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Preclinical/Clinical/Approved Drug Candidates for Cancer Therapy:

Kinase Inhibitors —

P21 activated kinase (PAK) inhibitor 1: The p21 activated kinases (PAKSs) are a family of
enzymes that serve as targets for GTP-binding proteins such as cell division control protein 42
homolog (Cdc42) and Rac. These enzymes are classified as group I (PAK1-3) and group II
(PAK4-6) enzymes.' It has been shown that group I PAK inhibitors have significant
antineoplastic activity against various breast cancer cell lines, thus providing the basis for
development of group I selective PAK inhibitors.” Subsequently, Crawford and coworkers’
reported the discovery of the 5-cycloproylpyrazole containing compound 1, which had excellent
selectivity, potency, and a favorable pharmacokinetic profile as shown in Figure S1. Co-crystal
structural studies on a closely related analog of compound 1-PAK1 showed that the cyclopropyl

ring was able to efficiently fill the vacant space available around the gatekeeper residue Met344.°
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PAK1 K; = 5 nM, PAK4 K; = 547 nM,
human liver microsomal Cl = 10 mL/min/kg,
rat liver microsomal Cl = 33 mL/min/kg

Figure S1. Structure and in vitro potency of PAK1 inhibitor 1.
Pim Kinase Inhibitor 3: The family of proviral integration site for Moloney murine leukemia
virus (Pim) is comprised of three constitutively active serine/threonine kinases (Pim-1, -2 and -

3), with overlapping functions have been implicated in numerous hematological malignancies
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and solid tumors.* Moreover, three of these kinases are known to be redundant in the
oncogenesis,” thereby supporting the idea to develop pan-Pim kinase inhibitors. Wang and
coworkers’ sought to develop highly potent pan-Pim inhibitor for the treatment of multiple
myeloma and hematological malignancies. They started with the HTS hit optimized lead
compound 2. (Figure S2) Subsequently, they utilized the structure-activity relationship (SAR)
around the piperidine moiety, yielding the most potent spirocyclopropyl pan-Pim inhibitor, 3,
with an (R)-stereochemistry. (Figure S2) The x-ray crystal structure of 3 with Pim-1 kinase
(PDB: 4WRYS) indicated van der Waals interactions between the spirocyclopropane and the

glycine-rich loop residues Leud4, Gly45 and Phe49.°

Pim-1 |C50 = 3 nM, Pim-1 |C50 = 0.4 nM,
Pim-21Cgo =70 nM,  Pim-2 1Cso = 1.1 nM,
Pim-3 |C50 =4 nM Pim-3 |C50 =0.4 nM

Figure S2. Structures and in vitro potency of Pim kinase inhibitors 2 and 3.
Tyrosine Kinase Inhibitor 4: Compound 4 (lucitanib/E-3810) a novel cyclopropyl-containing
naphthalene carboxamide derivative is found to inhibit VEGFRs-1, -2, and -3 and FGFRs-1 and -

2 tyrosine kinases.” (Figure S3)
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Figure S3. Structure of tyrosine kinase inhibitor 4.

Multiple Tyrosine Kinase Inhibitor 5: Compound 5 (XL228) is an inhibitor of multiple
tyrosine kinases® and a potent inhibitor of the T315I mutant form of the Abl protein as shown in
Figure S4.” Compound 5 had been evaluated in Phase 1 clinical trials for the treatment of cancer

(NCT00464113).
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Figure S4. Structure of tyrosine kinase inhibitor 5.

Non-kinase inhibitors —

Histone Deacetylase (HDAC) Inhibitor 6: Compound 6 (CHR-3996) is an orally bioavailable
example of a selective class | HDAC inhibitor with a potential for the treatment of a broad range
of human cancers.'® Discovery of 6 involved the use of a cyclopropyl ring fused across the 3,4-

position of the pyrrolidine ring as a novel stereospecific linker for favorable spacing of the
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pendant headgroup quinoline ring and the zinc binding pyrimidine hydroxamate moiety."

(Figure S5)
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Figure SS. Structure of HDAC inhibitor 6.

HDAC Inhibitor 7: It is a preclinical inhibitor of class Ila HDAC. The cyclopropyl moiety in 7
serves as a chiral scaffold that hold onto three key groups (fluoropyrimidinyl capping group,
HDAC Ila active site Zn chelating hydroxamate head group, and selectivity pocket targeting

phenyl substituent) in a defined three dimensional space as shown in Figure S6."'
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Figure S6. Structure of HDAC inhibitor 7.

