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Abstract

Targeting oxidative phosphorylation (OXPHOS) complexes is an emerging strategy to disrupt
metabolism of select cancer subtypes and to overcome resistance to targeted therapies. Here,

we describe our lead optimization campaign on a series of benzene-1,4-disulfonamides as novel
OXPHQOS Complex I inhibitors. This effort led to the discovery of compound 23 (DX3-213B)

as one of the most potent Complex | inhibitor reported to date. DX3-213B disrupts adenosine
triphosphate (ATP) generation, inhibits Complex | function, and results in growth inhibition of
pancreatic cancer cells in low nanomolar range. Importantly, the oral administration of DX3-213B
resulted in significant /n vivo efficacy in a pancreatic cancer syngeneic model without obvious
toxicity. Our data clearly demonstrate that OXPHOS inhibition can be a safe and efficacious
strategy to treat pancreatic cancer.
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INTRODUCTION

Oxidative phosphorylation (OXPHOS) is essential for cell energy metabolism, ATP
synthesis, reactive oxygen species (ROS) generation, and biomass production.! Emerging
evidences have demonstrated that OXPHOS inhibition can be beneficial to treat

select cancers. For example, cancers with SMARCA4-mutation,? 3 ENO1-deficiency

and PGD-null* ° are significantly dependent on OXPHOS. Additionally, OXPHOS is
implicated in the resistance mechanism to targeted therapies including tyrosine kinase
inhibitors.5: 7 8-10 OXPHOS inhibitors are quite effective in targeting cancer stem cells
and immunosuppressive cells that are known to rely on OXPHQOS for their energy
metabolism.11-14 Therefore, potent inhibition of OXPHOS can provide unique opportunity
to treat select cancers, including hard-to-treat leukemia, glioma, and pancreatic cancers.

Pancreatic cancer cells are metabolically dependent on the OXPHOS pathway. It is

well known that pancreatic-tumor-initiating cells show strong reliance on OXPHOS.14. 15
Moreover, ablation of KRAS in the KPC mouse model produces a subpopulation

of surviving dormant tumor cells with strong reliance on OXPHOS and decreased
dependence on glycolysis for cellular energetics. These surviving cells showed high
sensitivity to OXPHOS inhibition preventing tumor recurrence, suggesting that OXPHOS
inhibitors in combination with KRAS pathway inhibitors can be an effective treatment
for pancreatic cancer.18 Additionally, inhibition of mitochondrial oxygen consumption
suppresses the progression of pancreatic cancer.l” Importantly, in pancreatic cancer patients,
overexpression of OXPHOS genes correlates with poor prognosis.18 In multiple clinical
cohorts, treatment with the well-accepted OXPHOS inhibitor metformin, shows positive
correlation with survival in pancreatic cancer patients.1® Therefore, inhibition of the
OXPHOS pathway represents a novel treatment option for pancreatic cancer patients.

The OXPHOS machinery consists of five complexes (Complex 1-V) that transfer electrons
from NADH and FADH2 to molecular oxygen, pumping protons from the mitochondria
matrix to the intermembrane space to enable complex V to synthesize ATP.20 Complex |

is a well-studied complex and its inhibition offers a unique strategy to disrupt cancer cell
metabolism.2L 22 Most Complex I inhibitors bind competitively to its substrate binding site,
the ubiquinone site, while other inhibitors bind the ND1 subunit hampering the binding of
ubiquinone to the complex.* 23-25 For example, the biguanide anti-diabetic drugs metformin
and phenformin reduce the risk of cancer and block cancer cell proliferation by inhibiting
Complex | (Figure 1).26-28 Novel Complex I inhibitors with optimized potency and
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pharmacokinetic properties including BAY 87-224329-31 and its analog IACS-0107592: 4 32
have also been evaluated in clinical trials against acute myeloid leukemia, lymphoma and
advanced solid tumors.33 Although clinical trials of BAY 87-2243 was terminated due to
toxicity, IACS-010759 was reported to be well tolerated in Phase | clinical trials.34 We
recently reported the discovery of a series of novel benzene-1,4-disulfonamides as a new
class of Complex | inhibitors represented by DX3-234 (Figure 1).3°

Despite the promising /n vivo efficacy of several Complex | inhibitors in various cancers,
currently no selective OXPHOS inhibitor has been FDA approved. In our previous work,
compound 1 was discovered through a phenotypic screen selective for cytotoxicity in cells
grown in galactose-containing media instead of glucose-containing media.3® Our initial
optimization campaign produced oxetanyl amide 2 with improved metabolic stability and
significant inhibition of MIA PaCa-2 cell proliferation in low micromolar range (Figure

2). Further modifications of the amide moiety to pursue extended interactions led to the
discovery of a series of optimized compounds (Figure 2, series 1) represented by DX3-234
(Figure 1) with significantly improved potency and metabolic stability. However, series |
compounds have high molecular weights (>550), relatively high tPSA (110-130), and high
cLogP (>3.5), which could potentially hamper their cellular uptake and penetration to target
tissues, limit oral absorption, and other ADMET properties. Herein, we report a robust
strategy to keep the overall structure simple by restricting their molecular weights and
tPSA while optimizing potency. We designed and synthesized compounds with better overall
ligand efficiency (LE) without violating the Lipinski’s “rule of 5”. This effort led to the
discovery of series |1 compounds as represented by optimized compound 23 (DX3-213B,
Figure 2). Compared with series | compounds, compound 23 is a highly potent OXPHOS
complex I inhibitor, impairs ATP generation, and blocks MIA PaCa-2 cell growth at low
nanomolar range, showing significant /n vivo efficacy upon oral administration. Therefore,
23 represents an ideal tool compound to better elucidate the role of OXPHQOS dependency in
select cancer subtypes.

RESULTS AND DISCUSSION

Optimization of lead compound 2

All compounds synthesized during optimization campaign were initially evaluated for their
cytotoxicity in a 7-day MTT assay in two pancreatic cancer cell lines, MIA PaCa-2 and
BxPC-3. Cancer cells display differences in their metabolic dependency, especially to
OXPHOS and glycolysis pathways, therefore, they are expected to respond differently to
OXPHOS inhibitors. In our studies, BXxPC-3 cells are not as sensitive as MIA PaCa-2 to
OXPHOS inhibition, which is probably due to stronger dependency of BxPC-3 cells on

the glycolysis pathway. The secondary screening assay was performed in a 3-day MTT
assay in glucose- or galactose-containing media to determine the impact of compounds on
OXPHOS. Cells grown in high glucose-containing medium utilize the glycolysis pathway
for ATP generation, while cells grown in galactose-containing medium exclusively depend
on mitochondria for their ATP production. Therefore, cells grown in galactose-containing
medium are highly sensitive to OXHPOS inhibition. The optimized compounds were further
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evaluated for their on-target efficacy by measuring inhibition of Complex I activity and ATP
production.

We selected the oxetane containing amide 2 for further optimization because of its reduced
cLogP, improved aqueous solubility, and metabolic stability as compared with our original
lead 1. Importantly, by addressing the metabolic soft point of the ester group, compound

2 showed improved microsomal stability by more than 30-fold over compound 1 (mouse
liver microsome (MLM) ty/, of 27.1 vs0.7 min; human liver microsome (HLM) ty/, of 18.5
vs 0.6 min). However, this amide modification led to a significant loss in cytotoxicity.
Notwithstanding, compound 2 with ICsq value of 2.34+1.01 uM and good metabolic
stability, is still a promising lead for further optimization.

We hypothesize that the oxetane oxygen in compound 2 might act as a H-bond acceptor

or participate in an electrostatic interaction with its target. To improve potency while
maintaining drug-like properties, we started optimization by: 1) introducing different oxygen
containing cyclic structures to probe optimal distance and orientation of the oxygen to
facilitate maximum target engagement; and 2) keeping the cLogP and tPSA at optimal
levels to maintain drug-like properties (Table 1). Several efforts including enlarging the
four-membered oxetane to five membered tetrahydrofuran (4 and 5) and six membered
pyran structure (6) had moderate impact on potency. Importantly, the five membered (/)-3-
aminotetrahydrofuran showed improved potency in both cell lines (4, MIA PaCa-2 I1C5g =
0.75 £ 0.08 uM, BXPC-3 IC5p = 2.27 = 0.61 uM). 4-Methoxycyclohexan-1-amines 7 (MIA
PaCa-2 IC5p = 0.96 + 0.38 uM, BXPC-3 IC5p = 2.15 + 1.24 uM) and 8 (MIA PaCa-2

IC50 = 1.35 % 0.03 uM, BXPC-3 ICgp = 2.00 + 0.47 uM) also led to improved potency

as compared with 2. The disubstituted cyclic amides 9 and 10 with 3-methoxypyrrolidine
exhibited moderate inhibition of cell proliferation, while compound 11 with a morpholine
structure showed significantly improved cytotoxicity (MIA PaCa-2 1Cgg = 0.35 + 0.02 pM,
BxPC-3 1C5p = 0.79 £ 0.1 pM).

We hypothesized that extending the H-bond acceptor oxygen atom of compound 11 out of
the ring might provide optimal distance between the oxygen atom and the amide group.
Compounds obtained based on this approach displayed sub-micromolar ICsg values in MIA
PaCa-2 cells (Table 2). Compound 12, with a 4-methoxypiperidine structure and lower
cLogP than 11, showed a 2-fold improvement in MIA PaCa-2 cell growth inhibition (1Csq
= 0.1440.09 uM). In the secondary screen, compound 12 displayed low ICsq (0.05+0.01
uM) in galactose-containing medium and was inactive in glucose-containing medium,
suggesting strong OXPHOS inhibition. Increasing the distance between the oxygen and

the amide group by addition of a methylene group (13) was detrimental to activity.
Replacement of the methoxy group with a hydroxy group in 14 was not well tolerated
(MIA PaCa-2 IC5p = 0.87+0.22 uM, BXPC-3 ICgy = 4.71+£0.83 pM). We also investigated
the bioisosteric replacement of the morpholine with different H-bond acceptors and probed
potential electrostatic interactions by the introduction of fluorine. The replacement of
morpholine with a thiomorpholine 1,1-dioxide led to a moderate loss in potency (15: MIA
PaCa-2 IC5p = 0.9+0.1 uM, BXPC-3 ICgq = 4.43+1.14 uM) compared to 12. However, the
introduction of 4,4-difluoropiperidine (16) led to a significant improvement in inhibition of
cell proliferation (MIA PaCa-2 I1Csp = 0.016+0.002 uM, BXPC-3 IC5q = 0.12+0.07 uM). In
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contrast, compounds 17 and 18 with difluoromethane or trifluoromethyl substitutions were
less active than 16. Within this series of compounds, 16 showing low nanomolar potency
was clearly superior to other derivatives and was selected for further characterization.

Evaluation of the metabolic stability of compound 16

Optimization around the amide group of compound 2 led to the discovery of 16 with a
4,4-difluoropiperidine moiety showing low nanomolar potency in MIA PaCa-2 cells (Figure
3). Similar to 2, compound 16 has an optimal cLogP of 2.14. Unfortunately, compound

16 suffers from poor microsomal stability (MLM t1/» = 2.6 min and HLM typ = 2.7

min). Our previous study suggested that de-ethylation is a possible metabolic pathway of
this series of compounds.3® We hypothesized that the newly introduced electro-deficient
4,4-difluoropiperidine would not likely be a metabolic soft point. Therefore, we designed
corresponding sulfones or mono substituted sulfonamides to address metabolic liabilities.
Reducing the overall cLogP can decrease hydrophobic binding to CYP metabolic enzymes
and thus clearance.38 Accordingly, we introduced hydrophilic groups to reduce cLogP.
Although those madifications might affect potency, improved metabolic stability would lead
to a more balanced profile for late-stage development.

