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California 94158, United States

2Department of Radiology and Biomedical Imaging, University of California, San Francisco, San
Francisco, California 94158, United States

3Helen Diller Family Comprehensive Cancer Center, University of California, San Francisco, San
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Abstract

Clinical responses to second generation androgen signaling inhibitors (e.g., enzalutamide) in
metastatic castration-resistant prostate cancer (NCRPC) are variable and transient, and are
associated with dose limiting toxicities, including rare but severe CNS effects. We hypothesized
that changes to iron metabolism coincident with more advanced disease might be leveraged for
tumor-selective delivery of antiandrogen therapy. Using the recently described chemical probes
SiRhoNox and 18F-TRX in mCRPC models, we found elevated FeZ* to be a common feature

of mCRPC /n vitroand in vivo. We next synthesized ferrous-iron activatable drug conjugates

of second and third-generation antiandrogens and found these conjugates possessed comparable
or enhanced antiproliferative activity across mCRPC cell line models. Mouse pharmacokinetic
studies showed that these prototype antiandrogen conjugates are stable /7 vivoand limited
exposure to conjugate or free antiandrogen in the brain. Our results reveal elevated Fe2* to be a
feature of MCRPC that might be leveraged to improve the tolerability and efficacy of antiandrogen
therapy.
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Introduction

Recent advances in antiandrogen therapy have changed the treatment landscape for patients
with metastatic castration-resistant prostate cancer (NCRPC), significantly increasing
overall survival rates[1,2]. The discovery that androgen receptor (AR) overexpression was a
key driver in the progression from castration sensitive disease to mCRPC provided rationale
for finding new antiandrogens that could overcome acquired resistance to first-generation
antiandrogens, such as bicalutamide[3,4]. This discovery effort led to FDA approved
second-generation antiandrogens based on a diarylthiohydantoin core structure including
enzalutamide (1) and apalutamide (2) (Figure 1), that antagonize AR signaling even when
AR is highly overexpressed[5,6]. However, treatment responses to these antiandrogens are
variable and are often diminished by de novo or acquired-resistance to AR antagonism

and as such, mCRPC remains uniformly lethal[4,7-9][10,11]. One potential explanation for
these incomplete responses are dose limiting toxicities, as the clinical experience with these
agents has revealed cognitive effects including mental impairment disorders, dizziness and
in rare cases, stroke and seizure[12-14]. One hypothesis regarding these off-target CNS
effects involves putative inhibition of -y-aminobutyric acid-gated chloride channels, resulting
in lowering of the seizure threshold[15-18]. The development of antiandrogens that can
maintain potent inhibition of AR signaling, whilst demonstrating an improved safety profile,
remains a major challenge for the field.

Altered iron metabolism in prostate cancer was noted by Torti and co-workers who
identified changes to the hepcidin—ferroportin axis responsible for iron export and
retention[19,20]. As well, recent pre-clinical and clinical studies of mMCRPC using positron
emission tomography (PET) and 58Ga citrate or 89Zr-transferrin have revealed links between
MYC and mTOR signaling in mCRPC, and increased uptake of ferric iron via the transferrin
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receptor[21-24]. Consistent with these studies, ferrous iron-specific probes TRX-PURO[25]
and 18F-TRX[26] showed elevated labile iron in PC3 cells in vitroand a Pterf/: pb-Cre
prostate cancer model /n vivo[25-27]. These findings provided the motivation to target

such “ferroaddicted” cancer cells with a tumor-activated prodrug[28] strategy we have
termed[29] the Fe2*-Activatable Drug Conjugate (FeADC). The FeADC leverages the finely
tuned, Fe2*—selective reactivity of antimalarial trioxolanes[30] with a linker that couples

the Fenton-type reaction with iron to traceless release of the caged drug payload (Figure
1)[31,32].

Here we used positron emission tomography (PET) with 18F-TRX[26,27] to assess labile
iron load in prostate cancer xenograft models spanning a diverse range of genotypes and
stages of disease. We describe the new antiandrogen conjugates RLA-4842 and RLA-5331
and explore their antiproliferative activity across mCRPC cell lines, benchmarked

against their respective antiandrogen payloads and apalutamide. Finally, we use mouse
pharmacokinetic studies to evaluate the potential of the FeADC approach to mitigate

free antiandrogen exposure in the brains of mice. Taken together, our cellular, /n vivo
imaging and pharmacokinetic studies revealed an elevation of labile Fe2* in mCRPC tumors
compared to less aggressive tumors /n vivo and suggest the potential of iron-activatable
antiandrogen therapy to improve the efficacy and reduce off-target toxicities associated with
current treatments.

To evaluate if elevated Fe2* is characteristic of mMCRPC, we used the FeZ*-selective
fluorescent probe SiRhoNox[33] to compare labile Fe2* levels across a panel of human

and mouse prostate cancer cell lines (Figure 2). We normalized the SiRhoNox response of
each cell line to that of PC3 cells run concurrently, to allow comparison of experiments
performed on different days. We observed significant elevations in Fe2* across most mCPRC
cell lines with human AR negative (DU145 and PC3) and enzalutamide-resistant human cell
lines ((42FENZR and 42DENZR)[34] and L’REX[35]) exhibiting relatively higher Fe2* load
as compared to AR positive mouse or human adenocarcinoma cell lines (VCaP, LNCaP-AR,
C4-2B, 22Rv1, MycCaP and RM1). Next, we evaluated Fe2* load in tumors in vivo using
18F-TRX, our previously described[26,27] PET radiotracer for labile iron. We surveyed a
total of ten prostate cancer tumor types /n vivo including prostate adenocarcinoma and
small cell neuroendocrine prostate cancer; for reference we included the values of two
high-grade glioma models (A172 and U251) we identified previously as harboring low and
high Fe2* load, respectively (Figure 2B, 2C). Similar to the Jn vitro studies with SiRhoNox,
we found AR-negative tumors (including neuroendocrine-type tumors) tended to stratify
towards higher uptake of 18F-TRX. An exception was the bone metastatic model C4-2B,
which showed relatively low labile iron load /7 vitro, but high, if variable, uptake of 18F-
TRX in vivo. Taken together the /n vitro and in vivo imaging data suggest that an elevated
pool of FeZ* may be a hallmark of more aggressive, metastatic and treatment-recalcitrant
forms of prostate cancer.