Bromodomain Inhibitor 9: Bromodomain-containing proteins (BRDs) are critical for the
epigenetic regulation of gene transcription and they do so by binding to acetylated lysine
residues of histone tails.'> The pharmacological inhibition of BRDs is a valid strategy for the
treatment of leukemia.'® To determine the role of methyl groups on the pyrazole moiety of their
lead compound 8, Ran and coworkers'* analyzed the binding mode of 8 to the BRD4 domains

BD1 and BD2. (Figure S7) This study led to replacing the 3-methyl group on the pyrazole
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moiety with a larger cyclopropyl group, which should result in extensive hydrophobic contacts
with the BD1 and BD2 domains of BRD4. Indeed, the modification of 8 led to discovery of 9,
containing a 3-cyclopropyl-5-methyl-1H-pyrazole moiety. Compound 9 was ~4- and ~8-fold
more potent than 8 against BD1 and BD2 domains of BRD4, respectively. (Figure S7) The co-
crystal structure of 9 with the BRD4 BD2 domain (PDB ID: 4Z93) revealed optimal fit of the
cyclopropyl moiety into a hydrophobic pocket lined by residues Trp374, Pro375, His437,

Val439, and Met442.'*

BRD4 BD1 K; = 98.8 nM BRD4 BD1 K; =24.7 nM
BRD4 BD2 K; =100 nM BRD4 BD2 K; = 12.2 nM

Figure S7. Structures and in vitro potency of BRD inhibitors 8 and 9.

Heat Shock Protein 90 (HSP90) Inhibitor 11: HSP90 maintains the conformation, stability and
function of several signaling proteins that play a key role in cell proliferation, cell cycle

. . .. . . 15.16
progression, angiogenesis, invasion and metastasis. ™

Furthermore, it exerts chaperone activity
on many oncogenic proteins, thus making HSP90 an attractive therapeutic target for anticancer
drug development.'” Chen et al.,'® identified a very weak binding fragment 10, comprising an

HSP90 inhibitory resorcinol pharmacophore and an isoxazole moiety (no inhibition data

reported) as a starting lead. These investigators further optimized fragment 10 at positions 4 and
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5 of the isoxazole ring to obtain compound 11. (Figure S8) Compound 11 had a K; of 0.03 uM
for HSP90 and inhibited the proliferation of several cancer cell lines, with an average Gls, value
of 88 nM. In addition, compound 11 has drug-like properties (¢, = 1.98 h, AUC = 356 ng.h/mL,
and oral bioavailability = 9.2%). The cyclopropane carbonyl moiety contributes to the enhanced

in vitro and in vivo efficacy, as well as an acceptable pharmacokinetic (PK) profile.'®
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Figure S8. Structures of HSP90 inhibitors 10 and 11.

Lysine Specific Demethylase 1 (LSD1) Inhibitor 12: Addition of the 4-aminocyclohexyl group
to the amine group of tranylcypromine resulted in the highly selective LSD1 inhibitor compound
12/ORY-1001/RG-6016 (KDM1A ICsy = 6.5 nM and KDM1B ICsy = 43.5 uM) as shown in
Figure S9."* Compound 12 is being clinically investigated for treating relapsed or refractory

acute leukemia (eudraCT number 2013-002447-29).

NH,

0 G

12 (ORY1001/RG-6016)

S7



Figure S9. Structure of LSD1 inhibitor 12.

Preclinical/Clinical/Approved Drug Candidates for Infectious Diseases:

Anti-HCV Drug Candidates:

Compound 14: Liverton and coworkers®' previously reported compound 13, which had a
picomolar affinity for HCV NS3/4A protease, appreciable HCV replicon activity, and a
remarkable rat liver exposure. (Figure S10) However, it had a suboptimal plasma exposure. To
obtain new inhibitors with improved rat liver and plasma exposures, Rudd and coworkers
optimized compound 13. The optimization strategy involved exploration of the substitution
pattern on the P2* isoquinoline moiety and structural variations at the P3 and P4 moieties, which
yielded compound 14 (MK-1220),** with an excellent overall profile. (Figure S10) The
vinylcyclopropyl P1 moiety and cyclopropylsulfonimide P1’ moiety in 14 play the same role as
that described for other related HCV NS3/4A protease inhibitors.
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13 14 (MK-1220)
NS3/4A protease GT-1b K;=0.04 nM,  NS3/4A protease GT-1b K; = 0.02 nM,
HCV replicon GT-1b IC5p = 4.5 nM, HCV replicon GT-1b IC55 = 4.0 nM,

rat liver exposure (5 mg/kg oral dose) rat liver exposure (5 mg/kg oral dose)
([liver]4n = 18.6 uM), rat per oral plasma ([liver]y, = 23 uM), rat per oral plasma
AUC = 0.36 uM.h/5 mg/kg dosing AUC = 11.8 uM.h/5 mg/kg dosing

Figure S10. Structures and in vitro potency of HCV NS3/4A protease inhibitors 13 and 14.
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Compound 15 (Asunaprevir): Compound 15 (asunaprevir/BMS-650032)% is a tripeptidic, acyl
cyclopropyl sulfonamide inhibitor of HCV NS3/4A that is structurally related to compound 36
(see manuscript main text for the structure of compound 36). While clinical trial on 36 was
discontinued due to drug-related cardiotoxicity, including altered heart rate and sinus node
recovery time, 15 is at present undergoing Phase III clinical trials for the treatment of HCV
infections. (Figure S11) Work by Scola and coworkers® led to the development of new clinical
candidates with a preclinical antiviral and pharmacokinetic profile similar to that of 36, but with
a significantly reduced risk of cardiovascular side effects. This objective was attained through
appropriate selection of the substitution pattern on the P2* isoquinoline ring to reduce
cardiotoxicity. Extensive SAR experiments on the P2* isoquinoline ring led to the discovery of
15, a compound demonstrating an excellent hepatotropic distribution, in vivo efficacy and a safe
cardiovascular profile.”” The carboxyl terminus of this tripeptide contains an acyl cyclopropyl
sulfonamide P1’ moiety that is well established in HCV NS3/4A protease inhibitor research to
confer enhanced potency in the cell-based HCV replicon assays compared to the carboxylic acid
progenitor counterpart.”* On the other hand, the P1 vinylcyclopropyl moiety fit optimally into a
shallow S1 pocket and it also contributes to a favorable pharmacokinetic profile, similar to that

described for other vinylcyclopropyl-containing HCV protease inhibitors.
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Figure S11. Structure of HCV NS3/4A protease inhibitor 15.

Compound 17 (Danoprevir): Compound 17 (danoprevir/ITMN-191/RG7227) is a second
generation, macrocyclic non-covalent HCV NS3/4A protease inhibitor, with slow off-rate
kinetics.”> At present, this compound is undergoing Phase II clinical evaluation in combination
with pegylated interferon-a/ribavirin. In 2014, Jiang and coworkers™ launched research work
aimed at identifying novel second generation HCV NS3/4A protease inhibitors. Although 16 was
considered a promising lead based on a high inhibitory potency towards HCV NS3/4A protease,
it, however, lacked acceptable cellular HCV replicon-based potency as a result of its high
solvent-accessible surface area. (Figure S12) To address this concern, lead 16 was modified by
four structural modifications, namely (a) macrocyclization of the P1 and P3 moieties to shield
the highly polar surface area; (b) replacement of the polar ionizable carboxyl P1 headgroup with
a bioisosteric acyl cyclopropyl sulfonamide, with the expectation that the negative charge on the
sulfonamide could be spread over more atoms, which increased cell permeability and ensured
high potency due to additional van der Waal’s interactions between the cyclopropyl P1’° group

and the S1’ residues; (c) truncation of the peptide N-terminus and (d) optimization of the P2*
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heterocycle. These aforementioned modifications led to the discovery of compound 17 with an

excellent overall profile as shown in Figure S12.%°

P4 16 17 (Danoprevir/ITMN-191/RG7227)
HCV NS3/4A protease IC50 =210 nM, HCV NS3/4A protease IC55= 0.2 - 3.5 nM
HCV replicon EC5y >10 uM) against GT-1a, 1b, 2b, 3a, 4, 5, and 6,

HCV GT-1b replicon ECgq = 1.6 nM,
HCV GT-2/3 replicon ECgq = 20 nM,
CYP isoforms >25 uM

monkey oral PK: bioavailability = 78%,
liver to plasma ratio ~ 100

Figure S12. Structures, in vitro potency and PK properties of HCV NS3/4A protease inhibitors

16 and 17.