As expected, the mono-substituted sulfonamide 19 resulted in a significant improvement

in the metabolic stability (MLM typ, 23.1 vs 2.6 min; HLM ty», 19.7 vs 2.7 min),
indicating that de-alkylation was probably one of the metabolic pathways of 16 (Table

3). Compound 20 with dimethyl sulfonamide exhibited even better stability in microsomes
with t 1, > 60 min in HLM, while retaining potent inhibition of pancreatic cancer cell
growth (MIA PaCa-2 ICgq = 0.118+0.044 uM, BxPC-3 ICsg = 0.56+0.39 uM). Reduced
cLogP as compared with 16 (1.08 v.s. 2.14) was perhaps responsible for its better metabolic
stability, despite the presence of a potential de-alkylation metabolic site. The introduction
of 3-hydroxypyrrolidine to reduce cLogP (21-22) also led to a robust metabolic profile.
Introduction of a sulfone group with different sized alkyl substitutions did not affect potency,
and nearly all compounds exhibited 1Csq values < 0.1 uM in MIA PaCa-2 cells (23-28).
Compounds 23, 25 and 27 were more potent than 16 in both pancreatic cancer cell lines
with ICggs of ~10 nM in MIA PaCa-2 cells and < 100 nM in BxPC-3 cells. Compound 25
with a 3-pentyl group suffered from low metabolic stability (MLM ty5, 8.7 min; HLM tyy,
17.1 min). Introduction of isopropyl (23) or cyclobutyl (27) led to decreased cLogPs (1.30
and 1.38, respectively) and increased metabolic stability. Compound 23, with ty» > 60 min
in both MLM and HLM and 1Csgs of 0.011+0.002 pM and 0.05 pM in MIA PaCa-2 and
BxPC-3 cells, showed the most balanced overall profile.

Other modifications to reduce cLogP were also investigated. Compound 29 with an amide
structure was less potent (MIA PaCa-2 1Cgsq = 0.07£0.01 uM, BXPC-3 ICsq = 0.24+0.07
uUM). Bioisosteric replacement of sulfones with phosphine oxides resulting in lower cLogP
were not tolerated, leading to a complete loss of activity (30 and 31).

Optimized compounds are potent Complex | inhibitors

We further evaluated cellular efficacy for OXPHOS inhibition of representative compounds
16, 20, 21, 23 and 27. All compounds significantly inhibited ATP production of MIA
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PaCa-2 cells in galactose-containing medium up to low nanomolar range (23, ICsg =
11+1.5 nM) while only partially inhibited ATP production in glucose-containing medium,
suggesting that these compounds suppress OXPHOS (Figure 4). In agreement with

ATP depletion assay, all the representative compounds showed significant inhibition of
cell proliferation only in galactose-containing media (Table 4). We further determined
the effect of optimized compounds in reducing NAD+/NADH ratio, which is a direct
reflection of cellular OXPHOS Complex I inhibition (Table 4). Results clearly showed
that all representative compounds remarkably reduced cellular NAD+/NADH ratios, with
the most potent compounds 23 and 27 having ICsq values of 3.6+3.2 nM and 3.2+1.3
nM, respectively. These results demonstrates that our optimization strategy successfully
generated OXPHQOS inhibitors with 1Cgq values in low nano-molar range, which was in
agreement with their cytotoxicity.

PK study of compound 23 (DX3-213B)

We tested the pharmacokinetic properties of compound 23 in CD-1 mice following 7.v. (2
mg/kg) and p.0. (10 mg/kg) administration (Table 5). After /.v. administration, compound 23
showed a high volume of distribution of 5.2 L/Kkg, a relatively high systemic clearance of 106
mL/min/kg, and an elimination half-life of 1.42 h. Compound 23 was also readily absorbed
after oral administration with an AUC (0-inf) of 417 nM.h and oral bioavailability of 11.3%.

Optimized derivatives show single-agent efficacy in a syngeneic model of pancreatic

cancer

Chemistry

Compounds 20, 21, 23 and 27 were selected for /n vivo efficacy studies using a syngeneic
pancreatic cancer model (Figure 5). We performed a comprehensive toxicity study due

to potential safety concerns of OXPHOS inhibition. We evaluated different routes of
administration and doses in mice and determined that compound 23 was better tolerated
when dosed p.o. with an maximum tolerated dose (MTD) of 10 mg/kg. For other
compounds, i.p. was the preferred route of administration. The maximum tolerated doses
were determined for each compound and were used in the efficacy studies. Briefly, mice
were inoculated s.c. with Pan02 cells and treated with compounds 20 (7.5 mg/kg, 7.p.),
compound 21 (15 mg/kg, 7p.), compound 27 (2.5 mg/kg, 7.p.) or compound 23 (10 mg/kg,
p.0.) once daily for 28 days. The tumor volume was monitored twice a week. All four
compounds were well tolerated for the duration of the study, and none showed obvious
signs of toxicity or drop in body weight. The treatment of 23 and 27 resulted in significant
tumor growth inhibition (p-value of 0.0008 for 23 and p-value of 0.038 for 27). These results
suggest that compounds 23 and 27 are promising tool compounds to better elucidate the role
of OXPHOS inhibition in pancreatic cancer.

The general synthetic route for the disulfonamides is shown in Scheme 1. p-bromophenyl
sulfonyl chloride (32) was reacted with diethylamine to give sulfonamide intermediate

33. Then a Pdy(dba)3 catalyzed Buchwald-Hartwig type coupling between 33 and benzyl
mercaptan, in the presence of XantPhos and DIEA, furnished thioether 34, which was then
subjected to oxidative chlorination by 1,3-dichloro-5,5-dimethylimidazolidine-2,4-dione3” to
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give sulfonyl chloride 35. The reaction between 35 and (/)-piperidine-3-carboxylic acid
gave rise to the carboxylic acid 36. A coupling reaction facilitated by HATU and DIEA
between 36 and an appropriate amine gave the final products 4-18.

To facilitate the modification on the left-hand side sulfonamide, an alternative scheme was
adopted. 32 was reacted with ethyl (R)-piperidine-3-carboxylate to give 37, which was
reacted with benzyl mercaptan as described above to give the thioether 38, which was then
hydrolyzed and coupled with 4,4-difluoropiperidine in the presence of HATU and DIEA
to give 39. It was then subjected to oxidative chlorination and the corresponding sulfonyl
chloride obtained was treated with an appropriate amine to give the final products 19-22
(Scheme 2).

The sulfones were synthesized in a three-step fashion. Key intermediate 41 was first
obtained from 37 using the method described above. It was then coupled with thiols in

the presence of catalytic amount of Pd,(dba); and XantPhos to give 42a-f, which were then
oxidized by mCPBA to give the products 23-28 (Scheme 3).

The synthesis of 29 started with a reaction between 43 and (/)-piperidine-3-carboxylic

acid to give the carboxylic acid 44. It was then reacted with 4,4-difluoropiperidine in the
presence of HATU to give 29. To synthesize the phosphine oxides, 37 was treated with
dimethylphosphine oxide or diethylphosphine oxide catalyzed by Pd(OAc), at 120 °C to
generate intermediates 45a-b. A subsequent hydrolysis and coupling reaction similar to that
described above gave rise to the final products 30 and 31.

CONCLUSIONS

Recently, we discovered a series of benene-1,4-disulfonamides as OXPHOS complex |
inhibitors showing /n vivo efficacy. To improve potency and drug-like properties of this
series of compounds, we designed and synthesized a series of derivatives with simple amide
group displaying reduced cLogP and tPSA. We discovered that the 4,4-difluoropiperidine
moiety significantly improved potency. Multi-parameter optimization led to the discovery
of the most potent derivative 23 (DX3-213B) within this series. Compound 23 inhibited

the proliferation of MIA PaCa-2 cells with an 1Csq value of 9 nM in galactose-containing
media and reduced cellular NAD+/NADH ratio by inhibiting OXPHOS complex | with

an ICsq of 3.6 nM. ATP depletion was also significantly observed at an ICsq of 11 nM.

Oral administration of compound 23 was well tolerated and produced significant tumor
growth delay in a syngeneic mouse model of pancreatic cancer. Studies are in progress

to evaluate the combination of compound 23 with standard-of-care chemotherapy for
pancreatic cancer. Cumulatively, our data suggest that OXPHOS inhibition can be a safe and
efficacious approach to treat pancreatic cancer and other cancers that are highly dependent
on OXPHOS.
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EXPERIMENTAL

General Methods.

All commercial reagents and anhydrous solvents were purchased and used without
purification, unless specified. Column chromatography was performed on a Biotage Isolera
flash chromatography system on Biotage normal phase silica gel columns. Preparative-
HPLC purification was performed on a Shimadzu Semi-Prep LC system. Analytical thin
layer chromatography was performed on Merck pre-coated plates (silica gel 60 Fy54). NMR
spectra were recorded on a Bruker Ultrashield 300 MHz or a Bruker Ascend 400 MHz
spectrometer using deuterated CDCI3 or CD30D as solvents. Chemical shifts for proton
magnetic resonance spectra (*H NMR) are quoted in parts per million (ppm) referenced

to the appropriate solvent peak or 0.0 ppm for tetramethylsilane (TMS). The following
abbreviations are used to describe the peak-splitting patterns when appropriate: br, broad,;

s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; and dd, doublet of doublets.
Coupling constants, J, are reported in hertz (Hz). Mass spectra were recorded on a Shimadzu
LCMS-2020 system using the electrospray ionization (ESI) ion source. HPLC was used

to determine the purity of biologically tested compounds using Shimadzu LC-2030C 3D
system equipped with a Kinetex XB-C18 column (2.6 um, 4.6x75 mm). The following
gradient elution conditions were used: acetonitrile/water (10-95 %) or methanol/water (10—
95 %), both with 0.1% formic acid as additive, over 15 minutes at a 0.80 mL/min flow rate
at room temperature. The purity was established by integration of the areas of major peaks
detected at 254 nm, and all final products have >95% purity.

Synthetic procedures for 4-18 (Scheme 1).

4-Bromo-N,N-diethylbenzenesulfonamide (33).—To a solution of diethylamine (730
mg, 10.0 mmol) and triethylamine (2.02 g, 20.0 mmol) was added 4-bromobenzenesulfonyl
chloride (2.56 g, 10.0 mmol) portion wise. The mixture was stirred at room temperature
overnight. The mixture was concentrated and purified with flash chromatography (10%
EtOAcC in hexane) to give 33 as a colorless oil. (2.44 g, 83%). IH NMR (300 MHz, CDCls)
57.73-7.62 (m, 4H), 3.26 (q, J= 7.1 Hz, 4H), 1.15 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z
291.9,293.9 [M + H]*.

