molecular ion at m/z 470, with significant fragment ions at m/z 455
([M-Me'T%), and 195, which explained the detection in the MRM experiment.

RT: 17.24 - 18.35 SM: 5G RT: 17.87 - 18.96 SM: 5G

18.12 NL: 6.74E5 18.12 NL: 2.75E4
100 TICF: +cEISRMms2 100 M4 TIC F: + c EI SRM ms2
80 M1b 456.288@cid20.00 470.267@cid8.00
[195.115-195.125] MS 8 80 [195.115-195.125] MS
60 17.82 ms45_wen_in S ms45_wen_in
40 vitro_20250127_006 Eeo vitro_20250127_006
M1c | 1823 3 .
20 17.90 < (notintense
0 240 in former exp.)
100 17.82 NL: 1.33E5 g 18.23
o TICF:+cEISRMms2 & 59 i 1878
80 456.288@cid20.00 k
0 M1la [245.131-245.141] MS 0
ms45_wen_in
17.74 tro_20250127 18.13 NL: 3.04E6
40 17.00 vitro_20260127_006 100 TIC F: + ¢ El SRM ms2
18.12 470.267@cid8.00
o 880 [455.238-455.248) MS
0 £ ms45_wen_in
100 782 NL: 1.90ES B vitro_ 20250127_006
TIC F: + c EI SRM ms2 5 60
80 456.288@cid20.00 2
[351.200-351.219] MS S 40
60 ms45_wen_in %
vitro_20250127_006 ° 18.24
40 17.90 - - & 20 8
20 17.74
0 0
17.5 18.0 18.0 18.5

Time (min) Time (min)

Figure 50. Chromatograms of MRM experiment of different in vitro metabolites M1a, M1b, M1c (left) and M4 (right).

This finding emphasizes the need to interpret MRM results with PRM (targeted MS?)
data to distinguish overlapping signals, especially when coeluting isomers are present

within narrow retention windows.

The investigated TMS derivatized in vitro sample had aged within three and half
months and was likely undergoing decomposition. Analysis of an aged sample may
explain the absence of detectable transition ions from M3a in the triple quadrupole data.
M4 and M5 could be identified in the MRM experiment, which was consistent with the
GC-EI-HRMS analysis.
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Comparative validation of GC-EI-LRMS with GC-EI-HRMS MRM methods

for the S42 metabolic screening of urine collected from Rat 2

Urine samples from Rat 2 were analyzed using both GC-EI-HRMS (Orbitrap) and GC-
EI-LRMS (QqQ (triple quadrupole)). This section focusses on the targeted screening
of S42-derived metabolites in urine collected from Rat 2 using the multiple reaction
monitoring (MRM) method on a triple quadrupole mass spectrometer with CID at 20
eV (routinely used CID collision energy). The analytical goal was to identify S42-mono-,

bis-, and tris-OH metabolites across the free, glucuronide, and sulfate fractions.

A series of mono- and bis-OH metabolites were detected in sulfate fraction. Notably,
metabolites with nominal mass at m/z 450 (S42-mono-OH-6H) and m/z 540 (S42-bis-
OH-4H) presented coeluting peaks at 18.29 min and 18.61 min, respectively. The ions
at m/z 450 can be water-loss olefins from metabolites at m/z 540. Similarly, ions at m/z
452, 454, 542, and 544 were detected at close retention times between 18.30 and
18.39 minutes. This finding was also observed in Orbitrap-based PRM analysis. This
observation suggested that the ions discovered for mono-hydroxylated metabolites
with at m/z 450, 452, and 454, may originate from bis-hydroxylated metabolite at m/z
540, 542, and 544 in the Rat 1 samples.

Table 18. Comparison of the retention times RT of the metabolites from the sulfate fraction from Rat 2 urine on
day 2, analyzed by the GC-EI-QqQ/ Orbitrap MS machine.

Nominal Chemical GC-EI-LRMS (QqQ) GC-EI-HRMS (Orbitrap)
mass (m/z) composition RT (min) RT (min)
450 C27H3802Siz™ 18.29, 18.61 18.40, 18.73, 18.88
- 18.39, 18.72, 18.88, 18.81,
540 Cs0H4803Sis 18.29, 18.61 18.98, 19.18, 19.27
452 C27H24002Siz™ 18.30, 18.34, 18.38, 18.66 18.41, 18.45, 18.50, 18.92
454 C27H4202Si2™ 18.30, 18.34, 18.39 18.45, 18.94
542 CaoHso0sSis™*  18.30, 18.34, 18.39, 18.79 18.41,18.50, 18.91, 18.45,

18.87
544 C3oHs52038Si3™ 18.30, 18.34, 18.39 -

While m/z 544 was observed exclusively in the MRM experiments on the QqQ
instrument, it was not detected in Orbitrap PRM mode. This observation may be due
to the higher sensitivity in MRM mode or the degradation of unstable compounds
before the delayed Orbitrap analysis. In contrast, the Orbitrap machine identified more
isobaric metabolites with molecular ion mass at m/z 540 than the triple quadrupole

machine (see Table 18), which may also result from degradation.
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Scheme 83. Neutral loss of TMSOH from m/z 540, 542, and 544 gives product ions at m/z 450, 452, and 454,
respectively, all sharing the identical retention time RT with the respective precursors in the MRM experiments.

It is hypothesized that some molecular ions assigned to S42-mono-OH derivatives
(e.g., m/z 450, 452) may actually originate from the loss of TMSOH (-90 Da) from S42-
bis-OH precursors such as m/z 540 or 542. This neutral loss could generate abundant
[M-TMSOH]** fragments, explaining the identical retention times of these ions (see
Scheme 83). Different hydrolysis conditions applied to glucuronides (enzyme-based)
and sulfates (acidic) may also affect metabolite stability and detection. The acidic
conditions used for hydrolysis of sulfate conjugates might promote TMSOH loss or
thermal degradation, leading to abundant [M-TMSOH]** product ion formation within

the sulfate fraction.
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Scheme 84. Abundant TMS derivatized metabolites observed by GC-EI-LRMS (triple quadrupole) using MRM
experiments: S42-bis-OH-4H (m/z 540), S42-bis-OH (m/z 544), S42-tris-OH (m/z 630) and S42-tris-OH (m/z 632).

Metabolites N4a and N5b found in the glucuronide fraction are most abundant.

Significantly, the metabolite distribution patterns varied between the three fractions.
Bis-hydroxylated derivatives were most abundant in the sulfate (S) fraction, whereas
tris-hydroxylated metabolites dominated in free (F) and glucuronide (G) fractions.
Based on diagnostic product ions m/z 231, 307, 331, and 419, the oxidation sites were
assigned primarily to the A/B rings of the S42 scaffold (Scheme 84).

Table 19. TMS derivatized S42 metabolites (m/z 540, 544, 630, 632) from Rat 2 were screened on day 2 using

MRM transitions across all urine fractions. Only specific transitions (CID 20 eV) were used to determine peak area

and relative intensity (in bold).

Nom RT (min)
. : Transitions
Metabolites mass (m/z)
(m/z) Free Glucuronide Sulfate
'(fATTE; 446 14.44 14.43 14.39 ig;'gz;gf';
S42-bis-OH- 18.29 18.61 540.3>435.2
4H 540 540.3->345.1
(N2a-N2b) (N2a) (N2b) 540.3>331.1
S42-bis-OH- 542.3>437.2
2H 542 18.30 1834 18.39 542.3->331.1
(N1a-N1c) (N1a) (N1b) (N1c) 542.3->333.1
. 18.29 18.29 18.55 1828 18.34 18.38 544,3>307.1
S(:é—ab_lfl-?’?;; 544 544.3>195.1
544.3> 331.1 (F, G)
(N3a) (N3a) (N3b) (N3a) (N3c) (N3d)

S42-tris-OH 0 1899 18.99 19.16 %%%-%3 14;59-11

(N4a- N4b) : .

(N4a) (N4a) (N4b) 630.3> 525.2 (G)

2H 632 N5 N5b 632.3>437.2
(N5a-N5b) (N5a) (N5b) 63235527 2
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From a semi-quantitative perspective, the area ratio of analyte to ISTD
(methyltestosterone) was calculated for each metabolite in each fraction. In the sulfate
fraction, only bis- and tris-OH metabolites were considered for semi-quantitation due
to the ambiguous results from S42-mono-OH, which may originate from in-source

fragmentation of S42-bis-OH derivatives.

Rat2 metabolites by MRM method

0.02
0.018
__0.016
0.014
0.012
0.01
0.008
0.006

Area ratio (analyte/ISTD

0.004
0.002

Nla N1b Nlc N2a N2b N3a N3b N3c N3d N4a N4b N5a N5b

Free Glucuronide Sulfate

Figure 51. Rat 2 metabolites ratio in free, glucuronide, and sulfate fractions.

The metabolite profile found in the Rat 2 urine (Figure 51) reveals a conjugation
preference: glucuronides dominate among tris- and bis-OH derivatives (notably N3a,
N4b, and N5b), while sulfate conjugation mainly targets bis-OH derivatives (N1b, N1c,
N2b). The free fraction showed relatively low concentrations of S42 metabolites. One
exception is N3a (S42-bis-OH). In addition, N4a (S42-tris-OH-2H) was found in free
and glucuronide fractions with a consistent retention time of 18.99 min, showing

glucuronide as a primary phase Il conjugate from S42-tris-OH-2H.

Overall, the MRM-based analysis by triple quadrupole mass spectrometry proved to
be highly efficient for screening Rat 2 metabolites. The results not only match those
from GC-EI-HRMS Orbitrap experiments but also provide higher sensitivity for
detecting trace metabolites such as m/z 544. These findings highlight the analytical
complementarity of these two instrumental approaches and the significance of careful
interpretation of fragment ions to distinguish between true metabolites and derived

species.
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Qualitative MRM with GC-EI-LRMS of urine samples collected from Rat 3
and Rat 4

The number of targeted ions in the MRM (multiple reaction monitoring) method was
reduced, and the injection volume was increased from 2 yL to 3 pL to enhance
sensitivity in the analysis of Rat 3 and Rat 4 urine samples. The collision-induced

energies (20, 25, 30 eV) of different transition ions were modified.

Due to previous findings from the analysis of urine of Rat 2, where the degradation of
labile compounds was observed after 2.5 weeks, all urine samples of Rats 3 and 4
were analyzed immediately after sample preparation in order to minimize the
decomposition of metabolites.

Table 20. Summary of the retention times and optimized transitions from metabolites in the Rat 3 and Rat 4 urine

samples. The concentration of metabolites was highest on day 2. Only specific transitions were used to determine

peak area and relative intensity (in bold).

Nom. RT (min) Transitions gr?(laliziizrs]
Metabolit (m/z)
etabolites E:?ZS)' Free Glucuronide Sulfate (eV)
Rat 3 Rat 4 Rat 3 Rat 4 Rat 3 Rat 4
301.3>169.1 20
ISTD (MT) 446 1440 14.44 1442 14.44 14.41 14.44
(MT) 446.3>301.3 20
S42-bis 18.29, 18.30, 540.2->525.2 20
OhaH 540 18.60 18.65 540.2->435.2 20
N2a, 540.2->345.1 20
(N2a-N2b) N2a
N2b 540.2->331.1 30
18.28, 18.30, 18.28, 18.29, 12'32' 12-21‘ 544.3-5529.3 25
. 18.55 19.56 1855 18.57 b o
S42-bis- 18.39 18.39 544.3->439.2 25
OH 544 544.3>331.1 30
(N3a-N3d) N3a, N3a, N3a,  N3a, :ga :ga
N3b N3b N3b N3b N3fi, N3((:1‘ 544 .3->307 .1 30
544.3>195.1 20
18.98, 18.99, 18.98, 18.99, 630.3>525.2 25
S42-tris- 19.16 19.16 19.16 19.16 630.3>419.1 20
(Na:-ﬁ:ib) 630 N2 Nd4a  Nda  Nda 630.3>331.1 30
Ndb N4b N4b  N4b 630.3>195.1 20
18.78, 18.80, 18.78, 18.80 632.3>527.2
_ 1900 19.00 19.00 1901 1900 19.00 (RT 18.78 min) 20
34(2)-:{'8- 632 632.3>419.1 20
N5a, N5a, N5a, 632.3>231.1
(N5a-N5b) Neb Nob Nep NP N5b N5b (RT 19.00 min) 25
632.3>195.1 20

The targeted metabolites in this screening included hydroxylated S42 derivatives: S42-
bis-OH-4H (m/z 540: N2a, N2b), S42-bis-OH (m/z 544: N3a—-N3d), S42-tris-OH-2H
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(m/z 630: N4a, N4b), and S42-tris-OH (m/z 632: N5a, N5b) according to the findings

from samples of Rat 2. Most metabolites were discovered on day 2 and day 3.

The metabolite profiles of the Rat 3 and Rat 4 individuals were compared by the ratio
of the metabolite signal area divided by the one of the internal standard
(methyltestosterone). Since free, glucuronide, and sulfate fractions were prepared and
analyzed separately, the area ratios are presented independently, and the signal

intensities were compared in a relative manner.

Rat3 metabolites by MRM method

0.06
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Area ratio (analyte/ISTD)
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Free Glucuronide Sulfate
Rat4 metabolites by MRM method
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0.015

Area ratio (analyte/ISTD)
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N2a N2b N3a N3b N3c N3d N4a N4b N5a N5b

Free Glucuronide Sulfate

Figure 52. Analytes intensities in Rat 3 and Rat 4 using the same MRM method.

The results yielded from Rat 3 and Rat 4 showed distinct differences in overall
metabolite intensities. Unfortunately, technical problems reduced the sensitivity of the
measurements of the Rat 4 samples (ion source contamination). Hence, the signal

intensities of all the metabolites detected in Rat 4 samples were substantially
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decreased. However, the overall trends and the metabolite distribution remained
similar for Rat 3 and Rat 4.

Metabolite N4a (S42-Tris-OH-2H) has a stronger intensity than other metabolites in
the glucuronide fraction. N4b (S42-Tris-OH) was the second most abundant metabolite
in the glucuronide fraction. Metabolite N4a (S42-Tris-OH-2H) was also found in the
free fraction. Bis-hydroxylated metabolites were more concentrated in the sulfate

fraction. These results agree with the analysis from Rat 2 samples.

4.4.4 Summary of the GC-MS analyses of rat urine

Combination of high-resolution GC-EI-HRMS (Orbitrap) and low-resolution GC-El-
LRMS (triple quadrupole) methods enabled comprehensive metabolic profiling of S42
in rat urine. Day 2 and day 3 post-dosing samples revealed the most abundant

metabolite excretion.

Across all four rats investigated, tris-hydroxylated metabolites were more abundant in
the glucuronide fraction and in the free fraction. In contrast, mono- and bis-
hydroxylated derivatives were more commonly observed in the sulfate fraction.
However, potential EI-MS fragmentation or chemical degradation during sample
preparation and storage, especially under acidic conditions for sulfate hydrolysis or
TMS derivatization, may have led to artefact formation and alterations. As a result,
S42-bis-OH metabolites are observed as S42-mono-OH derivatives. This finding was
particularly evident in Rat 2, where the Orbitrap and triple quadrupole analyses showed

close retention times for m/z 450 and 540 and m/z 452 and 542.

The high-resolution Orbitrap-MS provided information about the product ions with an
error lower than 5 ppm through PRM analysis mode. Characteristic product ions at m/z
243, 307, 331, and 419 were consistently observed in metabolites. These ions
supported hydroxylation at the A and B rings of the steroid system. Additional
fragments at m/z 143, 195, and 231 indicated potential modifications at the respective
D ring. These diagnostic ions were crucial for knowing the oxidation position and

assignment of TMS-C17 or -C20 isomers.['15]

Triple quadrupole MS in MRM mode enhanced detection sensitivity and throughput,
allowing a more effective S42 screening of urine samples collected from Rats 2 to 4.
The acquired results were consistent with high-resolution Orbitrap data.
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Scheme 85. The most abundant TMS-derivatized metabolites in glucuronide fraction are N4a, N4b, following N5a

and N5b. N2a and N2b were more abundant in the sulfate fraction than in the free fraction.

Significantly, in both Rats 3 and 4, metabolites N4a and N4b (tris-OH derivatives at
m/z 630 and 632) showed the highest intensity in the glucuronide fraction, which is
consistent with the observation in Rat 1 and Rat 2 (see Scheme 85). Metabolites N2a
and N2b (bis-OH derivatives at m/z 540) were most abundant in the sulfate fraction in

Rat 2 - Rat 4. The metabolism profiles are consistent across biological replicates.

4.4.5 S42 high resolution LC-ESI-MS/MS PRM experiments

S42 phase Il metabolites were also analyzed in rat urine using LC-ESI-HR-MS/MS
(Orbitrap). This method can directly detect glucuronide and sulfate conjugates without
hydrolysis or derivatization for sample preparation. Electrospray ionization (ESI), as a
soft ionization technique, maintains the precursor ions and minimizes fragmentation
during full-scan MS acquisition.[“®®! Therefore, LC-ESI-MS is complementary to GC-ElI-
MS, providing a broader coverage of metabolite profiles due to its compatibility with

polar and thermally labile compounds.

LC-ESI-MS/MS analysis methods

Dr. Felicitas Wagener conducted LC method development, sample preparation, and
injections and provided us with the analysis data. Rat urine samples (50 uL each) were
centrifuged and analyzed directly without further purification. Testosterone-
glucuronide-d3, androsterone-glucuronide-d5, and testosterone sulfate-d3 were added

as internal standards.
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The analysis yielded the identification of glucuronide and sulfate conjugates derived
from bis- and tris-hydroxylated S42 metabolites. More sulfate metabolites than
glucuronides were detected. In MS? experiments, diagnostic product ions were
observed at m/z 175 and 113 for glucuronide fragments and m/z 97 and 80 for sulfate

fragments, confirming the metabolite identities (see Scheme 64, page 107).
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Scheme 86. Discovered glucuronide and sulfate metabolites in rat urine samples on day 2.

Semi-quantitative analysis and ion selection with LC-ESI-MS/MS

Metabolite quantification was based on extracted ion chromatograms (EICs) targeting
specific product ions from PRM mode. The intensities of the glucuronide and sulfate
metabolites were compared separately because the ionization and fragmentation

energies of sulfate and glucuronide products varied.

For glucuronide metabolites, the peak area at m/z 113 was normalized to the peak
area of the internal standard, testosterone-glucuronide-d3 at m/z 113 (see Scheme 64,
page 107). For sulfate metabolites, the peak area at m/z 80 was compared against
testosterone sulfate-d3 at m/z 80 (see Scheme 65, page 108).

Only metabolites generating the selected product ions (m/z 113 or 80) were included
in the intensity comparisons to reduce errors from choosing different product ions.
Although m/z 96 was frequently observed in some metabolites. It was excluded due to

severe coelution, likely caused by matrix effects from the unpurified urine samples.
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The ion corresponding to [M-CesH7Oe]- (loss of 176 Da) was detected in the rat
metabolites but not consistently observed in all the glucuronide metabolites from in
vitro experiments. Differences in fragment ion patterns may be attributed to the
glucuronide conjugation in different functional groups, such as benzylic or acylic.l'33]
The ion at m/z 113 was found to be an intense and significant signal for area ratio
calculation.

Metabolites found in urine sample of Rats 1 — 6 with LC-ESI-MS/MS

The metabolic profiles of all six rat samples were consistent. The primary glucuronide
conjugates originated from S42-bis-OH (L4g) and S42-tris-OH (L6m—L6p).
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Figure 53. Area ratio at m/z 113 from metabolites and internal standard (ISTD). Only metabolites with a product
ion at m/z 113 were included for intensity comparison. The number of different glucuronide metabolites from S42-
tris-OH (L6m-L6p) is higher than from S42-bis-OH (L4g).

More sulfate metabolites were detected. They were derived from S42-bis-OH (L9c-
L9d), S42-tris-OH (L10a-10i) and even S42-tetra-OH (L11a) (see Scheme 86).
Among these sulfate metabolites, L10g exhibited a notably high peak intensity with an
area ratio exceeding 12 in the PRM experiments. In contrast, other sulfate metabolites

had area ratios below 2.
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Figure 54. Area ratio at m/z 80 from sulfate metabolites and internal standard (ISTD). Only metabolites with a
product ion at m/z 80 were included for intensity comparison. Metabolite L10g has a much higher area ratio than
other sulfate metabolites from Rat 1 to Rat 6.

Nevertheless, we can not conclusively claim that L10g is the most abundant metabolite
since the peak intensity is influenced by its chemical structure, degradation, pH
value,['34 flow rate, and matrix effects. Especially sulfate conjugates are generally
more acidic than glucuronide conjugates and therefore easier to be ionized by ESI-MS

in negative ion mode.['3°]

The rat urine samples were not further purified prior to LC-MS analysis, which can lead
to different results from purified samples. In addition, sulfate metabolite intensity from
S42-tris-OH was surprisingly low by the GC-MS analysis. The results from GC-MS and
LC-MS are not consistent. A simple potential explanation is the significantly higher

sensitivity of LC/MS in negative mode for sulfated metabolites.

To improve metabolite recovery and detection, urine samples from Rats 2 - 4 were
processed using C18 solid-phase extraction, followed by drying and reconstitution. The
intensity of the metabolite signals increased significantly, especially for glucuronide
conjugates, and a greater number of sulfate metabolites were detected. S42 rat
metabolites were found in MS? experiments from direct injections, but a modified
purification approach is needed to detect all the metabolites in rat urine for a
comprehensive metabolic profile. Application of ion exchange cartridges (HR-XA or
HR-XC) for SPE purification could be a potential method for improving the recovery of
metabolites.
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S42 phase Il metabolites can be analyzed by LC-ESI-HRMS without prior hydrolysis,
allowing direct detection of sulfate and glucuronide conjugates. This approach avoids
chemical decomposition during enzymatic or chemical deconjugation steps for the GC-
EI-LR/HRMS analysis. In addition, there is no necessity for derivatization, which is
commonly required for GC-EI-LR/HRMS analysis, and it avoids the issue of

dehydration or TMSO elimination reaction, especially of sulfate conjugates.

4.4.6 General comparison of S42 (1) in vitro and in vivo metabolic studies

acquired with different methods

For an evaluation of the results a comparison of the metabolic profiles found with LC-
ESI-HRMS? from rat urines and from in vitro (HLM and S9) experiments is needed.
The in vitro experiments using human enzymes may present results more closely
aligned with human metabolic pathways than in vivo rat experiments. Nevertheless,
the preparation of in vivo urine samples, which contain salts and matrix components,

can resemble processing clinical human urine samples more closely.

