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Although the main bishydroxylated long-term metabolite of the
WADA-banned anabolic agent ligandrol (LGD-4033) is an impor-
tant metabolic marker, it is not readily available in sufficient quan-
tities to facilitate the development and validation of related
analytical protocols or sensors. A chemically more robust structure
was postulated as an alternative to the one previously established.
The NMR spectra of the synthesized material and its LC-HRMS
comparison with a relevant metabolic sample support the
proposed structural revision.

Introduction

The nonsteroidal selective androgen receptor modulator
(SARM)  4-{(2R)-2-[(1R)-2,2,2-trifluoro-1-hydroxyethyl |pyrroli-
din-1-yl}-2-(trifluoromethyl)benzonitrile (1, Fig. 1) has not yet
received official approval for clinical use." Nonetheless, it is
commercially available as ligandrol or LGD-4033 (also known
as anabolicum or VK5211) and is becoming increasingly
popular among athletes> due to its promising anabolic
effects,” despite the potential health risks associated with its
use*® and the banning of such practices by the World Anti-
Doping Agency (WADA).”

Several studies related to the detection of its illicit use by
humans and on horses have been reported®** and have led to
the identification of related metabolites in urine samples. A
bishydroxylated metabolite is of particular interest for doping
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control purposes since it has been suggested as a preferred
long-term marker for the detection of this SARM’s illicit
use.”'! Interestingly, epimerization of the parent drug'® and
isomeric metabolites with identical mass spectra’**> have also
been observed.

As an exquisite example of experimental prowess and a tes-
timony to the power of modern analytical techniques, Thevis
et al. have managed to isolate and characterize microgram
quantities of a mono- and the main bis-hydroxylated metab-
olite through the in vitro metabolism of LGD-4033 with human
liver microsomes.® Based on the observed mass and NMR
spectra, the structures 2 and 3 (Fig. 1) were assigned to them,
respectively.® It is important to note that the "H NMR spec-
trum of the bishydroxylated metabolite was recorded in
CD;O0D and that the "*C NMR spectrum was not reported.

Chemical synthesis could secure the main bishydroxylated
long-term metabolite of LGD-4033 in quantities sufficient not
only to meet the needs of analytical methods development and
validation (e.g., its semi-quantitative analysis for doping
control purposes)'® but also to facilitate its full structural
characterization. Hence, this important metabolic marker was
pursued and we report herein the rational that prompted its
structural revision and the synthesis, full characterization, and
direct comparison of the revised structure with an authentic
metabolic sample of LGD-4033.
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Fig. 1 LGD-4033 (1), its mono- (2) and bishydroxylated (3) metabolites,
and a constitutional isomer of the latter (4).1
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Results and discussion

The established structure for the main bishydroxylated deriva-
tive of ligandrol (3) is intriguing. Thus, contrary to the
reported long-term persistence of this metabolite,”!' a
N-bridged bis-hemiaminal, such as 3, would be anticipated to
be extremely labile, especially in aqueous media. Indeed, a lit-
erature survey revealed few examples of analogous compounds
that, unless embedded in strategically functionalized'® or
fused polycyclic structures,'””>° have been observed only as
fleeting intermediates.>”** Furthermore, it is interesting that
the reported "H NMR chemical shift for H-11} of compound 3
(6 = 4.00 ppm) is upfield from the corresponding proton of the
closely related compound 2 (6 = 5.41 ppm).

In this context, 4-arylamino-5-hydroxyhexanoic acid 4
(Fig. 1), a constitutional isomer of 3, emerged as a possible
alternative structure for the main bishydroxylated long-term
metabolite of ligandrol. This compound has exactly the same
molar mass as 3, it should exhibit greater chemical stability,
and its "H NMR spectrum in CD;0D might be identical to the
one reported for 3.° Thus, in parallel to bis-hemiaminal 3, car-
boxylic acid 4 was synthetically pursued.