4-(Benzylthio)-N,N-diethylbenzenesulfonamide (34).—A solution of 33 (500 mg,
1.71 mmol), DIEA (441 mg, 3.42 mmol) in dioxane (10 mL) was degassed and flushed
with argon for three times. Then Pdy(dba)s (39 mg, 0.043 mmol), XantPhos (50 mg, 0.086
mmol), and benzyl mercaptan (212 mg, 1.71 mmol) was added subsequently. The mixture
was degassed and flushed with argon for three times before it was heated under reflux
overnight. The mixture was cooled, and the needle-like crystals generated was filtered

off. The filtrate was concentrated and purified with flash chromatography (20% EtOAc in
hexane) to give 34 as a yellow solid (520 mg, 91%). *H NMR (300 MHz, CDCl5) §7.68 (d,
J=8.1Hz, 2H), 7.43-7.22 (m, 7H), 4.22 (s, 2H), 3.23 (q, /J=7.2 Hz, 4H), 1.13 (t, /= 7.2
Hz, 6H). LC-MS (ESI) m/z336.0 [M + H]*.

4-(N,N-Diethylsulfamoyl)benzenesulfonyl chloride (35).—To an ice-cooled solution
of 34 (100 mg, 0.30 mmol) in a mixture of CH3CN (2.5 mL), HOAc (0.16 mL) and H,0O
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(0.1 mL) was added 1,3-dichloro-5,5-dimethylimidazolidine-2,4-dione (117 mg, 0.60 mmol)
portion wise. The mixture was kept stirring at 0-5 °C for 2h and concentrated. The residue
obtained was taken up by DCM, washed with 5% NaHCOj solution at 0 °C, dried over
NaySQOy, filtered and concentrated to give 35 as a white solid (94 mg, 100% crude) which
was used in the next step without further purification. 1TH NMR (300 MHz, CDCl3) §8.22 —
8.04 (m, 4H), 3.32 (q, J=7.2 Hz, 4H), 1.19 (t, /= 7.1 Hz, 6H).

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)piperidine-3-carboxylic acid
(36).—To a solution of 35 (4.0 g, 12.9 mmol) and Na,COj3 (4.1 g, 38.6 mmol) in H,O

(50 mL) was added a solution of (R)-piperidine-3-carboxylic acid (1.6 g, 2.66 mmol) in
THF (50 mL) dropwise at 0 °C and stirred at room temperature for 3h. THF was removed
by evaporation and the pH was adjusted to 3 by 1N HCI solution. It was extracted with
EtOAc, and the organic layer was washed with brine, dried over anhydrous NaySQOy, filtered,
and concentrated to give 36 as a white solid (3.80 g, 73%). 1H NMR (300 MHz, MeOD)
68.07 (d, J=8.1 Hz, 2H), 7.99 (d, J= 7.9 Hz, 2H), 3.82-3.70 (m, 1H), 3.60-3.48 (m,

1H), 3.36-3.24 (m, 4H), 2.69 (t, /= 10.7 Hz, 1H), 2.65-2.47 (m, 2H), 2.05-1.91 (m, 1H),
1.89-1.76 (m, 1H), 1.71-1.57 (m, 1H), 1.56-1.38 (m, 1H), 1.15 (t, /=7.1 Hz, 6H). LC-MS
(ESI) m/z405.0 [M + H]*.

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)-N-((R)-tetrahydrofuran-3-
yl)piperidine-3-carboxamide (4).—To a solution of 36 (20 mg, 0.05

mmol) and HATU (29 mg, 0.075 mmol) in DMF (1 mL) was added (R)-tetrahydrofuran-3-
amine hydrochloride (6.2 mg, 0.05 mmol) and DIEA (19 mg, 0.15 mmol). The mixture

was stirred at room temperature overnight. The mixture was then diluted with EtOAc,
washed with brine, dried over anhydrous Na,SOy, filtered and concentrated. The residue
was purified with flash chromatography (10% MeOH in DCM) to give 4 as a white solid
(15 mg, 63%). 1H NMR (300 MHz, CDCl3) 67.99 (d, /= 8.5 Hz, 2H), 7.89 (d, /= 8.6 Hz,
2H), 6.01 (d, J= 7.4 Hz, 1H), 4.50 (dt, /= 7.6, 5.8 Hz, 1H), 3.96 (q, /= 7.6 Hz, 1H), 3.83
(9d, /=9.1, 5.5 Hz, 2H), 3.73-3.54 (m, 3H), 3.31 (g, /= 7.1 Hz, 4H), 2.74 (dd, /= 11.8, 9.6
Hz, 1H), 2.55 (t, /= 10.3 Hz, 1H), 2.44 (dd, /= 10.0, 6.2 Hz, 1H), 2.37-2.20 (m, 1H), 1.91-
1.63 (m, 5H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z474.1 [M + H]*. Purity: 96.3%.

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)-N-((S)-tetrahydrofuran-3-
yl)piperidine-3-carboxamide (5).—The title compound was synthesized

using a similar procedure as described for 4 by employing 36

(20 mg, 0.05 mmol) and (S)-tetrahydrofuran-3-amine hydrochloride (6.2

mg, 0.05 mmol) in DMF (1 mL) to give a white solid (23

mg, 98%). IH NMR (300 MHz, CDCl3) 68.03-7.95 (m, 2H), 7.89 (d, /= 8.7 Hz, 2H), 6.01
(d, J=7.4 Hz, 1H), 4.57-4.45 (m, 1H), 3.99 (q, /= 7.9, 7.5 Hz, 1H), 3.83 (ddd, J= 9.6, 5.5,
2.4 Hz, 2H), 3.66 (dd, J= 9.6, 2.8 Hz, 2H), 3.57 (d, /= 11.7 Hz, 1H), 3.31 (q, J= 7.2 Hz,
4H), 2.84-2.71 (m, 1H), 2.57 (t, /= 10.0 Hz, 1H), 2.43 (s, 1H), 2.37-2.23 (m, 1H), 1.90-
1.63 (m, 5H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z474.0 [M + H]*. Purity: 99.6%.

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)-N-(tetrahydro-2H-pyran-4-
yl)piperidine-3-carboxamide (6).—The title compound was synthesized using
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a similar procedure as described for 4 by employing 36 (20 mg,

0.05 mmol) and tetrahydro-2 H-pyran-4-amine (6.9 mg, 0.05 mmol) in

DMF (1 mL) to give a white solid (21 mg, 86%). 'H NMR (300 MHz, CDCl3) §7.99 (d,
J=8.7Hz, 2H), 7.89 (d, /= 8.7 Hz, 2H), 5.70 (d, /= 8.0 Hz, 1H), 3.98 (dt, /= 11.2, 3.5 Hz,
3H), 3.66 (d, /=11.0 Hz, 1H), 3.61-3.42 (m, 3H), 3.31 (g, J= 7.2 Hz, 4H), 2.84-2.73 (m,
1H), 2.60 (d, J= 10.3 Hz, 1H), 2.49-2.36 (m, 1H), 1.97-1.63 (m, 6H), 1.51 (ddd, J=12.9,
6.5, 4.4 Hz, 2H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z488.2 [M + H]*. Purity: >98%.

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)-N-(cis-4-
methoxycyclohexyl)piperidine-3-carboxamide (7).—The title

compound was synthesized using a similar procedure

as described for 4 by employing 36 (15 mg, 0.037 mmol) and cis-4-methoxycyclohexan-1-
amine (6.1 mg, 0.037 mmol) in DMF (1 mL) to give a white solid (12 mg, 63%). 1H NMR
(300 MHz, CDCl3) 67.98 (d, J= 8.2 Hz, 2H), 7.89 (d, /= 8.2 Hz, 2H), 5.60 (d, /= 8.0 Hz,
1H), 3.89-3.69 (m, 2H), 3.63 (d, J= 11.5 Hz, 1H), 3.44-3.34 (m, 1H), 3.35-3.25 (m, 7H),
2.68 (t, /= 10.8 Hz, 1H), 2.55-2.34 (m, 2H), 1.95-1.77 (m, 4H), 1.77-1.61 (m, 4H), 1.59-
1.48 (m, 4H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z538.2 [M + Na]™*. Purity: 99.6%.

(R)-1-((4-(N,N-Diethylsulfamoyl)phenyl)sulfonyl)-N-(trans-4-
methoxycyclohexyl)piperidine-3-carboxamide (8).—The title

compound was synthesized using a similar procedure as described for 4 by

employing 36 (15 mg, 0.037 mmol) and trans-4-methoxycyclohexan-1-amine (6.1 mg, 0.037
mmol) in DMF (1 mL) to give a white solid (10 mg, 53%). 1H NMR (300 MHz, CDCl5)
67.99 (d, J=8.2 Hz, 2H), 7.88 (d, /= 8.2 Hz, 2H), 5.62 (d, /= 7.8 Hz, 1H), 3.84-3.70

(m, 1H), 3.67-3.47 (m, 2H), 3.40-3.26 (m, 7H), 3.23-3.11 (m, 1H), 2.79 (t, /= 10.6 Hz,
1H), 2.66-2.55 (m, 1H), 2.47-2.33 (m, 1H), 2.13-1.96 (m, 4H), 1.85-1.63 (m, 4H), 1.44—
1.23 (m, 4H), 1.18 (t, /= 7.1 Hz, 6H). LC-MS (ESI) m/z516.3 [M + H]*. Purity: 98.5%.

N,N-Diethyl-4-(((R)-3-((R)-3-methoxypyrrolidine-1-carbonyl)piperidin-1-
yhsulfonyl)benzenesulfonamide (9).—The title compound was synthesized using

a similar procedure as described for 4 by employing 36 (15 mg, 0.037 mmol) and (R)-3-
methoxypyrrolidine hydrochloride (5.1 mg, 0.037 mmol) in DMF (1 mL) to give a white
solid (14 mg, 78%). 'H NMR (300 MHz, CDCl3) §7.97 (d, /= 8.2 Hz, 2H), 7.88 (d, J=

8.3 Hz, 2H), 4.10-3.82 (m, 3H), 3.71-3.41 (m, 4H), 3.39 — 3.22 (m, 7H), 2.80-2.64 (m, 1H),
2.53 (t, /= 11.3 Hz, 1H), 2.34-2.00 (m, 1H), 1.98-1.80 (m, 2H), 1.77-1.66 (m, 1H), 1.56—
1.42 (m, 1H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z488.2 [M + H]*. Purity: 96.6%.

N,N-Diethyl-4-(((R)-3-((S)-3-methoxypyrrolidine-1-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonamide (10).—The title compound was synthesized using

a similar procedure as described for 4 by employing 36 (15 mg, 0.037 mmol) and (S)-3-
methoxypyrrolidine hydrochloride (5.1 mg, 0.037 mmol) in DMF (1 mL) to give a white
solid (14 mg, 78%). 1H NMR (300 MHz, CDCl3) 67.97 (d, /= 8.2 Hz, 2H), 7.88 (d, /= 8.3
Hz, 2H), 4.11-3.81 (m, 3H), 3.74-3.39 (m, 4H), 3.38-3.22 (m, 7H), 2.78-2.62 (m, 1H), 2.53
(td, /=11.3, 4.4 Hz, 1H), 2.35-2.13 (m, 1H), 2.08-1.78 (m, 4H), 1.74-1.57 (m, 1H), 1.56—
1.39 (m, 1H), 1.17 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z488.2 [M + H]*. Purity: 97.0%.
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(R)-N,N-Diethyl-4-((3-(morpholine-4-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonamide (11).—The title compound

was synthesized using a similar procedure as described for 4 by employing 36 (20

mg, 0.05 mmol) and morpholine (4.4 mg, 0.05 mmol) in DMF (1 mL) to give a white solid
(23 mg, 97%). H NMR (300 MHz, CDCls3) §7.98 (d, /= 8.7 Hz, 2H), 7.89 (d, /= 8.7 Hz,
2H), 3.88 (d, J=11.6 Hz, 2H), 3.81-3.49 (m, 8H), 3.30 (q, /= 7.1 Hz, 4H), 2.91-2.78 (m,
1H), 2.64-2.53 (m, 1H), 2.36-2.24 (m, 1H), 1.92-1.81 (m, 2H), 1.79-1.64 (m, 1H), 1.55—
1.39 (m, 1H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z474.1 [M + H]*. Purity: 99.4%.