We next considered the design and synthesis of prototypical FeADCs bearing antiandrogen
payloads. Owing to the absence of suitable conjugation sites/functionality in enzalutamide
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(1) and apalutamide (2), we selected the enzalutamide analogue RD58 (3) and the third-
generation antiandrogen JNJ-6357625337,38 (4) (Figure 1A) as suitable antiandrogen
payloads for the synthesis of iron activatable conjugates. A viable linker strategy for 3

was found in the N,V -dimethylethylene-diamine spacer, which we expected would afford
stable carbamate linkages to 3 and the caging trioxolane (TRX) moiety. Such di-carbamate
linkers have found utility in diverse drug conjugation schemes, including in SYD985, a
HER2-targeted antibody-drug conjugate (ADC) currently in phase 11 clinical trials[36-38].
Thus, compound 3 was synthesized as described[39] and converted to the corresponding p-
nitrophenylcarbonate intermediate 5, which was in turn reacted with A-Boc N,V -dimethyl-
ethylenediamine to afford 6 in yields of 70-74% over two steps (Scheme 1A). Removal

of the Boc group produced intermediate 7, which was reacted with the activated 1,2,4-
trioxolane intermediate 8[40] to afford the desired RD58 conjugate RLA-4842 (9). We also
synthesized the non-peroxidic, 1,3-dioxolane conjugate RLA-5286 (11) (Scheme 1b) as an
iron-stable control used to evaluate the effectiveness of RD58 caging, as we have done
previously[28] for other FeADCs. Next, we synthesized (R, R) and (S, S) enantiomeric
forms of an FeADC bearing the next-generation antiandrogen 4. Compound 4 bears an
unsubstituted piperidine ring, enabling convenient conjugation via carbamate linkages to
enantiomeric trioxolane intermediates (8 or 13), to afford the desired conjugates RLA-5331
(12) and RLA-5334 (14), respectively (Scheme 2C).

Prior to testing 9 and 12 in cells, we first confirmed their stability in cell culture media

over 72 hr at 37 °C (Supporting Information Figure Sla, b). To study payload release from
9, we treated the conjugate with ferrous ammonium sulfate (FAS) in a pH neutral buffer

at 37 °C and monitored the reaction by UPLC-MS. We observed rapid fragmentation of 9,
followed by formation of the expected intermediates 15 and 16 and finally the free payload
3, confirming the utility of the di-carbamate linker in the context of an FeADC (Scheme 2).
A similar approach was used to verify the Fe2*—dependent activation of 12 and release of its
antiandrogen payload 4 (Supporting information, Figure S2a, b).

Antiproliferation Studies and AR Inhibitory Effects of Antiandrogen FeADCs

We next explored the antiproliferative and AR inhibitor effects of 9 and 12 in mCRPC cells
exhibiting a ferroaddicted phenotype, as revealed by the cellular and /n vivo imaging studies
described above. We first studied the antiproliferative activity of 9 and its non-peroxidic
control conjugate 11 in LNCaP-AR cells, which highly overexpress AR and represent a
relevant mechanism of clinical resistance to first-line androgen deprivation therapy (Figure
3a, b). We found that 9 exhibited dose-dependent anti-proliferative effects in LNCaP-AR
cells across a concentration range of 0.1-25 uM following three days of drug treatment
(Figure 3a). We further found that 9 was substantially more potent than it non-peroxidic
(and bioisosteric) control conjugate 11 (Figure 3b). Taken together, these data suggest that
the antiandrogen payload 3 present in both 9 and 11 is effectively caged while in the intact
FeADC form, and that the anti-proliferative effects of 11 can be attributed to its activation in
cells and release of free 3.

Encouraged by these initial findings, we next explored the antiproliferative activity of 9
as well as 12 across a larger panel of mMCRPC cell lines (Figure 4). The comparison

Eur J Med Chem. Author manuscript; available in PMC 2024 March 05.
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of conjugates 9 and 12 would help establish whether the different linkers and release
mechanisms of these two conjugates contribute in unexpected ways to their antiproliferative
activity. The growth inhibitory effects of conjugates 9 and 12, their respective antiandrogen
payloads 3 and 4, and apalutamide (2) comparator (Chart 1), were evaluated at a single
concentration (5 uM) over 6 days in AR-positive LNCaP, C4-2B, and VVCaP cells, and

in AR-negative PC3 cells (Figure 4). Interestingly, conjugates 9 and 12 more effectively
inhibited the proliferation of LNCaP and C4-2B cells than their respective antiandrogen
payloads 3 and 4. By contrast, parent antiandrogens 3 and 4 were marginally more cytotoxic
than 9 and 12 in VCaP cells at day 3 (Figure 4). As expected, none of the conjugates

or parent antiandrogens had an anti-proliferative effect in the AR-negative cell line PC3
(Figure 4). Taken together, these data suggested that the antiproliferative effects of 9 and

12 in AR-positive cells derives primarily from release of their antiandrogen payloads and
consequent AR inhibition, as expected.

To more directly confirm that compounds 9 and 12 act on target, we performed rt-PCR
analysis of the AR-regulated genes kallikrein (KLK-2 and KLK-3) in LNCaP cells (Figure
5). We found that conjugate 9 suppressed the transcription of both AR target genes to

a similar degree as the apalutamide positive control, and even more effectively than the
conjugate’s free antiandrogen payload (3). Conjugate 12 also suppressed KLK-2/KLK-3
gene expression relative to vehicle controls, although less effectively than its antiandrogen
payload (4). The reason for the differential effects of 9 and 12 compared to their respective
payloads is presently unclear. Variable effects on AR agonism and antagonism of close
structural analogs of antiandrogen payload 4 have been observed in AR functional assays
[41]. Thus, it is conceivable that conjugates 9 and 12 exhibit differential activity towards
AR in their intact conjugated forms, while their payloads are primarily antagonists. Further
studies will be required to determine if intact conjugates 9 or 12 might possess AR agonist
activity. Still, the rt-PCR results provided further evidence that both 9 and 12 act on-target
at the androgen receptor via release of free antiandrogen payloads 3 and 4 in response to
cellular Fe2*,