The chemical synthesis of the postulated alternative struc-
ture 4 starting from the parent SARM was straightforward via
the four-step sequence summarized in Scheme 1. In particular,
although rather forcing conditions were required (i.e., large
excess of reagents, high concentration, long reaction time),
protection of the secondary hydroxyl moiety of LGD-4033
(1, Scheme 1) as the corresponding silyl ether 5 was achieved
employing TBDMSCI and imidazole in DMF. Subsequently, the
use of RuQ,, generated in situ from RuCl; and 10% aqueous
NalO,, allowed the regioselective oxidation of the pyrrolidine
ring under two-phase conditions®® (i.e., EtOAc/H,O) furnishing
pyrrolidinone 6 in good yield (72%). It should be noted that
the use of the same oxidant under single-phase conditions has

CN CN
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/‘-\/N: 95% /‘-\/N:
F3C —: F3C —:
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Scheme 1 Synthesis of carboxylic acid 4 from LGD-4033 (1).
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been reported to favour the direct formation of 4-aminobuta-
noic acids from N-acyl-pyrrolidines.>* Interestingly however, in
the case of pyrrolidine 5, pyrrolidinone 6 was isolated in
similar yield under either two- or single-phase (i.e., tert-BuOH/
H,0) conditions. This outcome could be an indication that the
postulated oxidation intermediate,** a pyrrolidin-2-ol, favours
the aminal over the amino-aldehyde tautomeric form and
bodes favourably for the eventual synthesis of the monohy-
droxylated metabolite 2 through reduction of pyrrolidinone 6.
Focusing on the targeted carboxylic acid 4, TBAF-mediated
cleavage of the silyl ether moiety of 6 provided pyrrolidinone 7,
another postulated metabolite of LGD-4033.'° Finally, by
employing aqueous basic conditions (LiOH in THF/MeOH/
H,0), selective hydrolytic opening of the lactam ring in the
presence of the arylnitrile moiety of 7 was achieved securing
the desired hexanoic acid 4 in excellent yield (90%).

Gratifyingly, the '"H NMR spectrum of 4 (500 MHz, CD;0D;
Fig. 2) was in agreement§ with the one reported by Thevis
et al. for the main bishydroxylated long-term metabolite of
LGD-4033.% In particular, the recorded '"H NMR spectrum
(Fig. 2) was in agreement with either the originally proposed
structure (3) or the alternative one (4). However, it should be
pointed out that, some of the observed signals had to be
assigned differently for each structure (3 or 4). The most
notable one was that the overlapping signals in the region
6 = 4.10-4.04 ppm were assigned to H-12 & H-11 for structure
3 8 but had to be assigned to H-8 & H-12 for structure 4.

The COSY spectrum (see ESIt) was inconclusive, being con-
sistent with either structure. However, the '*C, HSQC, and
HMBC NMR spectra (see ESIt) did not support structure 3 but
were consistent with the synthesized 4-arylamino-5-hydroxy-
hexanoic acid 4. In particular, the presence of a signal in the
13C NMR spectrum (125 MHz, CD;0D) at § = 176.8 ppm could
be assigned to the carboxylic acid moiety (C-11) of 4 but is not
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Fig. 2 'H NMR (500 MHz, CDzOD) spectrum of 4 with regions of inter-
est expanded. To aid comparisons, the structures of 3 and 4 are showni
along with the corresponding signal assignments (in parentheses for 3,
in bold for 4).
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expected for bis-hemiaminal 3. In addition, the signal
observed at 6 = 52.0 ppm, based on the HSQC spectrum, was
assigned to C-8 of hexanoic acid 4. For the bis-hemiaminal
structure (3) this signal would have to be assigned to C-11, sig-
nificantly upfield from the expected region for a carbon substi-
tuted with two heteroatoms.q

Regarding the mass spectrum obtained, the observed anion
at m/z 369.0671 (Fig. 3a) was the one expected for the formula
C14H11FsN,0;7, shared by the deprotonated bis-hemiaminal 3
and hexanoic acid 4. Importantly, the product ion mass spec-
trum of the deprotonated molecular ion [M — H]™ with m/z 369
(Fig. 3b) was identical with the one observed (see ESIf) for
ligandrol’s main bishydroxylated metabolite, which was
extracted from a human urine sample obtained in the frame of
a previous related excretion study,'' as well as the one pre-
viously reported for this metabolite.®

Furthermore, the retention time data (Fig. 4) obtained from
the LC-HRMS analysis of substance 4 against the LGD
4033 main bishydroxylated long-term metabolite deemed the
two analytes identical based on WADA’s rules for
confirmation.?