(R)-N,N-Diethyl-4-((3-(4-methoxypiperidine-1-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonamide (12).—The title compound

was synthesized using a similar procedure as

described for 4 by employing 36 (15 mg, 0.037 mmol) and 4-methoxypiperidine

(4.3 mg, 0.037 mmol) in DMF (1 mL) to give a white solid (13 mg, 70%). 1H NMR (300
MHz, CDCl3) 67.98 (d, J= 8.2 Hz, 2H), 7.89 (d, /= 8.2 Hz, 2H), 3.95-3.77 (m, 3H), 3.77-
3.65 (m, 1H), 3.52-3.43 (m, 1H), 3.42-3.25 (m, 9H), 2.87 (t, /= 11.4 Hz, 1H), 2.57 (dt,
J=15.4,7.7 Hz, 1H), 2.28 (t, /= 11.8 Hz, 1H), 1.96-1.79 (m, 4H), 1.76-1.60 (m, 3H), 1.52
-1.39 (m, 1H), 1.18 (t, /= 7.1 Hz, 6H). LC-MS (ESI) m/z502.3 [M + H]*. Purity: 95.8%.

(R)-N,N-Diethyl-4-((3-(4-(methoxymethyl)piperidine-1-carbonyl)piperidin-1-
ylhsulfonyl)benzenesulfonamide (13).—The title compound was synthesized

using a similar procedure as described for 4 by employing 36 (15 mg, 0.037 mmol) and
4-(methoxymethyl)piperidine (4.8 mg, 0.037 mmol) in DMF (1 mL) to give a white solid
(16 mg, 84%). 1H NMR (300 MHz, CDCl3) §7.97 (d, /= 8.0 Hz, 2H), 7.89 (d, J= 8.2 Hz,
2H), 4.59 (d, J=13.2 Hz, 1H), 3.97-3.81 (m, 3H), 3.41-3.19 (m, 10H), 3.07 (q, /= 13.2 Hz,
1H), 2.93-2.77 (m, 1H), 2.66-2.48 (m, 2H), 2.34-2.21 (m, 1H), 1.94-1.68 (m, 7H), 1.52—
1.36 (m, 1H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z516.3 [M + H]*. Purity: 98.8%.

(R)-N,N-Diethyl-4-((3-(4-hydroxypiperidine-1-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonamide (14).—The title compound

was synthesized using a similar procedure as described for 4 by employing 36

(15 mg, 0.037 mmol) and 4-hydroxypiperidine (3.7 mg, 0.037 mmol) in DMF (1 mL) to give
a white solid (15 mg, 83%). 1H NMR (300 MHz, CDCls) §7.98 (d, J= 8.2 Hz, 2H), 7.89

(d, J=8.2 Hz, 2H), 4.09-3.95 (m, 2H), 3.93-3.73 (m, 3H), 3.29 (p, /= 7.2 Hz, 6H), 2.95-
2.81 (m, 1H), 2.57 (t, J= 11.3 Hz, 1H), 2.29 (t, /= 11.8 Hz, 1H), 2.05-1.66 (M, 5H), 1.64—
1.38 (m, 3H), 1.18 (t, /= 7.1 Hz, 6H). LC-MS (ESI) m/z488.1 [M + H]*. Purity: >98%.

(R)-4-((3-(1,1-Dioxidothiomorpholine-4-carbonyl)piperidin-1-yl)sulfonyl)-N,N-
diethylbenzenesulfonamide (15).—The title compound was synthesized using

a similar procedure as described for 4 by employing 36 (15 mg, 0.037 mmol)

and thiomorpholine 1,1-dioxide (5.0 mg, 0.037 mmol) in DMF (1 mL) to give

a white solid (14 mg, 73%). 1H NMR (300 MHz, CDCl3) §7.99 (d, J=

8.2 Hz, 2H), 7.89 (d, J= 8.2 Hz, 2H), 4.26-3.98 (m, 4H), 3.88 (d, /= 11.8 Hz, 2H), 3.31
(g, J= 7.1 Hz, 4H), 3.18-3.01 (m, 4H), 2.89 (t, /= 11.5 Hz, 1H), 2.59 (t, /= 11.4 Hz, 1H),
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2.33 (t, J= 11.8 Hz, 1H), 1.89 (d, /= 12.6 Hz, 2H), 1.81-1.68 (m, 1H), 1.51 (dd, J= 14.3,
5.2 Hz, 1H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z544.1 [M + Na]*. Purity: 99.2%.

(R)-4-((3-(4,4-Difluoropiperidine-1-carbonyl)piperidin-1-yl)sulfonyl)-N,N-
diethylbenzenesulfonamide (16).—The title compound was synthesized

using a similar procedure as described for 4 by employing

36 (15 mg, 0.037 mmol) and 4,4-difluoropiperidine (4.5

mg, 0.037 mmol) in DMF (1 mL) to give a white solid (11 mg, 59%). 1H NMR (300 MHz,
CDCl3) §7.99 (d, /= 8.2 Hz, 2H), 7.89 (d, /= 8.2 Hz, 2H), 3.89 (d, /= 11.7 Hz, 2H), 3.79-
3.58 (m, 4H), 3.30 (g, /=7.1 Hz, 4H), 2.88 (t, /= 12.3 Hz, 1H), 2.58 (t, /= 11.4 Hz, 1H),
2.30 (t, J= 11.7 Hz, 1H), 2.14-1.94 (m, 4H), 1.93-1.82 (m, 2H), 1.80-1.67 (m, 1H), 1.56—
1.42 (m, 1H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/2508.2 [M + H]*. Purity: >98%.

(R)-4-((3-(4-(Difluoromethyl)piperidine-1-carbonyl)piperidin-1-yl)sulfonyl)-N,N-
diethylbenzenesulfonamide (17).—The title compound was synthesized using a
similar procedure as described for 4 by employing 36 (15 mg, 0.037 mmol) and 4-
(difluoromethyl)piperidine (6.4 mg, 0.037 mmol) in DMF (1 mL) to give a white solid

(22 mg, 63%). 1H NMR (300 MHz, CDCl3) §7.98 (d, /= 8.2 Hz, 2H), 7.89 (d, J

=8.2 Hz, 2H), 5.64 (t, J= 56.5 Hz, 2H), 4.69 (d, J= 13.4 Hz, 1H), 3.99 (d, /= 13.7 Hz, 1H),
3.88 (d, /=11.6 Hz, 2H), 3.30 (q, /= 7.1 Hz, 4H), 3.10 (q, /= 13.5 Hz, 1H), 2.85 (d, J=
12.0 Hz, 1H), 2.58 (q, /= 12.2 Hz, 2H), 2.29 (t, /= 11.7 Hz, 1H), 2.12 - 1.70 (m, 7H), 1.54
—1.31 (m, 4H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z522.2 [M + H]*. Purity: 99.6%

(R)-N,N-Diethyl-4-((3-(4-(trifluoromethyl)piperidine-1-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonamide (18).—The title compound was synthesized

using a similar procedure as described for 4 by employing 36 (15 mg, 0.037

mmol) and 4-(trifluoromethyl)piperidine (5.7 mg, 0.037 mmol) in DMF (1 mL) to give

a white solid (10 mg, 50%). 1H NMR (300 MHz, CDCls) §7.98 (d, J= 8.2 Hz, 2H), 7.89
(d, J=8.2 Hz, 2H), 4.71 (d, J= 13.6 Hz, 1H), 4.02 (d, /= 13.7 Hz, 1H), 3.88 (d, /=11.6
Hz, 2H), 3.30 (g, /= 7.1 Hz, 2H), 3.17-3.00 (m, 1H), 2.86 (t, /= 11.8 Hz, 1H), 2.56 (t, J=
12.3 Hz, 2H), 2.29 (t, /= 11.6 Hz, 2H), 2.09-1.83 (m, 4H), 1.74 (d, /= 12.6 Hz, 1H), 1.53-
1.41 (m, 2H), 1.18 (t, J= 7.1 Hz, 6H). LC-MS (ESI) m/z540.2 [M + H]*. Purity: >98%.

Synthetic procedures for 19-22 (Scheme 2).

Ethyl (R)-1-((4-bromophenyl)sulfonyl)piperidine-3-carboxylate (37).—70a
solution of ethyl (R)-piperidine-3-carboxylate (0.92 g, 5.86 mmol) and triethylamine (1.18
g, 11.7 mmol) was added 4-bromobenzenesulfonyl chloride (1.50 g, 5.86 mmol) portion
wise. The mixture was stirred at room temperature overnight. The mixture was concentrated
and purified with flash chromatography (10% EtOAc in hexane) to give 37 as a white solid.
(2.16 g, 98%). 1H NMR (300 MHz, CDCl3) 67.67 (q, J= 8.6 Hz, 4H), 4.16 (q, J=7.2

Hz, 2H), 3.85 (d, /= 11.0 Hz, 1H), 3.63 (d, /= 11.8 Hz, 1H), 2.68-2.49 (m, 2H), 2.38 (td,
J=113, 3.2 Hz, 1H), 2.02 (d, /= 12.6 Hz, 1H), 1.88-1.77 (m, 1H), 1.77-1.61 (m, 1H),
1.50-1.34 (m, 1H), 1.28 (t, /= 7.1 Hz, 3H).
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Ethyl (R)-1-((4-(benzylthio)phenyl)sulfonyl)piperidine-3-carboxylate (38).—The
title compound was synthesized using a similar procedure as described for 34 by employing
37 (1.20 g, 3.19 mmol) and benzyl mercaptan (0.40 g, 3.19 mmol) to give a white solid (1.17
g, 87%). 'H NMR (300 MHz, CDCls3) 67.63 (d, J= 8.5 Hz, 2H), 7.43-7.26 (m, 7H), 4.24 (s,
2H), 4.15 (q, J= 7.1 Hz, 2H), 3.84 (d, J= 11.3 Hz, 1H), 3.61 (d, /= 11.2 Hz, 1H), 2.69-2.56
(m, 1H), 2.50 (t, /= 10.8 Hz, 1H), 2.34 (td, /= 11.2, 3.0 Hz, 1H), 2.00 (d, /= 13.8 Hz, 1H),
1.87-1.75 (m, 1H), 1.73-1.57 (m, 1H), 1.47-1.34 (m, 1H), 1.28 (t, /= 7.1 Hz, 3H).