In Vitro ADME and Pharmacokinetic Profile of Antiandrogen FeADCs

To assess whether the new FeADCs be suitable for study in animal models of mMCRPC,

both compounds 9, 12, and 14 were incubated with mouse (MLM) or human (HLM) liver
microsomes (Table 1). We observed a 77, 0f 53.4 min (HLM) for 9 and 48.2 min (MLM)
for 12. We found 12 had a slightly improved MLM stability compared to 14, a trend similar
to what we observed with stereoisomeric forms of an earlier FeADC [29]. The kinetic
aqueous solubility of 12 and 14 was poor (<0.4 uM), while the solubility of di-carbamate
analogue 9 was improved, if still suboptimal (2.3 uM). We next performed pharmacokinetic
(PK) studies of 9, 12, and apalutamide (2) in healthy NSG mice receiving a single 10 mg/kg
dose via intraperitoneal (IP) injection (Figure 6a, b and Supporting information Figure S5a).
We found the di-carbamate linker present in 9 was mostly stable in plasma, with only ~6%
released payload (3) detected, relative to 9, over the course of the experiment (AUC units).
Compound 9 had a time to peak plasma concentration ( 7max) of 0.5 hr with a maximum
plasma concentration (CGryax) of 346 ng/mL (Table 2). Compound 12 showed even better
plasma stability, with only ~1% of free payload 4 observed in plasma, and with a 7yax Of
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0.5 hr and a higher Gyax 0f 641 ng/mL. However, compared to apalutamide (2), 9 and 12
exhibited 21- and 14-fold lower overall systemic exposure (AUC) and 12.5- and 6.8-fold
lower Cnax Values, respectively (Table 2).

Analysis of the brains of treated mice showed that 9, 12, and their respective payloads 3

and 4 showed that 12 and its payload 4 were excluded from brain (Table 3, Supporting
information, Figure S4), whereas apalutamide treated mice had mean brain concentrations
as high as 808 ng/g at the two-hour timepoint (Supporting information, Figure S5b, Table
S4). Even considering the 14- to 21-fold higher systemic exposure levels of apalutamide, we
conclude that brain exposure as a fraction of total exposure is still reduced in antiandrogen
FeADC 12 as compared to apalutamide. Unfortunately, the modest solubilities and exposure
profiles of 9 and 12 compared to apalutamide (2) make these compounds sub-optimal
candidates for /n vivo pharmacodynamic studies of the FeADC approach in antiandrogen
therapy. The identification of conjugates with improved exposure and solubility will be
required to meaningfully evaluate their efficacy and potential to mitigate the cognitive and
other CNS side effects associated with antiandrogen therapy of mCRPC.

Discussion

Links between altered iron metabolism and tumor growth have previously been established
in breast cancer[42,43], glioblastoma[44], prostate cancer[19] and more recently in
pancreatic ductal adenocarcinoma[29]. Here, using cutting edge small molecule probes,

we performed what is to our knowledge the first significant survey of /n vitroand in vivo
Fe2* load across diverse mCRPC cells and tumor models. Finding an elevation of Fe2* in
more aggressive mMCRPC maodels, we sought to exploit this iron addicted state with FeADC
technology inspired by the iron-dependent pharmacology of antimalarial artemisinins and
trioxolanes[45,46].

We synthesized 9, the first example of an FeADC utilizing a di-carbamate linkage to

a phenolic payload (antiandrogen 3) and confirmed its iron(I1)-dependent activation and
payload release. We performed initial cellular antiproliferation studies of 9 and dioxolane
control 11 in LNCaP-AR cells. We found that 11 lacked any significant cytotoxicity when
applied to cells at concentrations at which 9 confers a robust antiproliferative effect (Figure
3B). This confirmed that the antiandrogen payload 3 is caged in its intact FeADC form

and furthermore, demonstrated that antiandrogen release from 9 is peroxide-dependent,

as expected. We then explored the susceptibility of additional mMCRPC cell lines to
antiandrogen FeADCs and found that 9 demonstrated more potent antiproliferative activity
in AR-positive LNCaP and C4-2B cells than its antiandrogen payload 3 or apalutamide (2)
at equimolar doses (Figure 4C, 4D). The same effect was observed in LNCaP and C4-2B
cells treated with a second FeADC (12) based on a different antiandrogen payload (4) and
distinct mono-carbamate linker (Figure 4C, 4D). In contrast to LNCaP and C4-2B cells,
the AR-positive VVCaP cell line was marginally more sensitive to the antiandrogen payloads
applied directly, than to their FeADC forms. (Figure 4A).

To ascertain the possible contribution of 1,2,4-trioxolane reactivity or byproducts in the
activity of 9 and 12, we employed the AR-negative cell line PC3 which is rich in Fe2*

Eur J Med Chem. Author manuscript; available in PMC 2024 March 05.
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yet insensitive to the antiandrogens 3 and 4 present in 9 and 12. We observed a lack

of antiproliferative effect for 9 and 12 in PC3 cells (Figure 4B), indicating that iron(l1)-
promoted reactions of the 1,2,4-trioxolane ring and the byproducts produced therefrom, are
insufficient to confer an antiproliferative effect in this AR-negative mCRPC model. We
cannot rule out the possibility that reactive oxygen species or side products of trioxolane
reactivity do contribute (along with antiandrogen release) to the anti-proliferative effects of
9 and 12 in AR-positive cells. Further studies will be required to explore this possibility and
define the relative contributions of such polypharmacology.

We used rt-PCR to show that the expression of AR target genes KLK?2 and KLK3

was suppressed by both 9 and 12, further supporting that these FeADCs release their
antiandrogen payloads in mCRPC cell models (Figure 5). Intriguingly, conjugate 9
specifically was shown to inhibit AR transcription more potently than its antiandrogen
payload (3) applied directly. The fact that the opposite trend was observed for FeADC 12
when compared to its payload 4, would appear to rule out a contribution of the trioxolane
moiety to AR related gene transcription. Instead, we hypothesize that the improved efficacy
of 9 may arise from a more extended release of 3 via intermediates 15/16 following
activation by Fe2*. Slow release of antiandrogen payload may promote enhanced interaction
with AR over the course of these experiments, when compared to treatment with a single
bolus of antiandrogen payload. Further studies will be required to more fully understand the
molecular pharmacology of antiandrogen FeADCs in mMCRPC and their temporal effects on
AR gene transcription.