The above spectroscopic and analytical data support the
hypothesis that 4-arylamino-5-hydroxyhexanoic acid 4 is
indeed the main “bishydroxylated” long-term metabolite of
LGD-4033.
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Fig. 3 Analysis of 4-arylamino-5-hydroxyhexanoic acid 4 with LC-
HRMS in negative ionization mode: (a) full scan mass spectrum, (b)
product ion mass spectrum of the deprotonated molecular ion [M — H]~
with m/z 369 at a collision energy of 25 eV.
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Fig. 4 Comparative analysis of 4-arylamino-5-hydroxyhexanoic acid 4
and a LGD-4033-positive human urine sample with LC—HRMS in nega-
tive ionization mode at the m/z 369: (a) blank, (b) urine-derived sample,
(c) synthetic metabolite 4, (d) co-injection of 4 and urine-derived
sample.
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Conclusions

The chemical synthesis of hexanoic acid 4 has been accom-
plished by a short and efficient sequence starting from
LGD-4033 (1). The synthetic material (4) and an authentic
metabolic sample demonstrated identical characteristics by
LC-HRMS analysis. Furthermore, the 'H NMR spectrum
(500 MHz, CD;0D) of 4 was in accordance§ with the one
reported for the main “bishydroxylated” metabolite of
LGD-4033 and assigned to bis-hemiaminal 3.® However, the
recorded *C, HSQC, and HMBC NMR spectra, although con-
sistent with the synthesized 4-arylamino-hexanoic acid struc-
ture 4, did not support the previously established one (i.e., 3)
for the main “bishydroxylated” metabolite of LGD-4033.

Thus, the molecular structure of this important metabolic
marker should be revised from 4-[2,5-dihydroxy-2-(2,2,2-tri-
fluoro-1-hydroxyethyl)pyrrolidin-1-yl]-2-(trifluoromethyl )-benzo-
nitrile (3) to (4R,5R)-4-{[4-cyano-3-(trifluoromethyl)-phenyl]
amino}-6,6,6-trifluoro-5-hydroxyhexanoic acid (4).||

The availability of hexanoic acid 4 and its synthetic precur-
sor pyrrolidinone 7 should facilitate further studies on the
metabolism and doping control of this SARM, including the
development of related sensors.>® Furthermore, the synthetic
sequence employed can be readily adapted for the synthesis of
additional related metabolites® ™ (e.g., the mono- and trishy-
droxylated ones or the postulated 12-epi-4). Efforts towards
these goals are currently underway.

Author contributions

E. N. P.: conceptualization, methodology, investigation, data
curation, validation, visualization, funding acquisition, project
administration, and writing - original draft, review/
editing. Y. S. A.: investigation, formal analysis, data curation,
validation, visualization, funding acquisition, and writing -
original draft, review/editing. M. P.: resources and writing -
review/editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This project has been carried out with the support of the
World Anti-Doping Agency (grant number: 21A17EP).

References

{To facilitate NMR spectra comparison, the established LGD-4033 skeleton
numbering® has been used for all compounds when assigning signals.

§ A detailed comparison between the observed "H NMR data for 4 and those pre-
viously reported® for the bishydroxylated metabolite is presented in the ESLt

[ For example, a signal at § = 86.6 ppm has been assigned to C-11 of aminal 2.%

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

|| The stereochemical integrity of pre-existing stereocenters is assumed based on:
(i) the mild and chemoselective transformations employed, (ii) the high chemi-
cal yields observed, and (iii) the chromatographic and spectroscopic homogen-
eity of synthetic intermediates and the final product (see ESIt).
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