Compound 18 (Narlaprevir): As an effort to discover second generation HCV NS3/4A
protease inhibitors with improved in vitro enzymatic/cell-based replicon and in vivo potencies, as
well as a desirable pharmacokinetic profile with an emphasis on exposure in monkeys,
Arasappan and coworkers®’ initiated an extensive structure-based drug design and SAR studies
on boceprevir (compound 25 in manuscript main text), a clinically approved drug. (Figure S13)

These SAR studies involved (a) the extension of the N-terminus in the form of a P4 cyclohexyl
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moiety capped with a tert-butyl sulfone group to increase contact with the enzyme; (b)
replacement of the cyclobutylmethyl P1 side chain with a n-butyl group, and (c) insertion of a
cyclopropyl moiety on the amino group of the P1’ a-ketoamide. These efforts resulted in
discovery of 18 (narlaprevir/SCH 900518), a compound with an excellent PK/PD profile as
shown in Figure S13.*” The SAR and x-ray co-crystal structure data revealed that the

cyclopropyl ring was the optimal P1° moiety.?’
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Boceprevir 18 (Narlaprevir/SCH 900518)

HCV NS3 PR K* = 14 nM, HCV NS3 PR K* = 6 nM,
HCV replicon ECgqy = 350 nM, HCV replicon ECgqy = 40 nM,
rat po AUC = 1.5 uM.h, rat po AUC = 6.5 uM.h,
oral bioavailability = 26%, oral bioavailability = 46%,
monkey po AUC= 0.1 uM.h, rat liver concentration at 8h = 750 ng/g,

monkey oral bioavailability = 4-11% monkey po AUC= 1.1 uM.h,
monkey oral bioavailability = 46%,
no significant inhibition of CYP isoforms
and hERG potassium channel

Figure S13. Structure, in vitro potency and PK properties of HCV NS3/4A protease inhibitor 18.

Compound 19 (Vedroprevir): Compound 19 (vedroprevir/GS-9451) is a tripeptidic HCV
NS3/4A protease inhibitor that features a unique P2* quinoline ring with the following water
solubilizing functionalities: a P1 carboxylic acid headgroup and a bicyclohexane (cis-
cycloproylpentyl) P3 cap.28 Sheng and coworkers®™ initiated SAR studies to enhance the
interactions of the P3 cap group with S3 residues and to improve water solubility and
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pharmacokinetic properties. These studies ultimately led to the discovery of a highly potent and
orally bioavailable clinical candidate, compound 19, which is shown in Figure S14. The x-ray
co-crystal structure of the HCV NS3 protease-compound 19 indicated that the fused cyclopropyl
ring contributed to a favorable axial orientation of the cyclopentyl moiety in the P3 cap region.”®

The ethylcyclopropyl P1 moiety present in other related inhibitors is found to bind to the S1

pocket.
Cl S
| NH
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o | %
p2*

19 (Vedroprevir/GS-9451)

HCV GT-1b NS3/4A protease IC55 = 3.2 nM,
HCV GT-1b replicon EC55 = 2.0 nM,

aqueous solubility at pH7.3 = 38 uM,

aqueous solubility at pH2.2 = 790 uM,

monkey oral PK: Cl = 0.29 L/h/kg,
bioavailability = 49%, AUC = 13121 nM.h/L,

iv t1o = 3.9 h, microsomal stability #;,, = 79 min,
no inhibition of CYP isoforms and

hERG potassium channel

Figure S14. Structure, in vitro potency and PK properties of HCV NS3/4A protease inhibitor 19.

Compound 20 (Neceprevir): Compound 20 (neceprevir/ACH-2684), a P1-P3 macrocyclized

compound is an example of a next generation, non-covalent HCV NS3/4A protease inhibitor
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(HCV NS3 protease GT-1a and 1b ICso = 100 pM) with an excellent pharmacokinetic and safety

profile as shown in Figure S15.%
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P1-P3 linker
20 (Neceprevir/DeldeprevirACH-2684)

Figure S15. Structure of HCV NS3/4A protease inhibitor 20.