We performed PK studies of 9 and 12 in mice and found that both prototypical FeADCs
possess good stability /n vivo, with minimal systemic release of free antiandrogen payloads
over the course of several hours. The good /n vivo stability of di-carbamate 9 is especially
encouraging as it suggests the FeADC approach can be extended to phenolic and hydroxyl-
bearing payloads more generally. Unfortunately, the overall exposure of 9 and 12 was
significantly lower (14- to 21-fold) than for the standard of care antiandrogen apalutamide,
suggesting that further /n vivo optimization of these compounds is warranted prior to their
evaluation in mCRPC tumor models. On balance however, our PK studies suggest the
potential of an FeADC strategy to minimize antiandrogen exposure in the brain and thereby
mitigate their cognitive and other CNS side effects, whilst still promoting their desired
antitumor effects via the Fe2*—dependent activation in mCRPC tumors.

Conclusion

Here we found several mMCRPC cell lines and /n vivo tumor models possess significantly
elevated levels of Fe2* and that this cell state is targetable with prototypical antiandrogen-
bearing FeADCs. We found that antiandrogen FeADCs possessing mechanistically distinct
FeZ*-dependent drug-release mechanisms and bearing different AR inhibitor payloads
both demonstrated enhanced antiproliferative activity when compared to their respective
antiandrogen payloads in two well studied AR-positive MCRPC cell lines. Furthermore,
we provided evidence that the antiproliferative effect of these prototype FeADCs is due to
on-target inhibition of AR signaling. Finally, we identified the potential of antiandrogen
FeADCs to mitigate exposure of intact FeADC and free antiandrogen in the brains of mice.

Eur J Med Chem. Author manuscript; available in PMC 2024 March 05.
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The discovery of a therapeutically exploitable pool of labile Fe2* in mCPRC cell lines holds
promise for next-generation antiandrogen FeADCs that offer superior efficacy and reduced
CNS toxicity when treating mCRPC tumors.

Experimental section

General methods.

All compounds tested in cells or animals were >95% pure as determined by UPLC-MS, 1H,
13C and 19F NMR. UPLC-MS compound purity was determined using a Waters Micromass
ZQ 4000, equipped with a Waters 2795 Separation Module, Waters 2996 Photodiode Array
Detector, and a Waters 2424 ELSD. HPLC was performed on a Waters 2535 Separation
Module with a Waters 2998 Photodiode Array Detector. using an XBridge BEH C18, 3.5
pum, 4.6 x 20 mm column, at ambient temperature (unregulated) using a mobile phase

of water-methanol containing a constant 0.05% formic acid. (/)- and (S)- 4-nitrophenyl
carbonates and 1,3-dioxolane intermediate (10) were prepared as reported previously[47]
[28].

The human prostate cancer cell lines LNCaP, C4-2B, 22Rv1, DU145, VCaP, and PC3
were obtained from ATCC and cultured according to the manufacturer’s instructions. The
mouse prostate cancer cell line RM1 was obtained from ATCC and cultured according to
manufacturer’s instructions. The mouse prostate cancer cell line MycCaP and the human
prostate cancer cell lines LNCaP-AR and L’REX were a generous gift from Dr. Charles
Sawyers of MSKCC and cultured as previously described[3,35,48]. The human prostate
cancer cell lines 42DENZR and 42FENZR were the generous gift of Dr. Amina Zoubeidi
of the Vancouver Prostate Center and were cultured as previously described[34]. Cellular
identity was authenticated by visually inspecting morphology and probing for signature
expression markers on immunoblot. Mycoplasma contamination was tested within the first
two passages after thawing cryostocks with the MycoAlert kit (Lonza). All cells were
studied between passages 5 to 25. Patient derived xenografts (PDX) from the LTL series
were obtained from Living Tumor Laboratory. The previously described Cas/LN PDX
was provided by Dr. Davide Ruggero of UCSF[49]. Enzalutamide and apalutamide were
purchased from SelleckChem and used without further purification.

In vitro ADME assays.

Metabolic stability assays performed by Quintara Discovery, Hayward, CA 94545,
Compounds were studied at four time points (T = 0, 15, 30, and 60 min) and at 0.5

mg/mL protein concentration, N = 1, + 1 mM NADPH. Percent of parent disappearance is
monitored by LC/MS/MS with verapamil as a control. Clearance calculated as (CLint) =
In(2)*1000/T1»/protein concentration, where protein concentration is in mg/mL. Solubility
assessments performed by Analiza, 3615 Superior Ave E, Suite 4407B, Cleveland, OH
44114. Solubility was measured by automated miniaturized shake flask method, with
quantitation by chemiluminescent nitrogen detection to measure solubility of compounds
from DMSO solutions in phosphate buffered saline, pH 7.4.

Eur J Med Chem. Author manuscript; available in PMC 2024 March 05.
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RT-PCR Experiments.

Cells were plated on 12 well plates with 1 x 1076 density per well in three replicates per
treatment condition. After 24 hours had passed, drugs were added to the plates at 0.1%

final DMSO concentration. Media was removed 48 hours after drug treatment and RNA was
extracted (Qiagen, cat#74106). RNA was quantified and 2 pug per sample was transcribed
into cDNA (Applied Biosystems, cat#4368813). cDNA was then diluted 1:50 and amplified
with 400 nM of primers using a kit (Thermo Scientific, cat#K0252) on a Thermo Pikoreal.

Antiproliferation Assays.

Cancer cells (20,000/well) were seeded four replicates per treatment condition, with 1 mL
of 0.1% DMSO complete media into 24-well clear bottom plates. Plates were prepared for
drug treatments at 0, 24, 72, and 144 hours. 24 hours post initial seeding, drugs were added
to the plates at 0.2% final DMSO concentration. Media was removed after drug treatment,
100 pL of Hanks balanced saline solution buffer and 100 L of CellTiter-Glo® was added
(Promega, cat#G7572). After a 10-minute incubation at room temperature, luminescence
was read using a plate reader to assess cell viability (Synergy™ H4 plate reader, BioTek).

FerrofarRed Labile Iron Pool Assay.

Cancer cells (200,000/well) were seeded into 24-well clear-bottom plates. After 24 h, culture
media was removed and 100 pL of Hanks balanced saline solution containing FerroFarRed
(5 uM; Goryo Chemical) was added into each well and incubated at 37 °C for 50 min. Cells
were collected and washed before being placed in HBBS and passed through a cell strainer
into FACS tubes. Samples were taken to a flow machine for analysis (FACS Cantoll).

PET Imaging Studies.