(R)-(1-((4-(Benzylthio)phenyl)sulfonyl)piperidin-3-yl)(4,4-difluoropiperidin-1-
yl)methanone (39).—To a solution of 38 (139 mg, 0.33 mmol) in THF (2mL) and H,O
(2 mL) was added LiOH.H,0 (69 mg, 1.65 mmol) at 0 °C and stirred at room temperature
for 5h. The mixture was then diluted with H,0, and the pH was adjusted to 3 by 1N HCI
solution. The mixture was extracted with EtOAc, and the organic layer was washed with
brine, dried over anhydrous NaySOy, filtered and concentrated to give the corresponding
carboxylic acid. The carboxylic acid was directly dissolved in DMF (5 mL), then HATU
(190 mg, 0.50 mmol), 4,4-difluoropiperidine (40 mg, 0.33 mmol) and DIEA (129 mg,

1.0 mmol) was subsequently added. The mixture was stirred at room temperature overnight.
The mixture was then diluted with EtOAc, washed with brine, dried over anhydrous
Na,SOy, filtered and concentrated. The residue was purified with flash chromatography
(20% EtOAC in hexane) to give 39 as a light-yellow gel (145 mg, 90%). 1H NMR (300
MHz, CDCl3) 67.69-7.52 (m, 2H), 7.48-7.27 (m, 7TH), 4.23 (s, 2H), 3.92-3.47 (m, 6H),
2.87 (t, J=11.6 Hz, 1H), 2.46 (t, /= 11.4 Hz, 1H), 2.22 (td, /= 11.9, 2.9 Hz, 1H), 2.12-1.90
(m, 4H), 1.83 (t, /= 7.6 Hz, 2H), 1.69 (d, /= 32.5 Hz, 3H), 1.44 (td, /= 12.9, 9.1 Hz, 1H).

(R)-4-((3-(4,4-Difluoropiperidine-1-carbonyl)piperidin-1-
yl)sulfonyl)benzenesulfonyl chloride (40).—The

title compound was synthesized using a similar procedure as described for 35 by employing
39 (50 mg, 0.10 mmol) and 1,3-dichloro-5,5-dimethylimidazolidine-2,4-dione (40 mg,

0.20 mmol), colorless gel (47 mg, 100% crude). *H NMR (300 MHz, CDCls3) §8.21 (d, J
= 8.6 Hz, 2H), 8.00 (d, /= 8.5 Hz, 2H), 3.88 (d, /= 11.2 Hz, 2H), 3.77-3.55 (m, 4H), 2.95-
2.83 (m, 1H), 2.59 (t, /= 11.3 Hz, 1H), 2.33 (td, /= 11.9, 2.8 Hz, 1H), 2.05-1.68 (m, 8H).

(R)-4-((3-(4,4-Difluoropiperidine-1-carbonyl)piperidin-1-yl)sulfonyl)-N-
isopropylbenzenesulfonamide (19).—To a solution of isopropylamine

(3 mg, 0.05 mmol) and triethylamine (15 mg,

0.15 mmol) was added 40 (24 mg, 0.05 mmol) portion wise.

The mixture was stirred at room temperature overnight. The mixture was concentrated and
purified with flash chromatography (10% MeOH in DCM) to give 19 as a white solid (10
mg, 37%). 1H NMR (300 MHz, CDCls) 68.05 (d, J= 8.4 Hz, 2H), 7.90 (d, /= 8.3 Hz, 2H),
4.67 (d, J=7.7 Hz, 1H), 3.88 (d, /= 11.6 Hz, 2H), 3.77-3.49 (m, 5H), 2.96-2.82 (m, 1H),
2.58 (t, /= 11.3 Hz, 1H), 2.37-2.22 (m, 1H), 2.09-1.82 (m, 6H), 1.80-1.65 (m, 1H), 1.56—
1.42 (m, 1H), 1.13 (d, J= 6.5 Hz, 6H). LC-MS (ESI) m/z494.2 [M + H]*. Purity: 99.4%.

(R)-4-((3-(4,4-Difluoropiperidine-1-carbonyl)piperidin-1-yl)sulfonyl)-N,N-
dimethylbenzenesulfonamide (20).—The title compound was synthesized using
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a similar procedure as described for 19 by employing 40 (50 mg, 0.10 mmol) and dimethyl
amine (2.3 mg, 0.05 mmol) to give a white solid (14 mg, 58%). 1H NMR (300 MHz, CDCl5)
67.95 (s, 4H), 3.90 (d, J=11.8 Hz, 2H), 3.78-3.58 (m, 4H), 2.89 (t, /= 11.3 Hz, 1H),

2.79 (s, 6H), 2.60 (t, /= 11.3 Hz, 1H), 2.38-2.27 (m, 1H), 2.10-1.83 (m, 6H), 1.80-1.69 (m,
1H), 1.55-1.43 (m, 1H). 13C NMR (126 MHz, CDCl3) §171.04, 140.66, 140.34, 128.39,
128.17, 121.17 (t, J=242.3 Hz), 48.47, 46.26, 42.23, 38.78, 38.64, 37.80, 34.85 (t, /= 23.8
Hz), 33.64 (t, J= 22.9 Hz), 27.29, 24.46. LC-MS (ESI) m/z502.1 [M + Na]*. Purity: >98%

(4,4-Difluoropiperidin-1-y)((R)-1-((4-(((R)-3-hydroxypyrrolidin-1-
yl)sulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (21).—The

title compound was synthesized using a similar procedure as described for 19 by employing
40 (24 mg, 0.05 mmol) and (R)-pyrrolidin-3-ol hydrochloride (6.2 mg, 0.05 mmol) to give a
white solid (14 mg, 54%). 1H NMR (400 MHz, CDCl3) 68.07-8.00 (m, 2H), 7.95-7.88 (m,
2H), 4.38 (s, 1H), 3.90 (d, /= 11.9 Hz, 1H), 3.75-3.61 (m, 4H), 3.57-3.51 (m, 1H), 3.49-
3.44 (m, 1H), 3.42-3.35 (m, 1H), 3.26 (dt, /= 11.4, 1.6 Hz, 1H), 2.93-2.84 (m, 1H), 2.39-
2.24 (m, 3H), 2.12-1.95 (m, 5H), 1.93-1.81 (m, 3H), 1.77-1.70 (m, 1H), 1.47-1.33 (m, 2H).
13C NMR (126 MHz, CDCl3) §171.35, 140.94, 139.72, 128.14, 128.07, 121.08 (t, J= 242.4
Hz), 70.36, 56.10, 48.41, 46.42, 46.22, 42.29, 38.70, 38.42, 34.85 (t, J= 23.7 Hz), 34.46,
33.72 (t, J=23.8 Hz), 27.21, 24.34. LC-MS (ESI) m/z522.0 [M + H]*. Purity: 98.4%.

(4,4-Difluoropiperidin-1-y)((R)-1-((4-(((S)-3-hydroxypyrrolidin-1-
ylhsulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (22).—The

title compound was synthesized using a similar

procedure as described for 19 by employing 40 (24 mg, 0.05 mmol) and (S)-pyrrolidin-3-
ol hydrochloride (6.2 mg, 0.05 mmol) to give a white solid (15 mg, 58%). 1H NMR

(300 MHz, CDCl3) §8.13-7.97 (m, 2H), 7.91 (d, /= 8.2 Hz, 2H), 4.52-4.31 (m, 2H), 3.88
(d, J=11.6 Hz, 1H), 3.67 (dt, J=19.7, 7.4 Hz, 5H), 3.55-3.39 (m, 2H), 3.31 (td, /= 12.9,
12.0, 7.0 Hz, 2H), 2.88 (t, /= 11.5 Hz, 1H), 2.45 (s, 1H), 2.40-2.13 (m, 3H), 2.13-1.79 (m,
9H), 1.71 (s, 5H), 1.51-1.25 (m, 2H). LC-MS (ESI) m/2544.0 [M + Na]*. Purity: 96.3%.

Synthetic procedures for 23-28 (Scheme 3).

(R)-(1-((4-Bromophenyl)sulfonyl)piperidin-3-yl)(4,4-difluoropiperidin-1-
yl)methanone (41).—The title compound was synthesized

using a similar procedure as described for 39 by employing 37 (188

mg, 0.50 mmol) and 4,4-difluropiperidine (67 mg, 0.55 mmol) to give a white solid (205
mg, 91%). 1H NMR (300 MHz, CDCls3) §7.70 (d, J= 8.3 Hz, 2H), 7.63 (d, /= 8.4 Hz, 2H),
3.84 (d, J=11.6 Hz, 2H), 3.77-3.57 (m, 4H), 2.88 (t, J= 11.6 Hz, 1H), 2.50 (t, /= 11.3 Hz,
1H), 2.25 (t, /= 11.8 Hz, 1H), 2.15-1.79 (m, 6H), 1.79-1.66 (m, 1H), 1.54-1.39 (m, 1H).

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-(isopropylthio)phenyl)sulfonyl)piperidin-3-
yl)methanone (42a).—The title compound was synthesized using a similar procedure

as described for 34 by employing 41 (200 mg, 0.44 mmol) and propane-2-thiol (34 mg, 0.44
mmol) to give a white solid (177 mg, 90%). 1H NMR (300 MHz, CDCl3) §7.65 (d, /= 8.3
Hz, 2H), 7.42 (d, /= 8.3 Hz, 2H), 3.84 (d, /= 11.6 Hz, 2H), 3.77-3.52 (m, 5H), 2.95-2.81
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(m, 1H), 2.50 (t, /= 11.3 Hz, 1H), 2.25 (t, J= 11.7 Hz, 1H), 2.14-1.91 (m, 4H), 1.85 (d, J
= 12.6 Hz, 2H), 1.76-1.68 (m, 1H), 1.52-1.44 (m, 1H), 1.40 (d, /= 6.7 Hz, 6H).

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-(isobutylthio)phenyl)sulfonyl)piperidin-3-
yl)methanone (42b).—The title compound was synthesized using a similar procedure
as described for 34 by employing 41 (50 mg, 0.11 mmol) and 2-methylpropane-1-

thiol (10 mg, 0.11 mmol) to give a white solid (43 mg, 85%). 'H NMR (300

MHz, CDClI3) 67.63 (d, J= 8.2 Hz, 2H), 7.36 (d, /= 8.2 Hz, 2H), 3.83 (d,

J=11.7 Hz, 2H), 3.78-3.58 (m, 4H), 2.89 (d, /= 6.9 Hz, 3H), 2.48 (t, /=

11.4 Hz, 1H), 2.24 (t, J= 11.7 Hz, 1H), 2.12-1.89 (m, 5H), 1.90-1.66 (m, 3H),

1.53-1.38 (m, 1H), 1.10 (d, J= 6.7 Hz, 6H). LC-MS (ESI) m/z461.0 [M + H]*.

(R)-(4,4-difluoropiperidin-1-yl)(1-((4-(pentan-3-
ylthio)phenyl)sulfonyl)piperidin-3-yl)methanone (42c).—The title compound

was synthesized using a similar procedure as described for 34 by employing 41 (90 mg,

0.20 mmol) and pentane-3-thiol (19 mg, 0.18 mmol) to give a white solid (64 mg, 67%). 1H
NMR (400 MHz, CDCl3) 67.63 (d, /= 8.6 Hz, 2H), 7.41 (d, J= 8.5 Hz, 2H), 3.88-3.80 (m,
2H), 3.80-3.57 (m, 4H), 3.21 (p, /= 6.3 Hz, 1H), 2.92-2.80 (m, 1H), 2.51 (dd, /= 12.0, 10.8
Hz, 1H), 2.26 (td, J=12.0, 2.7 Hz, 1H), 1.99 (dt, /= 12.7, 6.1 Hz, 2H), 1.89-1.79 (m, 2H),
1.79-1.65 (m, 5H), 1.63 (d, J= 2.2 Hz, 2H), 1.54-1.39 (m, 1H), 1.05 (t, /= 7.4 Hz, 6H).