S42 In vitro metabolites detected with various methods
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Scheme 87. Major in vitro phase | TMS analogs and phase Il TMS molecular ions were hypothesized using GC-

MS and LC-MS analysis, respectively.

According to the in vitro phase | and phase Il samples analyzed by GC-MS and LC-

MS, respectively. It is known that the primary phase | metabolites are S42-mono-OH
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(M1a-M1c), S42-bis-OH (M2a-M2d) and S42-tri-OH (M3a-M3c). The primary phase |l
products are the glucuronide conjugates of S42-mono-OH (L2¢, L2d), S42-mono-OH-
2H (L1a), and S42-bis-OH (L4a, L4b). Consistent results were found in phase | and
phase Il in vitro experiments, suggesting that mono hydroxylation or reduction followed

by glucuronidation, is the main metabolism pathway in humans.

In vivo metabolites

Rat urine metabolite analysis by LC-MS does not agree with the results found in the
metabolic study analyzed with GC-MS. The complexity of detecting metabolites
increases from the simplified in vitro model to the in vivo model due to matrix effects,

lower concentrations of metabolites, and the necessity of multiple purification steps.

The analysis of the GC-MS results turned out to be challenging due to the formation of
three TMS isomers for each metabolite after derivatization. Further decomposition of

unstable derivates, cleaving TMSOH generating additional byproducts.

PRM experiments presented metabolites from Rat 1 urine from GC-HR-MS (Orbitrap).
S42-bis-OH and S42-tris-OH derivatives were discovered in the free and the
glucuronide fractions. A series of S42-mono-OH derivatives with low abundance were
discovered in the sulfate fraction. These trends in the free and glucuronide fraction
from Rat 1 urine samples match Rat 2 urine samples. However, in the sulfate fraction
of Rat 2 samples, a small number of multiple S42-bis-OH peaks were detected instead
of the S42-mono-OH peaks in the Rat 1 samples. The intense peaks of [M]* and [M-
90 Da]* (e.g., m/z 544 and m/z 454, respectively) have the same retention time in the
EICs.

It is possible that the metabolites in the sulfate fraction are not stable as the elimination
reaction of TMSOH can occur easily, which is common in TMS derivatized steroid
analysis by GC-EI-MS, and decomposition happens in the sulfate fraction in the Rat 1
urine after 2 weeks (compare Section 4.4.2). Another possibility is that S42-bis-OH
existed in the sulfate fraction of both animals, but it is only intense enough to see S42-
bis-OH derivatives in the sulfate fraction from Rat 2. The above reason may explain

the different results from Rat 1 and Rat 2.
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Scheme 88. LC-MS and GC-MS analysis of Rat 2 samples presented primary molecular ions. TMS-derived sulfate
metabolites may not be stable, and an elimination reaction may occur. The positions of generated double bonds

are not determined and are indicated by a loss of two or four hydrogen atoms.

Analysis of Rat 2 samples using a triple quadrupole showed the low intensity of
precursor ions from N3a (S42-bis-OH), N4a (S42-tris-OH-2H), and N5b (S42-tris-OH)
in the free fraction (see Scheme 88). Metabolites N4a and M5b were found with
highest abundance in the glucuronide fractions. N1b, N1¢c (S42-bis-OH-2H) and N2b
(S42-bis-OH-4H) were more concentrated in the sulfate fractions. Metabolite N5b
(S42-tris-OH) was only detected in freshly prepared samples from Rat 3 and Rat 4 with

low intensity in the sulfate fractions.

OH -SO3H TMS derivatization 2H
OH g: -TMSOH
0SO03H > oTMS
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M.W.: 424.51 C30Hs5003Si3
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Scheme 89. Metabolites L10g and L10i were solvolyzed to eliminate the sulfate group. An extra double bond was
generated during the hydrolysis and derivatization reaction. The GC-MS detected product ions N1b and N1¢ with
an extra double bond. The position of the generated double bond is not determined and is indicated by a loss of
two hydrogen atoms.
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Compared to the results from LC-ESI-MS, glucuronide from S42-bis-OH (L4g) and
S42-tris-OH (L6m and L6n) were the major products (see Scheme 87). No metabolite
with an extra double bond, which was frequently observed in GC-MS analyses, was
found in the metabolites analyzed by LC-MS. It is possible that metabolites N1b-N1c
(S42-bis-OH-2H) and N4a (TMS-derived S42-tris-OH-2H), identified in GC-MS,
originated from conjugated products by losing TMSOH as a neutral. The sulfate
metabolites L10g and L10i appear to show a loss of a TMSOH molecule due to
hydrolysis, as the TMS-products N1b and N1c were discovered by GC-MS analysis

(see Scheme 88).
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Scheme 90. Metabolite Nda may originate from a glucuronide product of S42-tetra-OH. Formation of a double

bond can occur during derivatization and sample injection.

During GC analysis, the metabolite N4a found in the glucuronide fraction is likely
derived from S42-tetra-OH by hydrolysis and TMS derivatization. An abundant signal
at RT 5.21 min was found in the extracted ion chromatogram of m/z 535.2185 in the
full MS analysis of Rat 1 to Rat 6 urine samples of day 2. Two peaks were also
discovered in the in vitro phase Il samples in the extracted chromatogram at m/z
535.2185 from full MS analysis. However, this compound was not considered in the
PRM experiment due to the time constraints in the study and should be investigated in

the future.

Final assessment of the S42 in vitro and in vivo studies

Glucuronide adducts of S42 mono-OH were found to be the significant products from
phase Il in vitro experiments, while sulfate and glucuronide metabolites of S42 bis-/tris-
OH phase | metabolites dominate in rat urine samples collected from in vivo

experiments.
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Previous research indicates that rats or mice tend to produce metabolites with multiple
hydroxy functional groups during bile acid synthesis and metabolism.!'3¢] Differences
in rat and human models may be a reason for different trends in these two sets of
experiments. However, the oxidation positions may be similar. In GC-EI-MS/MS
spectra of in vitro and in vivo samples, the fragmentation products m/z 243, 307, 331,
333 can be found, and the ion at m/z 195 or 231 is especially standing out. These
fragments will greatly help future investigations of the human S42 (1) metabolites and

their oxidation positions.

Screening for S42 (1) sulfate metabolites by GC-MS is certainly not the ideal method
due to the elevated analyte polarity and complex derivatization chemistry including
artefact formation. Metabolite screenings by LC-MS from biological models is
recommended. The benefit of using GC-MS is that PRM experiments could investigate
the oxidation position in non-conjugated products. The hydrolyzed glucuronide
metabolites could be monitored by GC-EI-HR-MS/MS (Orbitrap) or even GC-EI-LR-
MS/MS (triple quadrupole) with increased sensitivity.
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5. Summary

In this study, the investigation of in vitro and in vivo metabolites of a novel steroidal
SARM S42 (1) was successfully achieved by chemical synthesis and GC/LC-MS

methods.

SARM S42 (1) and its deuterated derivatives S42-d7 (1-d7) and S42-d4 (1-d4) were
successfully synthesized. Potential S42 (1) phase | metabolites were prognosticated
in silico indicating a high probability of hydroxylation at the steroidal A-, B-, and D-
rings.['% Accordingly, three hydroxylated S42 derivatives were synthesized as. the
reference compounds for GC-EI-HRMS analysis.['""] S42-C20-OH (2), S42-C6R3-OH
(3), and S42-C7a-OH (4) were found to be essential for a reliable and correct structure
elucidation and assignment of S42 (1) metabolites collected from in vitro and in vivo

experiments.

L-- m/z 195 \\ L--m/z 195 \\ Hi m/z 143

C17-TMS (E) C17-TMS (2) C20-TMS

Scheme 91. Structures of C17-TMS (E), C17-TMS (Z), and C20-TMS isomers, showing distinctive fragments at
m/z 195 and 143.

As a firm basis for further studies, the fundamental fragmentation behavior of S42 (1)
and of its TMS silyl ether derivatives in GC-EI-HRMS was thoroughly examined.
Especially, the unique water-loss reaction of S42 (1) was identified to proceed via a
McLafferty-type rearrangement of y-positioned hydrogens at either C12 or C18 to form
a characteristic product ion at m/z 278. The comparative GC-EI-HRMS investigation of
S42-TMS and TBDMS derivatives implied that C17-TMS isomers and C20-TMS
isomers can be distinguished on the basis of characteristic and indicative fragment
ions at m/z 195 and 143, stemming from D ring fragmentation processes observed in
respective MS spectra (Scheme 91).
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Scheme 92. Corresponding structure with additional TMSO groups at m/z 143, 105, 131, 155, and 157 from GC-
EI-MS? spectra.

Characteristically mass-shifted fragment ions indicate the presence of TMS
functionalities (88 Da) in the respective steroid sub-structure, which were found from
the GC-MS? analysis of both in vitro and in vivo metabolites. The ion series at m/z 243
(155 + 88 x 1 Da), m/z 331 (155 + 88 x 2 Da), m/z 419 (155 + 88 x 3 Da) indicated
single, double or even triple hydroxylation at ring A and B, based on the TMS-related
mass-shifts. The indicative fragment ions at m/z 231 (143 + 88 Da) suggested
hydroxylation at ring D for the same reasons. These characteristic ions are important

for metabolite structure elucidations and semi-qualitative studies by GC-MS analysis.
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Scheme 93. Major in vifro S42 metabolites. Top: Phase | TMS analogs analyzed by GC-EI-HRMS. M1a-M1b
showed abundant signals in the gas EICs. Bottom: phase Il glucuronide conjugates analyzed by means of LC-ESI-
HRMS; structures were hypothesized based on the phase | results. L1a, L2¢c and L2d showed abundant signals in
the liquid EICs.

In vitro phase | metabolites of S42 (1) and S42-d7 (1-d7) and the related phase Il
metabolites were analyzed by GC-EI-HRMS/MS and LC-ESI-HRMS/MS, respectively.
The main metabolic pathways of phase | and phase Il transformations, i.e. mono-
hydroxylation or reduction, followed by glucuronidation, were clearly identified.
Furthermore, the GC-EI-HRMS study of phase | metabolites allowed a straight-forward
identification of the hydroxyl functionality located in the benzylic position of ring A in

major metabolites M1a-c (see chapter 4.3.2).
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Scheme 94. Major in vivo S42 rat metabolites. Top: TMS analogs analyzed by GC-MS (Rat 1 - 4). N4a and N4b
showed abundant signals in the EICs. TMS-derived sulfate metabolites may not be stable, and an elimination
reaction may occur. Bottom: phase Il glucuronide conjugates analyzed by means of LC-MS (Rat 1-6). L10g showed
high intense peaks in the EICs.

The in vivo study was conducted with 6 male rats and urine samples were collected
over a period of 8 days after S42 uptake. PRM experiments were conducted by GC/LC-
HRMS (Orbitrap) for metabolite structure elucidation, while MRM experiments were
performed by GC-EI-LRMS (triple quadrupole) for semi-quantitative characterization.
Major excretion of S42 metabolites were found in urine samples from days 2 and 3.
The multidimensional analyses document that hydrolysis conditions in the sulfate
fraction promoted alterations of the phase Il metabolites. In particular the elimination
of TMSOH of phase | TMS derivatives prior to GC-MS analysis led to inconsistencies
between GC-MS and LC-MS results. According to the GC-MS data, the primary
glucuronide metabolites were the triply hydroxylated derivatives N4a and N5b, along
with L6m and L6n, which were detected in LC-MS. However, bis-hydroxylated
derivatives N2b, the primary sulfate metabolite by GC-MS analysis, did not correspond
to the most intense sulfate peak from L10g by LC-MS analysis.
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6. Outlook

Extensive in vitro and in vivo metabolism studies of S42 (1) were conducted in this
work. The in vitro phase | studies of S42 with HLM and S9 enzyme fraction indicate
that a major S42 oxidation product is a C4 benzylic alcohol derivative based on the
analysis of the TMS analogues M1a, M1b and M1c. Besides the collection of clear
instrumental-analytic evidence, only a chemically synthesized analogue can
completely confirm the assumption. The respective target molecule M1 could be

synthesized from estrone for subsequent GC-EI-HRMS analysis (Scheme 95).
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Scheme 95. Retrosynthesis of S42 C4-methoxy compound M1 from estrone (104).['37]

A possible retrosynthesis involves halogenating estrone (104) at the C4 position,
followed by cyanation and reduction of the nitrile to generate aldehyde 107.['37a A
hydrodeoxygenation reaction can be applied to remove the hydroxy group at C3,
generating compound 108.1'37° After hydrogenation to form a benzylic alcohol and
protection, the C17 ketone 109 can be transformed to a cyanide 110 and substituted
by an acetyl functional group to give M1. Besides target compound M1, S42 derivatives
with hydroxy groups in ring C and ring D can also be achieved by chemical
synthesis.[f%] The synthesized target compounds can be used as reference materials
to compare with S42 (1) metabolite from in vitro and in vivo studies.

An alternative to chemical synthesis might be to produce S42 metabolites in bulk scale
by an electrochemical flow-through cell reaction as performed in the Kast lab at the
University of Minster.['38 The generated S42-mono-OH in bulk scale can be purified

and analyzed by NMR to solve its structure.
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Furthermore, S42 metabolites could also be generated by organs on a chip (OOC) of
S42 (1).[20°1 On the perspective of in vivo experiments, administering S42 (1) and S42-

d7 (1-d7) to humanized mice could generate more realistic results.

The steroid S42 (1) showed SARM properties and is certainly of interest for illicit
performance enhancement purposes in sports doping. The extensive collection of
fundamental data on S42 and its metabolism provides a firm basis for the development
of sensitive, selective and effective S42 screening method for routine doping urine

sample controls.
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7. Experimental section

7.1. Materials

7.1.1 Chemicals and glassware

Steroids synthesis

For the synthesis of S42 (1) and its derivatives, pregnenolone and pregnenolone
acetate were purchased from TC/ (Eschborn, Germany). All other reagents were
obtained from Sigma Aldrich (Steinheim, Germany) or Thermo Scientific (Geel,
Belgium). or provided by Dr. Tobias Wilczek and Dr. Christina Wartmann. The solvents,

ethyl acetate (EtOAc), and cyclohexane (cHex) were distilled before use.

All glassware for reactions was dried in an oven at 75 °C. Schlenk tubes or Schlenk
flasks that connected to a Schlenk line were dried by a heat gun before they were used

for reactions. Glass volumetric pipettes were dried only at an ambient temperature.

In Vitro experiments

Chemicals KH2PO4, D-Saccharic acid-1,4-lactone (SL), uridine-5'-
diphosphoglucuronic acid (UDPGA), and MgCl2were purchased from Sigma
Aldrich (St. Louis, MO, USA). Formic acid (FA), S9 fraction and HLM (human liver
microsome) were obtained from Thermo Scientific (Bremen, Germany). Na2HPOs,
nicotinamide adenine dinucleotide phosphate (NADPH), methanol (MeOH),
acetonitrile (ACN), ethanethiol, and ammonium iodide (NH4l) were obtained
from Merck (Darmstadt, Germany). Adenosine triphosphate (ATP) and Na2S0O4 were
ordered from Carl ROTH (Karlsruhe, Germany). Alamethicin was purchased from Enzo
Life Sciences (Farmingdale, NY, USA). N-methyl-N-trimethylsilyl trifluoroacetamide
(MSTFA) was from Chemische Fabrik Karl Bucher (Waldstetten, Germany). Ultrapure
water was generated with a Barnstead GenPure xCAD Plus from Thermo Scientific.
The Chromabond HLB (60 um, 3 mL/60 mg) and (500 mg, 6 mL) cartridges were used

for solid-phase extraction (SPE), Macherey-Nagel (Duren, Germany).

156



Experimental section

Rat urine analysis

All solvents and reagents were analytical grades for the workup and the analysis. Tert-
butyl methyl ether (TBME), methanol (MeOH), ethyl acetate (EtOAc), ethanethiol,
ammonium iodide (NHa4l), and acetonitriie (ACN) were from Merck (Darmstadt,
Germany). Sulfuric acid, and glacial acetic acid were from Sigma Aldrich. N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA) for silylation was obtained from Chemische
Fabrik Karl Bucher (Waldstetten, Germany). The B-glucuronidase from Escherichia
coli for hydrolysis reaction was purchased from Roche Diagnostics GmbH (Mannheim,
Germany). Solid phase extraction (SPE) cartridges Chromabond® C18 (500 mg, 6 mL)

were acquired from Macherey & Nagel (Duren, Germany).

7.1.2 Equipment and analytical methods

NMR spectroscopy

NMR spectra were measured at a Bruker Avance Il. '"H NMR spectra were measured
at a frequency of 500 or 300 MHz. The assignments were carried out using *C NMR
at a frequency of 75 or 126 MHz. The chemical shift & and the coupling constant J are

indicated in ppm and Hz respectively.

The multiplicity is classified as singlet (s), doublet (d), triplet (t), doublet of doublet (dd),
triplet of triplet (tt) and multiplet (m). The solvent used in this experimental project is
deuterated chloroform (CDCls = 99.8%, TMS = 0.03%).

The calibration of spectrum is based on the solvent peak or TMS (tetramethyl silane).
In 'TH NMR, the residual solvent signal of CDCls is at 7.26 ppm, while in 3C-NMR, a
solvent signal of CDClsis at 77.0 ppm.

FT-IR

Infrared spectra were measured by a Shimadzu IR Affinity-1 FT-IR spectrometer with
ATR (attenuated total reflection) technique. The frequency of each peak was shown in
cm~'and the peaks were labeled as weak (w), medium (m), strong (s) and broad (br).
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Thin layer chromatography

Thin film plates ALUGRAM Xtra SIL G/UV254 which were manufactured by Macherey-
Nagel were used. Each thin film consisted of 0.2 mm thickness of silica and
fluorescence indicator for UV light analysis. Oxidation dye, phosphomolybdic acid

(PMA) in ethanol solution, was used for further analysis of TLC plates.

Column chromatography

Standard silica 60 from Macherey-Nagel was used with the particle size from 0.035-
0.070 mm and pore size of 60 A. Pressure was applied during the packing and running

process.

Melting point detection

Melting points were determined by heating up packed compounds in a Mettler Toledo
MP50 digital melting point system in open glass capillaries. The transformation from

solid state to liquid state was observed through a camera by use of light transmission.

GC-EI LR-MS at University of Cologne

GC-El LR MS analysis was attained by Agilent 7890A GC-System with a 5975C Inert
XL MSD detector and a 7693 autosampler. The capillary column was HP HP-5 MS
crosslinked silicon gum (30 m x 0.25 mm, 0.25 pm film thickness) with hydrogen carrier

gas at a flow rate of 2 mL min™".

For analysis of the synthesis compound, oven method 50(5)-20-280(10) (50 °C for 5
min, increasing 20 °C min~' to 280 °C for 10 min) was used with 1 pL injection volume.

The compound was identified by the specific molecular mass.

GC-EI HR-MS (Orbitrap) at University of Cologne

A Thermo Scientific™ Exactive™ GC Orbitrap™ GC-MS system instrument (TriPlus
RSH Autosampler, TRACE 1300 Series GC, Exactive GC-Orbitrap MS, Thermo Fisher
Scientific) was used for GC-EI-HRMS, supplied with He gas as mobile GC phase and
was operated at a routinely used resolution of 60,000 FWHM. The capillary column,
TG-5SILMS (length 30 m x diameter 0.25 mm, 0.25 um film thickness, 5% diphenyl/
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95% dimethyl- polysiloxane) from Thermo Scientific was used for all measurements. A
sample volume of 1 pL was injected into the GC with a split flow of 12.0 mL/min, a
purge flow of 5.0 mL/min, and a carrier helium gas flow of 1.2 mL/min at an inlet

temperature of 300 °C.

Three GC oven temperature programs were used: 50(5)-10-270(5), 100(5)-10-320(5),
120(5)-10-320(5) or 220(20)-20-280(10). EI-MS conditions: ion source temperature
was set to 250 °C, the emission current is set at 50 yA, and the electron energy was
70 eV, and the spectra were acquired over a mass range of m/z 50-550. Accurate ion
mass measurements were conducted with external calibration with perfluoro-

tributylmine as standard.

For S42-d7 (1-d7) analysis,!'"® a resolution of 120,000 or 60,000 was used. The oven
temperature program is 220(20)-20-280(10). For TIC (total ion chromatogram) mode,
a measuring range of m/z 280-310 was used, while for SIM (selected ion monitoring)
mode, m/z 296.21, 297.22, 298.23, 299.23, 300.24, 301.24, 302.25, 303.26, 304.26,
305.26 and 306.27 were selected at RT: 18-20 min with a width of 0.6 or 0.9 m/z.

GC-EI HR-MS (Orbitrap) at the German Sport University Cologne

A Thermo Scientific™ Q Exactive™ GC Orbitrap™ GC-MS/MS system (Thermo Fisher
Scientific) was used for GC-ElI HR MS, supplied with He gas as mobile GC phase and
was operated at a routinely used resolution of 60,000 FWHM. A 19091A-008, HP-
ULTRA-1 (length 17 m x diameter 0.20 mm, 0.11 pm film thickness, 7-inch format,
100% dimethylpolysiloxane) (Agilent) GC column was used. A sample volume of 2 uL
was injected into the GC with a split flow of 8.0 mL/min or 7.0 mL/min, a purge flow of
5.0 mL/min. Helium was employed as GC mobile phase with a constant pressure of 17
psi. And a flow rate of 1.2 mL/min. The GC inlet temperature was set to 300 °C. A new
GC column replaced the old one during this project. Nevertheless, the retention time
of metabolites did not largely shift.

The mass spectrometer acquired data in full scan mode with a scan range from m/z
70 to 700 at a resolution of 60,000. Daily mass calibration using perfluorotributylamine
of the instrument yielded mass accuracy in the range + 5 ppm. The mass error from
an average spectrum was automatically calculated by Xcalibur Qual Browser from

Thermo Scientific.
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The GC temperature program 185(0)-3-234(0)-40-310(5) was used. The ion source
temperature was 250 °C, the emission current was set to 50 pA, and the electron
energy of 50 eV was used for EI-MS. The mass range of m/z 70-700 was used. The
collision energy of HCD (higher-energy collisional dissociation) was 15 or 20 eV for
PRM (parallel reaction monitoring) experiments. The selected deuterated precursor
ions (ex. M1a-d5, M1b-d5, M1c-d5) for MS? experiments were decided according to

the abundance in the mixture of 1-d7 metabolites.