All animal studies, including housing and welfare monitoring, were conducted in
compliance with Institutional Animal Care and Use Committee at UCSF. Animal studies
using human prostate cancer cell line xenografts utilized five- to seven-week-old intact
male athymic nude mice. Animal studies involving mouse prostate cancer cell line implants
utilized immunocompetent five- to seven-week-old C57BI6 mice. Animal imaging studies
involving patient derived xenografts (PDX) utilized eight- to ten-week-old intact male
NOD SCID gamma (NSG) mice from Charles River Laboratory. Mice were inoculated
subcutaneously (~1.5 x106 cells) in the flank with a slurry of cells in 1:1 mixture (v/v)

of media (DMEM) and Matrigel (Corning). Xenografts were generally palpable within 3—4
weeks after injection. Tumor bearing mice received ~300 uCi of 18F-TRX intravenously.
18F_TRX was prepared as previously described[26]. The tumors were harvested at 90
minutes post injection for biodistribution studies. Blood was harvested via cardiac puncture.
Tissues were removed, weighed and counted on a Hidex automatic gamma counter (Turku,
Finland). The activity of the injected radiotracer was calculated and used to determine the
total number of counts per minute by comparison with a standard of known activity. The
data were background- and decay-corrected and expressed as the percentage of the injected
dose/weight of the biospecimen in grams (%ID/g).

Eur J Med Chem. Author manuscript; available in PMC 2024 March 05.
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Synthetic Methods

tert-Butyl (4-(7-(4-cyano-3-(trifluoromethyl)phenyl)-8-oxo-6-thioxo-5,7-
diazaspiro[3.4]octan-5-yl)phenyl) ethane-1,2-diylbis(methylcarbamate) (6).

To an Ar(g) purged flask containing antiandrogen 3 (synthesized as reported[39]) (200

mg, 0.479 mmol, 1.0 equiv) was added anhydrous THF (22 mL) and the mixture

cooled to 0 °C. 4-Nitrophenyl chloroformate (97.5 mg, 0.484 mmol, 1.0 equiv) and

Et3N (334 uL, 2.40 mmol, 5.0 equiv) were added and the reaction stirred at 0 °C

for 2.5 hr. Additional 4-nitrophenyl chloroformate (60.0 mg, 0.298 mmol, 0.62 equiv)

was added and the reaction warmed to rt and stirred for 8 hr. Upon formation

of activated carbonate intermediate 4-(7-(4-cyano-3-(trifluoromethyl)phenyl)-8-oxo-6-
thioxo-5,7-diazaspiro[3.4]octan-5-yl)phenyl (4-nitrophenyl) carbonate (5), the reaction was
cooled to 0 °C before fert-butyl methyl(2-(methylamino)ethyl)carbamate (451 mg, 2.40
mmol, 5.0 equiv) was added dropwise from a separate flask under an Ar(g) atmosphere,

the transfer was completed with additional anhydrous THF (2 mL). A color change

from pale to bright yellow indicated the nucleophilic displacement of 4-nitrophenol from
carbonate 5. The reaction was stirred for 15 min at 0 °C before UPLC-MS indicated
complete consumption of 5. The reaction mixture was concentrated, resuspended in Et,O
(30 mL) and washed with satd. aq NaHCO3 (7 x 20 mL), brine (1 x 100 mL), dried
(MgS0O4) and concentrated to a crude residue. Purification via flash column chromatography
(80 g silicycle column eluting with 0-60% EtOAc—Hexanes, with the product eluting

at 50% EtOAc—Hexanes) afforded fert-butyl (4-(7-(4-cyano-3-(trifluoromethyl)phenyl)-8-
0x0-6-thioxo-5,7-diazaspiro[3.4]octan-5-yl)phenyl) ethane-1,2-diylbis(methylcarbamate) (6)
(224.9 mg, 0.479 mmol, 74% (2-step yield)) as a colorless solid. 1H NMR (400 MHz,
MeOD) 6 8.15 (s, 1H), 8.13 (s, 1H), 7.98 (dd, J= 8.3, 1.7 Hz, 1H), 7.41 - 7.47 (m, 2H),
7.32-7.40 (m, 2H), 3.68 (t, /= 5.4 Hz, 1H), 3.50 — 3.59 (m, 3H), 3.19 (br s, 1H), 3.07

(brs, 2H), 2.91 - 3.01 (m, 3H), 2.53 - 2.70 (m, 4H), 2.02 - 2.23 (m, 1H), 1.56 — 1.68 (m,
1H), 1.41 — 1.55 (m, 9H); 13C NMR (100 MHz, MeOD)? & 180.5, 175.3, 171.6, 156.1, 154.7
(multiple peaks), 152.0 (multiple peaks), 151.9, 138.2, 135.4, 133.0, 132.9, 132.9, 132.7,
132.5,132.2,132.2,131.2, 127.4 (q, Jo.r =4.4 Hz), 126.4, 125.7, 123.7, 123.0, 122.9,
122.7,121.0, 115.2, 114.7, 109.1 (d, Jo.£= 2.2 Hz), 80.0, 79.9, 79.8, 79.6, 67.7, 46.7, 46.4,
34.3,34.2,33.5,31.0, 27.4, 13.2, 13.1; 19F NMR (376 MHz, MeOD) & -63.3; LRMS (ESI):
Retention time = 5.50 mins (254 nm), m/z [M+Na]* calcd for C3gH3,F3N505SNa: 654.20,
found: 654.09.

LAdditional peaks in 13C-NMR spectrum of compound 6 are attributed to the slow
interconversion of N-Boc and/or N,V -dimethylethylene-diamine rotamers on the NMR
timescale.