(R)-(1-((4-(Cyclopropylthio)phenyl)sulfonyl)piperidin-3-yl)(4,4-
difluoropiperidin-1-yl)methanone (42d).—The title compound

was synthesized using a similar procedure

as described for 34 by employing 41 (40 mg, 0.089 mmol) and cyclopropanethiol

(6.6 mg, 0.089 mmol) to give a white solid (26 mg, 65%). 1H NMR (300 MHz,

CDCl3) 67.63 (d, /= 7.0 Hz, 2H), 7.47 (d, /= 8.3 Hz, 2H), 3.89-3.76 (m, 2H), 3.77 — 3.56
(m, 4H), 2.88 (t, /= 11.6 Hz, 1H), 2.47 (t, /= 11.1 Hz, 1H), 2.28-2.17 (m, 2H), 2.10-1.88
(m, 4H), 1.89-1.67 (m, 3H), 1.52-1.34 (m, 1H), 1.18 (d, /= 6.9 Hz, 2H), 0.80-0.70 (m, 2H).

(R)-(1-((4-(Cyclobutylthio)phenyl)sulfonyl)piperidin-3-yl)(4,4-
difluoropiperidin-1-yl)methanone (42e).—The title compound

was synthesized using a similar procedure as described for 34 by employing 41 (40 mg,
0.089 mmol) and cyclobutanethiol (7.8 mg, 0.089 mmol) to give a white solid (36 mg, 88%).
1H NMR (300 MHz, CDCl3) §7.59 (d, /= 8.5 Hz, 2H), 7.24 (d, J= 8.5 Hz, 2H), 4.05-

3.94 (m, 1H), 3.86-3.75 (m, 2H), 3.74-3.58 (m, 4H), 2.93-2.78 (m, 1H), 2.64-2.51 (m,

1H), 2.45 (t, J= 11.3 Hz, 1H), 2.26-1.92 (m, 10H), 1.87-1.64 (m, 3H), 1.48-1.37 (m, 1H).

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-(oxetan-3-
ylthio)phenyl)sulfonyl)piperidin-3-yl)methanone (42f).—The

title compound was synthesized using a similar procedure

as described for 34 by employing 41 (40 mg, 0.089 mmol) and oxetane-3-thiol (8.0

mg, 0.089 mmol) to give a white solid (16 mg, 39%). 1H NMR (300 MHz, CDCl3) §7.64
(d, J=8.4 Hz, 2H), 7.20 (d, /= 8.4 Hz, 2H), 5.15 (t, J= 6.6 Hz, 2H), 4.69 (t, /= 6.3 Hz,
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2H), 4.65-4.58 (m, 1H), 3.90-3.58 (m, 6H), 2.94-2.83 (m, 1H), 2.47 (t, J= 11.3 Hz, 1H),
2.22 (td, J=11.8, 2.7 Hz, 1H), 2.12-1.89 (m, 4H), 1.88-1.66 (M, 3H), 1.50-1.35 (M, 1H).

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-
(isopropylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (23).—To a solution
of 42a (317 mg, 0.71 mmol) in DCM (15 mL) was added mCPBA (492 mg, 2.84 mmol)

and stirred at room temperature overnight. Saturated NaHCO3 was added, and the mixture
was extracted with EtOAc. The organic layer was washed with brine, dried with Nay;SQOg,
filtered, and concentrated. The residue was purified with flash chromatography (20% EtOAc
in hexane) to give 23 as a white solid (221 mg, 65%). 1H NMR (300 MHz, CDCl3) §8.08
(d, /=8.1 Hz, 2H), 7.96 (d, /= 8.1 Hz, 2H), 3.95-3.84 (m, 2H), 3.78-3.58 (m, 4H), 3.26

(p, J= 6.8 Hz, 1H), 2.89 (t, J= 11.6 Hz, 1H), 2.59 (t, J= 11.4 Hz, 1H), 2.31 (td, J= 12.0,
2.7 Hz, 1H), 2.14-1.83 (m, 6H), 1.80-1.69 (m, 1H), 1.55-1.44 (m, 1H), 1.35 (dd, /= 6.9,
2.2 Hz, 6H). 13C NMR (126 MHz, CDCl3) §170.97, 141.74, 141.37, 129.99, 128.09, 121.15
(t, J=243.2 Hz), 55.70, 48.49, 46.26, 42.23, 38.79, 38.64, 34.86 (t, J = 22.7 Hz), 33.74 (t,
J=25.2 Hz), 27.30, 24.46, 15.63, 15.56. LC-MS (ESI) m/z479.0 [M + H]*. Purity: 99.1%.

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-
(isobutylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (24).—The

title compound was synthesized using a similar procedure as described for 23 by employing
42b (21 mg, 0.046 mmol) and mCPBA (31 mg, 0.18 mmol) to give a white solid (8 mg,
35%). 1H NMR (300 MHz, CDCl3) §8.10 (d, /= 8.2 Hz, 2H), 7.96 (d, /= 8.4 Hz, 2H), 3.89
(d, J=11.8 Hz, 2H), 3.79-3.59 (m, 4H), 3.05 (d, /= 6.5 Hz, 2H), 2.89 (t, /= 11.4 Hz, 1H),
2.58 (t, J=11.4 Hz, 1H), 2.40-2.24 (m, 2H), 2.16-1.82 (m, 6H), 1.81-1.66 (m, 1H), 1.56—
1.41 (m, 1H), 1.12 (d, J= 6.7 Hz, 6H). LC-MS (ESI) m/z491.3 [M - H]". Purity: 96.4%.

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-(pentan-3-
ylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (25).—The

title compound was synthesized using a similar procedure as

described for 23 by employing 42c (22 mg, 0.046 mmol) and mCPBA (31 mg, 0.18 mmol)
to give a white solid (12 mg, 52%). 'H NMR (300 MHz, CDCl3) §8.07 (d, /= 8.5 Hz, 2H),
7.95 (d, /=8.4 Hz, 2H), 3.90 (d, /= 11.7 Hz, 2H), 3.79-3.58 (m, 4H), 2.96-2.81 (m, 2H),
2.60 (t, J=11.4 Hz, 1H), 2.37-2.26 (m, 1H), 2.13-1.81 (m, 8H), 1.83-1.67 (m, 3H), 1.55-
1.41 (m, 1H), 1.05 (t, J= 7.5 Hz, 6H). LC-MS (ESI) m/z507.3 [M + H]*. Purity: >98%.

(R)-(1-((4-(Cyclopropylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)(4,4-
difluoropiperidin-1-yl)methanone (26).—The title compound

was synthesized using a similar procedure as

described for 23 by employing 42d (26 mg, 0.058 mmol) and mCPBA (42 mg, 0.24 mmol)
to give a white solid (18 mg, 64%). 1H NMR (300 MHz, CDCl3) 68.09 (d, /= 8.5 Hz,
2H), 7.95 (d, /= 8.3 Hz, 2H), 3.99-3.83 (m, 2H), 3.80-3.57 (m, 4H), 2.90 (t, /= 11.5 Hz,
1H), 2.66-2.46 (m, 2H), 2.39-2.24 (m, 1H), 2.14-1.82 (m, 6H), 1.73 (t, /= 13.0 Hz, 1H),
1.56-1.37 (m, 3H), 1.20-1.08 (m, 2H). LC-MS (ESI) m/z476.7 [M + H]*. Purity: 98.4%.
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(R)-(1-((4-(Cyclobutylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)(4,4-
difluoropiperidin-1-yl)methanone (27).—The title compound

was synthesized using a similar procedure as described

for 23 by employing 42e (18 mg, 0.039 mmol) and mCPBA (27 mg, 0.16 mmol) to give

a white solid (13 mg, 68%). 1H NMR (300 MHz, CDCl3) §8.06 (d, /= 8.3 Hz, 2H), 7.94
(d, /J=8.4 Hz, 2H), 3.96-3.80 (m, 3H), 3.77-3.55 (m, 4H), 2.89 (t, /= 11.6 Hz, 1H), 2.74—
2.51 (m, 3H), 2.35-2.19 (m, 3H), 2.10-1.86 (m, 8H), 1.80-1.69 (m, 1H), 1.52-1.40 (m,
1H). 13C NMR (126 MHz, CDCl3) §170.99, 142.46, 141.59, 129.16, 128.25, 121.17 (t, J=
242.3 Hz), 56.81, 48.46, 46.25, 42.22, 38.75, 38.63, 34.84 (t, /= 24.1 Hz), 33.73 (t, /= 23.1
Hz), 27.29, 24.44, 22.77, 22.74, 16.90. LC-MS (ESI) m/z491.1 [M + H]*. Purity: >98%.

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-(oxetan-3-
ylsulfonyl)phenyl)sulfonyl)piperidin-3-yl)methanone (28).—The

title compound was synthesized using

a similar procedure as described for 23 by employing 42f (16 mg, 0.035 mmol) and mCPBA
(24 mg, 0.14 mmol) to give a white solid (10 mg, 59%). 1H NMR (300 MHz, CDCl5)

68.09 (d, J=8.2 Hz, 2H), 7.98 (d, J= 8.4 Hz, 2H), 5.07 — 4.97 (m, 2H), 4.87 (td, J=7.7,
3.5 Hz, 2H), 452 (tt, /=7.9, 6.1 Hz, 1H), 3.95-3.82 (m, 2H), 3.79-3.58 (m, 4H), 2.89 (t, J
=11.5 Hz, 1H), 2.59 (t, /= 11.3 Hz, 1H), 2.32 (td, /= 11.9, 2.7 Hz, 1H), 2.14-1.81 (m, 6H),
1.81-1.62 (m, 1H), 1.53-1.38 (m, 1H). LC-MS (ESI) m/z493.1 [M + H]*. Purity: 98.4%.

Synthetic procedures for 29-31 (Scheme 4).

(R)-1-((4-(Diethylcarbamoyl)phenyl)sulfonyl)piperidine-3-carboxylic acid (44).
—To a solution of 43 (100 mg, 0.36 mmol) and Na,CO3 (114 mg, 1.08 mmol) in H,O

(1.5 mL) was added a solution of (/)-piperidine-3-carboxylic acid (47 mg, 0.36 mmol) in
THF (1.5 mL) dropwise at 0 °C and stirred at room temperature for 3h. THF was removed
by evaporation and the pH was adjusted to 3 by 1N HCI solution. It was extracted with
EtOAc, and the organic layer was washed with brine, dried over anhydrous Na,;SOy, filtered
and concentrated to give 44 as a white solid (130 mg, 98%). 1H NMR (300 MHz, CDCl3) 6
7.83 (d, /=8.0 Hz, 2H), 7.55 (d, /= 7.9 Hz, 2H), 3.85 (d, /= 11.1 Hz, 1H), 3.67-3.51 (m,
3H), 3.24 (q, J=6.7 Hz, 2H), 2.73-2.49 (m, 2H), 2.49-2.36 (m, 1H), 2.01 (d, J=13.5 Hz,
1H), 1.88-1.76 (m, 1H), 1.68 (q, J= 13.9, 12.4 Hz, 1H), 1.47-1.35 (m, 1H), 1.29 (t, J= 7.1
Hz, 3H), 1.14 (t, /= 6.9 Hz, 3H).