GC-EI LR-MS (Triple quadrupole) at the German Sport University Cologne

Thermo TSQB8000 Evo coupled to a Trace GC 1310 (ThermoFisher, Bremen, Germany)
was used. Injections were performed in split mode with a split ratio of 1:15 at 300 °C
by employing a Thermospray SSL Injector Module (ThermoFisher, Bremen, Germany).
The ion source temperature was set at 250 °C and the electron energy was set at
70 eV: The injection volume was 3 uL and the GC column was 719091A-008, HP-
ULTRA-1 (length 17 m x diameter 0.20 mm, 0.11 pm film thickness, 7-inch format,
100% dimethylpolysiloxane) (Agilent). The GC temperature program 185(0)-3-234(0)-
40-310(5) was used as the GC-EI-HRMS (Orbitrap). Helium was employed as carrier
gas with a constant pressure of 17 psi. The collision energy was listed in the table in

discussion parts.

LC-ESI HR-MS (Orbitrap) at the German Sport University Cologne

LC-MS analysis was conducted by a Vanquish UHPLC system coupled with an
Orbitrap Exploris 480 mass spectrometer, both from Thermo Fisher (Bremen,
Germany). The HPLC system was equipped with EC 4/2 Nucleodur C-18 Pyramid 3
pum pre-column from Macherey-Nagel (Duren, Germany) and a Poroshell 120 EC-C18
column (3.0 x 50 mm, 2.7 uym) from Agilent (Santa Clara, CA, USA)

Ammonium acetate (5mM, pH4.5) was used as eluent A and MeOH was applied as
eluent B. For the analysis, 5 ul of the sample were injected into the LC system with a
flow rate of 300 ul/min. A total run time of 35 min. With a constant flow of 300 ul/min,
the gradient started with 30% B over 1 min, increased to 60% B within 22 min, 70% B
within 2 min, 75% within 3 min, 100% within 2 min and held for 2 min. The re-
equilibration allowed the gradient to go back to the starting conditions of 30% B over

3 min.
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The full-scan experiments were conducted with a resolution of 30,000 FWHM and a
scan range of m/z 80-800. HRMS/MS experiments were used in parallel reaction
monitoring mode with a resolution of 30,000 FWHM with an isolation window of m/z 1.
Only negative ionization mode was performed using a heated ESI source with -3500
V and a vaporizer temperature set at 300 °C. Nitrogen was applied as collision gas
and generated using a CMC nitrogen generator (Eschborn, Germany). The MS was

calibrated weekly with the calibration solution provided by Thermo Scientific.

The normalized collision energies were optimized and listed below: using 30%
for m/z 489.2494, 503.2287, 487.2337, 505.2443, and 519.2236; 45%
for m/z 466.2526, 470.2808, 391.1585, 407.1534, 393.1741, 423.1483, 441.1589, and
443.1745, 473.2545; 60% for m/z 370.1773.

X-ray crystallography

All crystal structure measurements and analysis were performed and assigned by Dr.
J6rg Neudoerfl, Department of Chemistry, University of Cologne, Greinstrale 6, D-
50939, Cologne, Germany. The measurement was carried out by using Bruker D8
Venture diffractometer applied with a copper micro focus tube. Photon Il M14 was
utilized as a detector and Program Apex 3 assisted the measurement and data analysis.
The structure solution was performed with SHELXT. For refining the structure, Shelx/
was applied. Details on the crystallographic analysis are found with the general

analytical data sets of the new compounds.

7.1.3 General software and Al tools

The GC-MS and LC-MS data analysis were conducted by Xcalibur Qual Browser or
Freestyle from Thermo Fishcer. Scientific. The NMR spectra were analyzed by Bruker
Topspin 4.0.9 data program. Charts and diagrams were produced by Excel and Origin.
Grammar and word choice were edited by Grammarly,['3% and Copilot!’#%l. ChatGP T30
was used for preparing outlines, listing word choice, and producing pictures.

Perplexity!'#'l was used for literature searching.
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7.2 Steroid S42 (1) and derivatives synthesis

7.2.1 Synthesis and characterization of compound 16

mCPBA

DCM, 0 °C, 15 min
rt,2h

15 16, 98%

According to the synthesis procedure from Uyanik et al.l’l, pregnenolone acetate (5-
pregnen-3-ol-20-on-acetat) (15) (10.0 g, 27.9 mmol, 1.0 eq.) was dissolved in DCM
(1.06 L) in a round bottom flask and cooled portion-wise to 0 °C. Subsequently, 70%
mCPBA (3-chloroperbenzoic acid) (10.3 g, 41.8 mmol, 1.5 eq.) was added portion-
wise. The reaction mixture was stirred at 0 °C for 15 min and warmed to ambient
temperature. After the reaction was stirred at r.t. for 2 h, the reaction mixture was
quenched by sat. Na2SOs (aq.) solution and stirred at ambient temperature. The
organic phase was separated, washed by sat. NaHCOs (aq.) and brine. The solution
was dried over Na2SOq, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica (cHex/EtOAc = 4/1) to yield
a white solid (10.2 g, 27.3 mmol, 98%).

Appearance: white solid.
Chemical Formula: C23H3404.
Molecular Weight: 374.5210
Yield: 98%
(10.2 g, 27.3 mmol).
R 0.38 (cHex:EtOAc = 2:1).
Mmp: 159.7 °C.
H-NMR: (500 MHz, CDCls, mixture of diasteromers, protons from a minor diasteromer

is marked as H*. The ratio is 84:16 by NMR integrals) & [ppm]: 4.98-4.92
(m, 0.84 H, H-34), 4.80—4.74 (m, 0.16 H, H*-3,), 3.09 (d, 0.16H, H*-6¢), 2.90
(d, 0.84 H, H-64), 2.52-2.47 (m, 1 H, H-17), 2.19-2.12 (m, 2H, H-4), 2.10 (s,
3H, H-21), 2.03-1.92 (m, 6H, H-23, H-7, H-7’, H-14), 1.76-1.11 (m, 14H, H-
1, H-1, H-2, H-2’, H-8, H-9. H-11, H-11’, H-12, H-12’, H-15, H-15’, H-16, H-
16’), 1.08 (s, 2.6H, H-19), 1.01(s, 0.4H, H*-19), 0.60 (s, 0.5H, H*-18), 0.56
(s, 2.5H, H-18).
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13C-NMR:

IR (ATR):

(75 MHz, CDCls, mixture of diasteromers, protons from a minor diasteromer
is marked as C*) & [ppm]: 209.5 (C-20), 170.3 (C-22), 71.2 (C-3), 65.1 (C-
5), 63.3 (C-6*) 63.2 (C-17), 58.9 (C-6), 56.9, 56.2, 43.9, 42.3, 38.7, 38.4,
37.9, 36.7, 36.0, 35.0, 32.3, 32.0, 32.1, 31.5 (C-21), 31.4, 29.7, 28.5, 27 .1,
242,227, 21.9, 21.3 (C-23), 20.6, 17.01 (C-19’), 15.8 (C-19), 13.2 (C-18)
13.1 (C-18%).

v [em™] = 2940 (m), 2974 (w), 1732 (s), 1701 (s), 1472 (w), 1437 (w), 1358
(m), 1238 (vs), 1032 (s), 961 (w), 870 (w), 731 (w).

7.2.2 Synthesis and characterization of compound 18

MsCI

pyridine, r.t.
o/n

18, quant.

According to the published synthesis procedure,'*? pregnenolone (17) (6.0 g,

19.0 mmol, 1.0 eq.) was dissolved in dried pyridine (19 mL) in a dried schlenk flask

under inert conditions, followed by addition of methyl sulfonyl chloride (1.8 mL, 22.8

mmol, 1.2 eq.). The reaction mixture was stirred at r.t. overnight. The reaction mixture
was stopped by an addition of con. HCI (360 mL) diluted in H20 (360 mL) and stirred

for 60 min.

The white solid was filtered, washed by H20, dissolved in DCM, dried over Na2SO4,

filtered off, and concentrated under reduced pressure. The product was obtained as

light yellow solid (7.4 g, 18.8 mmol, quant.).

Appearance:

Chemical Formula:

Molecular Weight:
Yield:

Rs:
Mp:
H-NMR:

white yellow solid.
C22H3404S

394.5710

quant.

(7.4 g, 18.8 mmol).

0.56 (cHex:EtOAc = 2:1).
124.4 °C.

(500 MHz, CDCl3) 0 [ppm]: 5.43-5.42 (m, 1H, H-6), 4.57- 4.50 (m, 1H, H-
3), 3.01 (s, 3H, H-22), 2.55-2.47 (m, 3H, H-4, H-17), 2.23-2.15 (m, 1H, H-
16), 2.15 (s, 3H, H-21), 2.07-1.99 (m, 3H, H-2, H-7, H-15), 1.92 (m, 1H, H-
1), 1.85-1.76 (m, 1H, H-2), 1.73-1.60 (m, 3H, H-11, H-12, H-16’), 1.55-1.42
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(m, 4H, H-7, H-8, H-11", H-15"), 1.28-1.21 (m, 1H, H-12’), 1.18-1.13 (m, 2H,
H-1, H-14), 1.02 (s, 3H, H-19), 1.00-0.97 (m, 1H, H-9), 0.63 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCls, C-10 is ambiguous) & [ppm]: 209.5 (C-20), 138.7 (C-5),
123.5 (C-6), 81.8 (C-3), 63.6 (C-17), 56.7 (C-14), 49.8 (C-9), 43.9 (C-13),
39.1 (C-4), 38.8 (C-22), 38.7 (C-15), 36.9 (C-1), 36.4 (C-7), 31.7 (C-8), 31.5
(C-21), 28.9 (C-2), 24.4 (C-12), 22.8 (C-16), 21.0 (C-11), 19.2 (C-19), 13.2
(C-18).

IR (ATR): » [emr'] = 3942.50 - 3446,79 (br), 2966.52 (m), 2931.80 (m), 2902.87 (m),
2873.94 (m), 2852.72 (m), 2378.23 (w), 2349.30 (w), 2310.72 (w), 1734.01
(W), 1691.57 (s), 1473.62 (w), 1436.97 (w), 1384.89 (w), 1346.31 (s),
1172,72 (s), 1134.14 (m), 962.48 (m), 943.19 (s), 891.11 (m), 860.25 (s),
844.82 (s), 810.10 (m), 798.53 (m), 754.17 (m).

GC-EI-LRMS tr= 16.84 min, m/z 298 [M]"*.

7.2.3 Synthesis and characterization of compound 19

mCPBA,
NaHCO,

DCM
rt., 2h

According to the synthesis procedure from Uyanik et al.,I"l pregnenolone methane-
sulfonate (18) (7.4 g, 18.7 mmol, 1.0 eq.) was dissolved in dried DCM (562 mL),
followed by addition of NaHCO3 (6.3 g, 75.0 mmol, 4.0 eq.) in a round bottom flask.
Subsequently, 70% mCPBA (3-chloroperbenzoic acid) (9.2 g, 37.5 mmol, 2.0 eq.) was
added portion-wise. The reaction mixture was stirred at r.t. for 2 h, before it was
quenched by sat. Na2S203 (ag.) solution and stirred at ambient temperature for 60 min.
The organic phase was separated, washed by sat. NaHCOs (aqg.) and brine. The
solution was dried over Na2SOy, filtered, and concentrated under reduced pressure.
The crude product was purified by column chromatography on silica (cHex/EtOAc =
2/1) to yield a white solid (7.4 g, 17.8 mmol, 95%).

Appearance: white solid.
Chemical Formula: C22H3405S.
Molecular Weight: 410.5690
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Yield: 95%
(7.4 g, 17.8 mmol).
R 0.14 (cHex:EtOAc = 2:1).
mp: 145.5 °C.
H-NMR: (500 MHz, CDCl3) & [ppm]: 4.86—4.80 (m, 1H, H-3), 2.99 (s, 3H, H-22), 2.94

(d, J = 4.4 Hz ,1H, H-6) 2,50 (t, J = 9.0 Hz, 1H, H-17), 2.38-2.33 (m, 1H, H-
4), 2.19-2.12 (m, 2H, H-2, H-15), 2.10 (s, 3H, H-21), 2.01-1.92 (m, 2H, H-7,
H-15), 1.92-1.85 (m, 1H, H-1), 1.78-1.74 (m, 1H, H-11), 1.70-1.60 (m, 2H,
H-2, H-16), 1.54-1.25 (m, 8H, H-1", H-4’, H-7", H-8, H-9, H-11",H-12, H-12’),
1.21-1.10 (m, 2H, H-14, H-16"), 1.08 (s, 3H, H-19), 0.56 (s, 3H, H-18).

13C-NMR: (75 MHz, CDCl3) & [ppm]: 209.4 (C-20), 79.5 (C-3), 65.0 (C-5), 63.3 (C-17)
59.1 (C-6), 56.9 (C-14), 43.9 (C13), 42.4 (C-9), 38.5 (C-22), 38.4 (C-7), 37.3
(C-4), 34.8 (C-10), 32.2 (C-11), 31.5 (C-21), 29.8 (C-8), 28.6 (C-1), 28.5 (C-
15), 24.2 (C-16), 22.7 (C-2), 20.6 (C-12), 15.8 (C-19), 13.2 (C-18).

IR (ATR): ? [em"] = 2980 (m), 2937 (m), 1697 (s), 1473 (w), 1431 (w), 1382 (w), 1355
(w), 1325 (s), 1232 (w), 1195 (w), 1163 (s), 1130 (w), 983 (w), 929 (s), 908
(s), 866 (s), 817 (m), 779 (m), 748 (m), 719 (w), 690 (W).

7.2.4 Synthesis and characterization of S42 (1)

HBr (48 w%)

AcOH
reflux, 15 min

16 S42 (1), 9%

According to the synthesis procedure from Uyanik et alll, 3B-acetoxy-5,6-
epoxypregnan-20-one (16) (1.00 g, 2.68 mmol, 1.0 eq.) was dissolved in acetic acid (9
mL) in a 2-necked round bottom flask. Subsequently, 48 w% HBr (2.46 mL) were
added. The reaction mixture was stirred to reflux for 15 min. After the reaction was
cooled to r.t., the reaction mixture was slowly added into sat. NaHCOs (aq.). Further
NaHCOs was added until no bubbles formed, and the pH was neutral. The reaction
mixture was extracted three times with EtOAc, washed with sat. NaHCOs (aq.), dried
over NazS0Oq, filtered off, and concentrated under reduced pressure. The crude product
was purified by column chromatography on silica (cHex/EtOAc = 29/1) to give a mixture

of blue oil and white crystals. After recrystallization from pentane and cyclohexane, the
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product was obtained as white needles (71 mg, 0.24 mmol, 9%).

* Compound 19 produced S42 (1) with a yield of 17% under the same reaction

conditions with a reaction time for 60 min.

Appearance:

Chemical Formula:

Molecular Weight:
Yield:

Rs:

"H-NMR:

3C-NMR:

GC-EI-LRMS

GC-EI-HRMS

166

white crystals.
C21H280.

296.4540
9% (71 mg, 0.24 mmol).

0.7 (cHex:EtOAc = 2:1).
168.0-169.0 °C.

(500 MHz, CDCl3) & [ppm]: 7.19 (d, J = 7.8 Hz, 1H, H-1), 7.08 (t, J = 7.6 Hz, 1H, H-
2),7.01(d, J = 7.4 Hz, 1H, H-3), 2.78 (dd, J = 17.1, 5.6 Hz, 1H, H-6), 2.67 — 2.60
(m, 2H, H-6’, H-17), 2.57 — 2.37 (m, 1H, H-11), 2.37 — 2.27 (m, 1H, H-9), 2.27 —
2.18 (m, 4H, H-16, H-19), 2.20 — 2.17 (m, 1H, H-12), 2.16 (s, 3H, H-21), 2.01 — 1.97
(m, 1H, H-7), 1.84 — 1.79 (m, 1H, H-15), 1.75 — 1.63 (m, 2H, H-12’, H-16"), 1.58 —
1.49 (m, 1H, H-11), 1.44 — 1.29 (m, 4H, H-7", H-8, H-14, H-15’), 0.65 (s, 3H, H-18).
(126 MHz, CDCl3) & [ppm]: 209.5 (C-20), 140.0 (C-10), 136.4 (C-4), 135.1 (C-5),
127.3 (C-3), 125.3 (C-2), 123.0 (C-1), 63.8 (C-17), 55.8 (C-14), 44.4 (C-9), 44.2 (C-
13), 39.1 (C-12), 37.8 (C-8), 31.5 (C-21), 27.7 (C-7), 27.1 (C-6), 26.7 (C-11), 24.1
(C-15), 22.9 (C-16), 19.8 (C-19), 13.3 (C-18).

v [em™]: 2936 (M), 2869 (w), 2824 (w), 1681 (w), 1645 (w), 1601 (w), 1471 (w),
1453 (w), 1443 (w), 1419 (w), 1380 (w), 1361 (w), 1321 (w), 1296 (m), 1251 (s),
1237 (m), 1176 (w), 1125 (w), 1090 (w), 1072 (w), 1044 (m), 1017 (m), 1009 (m),
961 (w), 950 (w), 872 (m), 841 (s), 804 (s), 778 (m), 756 (m), 742 (s), 707 (w), 696
(w), 646 (w), 607 (w), 570 (w), 552 (w), 517 (w).

tr= 16.50 min, m/z 296.2 [M]"".

tr=28.17 min, m/z 296.2129 [M]"*.
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7.2.5 Synthesis and characterization of S42-d4 (1-d4)®

NaOD

THF/D,0/MeOH
o/n, 60 °C

S42 (1) 1-d4, quant.

To a dried Schlenk flask was added S42 (1) (20 mg, 0.07 mmol, 1.0 eq.) in dry THF
(600 uL), NaOD (40% in D20, 30 pL), D20 (450 uL) and MeOD (120 uL).*°l The white
suspension was stirred at 60 °C overnight and the reaction progress was monitored by
GC-MS. After the pH was adjusted to neutral by addition of AcOD (9% in D20), the

mixture was extracted by EtOAc three times, dried over Na2SOs, filtered, and

concentrated under reduced pressure. The solid was triturated by n-hexane and gave

a white solid with a quantitative yield.

Appearance:

Chemical Formula:

Molecular Weight:

Yield:
Rs:

H-NMR:

3C-NMR:

GC-EI-LRMS

GC-EI-HRMS

White solid.

C21H24D40.

300.4784

Quantitative (20 mg).
0.7 (CyHex:EtOAc = 10:1).

(500 MHz, CDCls) & [ppm]: 7.19 (d, J = 7.8 Hz, 1H, H-1), 7.08 (t, J = 7.5 Hz, 1H, H-
2),7.01(d, J =7.4 Hz, 1H, H-3), 2.78 (dd, J = 17.4, 5.6 Hz, 1H, H-6), 2.68 — 2.60
(m, 1H, H-6"), 2.41 — 2.35 (m, 1H, H-11), 2.35 — 2.31 (m, 1H, H-9), 2.25 — 2.19 (m,
4H, H-16, H-19), 2.19 — 2.14 (m, 1H, H-12), 2.01 - 1.97 (m, 1H, H-7), 1.84 — 1.78
(m, 1H, H-15), 1.73 — 1.63 (m, 2H, H-12’, H-16’), 1.59 — 1.49 (m, 1H, H-11"), 1.46
—1.28 (m, 4H, H-7’, H-8, H-14, H-15), 0.65 (s, 3H, H-18).

126 MHz, CDCl3) & [ppm]:

140.0 (C-10), 136.5 (C-4), 135.1 (C-5), 127.4 (C-3), 125.4 (C-2), 123.0 (C-1), 55.9
(C-14),44 .4 (C-9), 44.2 (C-13), 39.0 (C-12), 37.9 (C-8), 27.8 (C-7), 27.2 (C-6), 26.8
(C-11), 24.2 (C-15), 22.8 (C-16), 19.8 (C-19), 13.4 (C-18).

v [em™]: 3676 (w), 3224 (w), 2969 (s), 2923 (s), 2092 (m), 2112 (w), 1923 (w), 1694
(m), 1670 (m), 1620 (w), 1543 (w), 1472 (w), 1451 (m), 1407 (m), 1381 (m), 1261
(m), 1229 (m), 1221 (m), 1189 (w), 1159 (w), 1137 (w), 1067 (s), 1051 (s), 1027
(m), 957 (w), 945 (w), 870 (m), 799 (m), 779 (m), 738 (m), 635 (w), 571 (w), 542
(w), 527 (w), 511 (w).

tr = 17.10 min, m/z 300.2 [M]"*.

tr = 23.02 min, m/z 300.2386 [M]™*.
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7.2.6 Synthesis and characterization S42-d7 (1-d7)

1. DBr (48 w%)
AcOD
rt.,1h

reflux, 30 min
50 °C, o/n

(2) NaOH (50%)

THF/H,0/MeOH=1/2/1 D
60 °C, o/n Me D D

16 1-d7, 6%

Adapting the synthesis procedure from Uyanik et al.l’l, 33-acetoxy-5, 6-epoxypregnan-
20-one (16) (2.00 g, 5.34 mmol, 1.0 eq.) was dissolved in deuterated acetic acid (12
mL) in a dried 2-necked round bottom flask under inert conditions. Subsequently, 48%
DBr (4 mL) was added. The reaction mixture was stirred at r.t for 1Th and heated to
reflux for 30 min. Then, the reaction mixture was stirred at 50 °C overnight. After the
reaction was cooled to r.t., the mixture was slowly added into sat. NaHCOs3 (aq.).
NaHCO3 was added to the solution until no bubbles formed, and the pH was 7. The
reaction mixture was extracted with DCM four times, washed with NaHCOz3 (aq.), dried

over Na2S0yq, filtered and concentrated under reduced pressure.

The crude product was dissolved in a mixture of THF (12 mL), H20 (24 mL) and MeOH
(12 mL) followed by an addition of 50% NaOH (aqg.) (2 mL). After stirring at 60 °C
overnight, the mixture was neutralized with 10% AcOH. The reaction mixture was
extracted with EtOAc three times, dried over Na2SOg, filtered and concentrated under
reduced pressure. The crude product was further purified by column chromatography
on silica (cHex/EtOAc = 29/1) to give a mixture of blue oil and white crystals. After
recrystallization from pentane and cyclohexane, the product was obtained as white

needle-like crystals (93 mg, 0.31 mmol, 6%).

Appearance: White crystals.
Chemical Formula: C21H21D70.