4-(7-(4-Cyano-3-(trifluoromethyl)phenyl)-8-ox0-6-thioxo-5,7-diazaspiro[3.4]octan-5-
yl)phenyl methyl(2-(methylamino)ethyl)carbamate trifluoroacetic acid salt (7).
Intermediate 6 (109.5 mg, 0.173 mmol, 1.0 equiv) was dissolved in CH,Cl, (11.5 mL)
and cooled to 0 °C, before TFA (7.5 mL) was added and the mixture stirred at 0 °C
for 40 min. Upon completion, the reaction was concentrated under reduced pressure and
subjected to azeotropic distillation with toluene (3 x 5 mL). The crude residue was
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resuspended in Et,O and concentrated several times (3 x 10 mL) with sonication to

afford 4-(7-(4-cyano-3-(trifluoromethyl)phenyl)-8-oxo0-6-thioxo-5,7-diazaspiro[3.4]octan-5-
yhphenyl methyl(2-(methylamino)ethyl)carbamate (7) (118.2 mg, 0.183 mmol, quantitative
yield) as a colorless free-flowing solid, which was sufficiently pure to be used in the next
step without further purification. 1TH NMR (400 MHz, MeOD) 6 8.18 (s, 1H), 8.16 (s, 1H),
8.00 (dd, /=8.2, 1.8 Hz, 1H), 7.40 — 7.52 (m, 4H), 3.88 (t, /= 5.8 Hz, 1H), 3.76 (t, /=5.6
Hz, 1H), 3.35 - 3.42 (m, 1H), 3.23 (s, 2H), 3.11 (s, 1H), 2.84 (s, 1H), 2.79 (s, 2H), 2.65 —
2.76 (M, 2H), 2.53 - 2.64 (m, 2H), 2.09 — 2.21 (m, 1H), 1.55 — 1.73 (m, 1H); 13C NMR (100
MHz, MeOD) & 180.5, 175.3, 155.6, 151.9, 151.7, 138.1, 135.4, 133.0, 132.9, 132.5, 132.2,
131.9,131.2,131.2, 127.4 (q, Jc.F =5.1 Hz), 123.7, 122.9, 122.9, 120.9, 114.7, 109.1 (q,
Jo.p=2.2 Hz), 67.7,47.2,47.0, 45.7, 45.5, 34.1, 32.7, 32.6, 31.0, 14.1, 13.1; 1°F NMR (376
MHz, MeOD) & -63.5, -=77.2 (TFA); LRMS (ESI): Retention time = 4.24 mins (254 nm),
m/z [M+H]" calcd for C5H,5F3N505S: 532.16, found: 532.10.

4-(7-(4-Cyano-3-(trifluoromethyl)phenyl)-8-ox0-6-thioxo-5,7-diazaspiro[3.4]octan-5-
yl)phenyl ((1”-R, 3”-R)-dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3”-
yl) ethane-1,2-diylbis(methylcarbamate) (9).

To an Ar(g) purged vial containing (R, R)-dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1"-
cyclohexan]-3"-yl (4-nitrophenyl) carbonate (8)[47] (35 mg, 54 umol, 1.0 equiv) was added
anhydrous DMF (1.2 mL) and Et3N (19 uL, 0.14 mmol, 2.5 equiv). The mixture was cooled
to 0 °C before 7 (12 mg, 27 umol, 0.5 equiv) was added and the reaction stirred at 0 °C.
After 4 hr 40 min, further amine intermediate 7 (14.0 mg, 0.022 mmol, 0.4 equiv) was
added, followed by an additional portion of 7 (10.0 mg, 0.015 mmol, 0.29 equiv) at 7 hr. The
reaction was stirred at 0 °C for a total of 8 hr before it was passed through a 0.45 pm syringe
filter and purified by preparative HPLC (70-85% MeOH-water + 0.05% formic acid over
20 min). The product-bearing fractions were combined, concentrated and washed with DI
water (4 x 10 mL) to remove residual formic acid. The organic layer was then concentrated
in vacuo and lyophilized to give the title compound 9 (16.1 mg, 0.054 mmol, 36%) as a
colorless lyophilized solid. 1H NMR (400 MHz, MeOD) 6 8.11 — 8.22 (m, 2H), 8.00 (d, J
=8.3 Hz, 1H), 7.46 (d, /= 8.3 Hz, 2H), 7.31 - 7.39 (m, 2H), 4.66 — 4.83 (m, 1H), 3.47
—3.75 (m, 4H), 3.20 (app. d, J= 2.7 Hz, 1H), 2.97 — 3.10 (m, 4H), 2.55 — 2.72 (m, 4H),
2.09 - 2.34 (m, 2H), 1.87 — 2.03 (m, 8H), 1.70 — 1.85 (m, 10H), 1.57 — 1.69 (m, 2H),

1.34 — 1.55 (m, 3H); 13C NMR (100 MHz, MeOD) & 180.5, 175.4, 156.1, 154.7, 151.9,
138.2,138.1, 135.3, 133.0, 132.9, 132.8, 132.8, 132.5, 132.2, 131.3, 131.2, 127.4 (q, Jo.r =
5.14 Hz), 123.7, 123.0, 122.8, 122.7, 122.7, 121.0, 114.6, 111.3, 111.3, 109.2, 108.6, 108.6,
108.5,72.0,71.8,71.8,71.7, 67.7, 46.5 (multiple peaks), 46.2, 45.8, 45.7, 39.8, 39.7, 39.6,
39.5, 36.4, 36.4, 36.3, 34.4, 34.2, 34.2, 34.0, 33.8, 33.6, 33.6, 33.4, 33.4, 33.3, 31.0, 30.3,
30.2,29.3, 26.9, 26.5, 19.5, 19.4, 19.3, 19.3, 19.2, 13.1, 13.1; 19F NMR (376 MHz, MeOD)
& —63.5; LRMS (ESI): Retention time = 6.42 mins (254 nm), HRMS (ESI): m/z [M+Na]*
calcd for C4oH46F3N50gSNa™: 860.2911, found: 860.2915.

LAdditional peaks in 13C-NMR spectrum of compound 9 are attributed to the slow
interconversion of N,V -dimethylethylene-diamine rotamers on the NMR timescale.
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4-(7-(4-Cyano-3-(trifluoromethyl)phenyl)-8-ox0-6-thioxo-5,7-diazaspiro[3.4]octan-5-
yl)phenyldispiro[adamantane-2,4’-[1,3]dioxolane-2’,1”-cyclohexan]-3”-yl) ethane-1,2-
diylbis(methylcarbamate) (11).