(R)-4-((3-(4,4-difluoropiperidine-1-carbonyl)piperidin-1-yl)sulfonyl)-N,N-
diethylbenzamide (29).—To a solution of 44 (25 mg, 0.068 mmol) and HATU (39

mg, 0.102 mmol) in DMF (1 mL) was added 4,4-difluoropiperidine (8.2 mg, 0.068 mmol)
and DIEA (26 mg, 0.204 mmol). The mixture was stirred at room temperature overnight.
The mixture was then diluted with EtOAc, washed with brine, dried over anhydrous
Na,SOy, filtered and concentrated. The residue was purified with flash chromatography
(10% MeOH in DCM) to give 29 as a white solid (18 mg, 32%). 1H NMR (300 MHz,
CDCl3) §7.81 (d, /=8.1 Hz, 2H), 7.54 (d, /= 8.2 Hz, 2H), 3.93-3.81 (m, 2H), 3.78-3.52
(m, 6H), 3.30-3.16 (m, 2H), 2.86 (tt, /= 11.2, 3.4 Hz, 1H), 2.56 (t, /= 11.4 Hz, 1H), 2.29
(td, J=11.9, 2.8 Hz, 1H), 2.13-1.79 (m, 6H), 1.78-1.64 (m, 1H), 1.55-1.37 (m, 1H), 1.28 (t,
J=7.1Hz, 3H), 1.14 (t, J= 7.1 Hz, 3H). LC-MS (ESI) m/z494.2 [M + Na]*. Purity: 99.4%.
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Ethyl (R)-1-((4-(dimethylphosphoryl)phenyl)sulfonyl)piperidine-3-carboxylate
(45a).—To a suspension of 37 (60 mg, 0.16 mmol), dimethylphosphine oxide (14 mg,

0.18 mmol) and K3PO4 (0.19 mmol) in DMF (4 mL) was added Pd(OAc), (1.8 mg, 0.008
mmol) and XantPhos (5.6 mg, 0.0096 mmol) under argon. The mixture was heated at 120
°C under argon for 5h. The mixture was then partitioned between EtOAc and water, and the
organic layer was separated, washed with brine, dried over anhydrous Nay;SOy, filtered and
concentrated. The residue was purified with silica chromatography (DCM:MeOH = 10:1) to
give 45a as a white solid (51 mg, 88%). 1H NMR (300 MHz, CDCl3) §7.86-7.66 (m, 4H),
3.97 (q, /=7.1 Hz, 2H), 3.64 (d, /= 7.4 Hz, 1H), 3.43 (dt, /= 11.8, 4.1 Hz, 1H), 2.53-2.36
(m, 2H), 2.27 (td, J=11.2, 3.0 Hz, 1H), 1.64 (d, /= 13.1 Hz, 7H), 1.58 — 1.37 (m, 1H),
1.35-1.16 (m, 1H), 1.09 (t, J= 7.1 Hz, 3H). LC-MS (ESI) m/z396.0 [M + Na]*.

Ethyl (R)-1-((4-(diethylphosphoryl)phenyl)sulfonyl)piperidine-3-carboxylate
(45b).—The title compound was synthesized using a similar procedure as described for
45a by employing 37 (80 mg, 0.21 mmol) and diethylphosphine oxide (25 mg, 0.23 mmol)
to give a white solid (80 mg, 95%). IH NMR (300 MHz, CDCl3) 67.88 (d, J= 6.2 Hz, 4H),
4.13 (q, J=7.1 Hz, 2H), 3.85 (d, J= 8.5 Hz, 1H), 3.70-3.58 (m, 1H), 2.67-2.53 (m, 2H),
2.41 (td, J=11.4, 3.1 Hz, 1H), 2.12-1.85 (m, 5H), 1.89-1.75 (m, 1H), 1.75-1.56 (m, 1H),
1.50-1.34 (m, 1H), 1.25 (t, /= 7.1 Hz, 3H), 1.21-1.05 (m, 6H). LC-MS (ESI) m/z424.1 [M
+ Na]*.

(R)-(4,4-Difluoropiperidin-1-yl)(1-((4-
(dimethylphosphoryl)phenyl)sulfonyl)piperidin-3-yl)methanone

(30).—The title compound was synthesized using

a similar procedure as described for 39 by employing 45a (19 mg, 0.052 mmol) and 4,4-
difluoropiperidine (7.6 mg, 0.063 mmol) to give a white solid (19 mg, 83%). 1H NMR (300
MHz, CDCl3) §7.99-7.86 (m, 4H), 3.87 (t, /= 11.3 Hz, 2H), 3.80-3.59 (m, 4H), 2.90 (t, J
=11.7 Hz, 1H), 2.53 (t, J= 11.3 Hz, 1H), 2.29 (td, J= 11.8, 2.7 Hz, 1H), 2.14-1.90 (m, 4H),
1.89-1.72 (m, 9H), 1.51-1.40 (m, 1H). LC-MS (ESI) m/z470.9 [M + Na]™. Purity: 97.3%.

(R)-(1-((4-(diethylphosphoryl)phenyl)sulfonyl)piperidin-3-yl)(4,4-
difluoropiperidin-1-yl)methanone (31).—The title compound

was synthesized using a similar procedure as described

for 39 by employing 45b (16 mg, 0.040 mmol) and 4,4-difluoropiperidine (5.8 mg,

0.048 mmol) to give a white solid (18 mg, 95%). 1H NMR (300 MHz, CDCl3) §7.89 (d, J=
6.2 Hz, 4H), 3.96-3.83 (m, 2H), 3.78-3.60 (m, 4H), 3.51-3.42 (m, 1H), 2.96-2.83 (m, 1H),
2.56 (t, /=11.3 Hz, 1H), 2.30 (t, /= f11.8 Hz, 1H), 2.18-1.87 (m, 9H), 1.79-1.70 (m, 1H),
1.55-1.41 (m, 1H), 1.26-1.06 (m, 6H). LC-MS (ESI) m/z499.0 [M + Na]™. Purity: 99.1%.

Biological assays

Growth Inhibition Assay.—Cell growth inhibition was assessed by MTT assay. MIA
PaCa-2 cells were seeded in 96-well plates at 200 cells/well (glucose-containing medium) or
8000 cells/well (galactose-containing medium) while BXxPC-3 cells were seeded at density
of 300 cells/well (glucose-containing medium). After overnight incubation at 37 °C and

5% CO, cells were treated with indicated compounds. The plates were incubated with
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compound or DMSO control for 7 days at 37 °C and 5% CO,. MTT solution (20 L, 3
mg/mL) was added to the wells, and the cells were incubated for 4 h at 37 °C. Supernatant
was removed, and DMSO (100 pL) was added to each well. The plates were shaken for

15 min at room temperature, and absorbance of the formazan crystals was measured at 570
nm. Cell growth inhibition was assessed by the cell viability rate as [1 — (At —Ab)/(Ac -
Ab)] x 100 (At, Ac, and Ab are the absorbance values from cells which were treated with
compound, cells which were not treated with compound, and blank, respectively).

Quantification of total cellular ATP in glucose- and galactose-containing
medium.—Glucose-containing medium represents an RPMI 1640 medium (Thermo Fisher,
11875101) containing 10% FBS (Thermo Fisher, 10082147). Galactose-containing medium
was prepared by adding 10 mM galactose (#G0750, Sigma-Aldrich) to glucose-free RPMI
1640 medium (Thermo Fisher, 11879020) containing 10% FBS. Cells were seeded into
96-well plates (Corning, 3603) at the density of 10000 cells/well. The total cellular ATP
content was determined 24 hours after compound treatment using the CellTiter-Glo®
Luminescence Cell Viability Assay according to the manufacturer’s protocol (Promega
Corporation, G7570). Luminescence signals were quantified using a Synergy H1 Hybrid
Multi-Mode Reader (BioTek, Winooski, VT).

Determination of NAD*/NADH ratio.—MIA PaCa-2 cells were seeded at a density

of 5 x 103 cells/well in flat bottom 96-well plates. The next day, cells were treated with
indicated concentration of compounds diluted in RPMI 1640 with 10% FBS for 48 hours.
The medium was aspirated, and cells were washed with PBS. After addition of 100 uL PBS,
cells were lysed by adding 100 uL of bicarbonate base buffer with 1% DTAB. Samples were
split into separate wells for acid and base treatments as described in the NAD/NADH-Glo™
Assay protocol (G9071). Briefly, to measure NAD*, 25 uL of 0.4 N HCI was added to 50
uL of cell lysate and heated at 60 °C for 15 minutes. To measure NADH, 50 ul of cell lysate
was heated at 60 °C for 15 minutes directly. After heating, both samples were incubated at
room temperature for 10 minutes. Trizma® base (25 pL) was added to each well of 0.4 N
HCl-treated samples (NAD™) and HCI/Trizma® solution (50 pL) was added to each well

of untreated samples (NADH). The intensity of NAD* or NADH were measured using the
NAD/NADH-Glo™ Assay. Both NAD* and NADH samples (10 pL) were incubated with 10
uL of NAD/NADH-Glo™ Detection Reagent in white 384-well luminometer plates. After

a 30-minute incubation, luminescence was measured on a Synergy H1 Hybrid Multi-Mode
Reader (BioTek, Winooski, VT).

Animal studies.—Female C57BL/6 mice, 6-10 week old, were used for Pan02 allograft
mice model. 5x10% Pan02 cells were implanted subcutaneously into right flank regions of
mice. Once the tumors grew to 100 mm3, animals were randomized and treated with the
indicated compounds. The compounds were prepared in the following formulations: 7.5
mg/kg of 20, 10 mg/kg of 23, and 2.5 mg/kg of 27 were dissolved in 10% DMSO, 50%

PG, and 40% saline, while 15 mg/kg of 21 was dissolved in 10% DMSO, 60% PG, 30%
saline. Compounds were dosed daily for 28 consecutive days. Tumor growth was monitored
twice a week by digital caliper and tumor volumes were calculated by the V = (length x
width?2)/2 equation. The body weights of mice were monitored before the dosing and twice
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a week. Mice were sacrificed after 28 days of compounds administration. The University of
Michigan Institutional Animal Care and Use Committee approved all animal experiments.

Statistics.—The 50% inhibitory concentration values (1Csq) were determined by analyzing
the log of the concentration response curves by nonlinear regression analysis using
GraphPad Prism (version 5). All experiments were performed at least three separate times
unless otherwise noted.

Microsomal Stability Test.—10 mM stock solutions of test compounds, and verapamil
(positive control) were prepared in DMSO. Solutions were diluted to 1 mM with acetonitrile
and further diluted to 10 uM with 0.1 M phosphate buffer (3.3 mM MgCl,). NADPH (1

mg) was dissolved in 60 uL of 0.1 M phosphate buffer (3.3 mM MgCl,). 330 uL of 0.1 M
phosphate buffer (3.3 mM MgCly,) and 40 pL of 10 pM test compounds were added to 10
uL of microsomes (20 mg/mL). Data points were collected at 0, 5, 10, 15, 30, 45, and 60
min. Solutions were centrifuged at 3500 g for 10 min to pellet precipitated proteins. The
supernatant was used for LC-MS/ MS analysis. Natural log peak area ratios (compound
peak area/ internal standard peak area) were plotted against time, and the gradient of the line
was determined to calculate the half-life (t;/,) of the test compound in microsomes.
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ENO1 enolase 1

FADH2 flavin adenine dinucleotide hydroguinone form
HLM human liver microsome

MLM mouse liver microsome

MTT 3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
NAD+ nicotinamide adenine dinucleotide

ND1, NADH ubiquinone oxidoreductase chain 1

OXPHOS oxidative phosphorylation

ROS reactive oxygen species
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Discovery and optimization of benzene-1,4-disulfonamides as novel OXPHOS inhibitors.

J Med Chem. Author manuscript; available in PMC 2022 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Xue et al.