Molecular Weight: 303.4967

Yield: 6% (93 mg, 0.31 mmol).
R 0.55 (cHex:EtOAc = 2:1).
mp: 162-165 °C.
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1H-NMR: (500 MHz, CD2Cl2) & [ppm]: 7.16 (m, 0.16H, H-1), 7.04 (m, 0.19H, H-2), 6.97 (m,
0.16H, H-3), 2.74 (m, 0.35H, H-6), 2.62 (m, 1.29H, H-6", H-17), 2.41-2.36 (m, 1H,
H-11), 2.34 — 2.25 (m, 1H, H-9), 2.22 (s, 3H, H-19), 2.19-2.14 (m, 2H, H-12, H-16),
2.12 (s, 3H, H-21), 2.00 — 1.95 (m, 0.3H, H-7), 1.84-.178 (m, 1H, H-15), 1.73 —
1.63 (m, 2H, H-12’, H-16"), 1.54 — 1.46 (m, 1H, H-11"), 1.43 — 1.27 (m, 3.6H, H-7,
H-8, H-14, H-15’, 0.63 (s, 3H, H-18).

2H-NMR: (77 MHz, CD2Cl2) & [ppm]: 7.26-6.95 (D-1, D-2, D-3), 2.74 (D-6), 2.60 (D-6'), 1.96
(D-7), 1.36 (D-7).
13C-NMR: (126 MHz, CD:Cl2) & [ppm]: 209.3 (C-20), 140.5 (m, C-10), 136.7 (m, C-5), 135.5

(m, C-4), 127.4 (m, C-3), 125.3 (m, C-2), 123.2 (m, C-1), 64.1 (C-17), 56.2 (m, C-

14), 44.7 (m, C-9), 44.5 (C-13), 39.4 (C-12), 38.2 (m, C-8), 38.1 (m, C-8), 31.7 (C-
21), 27.2 (m, C-11), 24.5 (C-15), 23.2 (C-16), 19.9 (m, C-19), 19.8 (m, C-19'), 13.5
(C-18)

IR: 3 [em™]: 2957 (w), 2945 (w), 2916 (m), 2862 (w), 1697 (s), 1560 (w), 1470 (w),
1447 (m), 1425 (w), 1381 (m), 1348 (s), 1248 (m), 1213 (m), 1182 (m), 1159 (m),
1026 (w), 800 (w), 691 (), 658 (m), 644 (m), 610 (M), 577(s), 559 (s)

GC-EI-HRMS tr = 18.68 min, m/z 303.2563 (d7), 302.2505 (d6), 301.2446 (d5), 300.2364 (d4)
[M]"*. (Temp: 220(20)-20-280(10))

7.2.7 Synthesis and characterization of compounds 2 and 2’

HO,

LiAIH,

dry THF
0°C,1.5h

S42-C20-OH (2) $42-C20-OH' (2')
(stereoselective)
2:2'=0.76:0.24
(acc. NMR and separated fractions)
91% (overall yield)

According to the synthesis procedure from MacNevin et al.,"o steroid S42 (1) (50 mg,
0.17 mmol, 1.0 eq.) was dissolved in dry THF (1.5 mL) in a dried Schlenk tube
connected to a Schenk line under an inert condition. Subsequently, LiAlH4 (95%) (15
mg, 0.34 mmol, 2.0 eq.) was added. The reaction mixture was stirred at 0 °C for 1.5 h,
then the reaction was quenched by sat. Rochelle salt (potassium sodium
tartrate tetrahydrate). The mixture was extracted with Et2O three times, washed with

brine, dried over Na2SOu, filtered off, and concentrated under reduced pressure. The
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crude product was purified by column chromatography on silica (cHex/EtOAc = 5/1) to

give a mixture of epimers (46 mg, 0.15 mmol, 91%).

Appearance: White solid.

Chemical Formula: C21H300

Molecular Weight: 298.4700 g/mol.

Yield: 91% (46 mg, 0.15 mmol).

R 0.5 (cHex:EtOAc = 2:1)

H-NMR: (500 MHz, CDCls) & [ppm]: 7.20 (d, J = 7.8 Hz, 1H, H-1), 7.07 (t, J=7.6 Hz, 1H,

H-2), 7.00 (d, J = 7.4 Hz, 1H, H-3), 3.80-3.74 (m, 1H, H-20), 2.77 (dd, J = 5.7 Hz,

17.1 Hz,1H, H-6), 2.67-2.60 (m, 1H, H-6"), 2.34-2.26 (m, 2H, H-9, H-16), 2.23-2.19
(m, 4H, H-15, H-19), 1.99-1.95 (m, 1H, H-7), 1.79-1.70 (m, 2H, H-11, H-12), 1.55-
1.51 (m,1H, H-16"), 1.49-1.46 (m, 1H, H-15’), 1.44-1.32 (m, 3H, H-7’, H-8, H-17),
1.28-1.19 (m, 3H, H-11", H-12’, H-14), 1.17 (d, J = 6.1 Hz, 3H, H-21), 0.79 (s, 3H,
H-18).

13C-NMR: (75 MHz, CDCl3) & [ppm]: 140.7 (C-10), 136.5 (C-5), 135.3 (C-4), 127.4 (C-3),
125.4 (C-2), 123.3 (C-1), 70.7 (C-20), 58.8 (C-17) , 55.3 (C-14), 44.7 (C-9), 42.8
(C-13), 40.3 (C-16), 37.9 (C-8), 28.0 (C-7), 27.3 (C-6), 27.1 (cHex), 26.9 (C-15),
25.9 (C-12), 24.4 (C-11), 23.8 (C-21), 20.0 (C-19), 12.6 (C-18).

IR: 3 [em™]: 3600-3200 (br), 2937.59 (s), 2916.37 (s), 2864.29 (s), 2818.00 (w),
1583.56 (w), 1471.69 (m), 2456.26 (m), 1419. 61 (w), 1398.39 (w), 1371.39 (m),
1338.60 (w), 1296.16 (w), 1276.88 (w), 1261.45 (w), 1251.80 (w), 1215.15 (w),
1178.51 (w), 1153.43 (w), 1112.93 (m), 1089.78 (s), 1076.28 (s), 1049.28 (w),
1028.06 (w), 1001.06 (m), 970.19 (s), 933.55 (w), 918.12 (w), 887.26 (m), 866.04
(m), 865.47 (m), 833.25 (w), 802.39 (m), 779.24 (s), 738.74 (s), 692.44 (w), 657.73
(w), 651.94 (w), 630.72 (w), 603.72 (w).

GC-EI LR MS: tr= 17.14 min, m/z 298.3 ((M]*").

GC-El HR MS: tr=21.14 min, m/z 298.2286 ([M]*").

7.2.8 Synthesis and characterization of compound 8

ethylene glycol, p-TsOH,
trimethyl orthoformate

CHCl3, reflux
8d
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Steroid S42 (1) (1003 mg, 3.38 mmol, 1.0 eq.) was dissolved in dry CHCI3 (10 mL) in
a 2-necked round bottom flask attached to a condenser under an inert condition.!']
Subsequently, ethylene glycol (0.94 mL, 16.91 mmol, 5.0 eq.), triethyl orthoformate
(0.37 mL, 3.38 mmol, 1.0 eq.), and p-toluene sulfonic acid monohydrate (32 mg, 0.17
mmol, 0.05 eq.) were added. The reaction mixture was refluxed for 8 days. Extra
ethylene glycol (0.94 mL, 16.91 mmol, 5.0 eq.) and trimethyl orthoformate (0.37 mL,
3.38 mmol, 1.0 eq.) were added on day 4 and day 7 respectively.

After the reaction was cooled to r.t., the reaction mixture was quenched by sat. K2CO3
(aq.). The reaction mixture was extracted three times by DCM, dried over Na2SO4,
filtered off, and concentrated under reduced pressure. The crude product was purified
by column chromatography on silica (cHex/EtOAc = 5/1) to give a white solid (1140
mg, 3.35 mmol, 99%).

Appearance: White solid

Chemical Formula: C23H3202

Molecular Weight: 340.5070 g/mol.

Yield: 99% (1140 mg, 3.35 mmol).

R 0.31 (cHex:EtOAc = 10:1).

mp: 126-130°C.

H-NMR: (500 MHz, CDCls) & [ppm]: 7.19 (d, J=7.7 Hz, 1H, H-1), 7.07 (t, J=7.6 Hz,1H,

H-2), 6.99 (d, J=7.3Hz 1H, H-3), 4.03-3.86 (m, 4H, H-22, H-23), 2.79-2.74 (m,
1H, H-6), 2.67-2.60 (m, 1H, H-6"), 2.31-2.22 (m, 2H, H11, H-9), 2.21 (s, 3H, H-19),
2.20-2.15 (m, 1H, H-12), 2.02-1.96 (m, 1H, H-7), 1.91-1.88 (m, 1H, H-17), 1.81-
1.73 (m, 3H, H-15, H-16, H-16"), 1.56-1.46 (m, 1H, H-11’), 1.45-1.33 (m, 3H, H-12,
H-14, H-7"), 1.33 (s, 3H, H-21), 1.28-1.22 (m, 2H, H-15, H-8), 0.79 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCls) & [ppm]: 140.6 (C-10), 136.3 (C-4), 135.2 (C-5), 127.2 (C-3),
125.2 (C-2), 123.0 (C-1), 111.9 (C-20), 65.2 (C-23), 63.2 (C-22), 58.4 (C-17), 55.5
(C-8), 44.5 (C-9), 42.1 (C-13), 39.7 (C-12), 37.3 (C-14), 27.7 (C-7), 27.2 (C-6), 26.6
(C-11), 24.6 (C-21), 23.5 (H-15), 23.1 (H-16), 19.8 (C-19), 13.0 (C-18).

IR: Dlem™: 2974.23 (s), 2931.80 (s), 2872.91 (s), 1583.56 (w), 1471.69 (m), 1454.33
(m), 1369.46 (m), 1290.38 (w), 1261.45 (w), 1246.02 (m), 1219.01 (m),1180.44 (w),
1161.15 (w), 1143.79 (m), 1085.92 (m), 1066.64 (s), 1049.28 (s), 948.89 (m),
912.33 (w), 833.40 (m), 862.18 (w), 883.40 (m), 862.18 (m), 840.96 (w), 827.46
(w), 804.32 (m), 777.31 (s), 694.37 (w).

GC-EI LR MS: tr= 17.61 min, m/z 325.2 (M-MeT*).
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GC-El HR MS: tr= 22.85 min, m/z 325.2156 ([M-MeT*).

7.2.9 Synthesis and characterization of compound 9

NaOAc
CrOg, 3,5-dimethyl pyrazole

0 °C, 10 min,
rt,2d
DCM Me O
8 9, 24%

Adapting the synthesis procedure from Li et al.,” CrO3 (2310 mg, 23.10 mmol, 10.0 eq.)
was dissolved in dry DCM (10 mL) in a Schlenk tube under an inert condition. The
system was cooled down to 0 °C before adding 3,5- dimethyl pyrazole (2221 mg,
23.10 mmol, 10.0 eq.). The dark solution was stirred at r.t. for 15 min and cooled down
to 0 °C. Compound 8 (785 mg, 2.31 mmol, 1.0 eq.) was dissolved in CHCI3 (14 mL) in
another Schlenk tube and added to the reaction mixture. The mixture was stirred at
0 °C for 10 min in an ice bath. NaOAc (1895 mg, 23.10 mmol, 10.0 eq.) was added
and the solution was stirred at r.t. for 2 days, during which the reaction was not
completed according to TLC or GC-EI LR MS analysis, but the unprotected starting

material was observed.

The crude mixture was filtered over a fritted glass funnel filled with short-packed silica
and the filtered mixture was concentrated and purified by column chromatography on
silica (cHex/EtOAc = 5/1) to give a white solid (197 mg, 0.56 mmol, 24%).

Appearance: White solid.

Chemical Formula: Ca3H3003

Molecular Weight: 354.4900 g/mol.

Yield: 24% (197 mg, 0.56 mmol).
R 0.31 (cHex:EtOAc = 5:1).
Mp: 128-130°C.
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1H-NMR: (500 MHz, CDCl3) 8 [ppm]: 7. 36 (t, J= 7.7 Hz, 1H,H-2), 7.29(d, J=7.7 Hz,1H,
H-1), 7.11 (d, J=7.5Hz, 1H, H-3), 4.04-3.86 (m, 4H, H-22, H-23), 2.73 (dd, J
= 4.1 Hz, 17.2 Hz, 1H, H-7), 2.64 (s, 3H, H-19), 2.48-2.42 (m, 1H, H-8), 2.33-2.28
(m, 1H, H-11), 2.27-2.16 (m, 2H, H-7", H-16), 1.93-1.84 (m, 2H, H-17, H-9), 1.84-
1.77 (m, 2H, H-12, H-12’), 1.75-1.62 (m, 2H, H-15, H-11°), 1.49-1.43 (m, 1H, H-
16'), 1.37-1.31 (m, 4H, H-21, H-14), 1.25-1.17 (m, 1H, H-15’), 0.84 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCl3) & [ppm]: 200.1 (C-6), 148.3 (C-10), 141.2 (C-4), 132.2 (C-2),
131.3 (C-5), 130.4 (C-3), 122.9 (C-1), 111.7 (C-20), 65.1 (C-23), 63.2 (C-22), 58.0
(C-17), 55.5 (C-14), 46.1 (C-7), 43.4 (C-8), 41.9 (C-13), 39.1 (H-16), 38.4 (C-9),
26.0 (C-11), 24.5 (C-21), 23.4 (C-19), 23.2 (C-15), 23.0 (C-12), 12.8 (C-18).

IR: 7 [em™:  2931.80 (m), 2872.01 (m), 1670.35 (s), 1589.34 (w), 1539.20 (w),
1506.41 (w), 1465.90 (w), 1417.68 (w), 1369.46 (m), 1338.60 (w), 1292.31 (w),
1263.37 (m), 1240.23 (m), 1215.15 (m), 1178.51 (w), 1153.43 (w), 1109.07 (w),
1089.78 (w), 1080.14 (w), 1058.92 (s), 1039.63 (s), 966.34 (w), 947.05 (m),
933.55 (w), 894.97 (w), 887.26 (w), 860.25 (m), 831.32 (m), 804.32 (m), 794.67
(w), 775.38 (m), 750.31 (m), 732.95 (w), 723.31 (w), 704.02 (w), 680.87 (w),
665.44 (w), 657.73 (W), 644.22 (w).

GC-EI LR MS: tr = 18.72 min, m/z 339.2 (IM-Me"]*).

GC-El HR MS: tr=24.10 min, m/z 339.1952 ([M-Me'T*).

7.2.10 Synthesis and characterization of compounds 10 and 10’

NaBH,
MeOH/Et,0 -
0°Ctort. Me OH Me OH
9 1h 10, 16% 10, 72%

/} isomer aisomer
stereo selective

Bia=0.18:0.82
overall 88% combined

In a dried Schlenk tube, compound 9 (88 mg, 0.25 mmol, 1.0 eq.) was added and
dissolved in dry MeOH (1.7 mL) and dry Et20 (0.6 mL) under an inert condition.l'"]
The mixture was cooled down to 0 °C in an ice bath. A white suspension was formed
and NaBH4 (118 mg, 3.08 mmol, 6.0 eq., 98%) was added slowly in small portions.
The mixture was then stirred at r.t. for 1 h. The mixture was concentrated under
reduced pressure, quenched by adding H20, extracted by DCM three times, dried over

Naz2S0yq, filtered off, and concentrated under reduced pressure. The crude was purified
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by column chromatography on silica (cHex/EtOAc = 6/1) and this gave separate isomer
products (14 mg, 0.04 mmol, 16%; 64 mg, 0.18 mmol, 72%).

Appearance:

Chemical Formula:

Molecular Weight:

Yield:

Rs:

H-NMR:

13C-NMR:

GC-EI-LRMS:

Appearance:

Chemical Formula:

Molecular Weight:

White solid.

C23H3203

356.5060 g/mol.

16% (14 mg, 0.04 mmol).

0.2 (cHex:EtOAc = 5 :1).

(500 MHz, CDClI3) & [ppm]: 7.22 (d, J = 7.8 Hz, 1H, H-1), 7.17 (t, J = 7.6Hz, 1H,
H-2), 7.07 (d, J=7.3Hz, 1H, H-3), 4.93 (s, 1H, H-6), 4.04-3.86 (m, 4H, H-22,
H-23), 2.47 (s, 3H, H-19), 2.34-2.28 (m, 1H, H-15), 2.23-2.19 (m, 1H, H-11), 2.17-
2.13 (m, 1H, H-9), 2.11-2.08 (m, 1H, H-7), 1.92-1,88 (m, 1H, H-17), 1.82-1.73 (m,
4H, H-8, H-12, H-12’, H-16), 1.57-1.49 (m, 2H, H-7’, H-15’), 1.45-1.39 (m, 1H, H-
11’), 1.33 (s, 3H, H-21), 1.31-1.25 (m, 2H, H-14, H-16’), 0.84 (s, 3H, H-18).

(126 MHz, CDCls) 6 [ppm]: 140.7 (C-10), 138.3 (C-4), 135.6 (C-5), 128.5 (C-3),
127.8 (C-2), 123.2 (C-1), 111.9 (C-20), 65.2 (C-23), 64.9 (C-6) ,63.2 (C-22), 58.3
(C-17), 55.0 (C-14), 45.0 (C-9), 42.3 (C-13), 39.7 (C-11), 37.1 (C-7), 31.7 (C-8),
26.2 (C-15), 24.6 (C-21), 23.3 (C-16), 23.1 (C-12), 19.0 (C-19), 13.1 (C-18).

v [em™]: 3600-3400 (bp), 2966.52 (m), 2939.52 (s), 2881.65 (s), 1581.63 (w),
1473.62 (m), 1433.11 (m), 1371.39 (s), 1259.52 (m), 1244.09 (m), 1217.08 (s),
1193.94 (s), 1163.93 (m), 1151.50 (m), 1134.14 (m), 1089.78 (m), 1064.71(m),
1047.35 (s), 1039.63 (s), 1016.49 (s), 974.05 (m), 948.89 (s), 900.76 (s), 883.40
(m), 852.54 (m), 829.39 (m), 783.10 (s), 740.67 (s), 732.95 (s), 686.66 (w), 626.87
(w).

tr= 17.41 min, m/z 338.2 ([M-H20]"*).

White solid.
C23H3203

356.5060 g/mol.

Yield: 72% (64 mg, 0.18 mmol).
R 0.14 (cHex:EtOAc =5 :1).
19
TH-NMR: (500 MHz, CDCls) 6 [ppm]: 7.17-7.13 (m, 2H, H-1, H-2), 7.07-7.05 (m, 1H, H-3),

174

5.13-5.06 (m, 1H, H-6), 4.03-3.86 (m, 4H, H-22, H-23), 2.48-2.41 (m, 4H, H-12, H-
19), 2.41-2.36 (m, 1H, H-9), 2.26-2.17 (m, 2H, H-7, H-11), 1.91-1.87 (m, 1H, H-
17), 1.87-1.73 (m, 3H, H-15, H-15’, H-16), 1.54-1.38 (m, 5H, H-7’, H-8, H-11’, H-
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13C-NMR:

GC-EI-LRMS:

12', OH), 1.32 (s, 3H, H-21), 1.31-1.27 (m, 1H, H-14), 1.27-1.17 (m, 1H, H-16),
0.76 (s, 3H, H-18).

(126 MHz, CDCl3) & [ppm]: 142.3 (C-10), 138.0 (C-4), 136.8 (C-5), 128. 8 (C-3),
127.4 (C-2), 122.7 (C-1), 111.90 (C-20), 67.5 (C-6), 65.1 (C-23), 63.2 (C-22), 58.2
(C-17), 55.4 (C-14), 43.6 (C-9), 41.9 (C-13), 39.5 (C-12), 39.3 (C-7), 37.7 (C-8),
26.5 (C-11), 24.6 (C-21), 23.5 (C-16), 23.0 (C-15), 20.3 (C-19), 12.8 (C-18).

tr= 17.66 min, m/z 338.3 ([M-H20]").

7.2.11 Synthesis and characterization of compound 3

80% AcOH
HCI
THF
Me OH rt., 15 min Me OH
10 3
Bisomer Without further purification

quant.

Compound 10 (11 mg, 0.03 mmol, 1.0 eq.) was dissolved in THF (0.5 mL) and AcOHaq.)

(80%, 0.5 mL) with one drop of HCI and stirred at r.t. for 15 min. The reaction was

quenched by an addition of sat. NaHCOs (aq.). The crude was concentrated under

reduced pressure and added H20 (0.5 mL) for extraction with DCM three times. The

organic phase was dried over Na2S0u, filtered off, and concentrated under reduced

pressure to give a white solid (10 mg, 0.03 mmol, quant.).

Appearance:

Chemical Formula:

Molecular Weight:
Yield:

Rs:

mp

White solid.
C21H2802

312.4530 g/mol.

quant. (10 mg, 0.03 mmol).
0.14 (cHex:EtOAc = 5:1).
139-141°C.

(Start to decompose and turn red solid)

175



Experimental section

1H-NMR: (500 MHz, CDCl3) & [ppm]: 7.23-7.17 (m, 2H, H-1, H-2), 7.08 (d, J=7.2Hz, 1H,
H-3), 4.95-4.94 (m, 1H, H-6), 2.62 (t, J = 9.2 Hz, 1H, H-17), 2.47 (s, 3H, H-19),
2.43-2.39 (m, 1H, H-11), 2.28-2.17 (m, 3H, H-8, H-12, H-16), 2.16 (s, 3H, H-21),
2.10 (m, 1H, H-7), 1.85-1.76 (m, 2H, H-9, H-15), 1.75-1.71 (m, 1H, H-16’), 1.69-
1.61 (m, 3H, OH, H-12" and H20), 1.59-1.51 (m, 2H, H-7’, H-11’), 1.46-1.34 (m,
2H, H-14, H-15’), 0.70 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCls) & [ppm]: 209.4 (C-20), 140.1 (C-10), 138.3 (C-4), 135.5 (C-5),
128.7 (C-3), 127.9 (C-2), 123.2 (C-1), 64.7 (C-6), 63.8 (C-17), 55.3 (C-14), 44.9
(C-8), 44.4 (C-13), 39.0 (C-12), 37.0 (C-7), 32.2 (C-9), 31.5 (C-21), 26.3 (C-11),
23.9 (C-15), 22.9 (C-16), 19.0 (C-19), 13.4 (C-18).

IR: 7 [em™]: 3608.81-3170.97 (br), 3061.03 (w), 2926.01 (s), 2875.86 (m), 2848.86
(m), 1732.08 (m), 1699.29 (s), 1585.49 (w), 1558.48 (w), 1506.41 (w), 1471.69
(m), 1435.04 (w), 1417.68 (w), 1384.89 (m), 1355.96 (m), 1261.45 (m), 1228.66
(m), 1195.87 (m), 1174.65 (m), 1151.5 (w), 1136.07 (w), 1126.43 (w), 1089.78
(m), 1037.7 (m), 1016.49 (m), 950.91 (w), 933.55 (w), 918.12 (w), 881.47 (w),
862.18 (w), 800.46 (m), 783.1 (s), 738.74 (s), 702.09 (w), 646.15 (w).