To an Ar(g) purged vial containing dispiro[adamantane-2,4’-[1,3]dioxolane-2’,1"-
cyclohexan]-3"-yl (4-nitrophenyl) carbonate (10) (30 mg, 0.046 mmol, 1.0 equiv) was added
anhydrous DMF (1.2 mL) and Et3N (16 pL, 0.12 mmol, 2.5 equiv). The mixture was cooled
to 0 °C before amine intermediate 7 (12 mg, 27 umol, 0.5 equiv) was added and the reaction
stirred at 0 °C. After 4 hr 40 min, further intermediate 7 (6.0 mg, 0.09 mmol, 0.4 equiv)
was added in anhydrous DMF (400 pL) and the reaction warmed to between 0-5 °C for

5 hr. Upon completion, the crude reaction mixture was passed through a 0.45 pm syringe
filter and purified by preparative HPLC (70-85% MeOH-water + 0.05% formic acid over
20 min). The product-bearing fractions were combined, concentrated and washed with DI
water (4 x 10 mL) to remove residual formic acid. The organic layer was then concentrated
and lyophilized to give the title compound 11 (9.3 mg, 0.011 mmol, 24%) as a colorless
lyophilized solid. IH NMR (400 MHz, MeOD) & 8.17 (dd, J= 4.7, 3.3 Hz, 2H), 8.00 (dd,
J=8.3,1.7 Hz, 1H), 7.45 (d, /= 8.5 Hz, 2H), 7.31 — 7.40 (m, 2H), 3.80 — 3.95 (m,

2H), 3.40 - 3.79 (m, 4H), 3.19 (s, 1H), 2.96 — 3.07 (m, 5H), 2.54 — 2.74 (m, 4H), 2.05
—2.30 (m, 4H), 1.85-2.00 (m, 1H), 1.70 — 1.84 (m, 9H), 1.56 — 1.69 (m, 8H), 1.34 —

1.54 (m, 3H); 13C NMR (100 MHz, MeOD)! & 180.5, 175.4, 156.1, 154.7, 151.9, 138.2,
135.3,133.0, 132.8, 132.5, 132.2, 131.3, 131.2, 127.4 (q, Jo.r=5.1 Hz), 126.4, 123.7,
123.1,122.8,122.7, 121.0, 114.6, 111.3, 111.3, 109.2 (q, Jc.F= 2.2 Hz), 108.7, 108.7, 84.8
(multiple peaks), 84.5, 73.0, 72.8, 72.0, 72.0, 67.7, 46.5, 46.6 (multiple peaks), 46.4, 46.1,
45.7 (multiple peaks), 42.6, 42.5, 37.4, 37.3, 37.3, 37.1, 35.9, 35.4, 35.4, 34.2, 34.1, 33.9,
33.6, 33.5,33.4, 33.3, 33.2, 31.0, 30.9, 30.9, 27.1, 26.8, 26.5, 19.7, 19.5, 13.1, 13.1, 39.8,
39.7, 39.6, 39.5, 36.4, 36.4, 36.3, 34.4, 34.2, 34.0, 33.8, 33.6, 33.4, 33.3, 31.0, 30.3, 30.2,
26.9, 26.5, 19.5, 19.4, 19.3, 19.3, 19.2, 13.1, 13.1; 1%F NMR (376 MHz, MeOD) & —63.5;
LRMS (ESI): Retention time = 6.34 mins (254 nm); HRMS (ESI): m/z [M+Na]™* calcd for
C43HsgF3N507SNat: 858.3119, found: 858.3115.

LAdditional peaks in 13C-NMR spectrum of compound 11 are attributed to the slow
interconversion of N,V -dimethylethylene-diamine rotamers on the NMR timescale.

(1”-R, 3”-R)-Dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3"-
yl 4-((5-(7-(6-cyano-5-(trifluoromethyl)pyridin-3-yl)-8-ox0-6-thioxo-5,7-
diazaspiro[3.4]octan-5-yl)pyridin-2-yl)oxy)piperidine-1-carboxylate (12).

To an Ar(g) purged vial containing JNJ-63576253 as the TFA salt (synthesized as
reported[50] or purchased from MedChemExpress as a HCI salt (Cat #. HY-115282A,
288 mg, 0.436 mmol, 1.0 equiv) was added anhydrous DMF (1.2 mL) and ~Pr,NEt (379
pL, 2.18 mmol, 5.0 equiv). The mixture was cooled to 0 °C before intermediate 8 (213
mg, 0.479 mmol, 1.1 equiv) was added and the reaction allowed to gradually warm to

rt and stirred for 16 hr. Upon completion, the reaction was diluted with EtOAc (30 mL)
and washed with satd. NaHCO3 (10 x 20 mL). The aqueous layer was extracted with
EtOAc (150 mL) and the organic layers were combined, washed with brine (200 mL),
dried (MgSOQy,), filtered, and concentrated to a crude residue. Purification via column
chromatography (12 g silicycle column eluting with 0-30% EtOAc—Hexanes, with the
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product eluting at 23% EtOAc—Hexanes) afforded the title compound 12 (349.8 mg, 0.433
mmol, 99%) as a colorless solid. H NMR (400 MHz, CDCl5) 6 9.10 (s, 1H), 8.37 (s, 1H),
8.10 (s, 1H), 7.53 (dd, /= 8.6, 2.1 Hz, 1H), 6.92 (d, J= 8.8 Hz, 1H), 5.31 (br s, 1H), 4.74 -
4.87 (m, 1H), 3.72 - 3.93 (m, 2H), 3.37 (br s, 2H), 2.66 — 2.77 (m, 2H), 2.45 — 2.60 (m, 2H),
2.08 —2.33 (m, 4H), 1.69 — 2.10 (m, 21H), 1.47 — 1.63 (m, 2H), 1.34 — 1.46 (m, 1H); 13C
NMR (100 MHz, CDCls3) § 210.9, 179.9, 174.4, 163.4, 154.7, 152.3, 147.8, 140.1, 134.0

(9, Jo.,=4.7 Hz), 132.4, 130.6, 130.3, 129.9, 125.1, 122.7, 119.9, 113.8, 113.0, 111.6,
108.6, 71.3,71.2,69.5, 67.5, 53.8, 41.1, 39.8, 36.8, 36.3, 36.3, 34.9, 34.8, 34.7, 34.6, 34.1,
31.8, 31.6, 30.9, 29.3, 26.9, 26.5, 19.6, 13.7; 19F NMR (376 MHz, CDCl3) 6 —61.87; LRMS
(ESI): Retention time = 6.70 mins (254 nm); HRMS (ESI negative mode): m/z [M+CI]~
calcd for CygH43F3NgO7SCI™: 843.2560, found: 843.2581.

(1”-S, 37-S)-Dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3"-
yl 4-((5-(7-(6-cyano-5-(trifluoromethyl)pyridin-3-yl)-8-ox0-6-thioxo-5,7-
diazaspiro[3.4]octan-5-yl)pyridin-2-yl)oxy)piperidine-1-carboxylate (14).