HN 9,
S \C\O o s
|\ 0 otency optimization |\ e
2 : 16
MIA PaCa-2 Glgg = 2.34 yM MIA PaCa-2 Glsg = 0.016 pM
BXPC-3 Glgg = 13.82 uM BXPC-3 Glgg = 0.12 uM
MLM tysp = 27.1 min MLM ty;7 = 2.59 min
HLM ty = 18.5 min HLM tyj, - 2.74 min

Figure 3.

Multi-parameter optimization

Reduce LogP
Avoid de-alkylation metabolism

Multi-parameter optimization leading to the discovery of optimized derivatives.

J Med Chem. Author manuscript; available in PMC 2022 June 03.

Page 26

Optimized compounds



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xue et al.

Inhibition (% of control)

Inhibition (% of control)

g

o

Page 27

16 20 21

-+ Galactose T L -+~ Galactose -+ Galactose

- Glucose -Em & Glucose E“”' -+ Glucose
g $
T k]
2 *r g "

[
£ g
— —— E o - = —— E o -
10+ 10 104 10 10° 10+ 10 104 10 10° 104 10° 107 10" 10°
Concentration (UM) Concentration (pM) Concentration (pM)
ICs = 21.322.2nM ICs, = 78.9£11.3nM ICy, = 123.328.1 nM
23 27

-~ Galactose _

-+ Glucose g 100 | -+ Galactose
3 -= Glucose
Qo
s
g ®r
N

10* 100 107 10" 10° 104 100 0% 107 10°
Concentration (uM) Concentration (uM)
ICso = 11£1.5 M ICs, = 15.8£2.4 nM

Figure 4.
ATP depletion assay of representative compounds in glucose- and galactose-containing
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Figure 5.
in vivo efficacy study of selected compounds in a Pan02 syngeneic model of pancreatic

cancer. (A) Mice (n=5 per group) were inoculated s.c. with Pan02 cells. When tumors
reached approximately 100 mm3 mice were randomized into 5 groups and treated with
vehicle or compounds 20 (7.5 ma/kg, /7.p.), 21 (15 mg/Kkg, i.p.), 27 (2.5 mg/kg, i.p.) and 23
(10 mg/kg, po) daily for 28 days. Tumor volume (mean + SEM) was monitored for each
group of mice twice a week during 28 days of compound dosing. (B) No significant loss in
body weight was observed during treatment.
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Scheme 1. General Synthetic Route for Disulfonamides

Reagents and conditions: a) diethyl amine, EtsN, DCM, rt, 83%; b) benzyl

mercaptan, Pdyo(dba)s, XantPhos, DIEA, dioxane, reflux, 91%; c) 1,3-dichloro-5,5-
dimethylimidazolidine-2,4-dione, CH3CN, CH3COOH, H,0, 0 °C, 100% crude; d) (R)-
piperidine-3-carboxylic acid, Na,COs, THF, H,0, rt, 73%:; e) RINHR?, HATU, DIEA,
DMF, rt, 50-98%.
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Scheme 2. Alternative Synthetic Route for Disulfonamides

Reagents and conditions: a) ethyl (/)-piperidine-3-carboxylate, EtsN, DCM, rt, 98%;

b) benzyl mercaptan, Pd,(dba)s, XantPhos, DIEA, dioxane, reflux, 87%; c) i. LiOH,

THF, H,0, rt; ii. 4,4-difluoropiperidine, HATU, DIEA, DMF, rt, 90%; d) 1,3-dichloro-5,5-
dimethylimidazolidine-2,4-dione, CH3CN, CH3COOH, H,0, 0 °C, 100% crude; €)
RINHR?, Et3N, DCM, rt, 37-58%.
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Scheme 3. Synthetic Route for Sulfones
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23 R = isopropyl
24 R =isobutyl

25 R = 3-pentyl
26 R = cyclopropyl
27 R = cyclobutyl
28 R = 3-oxetanyl

Reagents and conditions: a) i. LiOH, THF, H,0, rt; ii. 4,4-difluoropiperidine, HATU, DIEA,
DMF, rt, 91%; b) RSH, Pdy(dba)s, XantPhos, DIEA, dioxane, reflux, 39-90%; c) mCPBA,

DCM, rt, 35-68%.
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43 44 29 FF

37 45a R = Me 30 R=Me F F
45b R = Et 31 R=Et

Scheme 4. Synthetic Route for 29-31.

Reagents and conditions: a) (A)-piperidine-3-carboxylic acid, Na,COs, THF, H,O, rt, 98%;
b) 4,4-difluoropiperidine, HATU, DIEA, DMF, rt, 32%; c) dimethylphosphine oxide or
diethylphosphine oxide, Pd(OAc),, XantPhos, K3PO,4, DMF, 120 °C, 88-95%; d) i. LiOH,
THF, H,O, rt; ii. 4,4-difluoropiperidine, HATU, DIEA, DMF, rt, 83-95%.
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Table 1.

Establishing Structure-activity Relationships Among the Oxygen-containing Amides

Cytotoxicity” Secondary screen’
Compound R MIA PaCa-2 BxPC-3 (iziz‘::ze ﬁi‘:;;?;; cLogP*
ICo(@M)  ICo(BM)  yoi, uM)  ICs (uM)
H
2 %N\Cb 2.34+1.01 13.82+3.58 NT NT 2.05

0.75+0.08 2.27+40.61 0.1=0.06 >10 1.71

=
'y

th

w"]}“\@ 1.67+40.28  5.27+1.32 0.29+0.24 >10 .71

3.77£0.55  8.5740.67 1.35+0.16 >10 1.12

!
O

H
7 &ENO 0.96£0.38  2.15£124 059002 >10  2.15
".:0/
H
: 135£0.03  2.00£0.47 2.2950.74 >10  2.15

<
v

. ;\ED-O’ 3912059 1146£2.54 1075026 0 2.07
10 &EDO/ 246:031  6.7543.01 0.46:0.08 >10 207

11 o J 0355002 079401 0.16:0.04 >10  1.96

aIC50 values in MIA PaCa-2 and BxPC-3 cells were generated in glucose-containing medium using a 7-day MTT assay.

1C50 values in glucose- and galactose-containing medium were determined using a 3-day MTT assay in MIA PaCa-2 cells.

J Med Chem. Author manuscript; available in PMC 2022 June 03.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Xue et al.

c . .
cLogP values were calculated using ChemDraw Professional 17.0.

NT: not tested.
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Table 2.

Establishing Structure-activity Relationships for Compounds with Bioisosteric Modifications of the
Morpholine Moiety

~ SN S
#
Cytotoxicity” Secondary screen’  cLogP¢
Compound R MW MIAPaCa-2 BxPC-3 Galactose Glucose

Medium Medium
ICso (HM) ICso (II.M) ICso (UM) ICs0 (M)

o
12 %U 501.7 0.14+0.09 1.42+0.33  0.05+0.01 >10 1.38

o<l
3 ,&g@/\ 5157 025:0.03 136£09  0.05:0.01  >10  2.00

OH
14 WU 487.6 0.87+0.22 471083 0.23x0.03  >10  0.66

0
15 %G_O 521.7 0.9+0.1 443+1.14  0.22+0.05 >10 0.99

F
%UF 507.6 0.016:0.002 0.12+0.07 0.019+0.003  >10  2.14

F
17 Hﬁ\gh@)\ 5216 042018 045:015 014003  >10 241
F

16

F
18 %@X 5396 032£029 037£0.19 0.11:0.04  >10 284

aIC50 values in MIA PaCa-2 and BxPC-3 cells were generated in glucose-containing medium using 7-day MTT assay.

bIC50 values in glucose- and galactose-containing medium were determined using 3-day MTT assay in MIA PaCa-2 cells.
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c . .
cLogP values were calculated using ChemDraw Professional 17.0.
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Table 3.

Design of Compounds with Improved Metabolic Stability

Compound

19

20

21

22

23

24

25

26

27

28

29

30

31

R
o
A 4936
N o
(o]
\N:}““‘? 479.6
l
0
St 5216
HO—Q \b
03;’1 6
%7 521
|—|0...<:’;l ‘o
S 4786

)\f\g/‘a 492.6
o

o]

/j/j? 506.6
(o]
w4766
v’ o
(o]

%% 490.6

[T ®
q‘s)" 492.6

I

\/N( % 4716
B 4485
N
(]

B}“v 476.5

MIA PaCa-2 BxPC-3

C
ICso (M) ICs0 (UM)

0.35+£0.15

0.47+0.01

0.118+0.044 0.56+0.39

0.21+0.02

0.59+0.17

0.011+0.002

0.08+0.04

0.013+0.008

0.026+0.001

0.009+0.005

0.11+0.05

0.07+0.01

>30

21.5£7.23

0.33

0.58

0.05

0.311

0.04+0.01

0.129

0.078

0.361

0.24+0.07

>30

=30

LogP

2.04

1.08

0.48

0.48

1.30

1.92

236

1.05

1.38

0.78

1.54

-0.75

0.15

MLM HLM
tiz ti2
(min) (min)
231 19.7
320 =60
262 310
NT NT
>60 >60
NT NT
87 171
NT NT
44.0 >60
NT NT
NT NT
NT NT
NT NT

aIC50 values in MIA PaCa-2 and BxPC-3 cells were generated in glucose-containing medium using a 7-day MTT assay.

b . .
cLogP values were calculated using ChemDraw Professional 17.0.
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CMLM t1/2, mouse liver microsome half life.

dHLM t1/2, human liver microsome half life.

NT: not tested.
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Table 4.

Potency of Representative Compounds in Multiple Assays

Cell proliferation (ICsg, nM) ATP Depletion (ICgq, NM)

NAD+/NADH ratio (I1Cso, nM)

Glucose medium  Galactose medium  Glucose medium  Galactose medium

Glucose medium

16 >3000 19.443.3 >3000 21.3%2.2
20 >3000 72.4+12.6 >3000 78.9+11.3
21 >3000 135.1+21 >3000 123.348.1
23 >3000 9.1+5.9 >3000 11+1.5

27 >3000 12.6+8.9 >3000 15.8+2.4

23+18.1
34+15
67.5+18.8
3.6+3.2
3.2%1.3

Page 39

aIC50 values of proliferation in glucose- and galactose-containing medium were determined using a 3-day MTT assay in MIA PaCa-2 cells.

IC5( values of ATP production in glucose- and galactose-containing medium were determined using CellTiter-Glo after 1 day treatment in MIA

PaCa-2 cells.

CIC50 values of each compound on the inhibitory effect of NAD+/NADH ratio was determined by NAD/NADH-Glo™ Assay upon 2 days

treatment in MIA PaCa-2 cells.
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Table 5.
PK Parameters of Compound 23 (DX3-213B) in Plasma Following IV and PO Administration

Route  Dose Co AUC(0-tldc) AUC(0-inf) CL Vss  Bioavailability ty,

Unit  mg/kg ng/mL nM:h nM:h mL/min/kg  L/kg % h
v 2 354.0 650.0 657.0 106.0 5.2 / 1.42
PO 10 / 368.1 417.1 834.8 / 11.3 3.06

PK parameters were estimated using non-compartmental analysis with Phoenix/WINONLIN.

Page 40

Co = Initial concentration, AUC (0-tldc) = Area under the concentration-time curve from time zero to time of last detectable concentration, AUC

(0-inf) = Area under the concentration-time curve from time zero to infinite, CL = Systemic clearance, Vss: Volume of distribution at steady state,
Bioavailability = (AUCTxDosejy) / (AUCjyxDoseT) x100%, Terminal elimination half-life (t'2) was calculated based on data points (>= 3) in the

terminal phase.
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