GC-EI-LRMS: tr= 17.148 min, m/z 297.2 (IM-Me"*).

GC-EI-HRMS: tr=22.18 min, m/z 297.1847 ([M-Me’]*).

Formation of byproducts:

PCC
(pyridinium chlorochromate)

celite, benzene

reflux, 30 h
S42 (1)
trace byproduct
%
NaOAc 1. NaBH,
Me cro,, 3,5-dimethyl pyrazole MeOH/Et,0,
(DMP) 0°Ctort,1h
0°C, 15 min., 2. AcOH (80%), HCI,
rt., 2d THF, r.t., 15 min
DCM

trace byproduct trace byproduct
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From the oxidation reaction with PCC/celite, a byproduct was found, and the structure
was discovered by XRD analysis. We proposed that the trace protected byproduct
could be produced during the synthesis of compound 3. After reduction and
deprotection reaction, a small amount of the byproduct S42-C9, C11-bis-OH may be
generated and was mixed with compound 3. The ion peak [M-H20]* was discovered
by the GC-MS analysis.

7.2.12 Synthesis and characterization of compound 11

(1) ethylene glycol
p-TsOH
trimethyl orthoformate
toluene, reflux, 4 h

(2) ethylene glycol,
p-TsOH,
trimethyl orthoformate
CHCl3, reflux, 63 °C
10d 1, 82%
(2 steps, elimination
and protection)

In a dried 3-necked flask equipped with a condenser, compound 10’ (62 mg, 0.17 mmol,
1.0 eq.) was added and dissolved in dry toluene (3 mL) under inert conditions.['!"]
Ethylene glycol (10 uL, 0.18 mmol, 1.1 eq.), trimethyl orthoformate (38 pL, 0.35 mmol,
2.1 eq.), and p-toluene sulfonic acid monohydrate (5 mg, 0.03 mmol, 0.2 eq.) were
added subsequently. The mixture was heated to reflux for 4 h. After the mixture was
cooled down tor.t., Na2COs3 (aq.) was added to quench the reaction. The aqueous phase
was separated and extracted with DCM three times. The combined organic phases
were washed with brine, dried over Na2SOys, filtered off, and concentrated under
reduced pressure. The crude product was purified by column chromatography on silica

(cHex/EtOAc = 8/1), which gave both protected and deprotected products.

To protect the carbonyl group at C20 again, the mixture of protected and deprotected
products was added to a dried 3-necked flask charged with a condenser and dissolved
in CHCI3 (2 mL). P-toluene sulfonic acid monohydrate (10 mg, 0.01 mmol, 0.06 eq.),
ethylene glycol (77 pL, 1.39 mmol, 8.2 eq.) and trimethyl orthoformate (61 pL,
0.55 mmol, 3.0 eq.) were added to the flask. The mixture was stirred at 63 °C for 10
days. The reaction was monitored by thin-layer column chromatography. Extra

ethylene glycol (77 pL, 1.39 mmol, 8.2 eq.) and trimethyl orthoformate (61 pL, 0.55
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mmol, 3.2 eq.) were added on day 8. The reaction was quenched by sat. K2CO3 (aq.).
The mixture was extracted by DCM three times, dried over Na2SOzg, filtered off, and
concentrated under reduced pressure. The crude was purified by column
chromatography on silica (cHex/EtOAc = 10/1), which gives only protected products
(48 mg, 0.14 mmol, 82%).

Appearance: White solid.

Chemical Formula: C23H3002

Molecular Weight: 338.4910 g/mol.

Yield: 82% (48 mg, 0.14 mmol).

R 0.46 (cHex:EtOAc = 5:1).

mp: 116-119°C. 19

H-NMR: (500 MHz, CDCl3) & [ppm]: 7.12-7.07 (m, 2H, H-1, H-2), 7.01 (d, J=6.6 Hz ,1H,

H-3), 6.68 (dd, 1H, J = 2.7 Hz, 9.8 Hz, H-6), 6.05 (dd, J = 1.8 Hz, 9.8 Hz ,1H, H-

7), 4.03-3.86 (m, 4H, H-22, H-23), 2.36-2.31 (m, 4H, H-19, H-9), 2.22-2.19 (m, 1H,
H-15), 2.15-2.05 (m, 2H, H-11, H-8), 1.94-1.88 (m, 2H, H-12, H-17), 1.86-1.72 (m,
3H, H-16, H-16", H-11"), 1.48-1.42 (m, 1H, H-14), 1.39-1.36 (m, 1H, H-15'), 1.33
(s, 3H, H-21), 1.31-1.22 (m, 1H, H-12"), 0.79 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCl3) & [ppm]: 139.5 (C-10), 133.1 (C-7), 132.8 (C-4), 132.4 (C-5),
128.0 (C-3), 126.6 (C-1), 124.3 (C-6), 121.1 (C-2), 111.8 (C-20), 65.1 (C-23), 63.2
(C-22), 58.1 (C-17), 53.6 (C-14), 42.7 (C-13), 42.6 (C-9), 39.0 (C-15), 37.2 (C-8),
24.6 (C-11), 24.4 (C-21), 23.4 (C-12), 23.0 (C-16), 19.2 (C-19), 12.7 (C-18).

IR: 3 [em™]: 2924.09 (m), 2897.08 (m), 2875.86 (m), 2854.65 (m), 2794.85 (m),
1465.90 (m), 1446.61 (m), 1417.68 (w), 1386.82 (w), 1369.46 (m), 1294.24 (w),
1259.52 (w), 1247.94 (m), 1219.01 (m), 1197.79 (w), 1186.22 (w), 1163.08 (m),
1147.65 (m), 1128.36 (w), 1105.21 (w), 1082.07 (m), 1064.71 (s), 1056.99 (s),
1037.70 (s), 1022.27 (m), 997.20 (w), 968.27 (w), 952.84 (m), 925.83 (), 898.83
(W), 862.18 (), 840.96 (w), 829.39 (w), 812.03 (W), 798.53 (W), 779.24 (s), 759.95
(s), 725.23 (w), 704.02 (m), 677.01 (m), 650.01 (w), 632.65 (w), 603.72 (w).

GC-EI-LRMS: tr= 17.65 min, m/z 338.2 ((M]"*).

GC-EI-HRMS: tr= 22.91 min, m/z 338.2238 ([M]*), 323.2002 ([M-Me'T*).
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7.2.13 Synthesis and characterization of compound 12

mCPBA

DCM,
phosphate buffer
(0.1 M, pH=8),
rt., 5h

12, 94%

In a round-bottom flask, compound 11 (20 mg, 0.06 mmol, 1.0 eq.) was added and
dissolved in DCM (1.5 mL) and phosphate buffer (1.2 mL, 0.1 M, pH=8).['""] After the
reaction was cooled down to 0 °C, mCPBA (13 mg, 0.06 mmol, 1.0 eq., 77%) was
added. The heterogenous solution was stirred vigorously at r.t. for 5 h. The organic
layer was separated and quenched by sat. Na2S203(aq.). After the mixture was stirred
at r.t. for 15 min, the organic phase was separated, washed with brine, dried over
MgSOyq, filtered off and concentrated under reduced pressure. The crude was purified
by column chromatography on silica (cHex/EtOAc = 10/1) to give a white solid (20 mg,
0.056 mmol, 94%).

Appearance: White solid.

Chemical Formula: C23H3003

Molecular Weight: 354.4900 g/mol.

Yield: 94% (20 mg, 0.056 mmol).

R 0.31 (cHex:EtOAc = 5:1).

TH-NMR: (500 MHz, CDCls) & [ppm]: 7.17 (t, J = 7.6 Hz, 1H, H-2), 7.10 (d, J = 7.7 Hz, 1H, H-

1), 7.04 (d, J = 7.5 Hz, 1H, H-3), 4.18 (d, J = 4.5 Hz, 1H, H-6), 4.04-3.86 (m, 4H, H-
22, H-23), 3.55 (d, 1H, J = 4.5 Hz, H-7), 2.50 (s, 3H, H-19), 2.49-2.43 (m, 1H, H-8),
2.23-2.17 (m, 2H, H-11, H-12), 2.07-1.98 (m, 1H, H-15), 1.98-1.93 (m, 1H, H-17),
1.92-1.80 (m, 2H, H-16, H-16"), 1.68-1.53 (m, 3H, H-11’, H-9, H-14), 1.44-1.35 (m,
2H, H-12', H-15'), 1.34 (s, 3H, H-21), 0.81 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCl3) & [ppm]: 140.6 (C-10), 137.5 (C-4), 130.2 (C-5), 128.4 (C-3), 127.9
(C-2),122.1 (C-1), 111.9 (C-20), 65.3 (C-23), 63.3 (C-22), 58.0 (C-17), 56.5 (C-7),
52.5 (C-14), 49.9 (C-6), 42.9 (C-13), 39.0 (C-12), 36.5, (C-8), 36.4 (C-9), 24.7 (C-
21), 24.6 (C-11), 23.9 (C-15), 23.3 (C-16), 19.3 (C-19), 12.7 (C-18).

IR: 3 [em™]: 2976.16 (s), 2941.44 (s), 2877.79 (s), 2362.80 (w), 2312.65 (w), 1591.27
(m), 1558.48 (w), 1539.20 (w), 1475.54 (m), 1448.54 (w), 1417.68 (w), 1369.46 (m),
1338.60 (w), 1296.16 (w), 1261.45 (m), 1242.16 (w), 1222.87 (m), 1184.29 (m),
1165.00 (m), 1145.72 (m), 1122.57 (m), 1083.99 (m), 1066.64 (s), 1047.35 (s),
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975.98 (w), 948.98 (m), 923.90 (w), 893.04 (s), 875.68 (m), 860.25 (m), 833.25 (w),
815.89 (s), 781.17 (m), 761.88 (s), 734.88 (m), 704.02 (w), 615.29 (s).

7.2.14 Synthesis and characterization of compound 4

1. LiAlH4 THF
0°Ctort,3h

2.80% AcOH
HCI
THF, rt, 0.5h

4,82%

In a dried Schlenk tube, compound 12 (39 mg, 0.11 mmol, 1.0 eq.) was dissolved in
dry THF (0.4 mL) under an inert condition.['""] The mixture was cooled down to 0 °C in
an ice bath and LiAlH4 (9 mg, 0.24 mmol, 2.2 eq.) was added. The mixture was then
stirred at r.t. for 3 h. The reaction was quenched by the addition of sat.
potassium sodium tartrate tetrahydrate(aq.) slowly until no bubbles formed. To the crude
product was added EtOAc (2 mL) and HCI (4 mL, 5%) together, and stirred at r.t. for
0.5 h and neutralized by 0.5 M NaOHaq.). The mixture was extracted with EtOAc four

times, dried over Na2SOg, filtered off, and concentrated under reduced pressure.

To deprotect the cyclic acetal functional group, the crude was dissolved in THF (10
mL), AcOH (10 mL, 80%) and one drop of conc. HCI. After stirring at r.t. for 0.5 h, the
mixture was concentrated, diluted in H20, extracted by DCM four times, dried over
Na2SOy, filtered off and concentrated under reduced pressure. The crude was purified
by column chromatography on silica (cHex/EtOAc = 5/1) and this afforded a white solid
(28 mg, 0.09 mmol, 82%).

Appearance: White solid.

Chemical Formula: C21H2802

Molecular Weight: 312.4530 g/mol.

Yield: 82% (28 mg, 0.09 mmol).

R 0.23 (cHex:EtOAc = 5:1).

Mp: 163-168°C. (Start to decompose).
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H-NMR: (500 MHz, CDCl3) & [ppm]: 7.22 (d, J=7.9 Hz, 1H, H-1), 711 (t, J=7.6 Hz, 1H,
H-2), 7.03 (d, J=7.3 Hz, 1H, H-3), 4.21 (m, 1H, H-7), 2.93-2.81(m, 2H, H-6, H-
6’), 2.76 (m, 1H, H-9), 2.65 (t, J = 9.2 Hz, 1H, H-17), 2.51-2.47 (m, 1H, H-11),
2.28-2.22 (m, 1H, H-16), 2.22 (s, 3H, H-19), 2.18-2.13 (m, 4H, H-21, H-12), 1.92-
1.85 (m, 1H, H-15), 1.78-1.64 (m, 3H, H-12’, H-14, H-16’), 1.62-1.53 (m, 2H, H-
11°, OH), 1.49 (t, 11 Hz, 1H, H-8), 1.37-1.28 (m, 1H, H-15’), 0.63 (s, 3H, H-18).

13C-NMR: (126 MHz, CDCI3) & [ppm]: 209.5 (C-20), 139.0 (C-10), 137.1 (C-4), 131.6 (C-5),
127.7 (C-3), 125.9 (C-2), 123.2 (C-1), 66.1 (C-7), 63.8 (C-17), 51.2 (C-14), 44.3
(C-13), 41.5 (C-8), 38.9 (C-12), 36.4 (C-6), 35.6 (C-9), 31.5 (C-21), 26.7 (C-11),
23.6 (C-15), 22.9 (C-16), 19.9 (C-19), 13.2 (C-18).

IR: v [em™]: 3523.95-3365.78 (br) 2964.59 (w), 2947.23 (w), 2916.37 (m), 2877.79
(m), 2864.29 (w), 1683.86 (s), 1558.48 (w), 1539.20 (w), 1506.41 (w), 1471.69
(m), 1448.54 (m), 1406.11 (m), 1381.03 (m), 1357.89 (m), 1340.53 (m), 1290.38
(w), 1257.59 (w), 1211.30 (s), 1180.44 (s), 1165.00 (w), 1151.50 (w), 1111.00 (w),
1093.64 (m), 1066.64 (m), 1053.13 (w), 1039.63 (w), 1024.20 (m), 979.84 (w),
962.48 (w), 947.05 (w), 933.55 (w), 920.05 (w), 881.47 (m), 869.90 (w), 837.11
(w), 783.10 (s), 767.67 (m), 727.16 (s), 696.30 (m), 659.66 (w), 644.22 (w), 632.65
(w), 624.94 (w)

GC-EI-LRMS: tr=17.46 min, m/z 294.2 ([M-H20]").

GC-EI-HRMS: tr= 22.59 min, m/z 294.1976 ([M-H20]"*).

7.2.15 General TMS and TBDMS derivatization methods

For TMS derivatization in a small scale, a mixture of reagent was prepared. A stock
solution was prepared by mixing MSTFA (N-methyl-N-(trimethylsilyl) trifluoracetamide),
ethanethiol and ammonium iodide in the ratio of 100 (uL)/ 3 (uL)/ 2 (mg).['*3 The
mixture was heated at 60 °C until ammonium iodide was dissolved. The stock solution

was diluted by a factor of 10 in MSTFA as a derivatization working agent.

A dried compound (compound 1, 1-d4, 1-d7, 2, 2’, 3, 4, 13 respectively, 1 mg) was
heated with the derivatization agent (1 mL) at 60 °C for 30 min in a dried tube. The
sample was diluted by a factor of 20 in DCM and transferred to a GC vial for GC-EI HR
MS analysis at the University of Cologne. For synthesis of TBDMS derivatives, MSTFA
was replaced by TBDMSTFA.
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7.2.16 Synthesis and characterization S42-C20-TMS (1-C20-TMS)

M Me
*gi-Me
!

1.LDA (1.1 eq.), THF, -78 °C
2. TMSCI (1.1 eq.), THF, -78 °C to r.t.

79%

1 1-C20-TMS

This experiment was conducted by Dr. Tobias Wilczek. A flame-dried Schlenk-tube
was charged with THF (0.06 ml) and diisopropylamine (0.04 ml, 0.28 mmol, 2.0 eq.).
The solution was cooled to -78 °C, n-butyllithium (0.15 mmol, 1.2 eq.) was added and
the reaction mixture was stirred for 15 min. Then, the steroid S42 (1) (39 mg,
0.13 mmol, 1.0 eq.) was added and the reaction mixture was stirred for further 15 min
at -78 °C before trimethylsilyl chloride (TMSCI) (20.0 uL, 0.15 mmol, 1.2 eq.) was
added. The reaction mixture was stirred at -78 °C for further 15 min and then it was
warmed to r.t. After full conversion of the starting material via GC-MS analysis, the
solvent was evaporated under reduced pressure. The remaining solids were extracted
with pentane, the suspension was filtered and the filtrate was evaporated under
reduced pressure. The product 1-C20-TMS was obtained as a white solid in a yield of
79 % (39 mg, 0.11 mmol).

Appearance: White solid.

Chemical Formula: C24H360Si

Molecular Weight: 368.6360

Yield: 79 % (39 mg, 0.11 mmol).

mp: 94.0-95.0 °C.

H-NMR: (500 MHz, CDCI3) ) 6 [ppm]: 7.20 (d, J = 7.8 Hz, 1H, H-1), 7.07 (t,

J = 7.6 Hz, 1H, H-2), 7.00 (d, J = 7.3 Hz, 1H, H-3), 4.08 (d, J =
17.7 Hz, 2H, H- 21), 2.79 — 2.75 (m, 1H, H-6), 2.67 — 2.60 (m, 1H,
H-6"), 2.34 — 2.24 (m, 2H, H- 9, H-11), 2.21 (s, 3H, H-19), 2.13 —
2.07 (m, 2H, H-12, H-17), 2.00 — 1.96 (m, 1H, H-7), 1.81 — 1.73 (m,
3H, H-15, H-15", H-16), 1.50 — 1.48 (m, 1H, H-11’), 1.40 — 1.24 (m,
5H, H-7', H-8, H-12’, H-14, H-16"), 0.64 (s, 3H, H- 18), 0.22 (s, 9H,
H-22, H-23, H-24).

13C-NMR: (126 MHz, CDCl3) & [ppm]: 160.1 (C-20), 140.7 (C-10), 136.3 (C-4), 135.2
(C-5), 127.2 (C-3), 125.2 (C-2), 123.1 (C-1), 89.6 (C-21), 56.4 (C-17); 55.0
(C-14), 44.7 (C-9), 43.3 (C-13), 38.8 (C-12), 38.1 (C-8), 27.8 (C-7), 27.2
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(C-6), 26.9 (C-11), 24.6 (C-15), 24.0 (C-16), 19.8 (C-19), 12.8 (C-18), 0.18
(C-22, C-23, C-24).

IR: 3 [em™']: 2936 (m), 2869 (w), 2824 (w), 1681 (w), 1645 (w), 1601 (w), 1471
(W), 1453 (w), 1443 (w), 1419 (w), 1380 (w), 1361 (w), 1321 (w), 1296 (m),
1251 (s), 1237 (m), 1176 (w), 1125 (w), 1090 (w), 1072 (w), 1044 (m), 1017
(m), 1009 (m), 961 (w), 950 (w), 872 (m), 841 (s), 804 (s), 778 (m), 756
(m), 742 (s), 707 (w), 696 (w), 646 (w), 607 (w), 570 (W), 552 (w), 517 (w).

GC-EI-HRMS tr = 23.70 min, m/z 368.2526 [M]"*, 353.2291 [M-Me']*. (Temp: 100(5)-10-
320(5))
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7.3 Hydrindane derivative 13 synthesis

7.3.1 Synthesis and characterization of compound 27

Q

P Z Me
O + A~ L2 -C”
HO DCM,0°Ctort, 24 h G
Me d’S\O/\/C
27
88%, [lit.]: 89%

25 26

By adapting the synthesis procedure from Lansbury et. al.l'*4, 3-pentyn-1-ol (26) (59
mmol, 5.4 mL, 1.0 eq.) and TosClI (25) (11.3 g, 59.4 mmol, 1.0 eq.) were dissolved in
dry DCM (89 mL) in a dried Schlenk flask. EtsN (95.1 mmol, 13.3 mL, 1.6 eq.) was
added at 0 °C. The mixture was stirred at ambient temperature for 24 h and quenched
by an addition of water. The mixture was extracted with DCM three times, washed with
brine, dried over Na2SOg, filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography (cHex/EtOAc = 9:1) which
afforded a slightly yellow oil (12.5 g, 52.5 mmol, 88%).

Appearance: Slightly yellow oil. 10 & 5 Me
(N p o A
Chemical Formula: C12H1403S Ot
o}
Molecular Weight: 238.3010
Yield: 88% (12.5 g, 52.5 mmol).
R 0.27
(cHex:EtOAc = 5:1)
H-NMR: (300 MHz, CDCls) 6 [ppm]: 7.82 (m, 2H, H-7), 7.37 (d, J = 4.5 Hz, 2H, H-8),

4.07 (t, J = 7.2 Hz, 2H, H-1), 2.53-2.47 (m, 2H, H-2), 2.47 (s, 3H, H-10), 1.73
(t, J = 2.6 Hz, 3H, H-5).

13C-NMR: (75 MHz, CDCl3) & [ppm]: 144.8 (C-6), 132.9 (C-9), 129.8 (C-8), 127.9 (C-7),
78.2 (C-3), 73.1 (C-4), 68.2 (C-1), 21.6 (C-10), 19.6 (C- 2), 3.4 (C-5).

IR: 3 [em™]: 2970 (w), 2914 (w), 1597 (m), 1458 (w), 1356 (s), 1308 (w), 1292
(w), 1188 (s), 1175 (s), 1096 (s), 1020 (w), 970 (s), 899 (s), 845 (s), 814 (s),
762 (s), 704 (w), 662 (s).

GC-EI-LRMS tr = 13.86 min, m/z 196.0 [M]™".
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7.3.2 Synthesis and characterization of compound 28

Me

- TOSO\/\/

0 NH, A N MgBr 27 0] Me
4 A molecular sieves \ Pz
. d __ EtMgBr _ N THF, reflux, 17 h Z
THF, reflux
Et,0, r.t., o/n 10 h 2. HCI (5%), rt, 1.5h
21 22 23 24

28
19% in 3 steps

According to the synthesis procedure from Lansbury et. al.l'*, cyclohexanone (21)
(31 mmol, 3.2 mL, 1.0 eq.) and cyclohexylamine (22) (31 mmol, 3.5 mL,1.0 eq.) were
added in a dried Schlenk flask under inert conditions, followed by addition of dried
molecular sieves (4 A). Afterward, dry diethyl ether (22 mL) was added and the mixture
was stirred at ambient temperature overnight. The reaction was stopped by filtering off
the solid and the liquid phase was concentrated under reduced pressure. The crude
was purified by using a Kugelrohr distillation apparatus under 0.80 mbar at 100 °C to
110 °C.