Prepared as described for 12 but using (S, S)-
dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3”-yl (4-nitrophenyl)
carbonate (13)[47] to afford the title compound 14 (40.8 mg, 0.05 mmol, 90%) as a colorless
solid. TH NMR (400 MHz, CDCl3) & 9.10 (d, /= 1.9 Hz, 1H), 8.37 (d, /= 1.9 Hz, 1H),

8.10 (d, /=2.4 Hz, 1H), 7.53 (dd, /= 8.8, 2.7 Hz, 1H), 6.92 (d, /= 8.8 Hz, 1H), 5.31 (dt,
J=1.5,3.9 Hz, 1H), 4.75 - 4.89 (m, 1H), 3.74 — 3.93 (m, 2H), 3.31 — 3.42 (m, 2H), 2.66 —
2.79 (m, 2H), 2.47 — 2.59 (m, 2H), 2.15 — 2.37 (m, 3H), 1.69 — 2.09 (m, 22H), 1.48 — 1.64
(m, 2H), 1.31 — 1.45 (m, 1H); 13C NMR (100 MHz, CDCls) 6 210.9, 179.9, 174.4, 163.4,
154.7, 152.3, 147.8, 140.1, 134.0 (q, Jo.F= 4.2 Hz), 132.3, 130.6, 130.3, 130.0, 129.9,
125.1,122.7, 119.9, 113.8, 113.0, 111.7, 108.7, 71.3, 71.2, 69.5, 67.5, 53.8, 41.1, 39.9, 36.8,
36.7,36.3, 36.3, 35.0, 34.8, 34.7, 34.6, 34.1, 31.8, 31.6, 29.3, 26.9, 26.5, 24.7, 19.6, 13.7;
19F NMR (376 MHz, CDCl3) 6 —61.87; LRMS (ESI): Retention time = 6.70 mins (254 nm);
HRMS (ESI negative mode): m/z [M+CI]~ calcd for C4oH43F3NgO7SCI™: 843.2560, found:
843.2571.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Structures of second- and third-generation antiandrogens. (B) Structure of a prototypical

FeADC and the mechanism of traceless drug release following reaction with ferrous iron.
Some steps omitted for clarity.
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Figure 2.

Survey of cellular and tumoral FeZ* levels in prostate cancer models. (A) /n vitro data
showing relative Fe2* levels in multiple human and mouse prostate cancer cell lines using
SiRhoNox. All data are normalized to Fe2* levels in PC3 cells. (B) Tumoral Fe2* levels as
measured by uptake of 18F-TRX in vivo. (C) Biodistribution data showing ratio of 18F-TRX
uptake in muscle and tumor tissue. Prostate adenocarcinoma models are shown in white, AR
negative prostate cancer is shown in blue and low- and high-responding glioma models (for
reference) are shown in grey.
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Figure 3.

In vitro antiproliferation studies with 9 and its bioisosteric, non-peroxidic control 11.
(A) LNCaP-AR cells are sensitive to 9 at low micromolar doses. (B) Comparison of
antiproliferative effects of 9 and its bioisosteric, non-peroxidic control 11 at equimolar
doses.
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Antiproliferative effects of antiandrogen FeADCs and controls against mMCRPC model cell
lines. Antiproliferative effects of test compounds over 6 days in three AR-positive (LNCaP,

Time (d)

C4-2B and VCAP) and one AR-negative (PC3) human prostate cancer cell lines. All

compounds tested at 5 uM.
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KLK3

Real-time PCR data showing antiandrogen FeADCs 9 and 12 suppress the expression of
AR target genes KLK2 and KLK3 to a greater (for 9) and lesser (for 12) extent than
their respective antiandrogen payloads 3 and 4. Apalutamide (2) is a positive control. All
compounds were administered at 5 uM and rt-PCR data collected at 24 hours post drug

exposure.
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Figure 6.
(A) PK profile of 9 and released 3 in plasma following a single 10 mg/kg IP dose in NSG

mice (n = 9). (B) PK profile of 12 and released 4 in plasma following a single 10 mg/kg IP
dose to healthy NSG mice in plasma (n = 6).
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Scheme 2.

(A) Expected mechanism of payload release from 9 upon reaction with Fe2*. (B) UPLC
chromatograms showing the expected fragmentation intermediates 15, 16 and released
payload 3, following reaction of 9 with FeSO,4-7H,0, Tris-HCI pH 7.5/DMSO (1:1) at 37
°C.
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Chart 1.
Structures of FeADCs 9 and 12, their respective antiandrogen payloads 3 and 4, and positive

and negative controls 2 and 11.
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Table 1:
In vitro ADME data for antiandrogen FeADCSs.
kine_ti.c
Species  Compound T, (min)®  CLin® (uL/min/mg protein) solubility
(pH 7.4) pm©
Verapamil 33 419.8 N/A
Mouse 12 48.2 £8.3 28.8+4.9 <0.4
14 345+103 402 +12.0 <0.4
Human 9 53.4+10.4 259+5.1 2.3

Stability of conjugates 12, 14 and 9 in mouse liver microsomes (MLM) or human liver microsomes (HLM) represented as half-life or intrinsic
clearance.

cSqubiIity measured by automated miniaturized shake flask method, in phosphate buffered saline, pH 7.4.
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Table 2:

Selected plasma PK parameters for 9, 12, and apalutamide (2) following a single 10 mg/kg IP dose to NSG
mice. Bioanalysis of plasma samples performed by Integrated Analytical Solutions, Berkeley, CA.

Compound | Tmax (hr) | Cmax (ng/mL) | AUC s (hreng/mL)

2 4 4330 4494658
9 0.5 346 81091
12 0.5 641 158390
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	(1”-R, 3”-R)-Dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3”-yl 4-((5-(7-(6-cyano-5-(trifluoromethyl)pyridin-3-yl)-8-oxo-6-thioxo-5,7-diazaspiro[3.4]octan-5-yl)pyridin-2-yl)oxy)piperidine-1-carboxylate (12).
	(1”-S, 3”-S)-Dispiro[adamantane-2,3’-[1,2,4]trioxolane-5’,1”-cyclohexan]-3”-yl 4-((5-(7-(6-cyano-5-(trifluoromethyl)pyridin-3-yl)-8-oxo-6-thioxo-5,7-diazaspiro[3.4]octan-5-yl)pyridin-2-yl)oxy)piperidine-1-carboxylate (14).
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