Compound 21 (Paritaprevir): Compound 21 (paritaprevir/ABT-450) a macrocyclic
peptidomimetic derivative is another example of a non-covalent inhibitor of HCV NS3/4A
proteases from various genotypes of HCV with nanomolar potency as shown in Figure $16.*
Compound 21, similar to many NS3/4A protease inhibitors, has a cyclopropylvinyl P1 moiety
and acyl cyclopropylsulfonamide P1’ moiety that contribute to enhancing potency and to

rendering a favorable pharmacokinetic profile.
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P1-P3 linker
21 (Paritaprevir/ABT-450)

GT-1a HCV NS3/4A EC55 = 1 nM,
GT-1b HCV NS3/4A EC5¢ = 0.21 nM,
GT-2a HCV NS3/4A EC5p = 5.3 nM,
GT-3a HCV NS3/4A EC5p = 19 nM,
GT-4a HCV NS3/4A EC5¢ = 0.09 nM,
GT-6a HCV NS3/4A EC5q = 0.69 nM)

Figure S16. Structure and in vitro potency of HCV NS3/4A protease inhibitors 21.

Compound 22 (Sovaprevir): Compound 22 (sovaprevir/ACH-1625) a non-covalent linear
peptidomimetic HCV NS3/4A protease inhibitor contains in its structure vinylcyclopropyl P1
and cyclopropylsulfonamide P1’ moieties that bind to the S1 and S1’ sites of the enzyme,

respectively, while providing favorable pharmacodynamic and pharmacokinetic properties as

shown in Figure S17.°!
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Figure S17. Structure of HCV NS3/4A protease inhibitors 22.

Anti-HIV compounds

Compound 23: HIV-1 reverse transcriptase (HIV-1 RT) is a well-established target for the
development of inhibitors for the treatment of HIV infections. Compound 23 (MIV-ISO)32 is a
third generation non-nucleoside reverse transcriptase inhibitor (NNRTI) that is currently
undergoing clinical trials for the prevention of HIV infection in women. (NCT02033109)
Compound 23 was discovered in 1999 by Hogberg and colleagues as shown in Figure S18.*
Compound 23 is a novel, 1S5,25-cis-cyclopropane-containing compound, with an excellent in
vitro enzyme- and cell-based potencies against wild type, as well as several mutant variants.*>
Compared to the ethyl urea bridge analogs, the cis-cyclopropyl urea analogs were significantly
more potent. This was reasoned based on the favorable role of a restricted conformation towards
efficient binding to both wild type and mutant HIV-1 RT.>* The x-ray co-crystal structure studies
with cyclopropyl urea analogs showed extensive hydrophobic interactions between the
cyclopropyl ring and the side chains of Leul00, Val179 and Tyr181.* The rate at which 23

induced in vitro resistance was significantly slower compared to reference NNRTIs.** Compound
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23 is very poorly absorbed when administered orally, which prompted its clinical development as
a vaginal microbicide.
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Figure S18. Structure of HIV-1 RT inhibitor 23.

Respiratory System Drug Candidates:

Lumacaftor: Cystic fibrosis (CF) is an inherited disease caused by mutations in a gene encoding
the CF transmembrane conductance regulator (CFTR), a membrane protein that functions as a
chloride channel.”® The most common mutation, F508ACFTR, produces an abnormal protein that
disrupts the usual flow of chloride ions and water into and out of cell, with the eventual
accumulation of a thick and sticky mucus in the lungs, digestive tract and other body organs.**
Compound 24 (lumacaftor/VX-809), a cyclopropane carboxamide derivative, referred to as
“corrector compound”, was discovered through a high-throughput screening approach and
subsequent SAR optimization as shown in Figure S19.*> Compound 24 is found to partially
rescue the functional expression of FSOSACFTR and forward trafficking to the cell membrane,
and has the potential to be used as a treatment for cystic fibrosis. Although the role of the
cyclopropyl ring remains to be determined, it is possible that the presence of a spirocyclopropyl

moiety may eliminate the metabolically labile unsubstituted benzylic carbon atom.
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Figure S19. Structure of CF corrector compound 24.