EtMgBr (5.9 mL, 18.8 mmol, 1.125 eq.) was dissolved in dry THF (50 mL) in a dried
Schlenk flask, which appeared as a slightly red solution. Then, the reaction mixture
was slowly added to the flask. The reaction was heated to reflux for 10 h. After the
mixture was cooled to r.t., 3-pentyn-1-ol, 1-(4-methyl benzenesulfonate) (27) (4.33 g,
18.2 mmol, 1.0 eq.) was added. The mixture was heated to reflux for 17 h and an
orange suspension was observed. The mixture was slowly dropped into HCI (6%) and
stirred at room temperature for 1.5 h for hydrolysis, resulting in a clear solution. The
mixture was extracted with Et2O three times, dried with Na2SOas, filtered off, and
concentrated under reduced pressure. After column chromatography (cHex/EtOAc =
1:5) as a purification method, a yellow oil was obtained with a yield of 19% (973 mg,

5.90 mmol) was given.

Appearance: Yellow oil. o 10 Me"
[ F

2 8 3
Chemical Formula: C11H160. 8

3 5
Molecular Weight: 164.2480 )
Yield: 19% (973 mg, 5.90 mmol).
R 0.4 (cHex/EtOAc = 5:1).
H-NMR: (300 MHz, CDCIs) 6 [ppm]: 2.52-2.41 (m, 1H, H-6), 2.40-2.27 (m, 2H, H-2),

2.23-2.14 (m, 2H, H-8), 2.15-2.06 (m, 1H, H-5), 2.05-1.93 (m, 2H, H-3, H-
4),1.91-1.83 (m, 1H, H-7), 1.77 (t, 3H, J = 2.6 Hz, H-11), 1.74-1.62 (m, 2H,
H-3’, H-7°), 1.42-1.27 (m, 2H, H-4’, H-5).
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13C-NMR: (75 MHz, CDCls) & [ppm]: 213.0 (C-1), 78.7 (C-9), 75.8 (C- 10), 49.2 (C-6),
42.2 (C-2), 33.9 (C-8), 28.7 (C-5), 28.1 (C- 3), 25.1 (C-4), 16.4 (C-7), 3.5
(C-11).

IR: 3 [em™]: 2930 (m), 2860 (m), 2357 (w), 1707 (s), 1558 (w), 1506 (w), 1449
(m), 1364 (m), 1339 (m), 1314 (w), 1177 (m), 1128 (m), 1090 (w), 1042 (w),
993 (w).

GC-EI-LRMS tr = 10.91 min, m/z 164.1 [M]**.

7.3.3 Synthesis and characterization of compound 29 and 29’

0] Me Me OH Me
Pz Pz
y Z MeMgl Z
— > %
Et,0,
r.t., o/n
28 29 and 29', 63%

According to the synthesis procedure from Lansbury et. al.l'*, a dried Schlenk flask

was charged with 2-(3-pentynyl)cyclohexanone (28) (5.9 mmol, 1.0 mL,1.0 eq.) and
Et20 (4 mL). MeMgl (18 mmol, 5.9 mL, 3.0 eq.) was added and the solution was stirred

atr.t. for o/n. The reaction mixture was quenched by an addition of sat. NH4Cl (aq.). The

mixture was extracted with Et2O three times, washed with brine, dried over NaxSOa,

filtered off and concentrated under reduced pressure. The crude product was further

purified by column chromatography (cHex/EtOAc = 5:1 to 2:1), which gave a yellow oil

of a mixture of diastereomers in a yield of 63% (674 mg, 3.74 mmol).

The separated pure fractions from column chromatography purification were analyzed

by NMR respectively.
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Appearance: Yellow oil.
Chemical Formula: C12H200.
Molecular Weight: 180.2910
Yield: 63% (674 mg, 3.74 mmol)(mixture of diastereomers).
R: 0.20 and 0.16 (cHex/EtOAc = 5:1).
TH-NMR: (500 MHz, CDCls) 6 [ppm]:
Isomer 29:

2.28-2.20 (m, 1H, H-8), 2.10-2.02 (m, 1H, H-8’), 1.88-1.79 (m, 1H, H-2), 1.78 (t, J =
2.6 Hz, 3H, H-11), 1.72-1.66 (m, 1H, H-5), 1.66-1.60 (m, 2H, H-3, H-4), 1.55-1.49 (m,
2H, H-4’, H- 13), 1.43-1.33 (m, 1H, H-3’), 1.33-1.25 (m, 2H, H-6, H-2’), 1.22-1.15 (m,
6H, H-12, H-7, H-5")
Isomer 29’
2.30-2.22 (m, 1H, H-8), 2.22-2.05 (m, 1H, H-8’), 1.93-1.86 (m, 1H, H-2), 1.79 (t, J =
2.9 Hz, 3H, H-11), 1.78-1.74 (m, 1H, H-5), 1.73-1.69 (m, 1H, H-3), 1.69-1.61 (m, 2H,
H-4, H-7), 1.44-1.27 (m, 4H, H-3’, H-4’, H-6, H-13), 1.26-1.13 (m, 2H, H-2’, H-7’), 1.09
(s, 3H, H-12), 1.02-0.93 (m, 1H, H-5’).
13C-NMR: (75 MHz, CDCl3) & [ppm]:
Isomer 29:
79.3 (C-9), 75.5 (C-10), 71.4 (C-1), 44.6 (C-6), 40.3 (C-2), 28.8 (C-7), 28.7 (C-12),
26.8 (C-5), 25.6 (C-4), 21.9 (C-3), 16.9 (C-8), 3.5 (C-11).
Isomer 29’ (C1, C-9 and C-10 are ambiguous):
47.2 (C-6), 42.2 (C-2), 29.2 (C-7), 28.8 (C-5), 25.4 (C-4), 24.0 (C-3), 21.1 (C-12),17.3
(C-8), 3.5 (C-11).
IR: v [em™"]: 3600-3200 (b), 2922 (s), 2857 (s), 2361 (m), 1717 (w), 1558 (w), 1506 (w),
WEN-II-ALE-008 1447 (m), 1437 (m), 1373 (m), 1364 (m), 1339 (w), 1250 (w), 1155 (m), 1128 (m),
1103 (m), 1055 (w), 982 (m), 843 (w), 920 (m), 847 (m), 799 (w).

GC-EI-LRMS tr =11.14 min, m/z 180.3, tr = 11.26, m/z 180.0 [M]™.

GC-EI-HRMS tr = 16.50 min, m/z 179.1426, 165.1270;
tr = 16.71 min, m/z 179.1426, 165.1270. (Temp: 50(5)-10-270(5))

7.3.4 Synthesis and characterization of hydrindane derivatives 13 and

ccompound 14

Me OH Me 1. HCOOH 0 Me
G rt., o/n Me Me Me o
2. KOH (10%) + |
50°C,1h i A
29 and 29' 13 14

78%
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According to the synthesis procedure from Lansbury et. all'*l the mixture of
diastereomers of methyl-2-(3-pentynyl)cyclohexanol (29 and 29’) (450 mg, 2.50 mmol,
1.0 eq.) was mixed with HCOOH (5.8 mL) and stirred at r.t. overnight, the addition of
water resulted in the formation of a white suspension. After the mixture was stirred at
r.t. for a further 30 min, it was extracted with Et2O three times, dried over NaxSOa,
filtered off and concentrated under reduced pressure, after which a dark yellow oil
formed. To the crude product was added KOH (10%, 13.7 mL) and the mixture was
stirred at 50 °C for 1h. Then, water was added into the reaction mixture and the
aqueous phase was extracted with Et20 three times, dried over Na2SOu, filtered, and
concentrated under reduced pressure. Column chromatography (cHex/EtOAc = 15:1)

afforded a yellow oil of two structural isomers with a yield of 78% (353 mg, 1.96 mmol).

Appearance: Yellow oil. a 1 25

Chemical Formula: C12H200. \

Molecular Weight: 180.2910

Yield: 78% (353 mg, 1.96 mmol).

8 o 64

R 0.55, 0.45 (cHex/EtOAc = 10:1). Cﬁj

TH-NMR: (500 MHz, CDCI3) (mixture of isomers) & [ppm]: angular methyl singlets at 1.25,
0.89, 0.64, 0.61

IR: v [em™]: 2926 (s), 2859 (m), 2363 (W), 1942 (w), 1869 (W), 1792 (w), 1749 (w),
1701 (s), 1653 (m), 1558 (m), 1522 (w), 1506 (m), 1449 (w), 1356 (m), 1159 (m),
608 (w).

GC-EI-HRMS tr = 15.96 min, m/z 180.1507 [M]*

tr = 16.27 min, m/z 180.1504 [M]**;
tr = 16.36 min, m/z 180.1505 [M]**;
tr = 17.00 min, m/z 180.1506 [M]*;
tr = 17.10 min, m/z 180.1506 [M]**;
tr = 17.30 min, m/z 180.1505 [M]*.
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7.3.5 Hydrogen deuterium exchange by keto/enol tautomerization %

In a dried Schlenk flask was added compound 13 and 14 (50 mg, 0.277 mmol, 1.0 eq.)
and dissolved in MeOD (0.3 mL), THF (0.5 mL) and D20 (1 mL), followed by addition
of 15% NaOD (aq.) (200 pL).® The mixture was stirred at 60 °C for 3 d and the
reaction progress was controlled by GC-MS analysis. The reaction was quenched by
addition of CH3COQOD (9% in D20) and extracted three times with Et20, dried over
Naz2S 04, filtered off, and concentrated under reduced pressure. The solid was triturated
with hexane (2x0.5 mL). The product was directly analyzed by GC-MS and NMR.
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7.4 In vitro phase | and phase |l studies

7.4.1 In vitro phase | metabolism

S42 (1)/S42-d7 (1-d7) samples with enzymes were prepared in duplicates, followed by
one S42 (1)/ S42-d7 (1-d7) sample without enzymes and one without S42 (1)/ S42-
d7(1-d7) substratel''®l. The total sample volume of each sample is 500 pL. For samples

without enzymes, the volume of enzymes solution was replaced by a phosphate buffer.

Stock solution of S42 (1) / S42-d7 (1-d7) with a concentration of 1 mg/mL in MeOH
was prepared in a glass tube. This stock solution of S42 (1)/ S42-d7 (1-d7) (338 nmol,
100 pL, 1 mg/mL) was added into an Eppendorf LoBind® tube (2 mL) and the solvent
was evaporated to dryness to be further reconstituted and vortexed with phosphate
buffer (370 yL, 50 mM phosphate buffer containing 5 mM MgClz, pH 7.4). Freshly
prepared NADPH solution (100 uL, 50 mM in phosphate buffer), S9 fraction (15 pL,
20 pg/pL) and HLM (15 L, 20 ug/pL) were added according to the stated order. All
samples had an overall sample volume of 500 uL. The mixture was incubated at 37 °C
at 400 rpm for 24 h. The reactions were terminated by adding ice-cold MeCN (1.5 mL),
vortexed, and cooled to 0 °C in an ice bath. After the samples were centrifuged at
17,000 x g for 2 min, the supernatant was transferred to new Eppendorf tubes and
concentrated under vacuum for 2.5 h at 45 °C. Samples were reconstituted in H20
(900 pL) and MeCN (100 L) for the SPE (HLB (60 um), 60 mg, 3 mL) cartridge which
was first conditioned by MeOH (3 mL) and then H20 (3 mL). After the samples were
loaded on the SPE cartridge, H20 (1 mL) was added for washing and the substrate
was eluted with MeOH (1 mL). The solvent was evaporated to dryness and the dry
residues were derivatized by a mixture of NH4l/MSTFA/EtSH (100 pL) at 60 °C for 30
min before GC-EI HR MS orbitrap analysis at the German Sport University Cologne.!'"9]

7.4.2 In vitro phase Il metabolism

Phase Il metabolism experiments were conducted subsequently by repeating phase |

experiments with higher sample concentrations. 200 1491

S42 (1)) S42-d7 (1-d7) (338 nmol, 100 uL, 1 mg/mL) was added into an
Eppendorf LoBind® tube (2 mL) and the solvent was evaporated to dryness to be
further reconstituted and vortexed with in vitro phosphate buffer (120 pyL, 50 mM
190



Experimental section

phosphate buffer containing 5 mM MgCl2, pH 7.4). Freshly prepared NADPH solution
(100 pL, 50 mM in phosphate buffer), S9 fraction (15 pL, 20 pg/uL) and HLM (15 pL,
20 pg/pL) were added according to the stated order. For samples without enzymes,

the volume of enzymes solution was replaced by a phosphate buffer

After phase | samples were incubated at 37°C for 21 h, phase | aliquot (20 uL) from
each sample, except substrate blank sample, was added to Eppendorf LoBind® tubes
containing dried alamethicin (5 pg, 1L, 5 mg/mL). To the samples for phase Il
experiments were subsequently added phosphate buffer (80 uL, 50 mM phosphate
buffer containing 5 mM MgCl2, pH 7.4), freshly prepared NADPH solution (20 pL,
50 mM in phosphate buffer), UDPGA (20uL, 50 mM), D-saccharic acid-1,4-lactone (SL)
(20uL, 50 mM), sulfate solution* (20uL), S9 fraction (10 uL, 20 pg/uL) and HLM (10 pL,
20 pg/uL) for a total volume of 200 uL. For samples without enzymes, or without
substrate, the volume of enzymes or substrate solution was replaced by a phosphate
buffer. The samples were incubated at 37 °C, 400 rpm for 20.5 h. Reactions were
stopped by the addition of cold MeCN (600 uL), vortexed, and cooled to 0 °C in an ice
bath for 15 min. After the samples were centrifuged at 17,000 x g for 2 min, the
supernatant was transferred to new Eppendorf tubes and concentrated under vacuum
for 2.5 h at 45 °C. Internal standard** (10 uL) was added before samples were diluted
in solvent (90 uL, MeOH/ NHsAc buffer = 30/70) for LC-MS analysis.

*Sulfate solution was prepared freshly by mixing ATP (64 pL, 500 mM), Na2SO4 (80 uL,
200 mM), MgCl2-6H20 (11.4 uL, 2 M) in phosphate buffer (44.6 pL).

**Internal standard was a mixture of d3-testosterone-gucuronide (0.1 pg/pL), d5-
androsterone-glucuronide (0.1 pg/uL), d3-testosteronte-sulfate (1 pg/uL) in a solvent
of MeCN/H20=1/1.

7.5 Rat urine workup and analysis

7.5.1 GC-MS sample preparation

All samples for GC-MS analysis were hydrolyzed enzymatically or chemically and
separated into free, glucuronide, and sulfate fractions.l'43 1461 The purification

procedure was from Piper and coworkers.['462]
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Free fractions:

Rat urine sample (5 mL) fortified with methyl testosterone as an internal standard (20 pl,
20 ng/pl in MeOH) and transferred to a C18 cartridge, which was previously
conditioned with MeOH (2 mL) and H20 (2 mL). After washing the cartridge with H20
(2 mL), S42 metabolites were eluted by MeOH (3 x 1 mL). The collected MeOH solution
was evaporated and reconstituted in phosphate buffer (2 mL, 0.2M, pH 7), and
vortexed. Then TBME (5 mL) was added, and the sample was shaken for 5 min before
centrifugation for 5 min. The organic layer was transferred to a new test tube,
evaporated to dryness and derivatized by standard derivatization agent (100 pl,
MSTFA/NHa4l/ethanethiol = 1000/2/3 (v:w:v) at 60 °C for 30 min before GC-MS analysis.

Glucuronide fractions

The separated aqueous layer was fortified with methyl testosterone (20 pl, 20 ng/ul in
MeOH) and added B-glucuronidase (100 ul) before the sample was incubated at 50 °C
for 60 min. The hydrolysis reaction was stopped by addition of potassium carbonate
buffer (1mL, 20%, pH 10), before addition of TBME (5 mL), shaken for 5 min, and
centrifuged using Program 3 for 5 min. The organic layer was transferred to a new test
tube, evaporated to dryness and derivatized by standard derivatization agent (100 ul,
MSTFA/NHa4l/ethanethiol = 1000/2/3 (v:w:v)) at 60 °C for 30 min before GC-MS

analysis.

Sulfate fractions

The remaining aqueous layer from the liquid liquid extraction was neutralized by adding
glacial acetic acid (100 pl) slowly, till no CO2 bubbles were generated during vortex.
The sample was again fortified with methyl testosterone (20 ul, 20 ng/ul in MeOH) and
the sample was transferred to a C18 cartridge, which was previously conditioned with
MeOH (2 mL) and H20 (2 mL). After washing with H20 (2 mL) and eluting with MeOH
(1mL X 3), the collected MeOH solution was evaporated and reconstituted in diluted
sulfuric acid in EtOAc (2.5 mL, H2SO4/EtOAc = 2 uL/1 mL). The sample was vortexed
and heated at 50 °C for 60 min. After the sample was cooled down to room temperature,
NaOH in MeOH (0.5 mL, 1 M) was added and the solution was evaporated. The
generated solid was redissolved in H20 (5 mL) and TBME (5 mL), shaken for 5 min,
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and centrifuged using Program 3 for 5 min. The organic layer was transferred to a new
test tube, evaporated to dryness and derivatized by standard derivatization agent
(100 pl, MSTFA/NHal/ethanethiol = 1000/2/3 (v:w:v)) at 60 °C for 30 min before GC-
MS analysis.

7.5.2 LC-MS sample preparation

The LC-MS instrument methods and all rat urine LC-MS sample preparation for LC-

MS direct injection were developed by Dr. Felicitas Wagener.

Internal standard** (5 ul) was added to a rat urine sample (45 pl), centrifuged at 1800

x g, and the supernatant was added to a LC-vial for analysis.

**Internal standard was a mixture of testosterone-gucuronide-d3 (0.1 ug/uL),
androsterone-glucuronide-d5 (0.1 ug/uL), testosteronte-sulfate-d3 (1 pg/pL) in a
solvent of MeCN/H20=1/1.
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9. Appendix

9.1 List of abbreviations

AAS

Ac

CID
cHex
CYPs
DBDMH
DBS
DCM
DMSO
DNA
Et2O
EtOAC
El

E
ESI-MS
EIC

eq.

et al.
GC- MS
GlucA

HCD
HLM
HMPA
HR-MS
Hz

IUPAC

min

anabolic androgenic steroid

acetyl

collision-induced dissociation
cyclohexane

cytochromes
1,3-dibromo-5,5-dimethylhydantoin

dried blood spot

dichloromethane

dimethyl sulfoxide

deoxyribonucleic acid

diethyl ether

ethyl acetate

electrospray ionization

epitestosterone

electrospray ionization mass spectrometry
extracted ion chromatogram

equivalent

et alteri

gas chromatography—mass spectrometry
glucuronic acid

hour

Higher-energy collisional dissociation
human liver microsomes
hexamethylphosphoramide

high resolution mass spectrometry

hertz

infrared spectroscopy
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minute
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MRM
Me
MeOH
MeCN
MS
MSTFA
MT
MTBE
n.a.
NADH
NADPH
NBS
NMR
PAPS
Ph
PRM
QqQ
R

RT
SARM
SL
SIC
SIM
SPE
SULT
Bu
TBDMSTFA
T
Theor.
THF
TLC
T™MS

multiple reaction monitoring

methyl

methanol

acetonitrile

mass spectrometry
N-Methyl-N-trimethylsilyl-trifluoroacetamide
methyltestosterone

methyl-tert-butyl ether

not applicable

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
N-bromosuccinimide

nuclear magnetic resonance
3'-Phosphoadenosine-5'-phosphosulfate
phenyl

parallel reaction monitoring

triple quadrupole

retention factor

retention time

selective androgen receptor modulator
D-saccharic acid-1,4-lactone (SL)

single ion current

single ion monitoring

solid-phase extraction

sulfotransferases

tert-butyl
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
testosterone

theoretical

tetrahydrofuran

thin layer chromatography

trimethylsilyl
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UDPGA uridine diphosphate glucuronic acid
UGT uridine diphospho-glucuronosyltransferase
WADA World Anti-Doping Agency
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9.2. NMR spectra
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Figure A1. "H NMR (500 MHz, CDClI3) spectrum of 33-acetoxy-5,6-epoxypregnan-20-one (16).
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Figure A2. '3C NMR spectrum (75 MHz, CDCIs) of 33-acetoxy-5,6-epoxypregnan-20-one (16).
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Figure A3. '"H NMR (500 MHz, CDCls) spectrum of pregn-5-en-20-one, 33-hydroxy-, methane-sulfonate (18).
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Figure A4. '3C NMR spectrum (126 MHz, CDCI3) spectrum of pregn-5-en-20-one, 33-hydroxy-, methane-sulfonate
(18).
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Figure A5. "H NMR (500 MHz, CDCIs) spectrum of (38,5a,6a)-5,6-epoxy-3-[(methylsulfonyl)oxy]pregnan-20-one
(19).
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Figure A6. 'C NMR spectrum (126 MHz, CDCIs) spectrum of (38)-5,6-epoxy-3-[(methylsulfonyl)oxy]pregnan-20-
one (19).
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Figure A7. '"H NMR (500 MHz, CDCls) spectrum of S42 (1).
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Figure A8. '3C NMR (126 MHz, CDCIz) spectrum of S42 (1).
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Figure A9. 'H NMR spectrum (500 MHz, CD:Cl2) of S42-d7 (1-d7).
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Figure A10. 2H NMR spectrum (77 MHz, CD2Cl2) of S42-d7 (1-d7).
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Figure A11. 3C NMR spectrum (126 MHz, CD2Cl2) of S42-d7 (1-d7).
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Figure A12. "H NMR (500 MHz, CDCls) spectrum of S42-d4 (1-d4).
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Figure A13. '3C NMR (75 MHz, CDCIs) spectrum of S42-d4 (1-d4).
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Figure A14. 'H NMR (500 MHz, CDClIs) spectrum of compound 2.
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Figure A15. 3C NMR (75 MHz, CDCIz) spectrum of compound 2.
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Figure A16. 'H NMR (500 MHz, CDClIs) spectrum of compound 8.
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Figure A17. '3C NMR (126 MHz, CDCIs) spectrum of compound 8.
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Figure A18. "H NMR (500 MHz, CDCl3) spectrum of compound 9.
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Figure A19. '3C NMR (126 MHz, CDCIs) spectrum of compound 9.
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Figure A20. 'H NMR (500 MHz, CDCIs) spectrum of compound 10. A solvent peak from CH2Cl2.was found at
5.3 ppm.
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Figure A21. 3C NMR (126 MHz, CDCIs3) spectrum of compound 10.
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Figure A22. '"H NMR (500 MHz, CDClIs) spectrum of compound 10’. A solvent peak from CH2Clz.was found at
5.3 ppm.
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Figure A23. '3C NMR (126 MHz, CDCIs) spectrum of compound 10’.
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Figure A24. 'H NMR (500 MHz, CDClIs) spectrum of compound 3.
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Figure A25. 13C NMR (126 MHz, CDCls) spectrum of compound 3.
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Figure A26. '"H NMR (500 MHz, CDCls) spectrum of compound 11.
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Figure A27. '3C NMR (126 MHz, CDCls) spectrum of compound 11.
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Figure A28. 'H NMR (500 MHz, CDCIs) spectrum of compound 12. A solvent peak from CH2Cl2.was found at
5.3 ppm.
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Figure A29. '3C NMR (126 MHz, CDCls) spectrum of compound 12.
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Figure A30. 'H NMR (500 MHz, CDClIs) spectrum of compound 4.
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Figure A31. '3C NMR (126 MHz, CDCIs) spectrum of compound 4.
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Figure A32. 1H NMR (500 MHz, CDCI3) spectrum of S42-C20-TMS (1-C20-TMS).
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Figure A33. '3C NMR (126 MHz, CDCI3) spectrum of S42-C20-TMS (1-C20-TMS).
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Figure A34. 'H NMR (300 MHz, CDClIs3) spectrum of 3-pentyn-1-ol, 1-(4-methylbenzenesulfonate) (27).
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Figure A35. '3C NMR spectrum (75 MHz, CDCIs) of 3-pentyn-1-ol, 1-(4-methylbenzenesulfonate) (27).
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Figure A36. 'H NMR (300 MHz, CDClIs) spectrum of 2-(3-pentynyl)cyclohexanone (28).
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Figure A37 '3C NMR spectrum (75 MHz, CDCI3) of 2-(3-pentynyl)cyclohexanone (28).
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Figure A38. 'H NMR (500 MHz, CDClIs) spectrum of methyl-2-(3-pentynyl)cyclohexanol isomer 29.
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Figure A39. 3C NMR (75 MHz, CDCIs) spectrum of methyl-2-(3-pentynyl)cyclohexanol isomer 29.
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Figure A40. "H NMR (500 MHz, CDCls) spectrum of methyl-2-(3-pentynyl)cyclohexanol isomer (29°).
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Figure A 41. '3C NMR (75 MHz, CDClIs) spectrum of methyl-2-(3-pentynyl)cyclohexanol isomer (29).

Figure A42. "H NMR (500 MHz, CDCI3) spectrum of hydrindane derivatives 13, 13’ and substance 14, 14’ mixture.
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9.3. MS data

9.3.1 Chromatograms and MS spectra of compound 14
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o
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Figure A43. Chromatograms and spectrum of 1-methyloctahydro-2(1H)-one (14). The spectrum shows the
substance at a retention time of 17.00 min. The peaks from fraction of substances 14 (RT: 17.00, 17.10 and 17.30

min) have similar spectra. The sample was analyzed at the University of Cologne.
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Figure A44. GC-EI-HRMS analysis and spectrum of deuterated 1-methyloctahydro-2(1H)-one (14-d3). The
analyte is detected at a retention time of 16.96 min. The fractions of isomers of 14-d3 (RT= 16.96, 17.06, and

17.26) have similar EI-H

RMS spectra.
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9.3.2 Chromatograms and MS spectra of silylated S42 (1)
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Figure A45. Section of the GC-EI-HRMS spectrum of S42-C20-TMS (1-C20-TMS) (RT: 21.68 min) at m/z 156.
The sample was analyzed at the University of Cologne with a temperature program of 120(5)-10-320(5).

TIC MS $42-C20-TMS-m/z 157
21.78 (analyzed at Uni KéIn)

21.68 21.93

219 22.0 221 22.2

157.1009 [2CpHyl* ME\SM‘:AE
-

213 214 215 21.6 21.7 21.8
Time (min)

3 RT=216521.71

2 504 [?C1i3CiHyal*
167.0966

[1?CgH:7 OS]
157.1042

T T T T T T T T
157.092 157.094 157.096 157.098 " 157.100 157.102 157.104 157.106
m/z

Figure A46. Section of the GC-EI-HRMS spectrum of S42-C20-TMS (1-C20-TMS) (RT=21.68) at m/z 157. The
sample was analyzed at the University of Cologne with a temperature program of 120(5)-10-320(5).
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Figure A47. Section of the GC-EI-HRMS spectrum of S42-C17-TMS (1-C17-TMS(E/Z)) (RT=21.78) at m/z 157.
The sample was analyzed at the University of Cologne with a temperature program of 120(5)-10-320(5).
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Figure A48. Section of the GC-EI-HRMS spectrum of S42-C17-TMS (1-C17-TMS(E/Z)) (RT=21.93) at m/z 157.
The sample was analyzed at the University of Cologne with a temperature program of 120(5)-10-320(5).
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Figure A49. Comparison of GC-EI-HRMS results obtained for S42 C-20 enol-TMS ether (1-C20-TMS) and S42
C-20 enol S42-TBDMS (1-C20-TBDMS). The TIC traces document the separation of the three isomers. The

samples were analyzed at German Sport University Cologne with a temperature program: 185(0)-3-234(0)-40-

310(2) and a flow rate of 8.0 mL/min.
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Figure A50. Comparison of GC-EI-HRMS results obtained for S42 C-17 enol-TMS ether (1-C17-TMS(E/Z)) and
S42 C-17 enol S42-TBDMS (1-C17-TBDMS(E/Z)). The TIC traces document the separation of the three isomers.

The samples were analyzed at German Sport University Cologne with a temperature program: 185(0)-3-234(0)-

40-310(2) and a flow rate of 8.0 mL/min.
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Figure A51. Comparison of GC-EI-HRMS results obtained for S42 C-17 enol-TMS ether isomer (1-C17-TMS(E/Z))
and S42 C-17 enol S42-TBDMS ether isomer (1-C17-TBDMS(E/Z)). The TIC traces document the separation of
the three isomers. The samples were analyzed at German Sport University Cologne with a temperature program:
185(0)-3-234(0)-40-310(2) and a flow rate of 8.0 mL/min.
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Figure A52. Comparison of GC-EI-HRMS results obtained for S42 C-17 enol-TMS ether (1-C17-TMS(E/Z), RT:
13.39) and S42 C-17 enol S42-TBDMS (1-C17-TBDMS(E/Z), RT: 17.69) at m/z 157. The samples were analyzed
at German Sport University Cologne with a temperature program: 185(0)-3-234(0)-40-310(2) and a flow rate of
8.0 mL/min.
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Figure A53. Comparison of GC-EI-HRMS results obtained for S42 C-17 enol-TMS ether isomer (1-C17-TMS(E/Z),
RT: 13.70) and S42 C-17 enol S42-TBDMS ether isomer (1-C17-TBDMS(E/Z), RT: 17.84) at m/z 157. The
samples were analyzed at German Sport University Cologne with a temperature program: 185(0)-3-234(0)-40-
310(2) and a flow rate of 8.0 mL/min.
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Figure A54. S42-d7-TMS (1-d7-C20-TMS, 1-d7-C17-TMS(E/Z) from top to bottom) chromatogram and spectra.
The sample was analyzed at German Sport University of Cologne with a temperature program of 185(0)-3-234(0)-

40-310(2).
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Table A1. Accurate ion masses from the GC-EI HR MS data of compound 2.

RT: 21.14
Nominal . Theo. Mass Accurate ion mass Error
compound 2 mass Composition
[Da] [Da] measured [Da] [ppm]
[M]* 298 C21H300 298.2291 298.2287 -0.42
[M-H201* 280 Ca1Hzs 280.2186 280.2182 -0.36
[M-H20-CH5T* 265 C20Ha2s 265.1951 265.1947 -0.35
251 Ci9Hazs 251.1794 251.1792 -0.27
224 Ci7H20 224.1560 224.1558 -0.16
211 C1eH19 211.1481 211.1478 -0.38
209 CieH17 209.1325 209.1321 -0.34
197 CisH17 197.1325 197.1322 -0.30
183 Ci4H1s5 183.1168 183.1165 -0.32
170 C13H1s 170.1090 170.1087 -0.32
158 C12H14 158.1090 158.1086 -0.36
157 C12H13 157.1012 157.1009 -0.27
156 Ciz2H12 156.0934 156.0931 -0.25
155 Caz2H11 155.0855 155.0853 -0.26
143 C11H11 143.0855 143.0853 -0.18
131 CioH11 131.0855 131.0854 -0.13
115 CoH7 115.0542 115.0541 -0.13
91 C7Hz7 91.0542 91.0542 -0.08
Table A2. Accurate ion masses from the GC-EI HR MS data of compound 2’.
RT: 21.31
, Nominal mass o Theo. Mass Accurate ion mass Error
compound 2 Composition measured
[Da] [Da] [Dal] [Ppm]
[M]* 298 C21H300 298.2291 298.2287 -0.38
[M-H2071* 280 Ca1Hzs 280.2186 280.2183 -0.28
[M-H20-CHsT* 265 C20Has 265.1951 265.1948 -0.29
251 Ci9Has 251.1794 251.1792 -0.21
224 Ci7H20 224.1560 2241558 -0.12
211 CieH19 211.1481 211.1478 -0.33
209 CieH17 209.1325 209.1322 -0.29
207 CieH1s 207.1168 207.1165 -0.28
197 CisH17 197.1325 197.1322 -0.24
183 Ci4H1s 183.1168 183.1166 -0.26
170 CisH1a 170.1090 170.1087 -0.28
158 Ci2H14 158.1090 158.1087 -0.32
157 Ci2H1s 157.1012 157.1009 -0.24
156 Ci2H12 156.0934 156.0931 -0.21
155 Ci2H11 155.0855 155.0853 -0.22
143 Ca1H11 143.0855 143.0854 -0.15
142 Ci1H1o 142.0777 142.0776 -0.14
141 C11Ho 141.0699 141.0698 -0.1
131 CioH11 131.0855 131.0854 -0.11
129 C1oHo 129.0699 129.0658 -4.11
128 C1oHs 128.0621 128.0619 -0.12
115 CoH7 115.0542 115.0541 -0.09
91 CrH7 91.0542 91.0542 0
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Table A3. Accurate ion masses from the GC-EI HR MS data of compound 3.

RT: 22.18
Nominal mass . Theo. Mass Accurate ion mass Error
compound 3 Composition measured
[Da] [Da] [Da] [ppm]
[M-CH3T* 297 C20H2502 297.1849 297.1847 -0.75
[M-H2071* 294 C21H260 294.1978 294.1976 -0.80
[M-2H207* 276 C21Ha24 276.1873 276.1871 -0.66
[M-2H20-CHs7* 251 Ci9Has 251.1794 251.1794 0
221 Ci7Ha7 221.1325 221.1324 -0.21
209 CieH17 209.1325 209.1323 -0.82
195 CisHis 195.1168 195.1167 -0.88
181 CiaH1s 181.1012 181.1010 -1.03
165 CisHe 165.0699 165.0698 -0.75
157 Ci2H13 157.1012 157.1010 -1.16
156 Ci2H12 156.0934 156.0931 -1.35
155 CizH11 155.0855 155.0854 -0.8
141 C11He 141.0699 141.0698 -0.25
129 CioHe 129.0699 129.0698 -0.35
128 CioHs 128.0621 128.0620 -0.11
115 CoH~ 115.0542 115.0542 0
Table A4. Accurate ion masses from the GC-EI HR MS data of compound 4.
RT: 22.59
compound 4 Nominal mass Composition Theo. Mass Accurate ion mass measured Error
[Da] [Da] [Da] [Ppm]
[M-H201* 294 C21H260 294.1978 294.1976 -0.64
[M-2H207* 276 C21Ha24 276.1873 276.1871 -0.52
[M-2H20-CHs7* 261 C20H21 261.1638 261.1638 0
[M-"C2H3OT* 251 Ci9Has 251.1794 251.1794 0
223 Ci7H1o 223.1481 223.1481 0
209 CieH17 209.1325 209.1323 -0.76
207 CieH1s 207.1168 207.1167 -0.59
195 CisH1s 195.1168 195.1167 -0.60
181 CiaH1s 181.1012 181.1011 -0.58
165 CisHe 165.0699 165.0698 -0.72
157 Ci2H1s 157.1012 157.1010 -1.27
156 Ci2H12 156.0934 156.0931 -1.63
155 CizH11 155.0855 155.0855 0
143 Ca1H11 143.0855 143.0855 0
141 C11He 141.0699 141.0698 -0.22
131 C1oH11 131.0855 131.0855 0
128 C1oHs 128.0621 128.0620 -0.04
115 CoH7 115.0542 115.0542 0
107 CsH11 107.0855 107.0855 0
95 C7H14 95.0855 95.0855 0
93 CrHo 93.0699 93.0699 0
91 CrH7 91.0542 91.0543 0.30
77 CsHs 77.0386 77.0386 0
67 CsHz 67.0542 67.0542 0
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9.3.3 Chromatograms and MS spectra of non-silylated and silylated compound 3 and

4
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Figure A55.Water-loss delivered of compound 3 produced an olefine product at retention time at 21.07 minutes

(analyzed at University of Cologne).
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Figure A56. GC total ion current and El mass spectrum of the byproduct of compound 3 resulting from reduction

and water-loss.
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Figure A57. GC total ion current and El mass spectrum of an olefin byproduct that was generated from compound 4.
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Figure A58. A minor signal at RT: 22.48 in the total ion current chromatogram of compound 4 indicates the formation

of a byproduct in trace amounts. This byproduct was proposed to be a diastereomer of substance 4.
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Figure A59. Total ion and single ion current chromatograms of TMS-derivatized products of compound 3. The
mixture contained 6(C20-TMS), 6(C17-TMS), 6’(C17-TMS) (structures in green) and TMS-derivatized water-loss
products, i.e. olefins (structures in blue).
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Figure A60. GC-El MS spectrum of [3-H20]-C20-TMS. The signal at m/z 143 from the D-ring structure indicates
the C20-TMS sub-structure isomer.
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Figure A61. GC-EI MS spectrum of [3-H20] -C17-TMS. The signal at m/z 195 from the D-ring structure indicates

the C17-TMS sub-structure isomer
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Table A5. Accurate ion masses from the GC-EI HR MS data of compound 7(C20-TMS). The ion at m/z 143.0886
indicates it is a C20-TMS isomer.

RT: 21.32

7(C20-TMS) Nomi[r1§;]mass Composition TheE)b;\?ass Ac;::;astjrieodn[g:]ss [IFE)rprrc])qr]
M+ 456 C27H4402Si2 456.2874 456.2871 -0.70
[M-CHsT* 441 C26H4102Si2 441.2640 441.2634 -1.22
[M-TMSOH]* 366 C24H340Si 366.2373 366.2370 -0.32
[M-TMSOH-CH3T* 351 C23H310Si 351.2139 351.2136 -0.27
297 C19H250Si 297.1669 297.1667 -0.17
294 C21H260 294.1978 294.1976 -0.23
276 Ca1H24 276.1873 276.1872 -0.09
261 CaoHa21 261.1638 261.1637 -0.04
219 Ci7H1s 219.1168 219.1167 -0.13
209 CieH17 209.1325 209.1323 -0.22
181 CiaH13 181.1012 181.1010 -0.22

155 Ci2H11 155.0855 155.0854 -0.1
143 C7H150Si 143.0887 143.0886 -0.11
128 C1oHs 128.0621 128.0620 -0.01

117 CsH130Si 117.073 117.073 0

115 CoH7 115.0542 115.0542 0

91 CrH7 91.0542 91.0542 0

75 C2H70Si 75.0261 75.0261 0

73 CsHoSi 73.0468 73.0468 0

235
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Table A6. Accurate ion masses from the GC-EI HR MS data of compound 7(C17-TMS). The ion at m/z 195.1204
indicates it is a C17-TMS isomer.

RT: 21.78

7(C17-TMS) Nomi[r1§;]mass Composition Theﬁj;\?ass Acr:ﬁ:;astjrie%n[g:]ss [IFE)rprrc])qr]
[M]* 456 C27H4402Si2 456.2874 456.2871 -0.69
[M-CHsT* 441 C26H41028Si2 441.2640 441.2636 -0.79
[M-TMSOH]* 366 C24H340Si 366.2373 366.2371 -0.73
[M-TMSOH-CH3'T* 351 C23H310Si 351.2139 351.2136 -0.27
276 Ca1H24 276.1873 276.1872 -0.06
261 C20H21 261.1638 261.1637 -0.06

235 CisH1o 235.1481 235.1481 0
233 CisH17 233.1325 233.1324 -0.06
219 Ci7H1s 219.1168 219.1167 -0.15

209 C12H210Si 209.1356 209.1358 0.19
207 CieH1s 207.1168 207.1164 -0.38

195 C11H190Si 195.1200 195.1204 0.41

179 Ci1aH11 179.0855 179.0852 -0.31

157 CsH170Si 157.1043 157.1042 -0.11
157 Ci2H1s 157.1012 157.1011 -0.04
156 Ci2H12 156.0934 156.0932 -0.14
156 Ci2H12 156.0934 156.0889 -4.45

155 Ci2H11 155.0855 155.0854 -0.1

143 C7H150Si 143.0887 143.0886 -0.1

143 C11H11 143.0855 143.0857 0.15

131 C1oH11 131.0855 131.0855 0

91 CrH7 91.0542 91.0542 0

73 CsHoSi 73.0468 73.0468 0
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Table A7. Accurate ion masses from the EI HR MS data of compound 7°(C17-TMS). The ion at m/z 195.1205
indicates it is a C17-TMS isomer.

RT: 21.87
, Nominal mass o Theo. Mass  Accurate ion mass Error
7’(C17-TMS) [Da] Composition [Da] measured [Da] [opm]
[M]* 456 C27H44028Si2 456.2874 456.2871 -0.66
[M-CH37* 441 C26H4102Si2 441.2640 441.2636 -0.8
[M-TMSOH]* 366 C24H340Si 366.2373 366.2371 -0.58
[M-TMSOH-CH3T* 351 C23H310Si 351.2139 351.2135 -0.34
294 C21H260 294.1978 294.1977 -0.39
276 C21H24 276.1873 276.1872 -0.01
261 Ca20H21 261.1638 261.1637 -0.12
249 C1oH21 249.1638 249.1639 0.12
235 C1sH19 235.1481 235.1480 -0.09
233 C1sH17 233.1325 233.1324 -0.03
219 Ci7H1s 219.1168 219.1166 0
209 C12H210Si 209.1356 209.1358 0.15
207 CieH1s 207.1168 207.1162 -0.62
205 CieH1s 205.1012 205.1010 -0.23
195 C11H190Si 195.1200 195.1205 0.5
193 CisHis 193.1012 193.1010 -0.16
192 CisHi2 192.0934 192.0932 -0.19
181 C10H170Si 181.1043 181.1042 -0.08
181 Ci4H13 181.1012 181.1010 -0.15
179 Ci4H11 179.0855 179.0853 -0.24
165 C13Hg 165.0699 165.0697 -0.18
157 CsH170Si 157.1043 157.1042 -0.12
156 C12H12 156.0934 156.0932 -0.15
155 C12H11 155.0855 155.0854 -0.1
143 C7H150Si 143.0887 143.0886 -0.08
131 C1oH11 131.0855 131.0855 0
119 CoH14 119.0855 119.0855 -0.01
115 CoH7 115.0542 115.0542 0
105 CsHg 105.0699 105.0699 0
91 C7H7 91.0542 91.0542 0
75 C2H70Si 75.0261 75.0261 0
73 C3HoSi 73.0468 73.0468 0

237
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9.3.4 Chromatograms and MS spectra of in vitro phase | metabolites

Table A8. lons found in the GC-EI HR MS spectrum of the S42-mono-OH metabolite M1a.

M1a Nominal Composition Theo. Mass Accurate ion mass Error

mass [Da] [Da] measured [Da] [ppm]

[M]* 456 C27H44028Si2 456.2874 456.2875 0.11
[M-Me'T* 441 C26H4102Si2 441.2640 441.2640 0

[M-TMSOH]* 366 C24H340Si 366.2373 366.2376 0.23

[M-TMSOH-Me'T* 351 Ca23H310Si 351.2139 351.2140 0.15

310 C20H260Si 310.1747 310.1750 0.21

297 C19H250Si 297.1669 297.1671 0.22

284 C18H240Si 284.1591 284.1592 0.14

245 C15H210Si 245.1356 245.1359 0.23

243 C15H190Si 243.1200 243.1202 0.22

232 C14H200Si 232.1278 232.1280 0.22

219 C13H190Si 219.1200 219.1201 0.15

195 C11H190Si 195.1200 195.1199 -0.03

194 C11H180Si 194.1127 194.1122 -2.55

193 C11H170Si 193.1043 193.1045 0.14

157 CsH170Si 157.1043 157.1045 0.15

156 CsH160Si 156.0965 156.0966 0.09

143 C7H150Si 143.0887 143.0888 0.10

117 CsH130Si 117.0730 117.0731 0.10

91 CsH110Si 91.0574 91.0575 0.14

73 CsHgSi 73.0468 73.0469 0.06

Table A9. lons found in the GC-EI HR MS spectrum of the S42-mono-OH metabolite M1b.

Accurate ion

M1b nl:la%rgllnDa;] Composition TheE)b;\?ass mass [Irr;(za]\sured Error [ppm]
[M-MeT* 441 C26H4102Si2 441.2640 441.2644 0.46
[M-TMSOH]* 366 C24H340Si 366.2373 366.2376 0.26
[M-TMSOH-Me]* 351 C23H310Si 351.2139 351.2142 0.35
337 C22H290Si 337.1982 337.1987 0.52
295 C19H230Si 295.1513 295.1515 0.22
245 C15H210Si 245.1356 245.1359 0.27
243 C15H190Si 243.1200 243.1202 0.23
232 C14H200Si 232.1278 232.1279 0.63
219 C13H190Si 219.1200 219.1201 0.13
209 C12H210Si 209.1356 209.1358 0.19
207 C12H190Si 207.1200 207.1200 0
195 C11H190Si 195.1200 195.1201 0.14
157 CsH170Si 157.1043 157.1044 0.05
156 CsH160Si 156.0965 156.0966 0.15
117 CsH130Si 117.0730 117.0731 0.11
91 C3H110Si 91.0574 91.0576 0.2

73 CsHgSi 73.0468 73.0468 0
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Table A10. lons found in the GC-El HR MS spectrum of the S42-mono-OH metabolite M1c.

Mic Nominal mass Composition Theo. Mass Accurate ion mass Error
[Da] [Da] measured [Da] [ppm]
[M-Me'T 441 C26H41028i2 441.2640 441.2644 0.40
[M-TMSOH]* 366 C24H340Si 366.2373 366.2375 0.15
[M-TMSOH-MeT* 351 C23H310Si 351.2139 351.2141 0.20
295 C19H230Si 295.1513 295.1513 0
245 C15H210Si 245.1356 245.1357 0.13
243 C15H190Si 243.1200 243.1202 0.18
232 C14H200Si 232.1278 232.1279 0.11
219 C13H190Si 219.1200 219.1200 0
209 C12H210Si 209.1356 209.1357 0.12
195 C11H190Si 195.1200 195.1200 0
157 CsH170Si 157.1043 157.1044 0.05
117 CsH130Si 117.0730 117.0731 0.07
73 C3HgSi 73.0468 73.0469 0.07

Table A11. lons found in the GC-EI HR MS spectrum of the S42-bis-OH metabolite M2a.

Nominal Theo. Mass Accurate ion

M2a mass [Da] Composition [Da] mass [In_jg]:\sured Error [ppm]
[M]* 544 C30H5203Si3 544.3219 544.3225 0.62
[M- CsH130SiT* 427 C2sH3902Si2 427.2483 427.2482 -0.07
399 C23H3502Si2 399.2170 399.2173 0.33
364 C24H3208Si 364.2217 364.2217 0
[MT(I\:/fSHgS]? ) 337 C22H290Si 337.1982 337.1983 0.11
311 C20H270Si 311.1826 311.1832 0.61
274 Ca1H22 274.1716 274.1718 0.16
244 C11H24028Si2 244.1309 2441312 0.26
243 C11H2302Si2 243.1231 243.1236 0.46
231 C10H2302Si2 231.1231 231.1233 0.18
231 CisH1s 231.1168 231.1177 0.89
230 C10H2202Si2 230.1153 230.1155 0.26
218 CoH2202Si2 218.1153 218.1153 0
218 Ci7H14 218.1090 218.1092 0.16
209 CieH17 209.1325 209.1320 -0.46
207 CieH1s 207.1168 207.1167 -0.15
143 CeH1102Si 143.0523 143.0523 0
143 C7H1s0Si 143.0887 143.0887 0
117 CsH130Si 117.0730 117.0731 0.07
91 CsH110Si 91.0574 91.0575 0.09
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Table A12. lons found in the GC-EI-HR MS spectrum of the S42-bis-OH metabolite M2b.

Accurate ion

M2b n':laosrgl[n;::\] Composition Theﬁj;\?ass mass measured Error [ppm]
[Da]
[M]* 544 C30H5203Sis3 544.3219 544.3233 2.57
[M-Me'T* 529 C29H4903Sis 529.2984 529.2995 2.08
[M-TMSOH]* 454 C27H4202Si2 454.2718 454.2720 0.20
[M-TMSOH-MeT* 439 C26H39028Si2 439.2483 439.2486 0.28
426 C25H3802Si2 426.2405 426.2409 0.41
383 C22H31028Si2 383.1857 383.1860 0.28
334 C18H3002Si2 334.1779 334.1779 0
333 C18H2002Si2 333.1701 333.1704 0.34
331 C18H2702Si2 331.1544 331.1546 0.19
307 C16H2702Si2 307.1544 307.1547 0.31
281 C14H2502Si2 281.1388 281.1389 0.14
231 C10H2302Si2 231.1231 231.1231 0
195 C11H190Si 195.1200 195.1201 0.13
157 CsH170Si 157.1043 157.1044 0.07
143 C7H150Si 143.0887 143.0887 0
117 CsH130Si 117.0730 117.0731 0.11
73 CsHoSi 73.0468 73.0468 0
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Figure A64. Extracted SICs of the characteristic fragment ions of the TMS derivatized S42-bis-OH metabolites
M2b and M2b-d5 at m /z 307 and m/z 312. MS2-product ion experiments of the ions at m/z 307 (131+88*2 Da) (d0)

and m/z 312 (131+88*2+5 Da) (d5) of M2b and of M2b-d5, respectively. In the measurement of this figure, a new

column was used. A large retention time shifting was not observed.
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Table A13. lons found in the GC-EI HR MS spectrum of the S42-bis-OH metabolite M2c.

Accurate ion

M2c n’:‘;;?'?;;] Composition The[ob;\;lass mass [rBZE]ﬂsured Error [ppm]
[M]* 544 C30Hs5203Si3 544.3219 544.3228 1.91
[M-Me'T*™ 529 C29H4903Si3 529.2984 529.2995 2.05
[M-TMSOH]* 454 C27H42028Si2 454.2718 454.2720 0.49
[M TMSOH -Me* 439 Ca26H3902Si2 439.2483 439.2485 0.35
414 C24H38028Si2 414.2405 414.2409 0.96
402 C23H3802Si2 402.2405 402.2407 0.65
388 C22H3602Si2 388.2248 388.2251 0.73
385 C22H33028Si2 385.2014 385.2016 0.75
359 C20H3102Si2 359.1857 359.1858 0.38
333 C18H2002Si2 333.1701 333.1703 0.79
331 C18H2702Si2 331.1544 331.1545 0.21
320 C17H2802Si2 320.1622 320.1622 0
307 C16H2702Si2 307.1544 307.1547 0.81
281 C14H25028Si2 281.1388 281.1389 0.38
219 C13H190Si 219.1200 219.1200 0
219 C12H1502Si 219.0836 219.0837 0.63
209 C12H210Si 209.1356 209.1357 0.40
207 C12H190Si 207.1200 207.1200 0
195 C11H190Si 195.1200 195.1200 0
157 CsH170Si 157.1043 157.1044 0.67
156 CsH160Si 156.0965 156.0965 0
143 C7H150Si 143.0887 143.0887 0
117 CsH130Si 117.0730 117.0731 0.49
91 C3H11OSi 91.0574 91.0575 1.06
75 C2H7OSi 75.0261 75.0261 0
73 Cs3HeSi 73.0468 73.0468 0
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Table A14. lons found in the GC-ElI HR MS spectrum of the S42-tris-OH metabolite M3a.

Nominal Theo. Mass Accurate ion
M3a mass Composition . mass measured Error [ppm]
[Da]
[Da] [Da]
[M]* 632 Ca3He004Si4 632.3563 632.3589 4.11
[M-TMSOH]* 542 C30Hs5003Si3 542.3062 542.3069 1.23
515 Ca2sH4703Si3 515.2828 515.2832 0.89
487 C26H4303Si3 487.2515 487.2516 0.41
[M-2TMSOH]** 452 C27H4002Si2 452.2561 452.2563 0.45
[M-2TMSOH-MeT* 437 Ca26H3702Si2 437.2327 437.2327 0
%As'grgg!;j 425 CasHa702Siz 4252327 4252331 1.06
402 C23H3s028Si2 402.2405 402.2407 0.57
400 C23H3602Si2 400.2248 400.2249 0.21
385 C22H3302Si2 385.2014 385.2015 0.4
334 C18H3002Si2 334.1779 334.1781 0.75
333 C18H2902Si2 333.1701 333.1698 -0.72
332 C18H2802Si2 332.1622 332.1622 0
331 C18H2702Si2 331.1544 331.1544 0
320 C17H28028Si2 320.1622 320.1622 0
307 C16H27028Si2 307.1544 307.1545 0.38
281 C14H25028Si2 281.1388 281.1388 0
244 C11H24028Si2 244.1309 244.1310 0.33
243 C11H2302Si2 243.1231 243.1233 0.6
231 C10H2302Si2 231.1231 231.1232 0.41
230 C10H2202Si2 230.1153 230.1154 0.34
218 CoH2202Si2 218.1153 218.1153 0
169 CoH170Si 169.1043 169.1043 0
157 CsH170Si 157.1043 157.1043 0
155 C7H1102Si 155.0523 155.0523 0
143 C7H150Si 143.0887 143.0886 -0.44
117 CsH130Si 117.073 117.0731 0.53
91 CsH110Si 91.0574 91.0574 0
73 C3HoSi 73.0468 73.0468 0
Table A15. lons found in the GC-El HR MS spectrum of the S42-tris-OH metabolite M3b.
. Accurate ion
M3b Nominal Composition Theo. Mass mass measured Error [ppm]
mass [Da] [Da] [Da]
[M]* 632 Cs3He004Si4 632.3563 632.3586 2.32
[M-Me'T* 617 Cs2H5704Si4 617.3328 617.3348 1.94
[M-TMSOH]* 542 C30Hs003Si3 542.3062 542.3073 1.06
[M-TMSOH-Me'* 527 C29H4703Sis 527.2828 527.2837 0.92
502 C27H1603Sis 502.2749 502.2755 0.56
452 C27H4002Si2 452.2561 452.2564 0.22
437 C26H3702Si2 437.2327 437.2328 0.09
388 C22H3602Si2 388.2248 388.2251 0.30
334 C18H3002Siz2 334.1779 334.1782 0.29
333 C18H2902Si2 333.1701 333.1703 0.29
332 C18H2802Si2 332.1622 332.1623 0.10
331 C18H2702Si2 331.1544 331.1545 0.13
307 C16H2702Si2 307.1544 307.1546 0.18
281 C14H2502Si2 281.1388 281.1388 0
231 C10H2302Si2 231.1231 231.1232 0.14
157 CsH170Si 157.1043 157.1043 0
155 CsH150Si 155.0887 155.0886 -0.08
143 C7H150Si 143.0887 143.0887 0
131 CsH150Si 131.0887 131.0887 0
117 CsH130Si 117.073 117.0731 0.09
91 CsH110Si 91.0574 91.0575 0.10
73 C3HoSi 73.0468 73.0468 0
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Figure A65. Extracted single ion currents SIC of the characteristic fragment ions of the TMS derivatized S42-tris-
OH metabolites M3b at m/z 331 (panel A). MS2-product ion experiments of ions at m/z 331 (155+88x2 Da) (d0) of

M3b (panel B). These measurements were conducted on a new GC column without any influence on the retention

time of M3b.

Table A16. lons found in the GC-El HR MS spectrum of the S42-tris-OH metabolite M3c.

Nominal
mass [Da]

632
542
529
516
500
473
452
439
414
402
387
385
371
344
334
333
332
331
320
307
281
243
231
230
183
155
155
149
143
143
117
91
73

M3c

[M]*™
[M-TMSOHJ**
[M-TMSOH-Me"*

Composition

C33He004Sis
Cs0Hs5003Si3
C29H4903Si3
C28H4803Si3
C27H4403Si3
C25H4103Si3
C27H4002Si2
Ca26H3902Si2
C24H3802Si2
C23H3802Si2
C22H3502Si2
C22H3302Si2
C21H31028Si2
C19H2802Si2
C18H3002Si2
C18H2902Si2
C18H2802Si2
C18H2702Si2
C17H2802Si2
C16H2702Si2
C14H25028Si2
C11H2302Si2
C10H2302Si2
C10H2202Si2
C10H190Si
CsH150Si
C7H1102Si
C4H1302Si2
C7H150Si
CeH1102Si
CsH130Si
C3H110Si
C3HgSi

Theo. Mass
[Da]

632.3563
542.3062
529.2984
516.2906
500.2593
473.2358
452.2561
439.2483
414.2405
402.2405
387.2170
385.2014
371.1857
344.1622
334.1779
333.1701
332.1622
331.1544
320.1622
307.1544
281.1388
243.1231
231.1231
230.1153
183.1200
155.0887
155.0523
149.0449
143.0887
143.0523
117.073
91.0574
73.0468

Accurate ion

mass measured Error [ppm]
[Da]
632.3588 3.91
542.3071 1.53
529.2992 1.55
516.2913 1.46
500.2597 0.91
473.2359 0.11
452.2565 0.73
439.2483 0
414.2408 0.71
402.2408 0.68
387.2172 0.6
385.2017 0.77
371.1859 0.52
344.1624 0.55
334.1780 0.41
333.1700 -0.09
332.1624 0.36
331.1543 -0.34
320.1623 0.13
307.1546 0.46
281.1388 0
243.1233 0.65
231.1232 0.46
230.1154 0.58
183.1200 0
155.0886 -0.16
155.0522 -0.51
149.0449 0
143.0887 0
143.0523 0
117.073 0
91.0574 0
73.0467 -0.81

243



Appendix

RT: 14.07 - 14.68 SM: 5G

RT: 17.24 - 18.35 SM: 5G

100 RT. 14.39 NL:8.0385 1842 NL:B.74E5
B TIC F: + ¢ EI SRM ms2 100 | TIG F- + ¢ El SRM ms2
|| ISTD(MT)  301300@cid20.00 o 456.200@5E2000
380 | [169.095-169.105] MS ] M1b [195.115-195.125] MS
E | Avalon ms45_wen_in 60 17.82 ms4.-’)7wen7i|-1
g 60 ! vitro_20250127_008 0 1 vitro_20250127_006
2 [ | Mic 18.23
| 20
240 . | 17.90
3 I 100 17.82 NL: 1.33E5
@ 20 [ \ ] TIC F: + ¢ EI SRM ms2
J A 80 456.288@cid20.00
0 4 s RT: 14.59 | M1a [245.131-245.141) MS
100 RT: 14.39 NL: 2.72E6 60 ms45_wen_in
A TICF: + ¢ El SRM ms? 40 17.74 790 vitro_20250127_006
| 446 300@cid20.00 20 sz
80 [301.295-301.305] MS | y
Avalon ms45_wen_in 0 .
vitro_20250127_006 100 - 17.82 NL: 1.90E5
60 TIC F: + ¢ EI SRM ms2
80 | 456.288@cid20.00
1 [351.209-351.219] MS
40
803 ms45_wen_in
40 vitro_20250127_006
20 | 17.90
20 17.74
0 - ——f 0 e —
14.2 14.4 14.6 175 18.0
Time (min) Time (min)
M2d RT: 17.57 - 20.34 SM: 5G
18.51 NL: 7.58E4 100 18.99 M3p NL: 4.06E4
100 TIC F: + ¢ EI SRM ms2 \ TIC F: + ¢ EI SRM ms2
544.322@cid20.00 80 632.356@cid8.00
50 M2a [231.118-231.128] MS [231.118-231.128] MS
18.30 ms45_wen_in vitro_20250127_006 60 ms45_wen_in
18.20 40 vitro_20250127_006
0 18.49 NL: 1.28E4 20
100 TIC F: + ¢ EI SRM ms2 o
e B
50 18‘238'22 19.05 m34l5_wen_\r; vitro_20250127_006 80 ‘ ;:‘ggséég‘ljggg‘ ms2
18.83 [331.149-331.159) MS
0 18.28 NL: 1.32E4 % mts 455\3295”6:2? 006
100 ok, M2c TIC F: + ¢ EI SRM ms2 40 18,52 vitro -
’ 544.322@cid20.00 o0 1767 r
50 18.54 [307.150-307.160) MS | | )
120 18631905 ms45_wen_in vitro_20250127_006 mg 19.00 NL: 1.71E3
0 TIC F: + ¢ El SRM ms2
18.28 NL: 1.33E4 80 632.356@cid20.00
100 18.51 TIC F: + ¢ EI SRM ms2 [542.302-542.312] MS
ATy ey s 17.85 m545§g§5r|61‘?37 006
[439.244-439.254] MS 40 . 1g.64 Vitro
50 182 1858 msd5_wen_ in vitro_20250127_006 war ez
i 19.11 20 ’
o ey s ) 0
175 180 185 19.0 185 18 19 20
Time (min) Time (min)
RT: 17.87 - 18.96 SM: 5G RT: 18.12 - 19.94 SM: 5G
18.12 NL: 2.75E4 19.29 NL: 3.23E4
100 Ma TICF: +cEISRMmsz 100 \ TIC F: + ¢ EI SRM ms2
470.267@cid8.00 558.300@cid8.00
2 80 [195.115-195.125] MS 8 80 (no intengel231.118-231.128] Ms
& ms45_wen_in & ms45_wen_in
Eeo vitro_20250127_006 Eeo coor. vitro_20250127_006
3 . 3 M5 deuterate
2 (notintense 2 deriv.)
240 in former exp.) 240 18.73 eriv.
= = 18.76
ﬁ 20 8z ﬁ 20 '
18.78 19.34
0 . 0 .
100 18.13 NL: 3.04E6 100 18.73 NL: 1.33E4
TIC F: + ¢ EIl SRM ms2 TIC F: + ¢ EIl SRM ms2
470.267@cid8.00 558.300@cid8.00
380 [455.238-455.248) MS ~ § 80 [244.126-244.136) MS
5 ms45_wen_in 5 ms45_wen_in
° vitro_20250127_006 2 vitro_20250127_006
560 560 19.29
3 3 -
=z =z
240 240
3 18.24 3
@ 20 ® 20
0 0
18.0 185 185 19.0 195
Time (min) Time (min)

Figure A66. Chromatograms of MRM experiments of different in vitro phase | metabolites.
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9.3.5 MS spectra of silylated metabolites from rat urine samples
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Figure A67. TMS-S42-bis-OH (MS? at m/z 544) from In vitro phase | experiment and Rat 2 urine on day 2 showed

similar retention time (18.46 min) and MS spectra.
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Figure A68. TMS-S42-bis-OH (MS? at m/z 544) from In vitro phase | experiment and Rat 2 urine on day 2 showed

similar retention time (18.4 min) and MS spectra.
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Figure A69. TMS-S42-triss-OH (MS2 at m/z 632) from In vitro phase | experiment and Rat 2 urine on day 2 showed

similar retention time (19.13 min) and MS spectra.
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Figure A70. The metabolite S42-tris-OH-2H (molecular mass at m/z 630) at RT19.3 min showed a significant ion

peak at m/z 419, which recommended three TMSO functional groups located at the A and B rings.
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Figure A71. The metabolite S42-tris-OH-2H (molecular mass at m/z 630) at RT19.1 min showed a significant ion

peak at m/z 419, which recommended three TMSO functional groups located at the A and B rings.
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Figure A72. MS? spectrum of the S42-tris-OH (m/z 632) showed a significant ion peak at m/z 231, which indicated
a least one hydroxy group. Two TMSO functional groups can be at the A ring by observing the ion peak at m/z
281.
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9.4 Crystallography data

9.4.1 S42 (1) crystal structure

Figure A73. Crystal structure of S42 (1).

Empirical formula
Moiety formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C21H2602
C21H2602
310.42

100(2) K

1.54178 A

Orthorhombic

P212124

a = 7.55400(10) A a=90°.
b = 12.6579(3) A b = 90°.
c = 16.9785(4) A g = 90°.
1623.45(6) A3

4

1.270 Mg/m3

0.619 mm-1
672

0.100 x 0.070 x 0.050 mm3
4.357 to 72.207°.

-9<h<9, -15<k<15, -20<1<20
38864

3196 [R(int) = 0.0459]

99.9 %

Semi-empirical from equivalents
0.7536 and 0.6010

Full-matrix least-squares on F2
3196/0/211

1.062

R1=10.0277, wR2 = 0.0732

R1 =0.0281, wR2 = 0.0735
0.04(5)

n/a

0.226 and -0.164 e.A-3
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9.4.2 S42-d7 (1-d7) crystal structure

S42-d7 (1-d7)

Figure A74. Crystal structure of S42-d7 (1-d7).

Empirical formula
Moiety formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C21H280
C21H280
296.43

100(2) K
1.54178 A
Tetragonal
P44
a=7.59240(1
b =7.59240(1

a=90°.

0) A
0) A b= 90°.

c = 28.7445(6) A g = 90°.

1656.96(6) A3
4

1.188 Mg/m3

0.534 mm-~1
648

0.300 x 0.200 x 0.150 mm3
5.828 to 72.431°.

-9<h<9, -9<k<9, -35<I<34
23163

3271 [R(int) = 0.0310]

100.0 %

Semi-empirical from equivalents
0.753 and 0.6178

Full-matrix least-squares on F2
3271/1/202

1.047

R1 =0.0279, wR2 = 0.0737
R1=0.0279, wR2 = 0.0737
0.10(5)

n/a

0.121 and -0.179 e.A-3
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9.4.3 S42-C20-OH (2) crystal structure

S42-C20-OH (2)

Figure A75. Crystal structure of S42-C20-OH (2).

Empirical formula
Moiety formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C21H300
C21H300
298.45

100(2) K

1.54178 A

Orthorhombic

P212124

a=9.7544(2) A a= 90°.
b = 15.3033(3) A b= 90°.
c = 47.6318(9) A g =90°
7110.2(2) A3

16

1.115 Mg/m3

0.498 mm-1
2624

0.150 x 0.100 x 0.050 mm3
3.033 to 72.232°.

-11<=h<=11, -18<=k<=18, -53<=I<=58
61287

13952 [R(int) = 0.0419]

99.9 %

Semi-empirical from equivalents
0.7536 and 0.5739

Full-matrix least-squares on F2
13952 /0/ 821

1.064

R1=10.0348, wR2 = 0.0893
R1=0.0359, wR2 = 0.0901
0.09(5)

n/a

0.222 and -0.167 e. A-3
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9.4.4 S42-C6a-OH (3) crystal structure

Me OH
S42-C6-OH (3)

Figure A76. Crystal structure of S42-C68-OH (3).

Empirical formula
Moiety formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C21H2802

C21H2802

312.43

100(2) K

1.54178 A

Monoclinic

P24

a=7.5929(2) A a= 90°.
b=12.7155(4) A b= 103.2080(10)°.
¢ =9.2979(3) A g =90°
873.94(5) A3

2

1.187 Mg/m3

0.575 mm-~1
340

0.250 x 0.150 x 0.050 mm3
4.885to 72.012°.

-9<=h<=9, -14<=k<=15, -11<=I<=11
21537

3328 [R(int) = 0.0432]

97.5 %

Semi-empirical from equivalents
0.7535 and 0.6259

Full-matrix least-squares on F2
3328/1/214

1.066

R1 =0.0310, wR2 = 0.0849

R1 =0.0319, wR2 = 0.0851
0.08(6)

n/a

0.214 and -0.217 e.A-3
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9.4.5 S42-C73-OH (4) crystal structure

S42-C7a-OH (4)

Figure A77. Crystal structure of S42-C7a-OH (4)

Empirical formula
Moiety formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C21H2802
C21H2802
312.43

100(2) K

1.54178 A

Monoclinic

P24

a=10.0460(4) A a= 90°.

b =5.9063(3) A b= 96.257(2)°.
c = 14.4697(6) A g=90°.
853.44(7) A3

2

1.216 Mg/m3

0.589 mm-~1
340

0.150 x 0.070 x 0.070 mm3
3.072t0 72.118°.

-12<=h<=12, -7<=k<=7, -17<=I<=17
17795

3334 [R(int) = 0.0450]

99.9 %

Semi-empirical from equivalents
0.7536 and 0.6738

Full-matrix least-squares on F2
3334/1/214

1.051

R1=10.0279, wR2 = 0.0714
R1=10.0304, wR2 = 0.0718
0.01(6)

n/a

0.188 and -0.132 e A-3
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