CNS Active Preclinical/Clinical Drug Candidates:

CRF-1 Antagonist 26: Corticotrophin releasing factor-1 (CRF-1) receptor activation by the
endogenous 41 amino acid long CRF peptide is responsible for modulation of the hypothalamic—
pituitary—adrenal (HPA) axis.*® CRF-1 antagonists have been tested in models of anxiety,
depression®” and female sexual behavior.”® CRF-1 antagonists reported in the literature up to
2009 have significantly higher lipophilicity, which impeded their success in the clinic.*” ** This
prompted Miller and coworkers*' to initiate a program to develop small molecule CRF-1
antagonists with a drug-like lipophilicity profile. They began with a novel pyrazolopyrimidine
scaffold to produce lead compound 25 as shown in Figure S20. However, this compound was
associated with high lipophilicity and poor in vitro human liver microsomal metabolic stability.
Additional SAR studies on lead 25 were initiated to identify novel CRF-1 antagonists with
acceptable pharmacokinetic properties. These SAR studies led to discovery of compound 26,
which feature a 4-dicyclopropylmethylamino group as a substitute for 4-N-ethyl-N-butylamine as
shown in Figure S20. In vivo rat PK studies indicated that compound 26 has a good PK profile as

shown in Figure $20.*'
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25 26
CRF-1 K; =9 nM, CRF-1 K; = 32 nM,
clogP = 6.75, clogP = 5.0,

HLM Clint >320 I/min/mg  HLM Cl,s <11 L/min/mg,
Rat PK profile:
Cl =27 ml/min/kg,
t1/2 =19 h,
oral bioavailability = 43%

Figure S20. Structures, in vitro potency and PK properties of CRF-1 antagonists 25 and 26.

Compound 27 (Amitifadine): Compound 27 a triple reuptake (SERT, NET and DAT) inhibitor
is currently undergoing phase III clinical trials for the treatment of major depressive disorders.**

(Figure S21)

Cl
Nea
N
H

27

Figure S21. Structure of triple reuptake inhibitor 27.
Compound 28/Etomidate (Amidate) Prodrug: Compound 28 an imidazole analog is given by

the intravenous route as a hypnotic and anesthetic drug.* However, it produces a significant
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decrease in glucocorticoid synthesis by inhibiting the enzyme 11p-hydroxylase.** ** To
circumvent this problem, the first generation of a metabolically soft analog of compound 28 such
as compound 29 (methoxycarbonyl etomidate) was developed as shown in Figure $22.%
Unfortunately, this compound was rapidly metabolised and thus less potent, necessitating high
dosing.”’ Subsequently, Ge and coworkers® developed a second generation soft analog of
compound 28, such as compound 30 (cyclopropyl-methoxycarbonyl etomidate), that had a
longer duration of action and a higher potency than first generation soft analog 29. (Figure S22)
These authors noted that the insertion of the cyclopropyl moiety next to the metabolically
vulnerable ester group, combined with decreasing the linker length between the two ester groups,
would produce a steric hindrance to the enzymatic ester hydrolysis.*® These molecular
modifications led to a longer duration of action and a ~8-fold enhancement of potency for
compound 30.%

EM 2‘ ) E \ KOL
N N
0] 0] \/ﬁg

0

28 29 30

Figure S22. Structures of etomidate and its prodrugs 28-30.

Compound 32 (Cipralisant): Ali and colleagues™ have undertaken a SAR study focusing on
three regions: (a) non-polar acetylene spacer group, (b) conformational restriction of the ethyl
bridge located between the imidazole headgroup and the acetylene, and (c) finally hydrophobic
tail group. These studies culminated in the synthesis of compound 31 (histamine H; K; = 0.8

nM), with sub-nanomolar H; receptor binding affinity. In subsequent work, these investigators

S20



restricted the conformation of the ethyl bridge through insertion of a chiral cyclopropane spacer.
This conformational restriction facilitated the projection of the pendant pharmacophore groups
(the imidazole headgroup and a hydrophobic tail group) by a particular enantiomer into the
respective binding pockets of the histamine Hj receptor. Eventually the more potent (1R, 2R)

clinical compound 32 (histamine H; K; = 0.12 nM) was developed as shown in Figure $23.”°

31

Figure S23. Structures of histamine Hs receptor antagonists 31 and 32.
Cardiovascular preclinical/clinical drug candidates:

Compound 34 (Saprisartan): Compound 34 (GR138950) is a potent and selective antagonist of
the angiotensin 1 (AT1) receptor, with a characteristic insurmountable/noncompetitive slow

dissociation kinetics mechanism.>!

In the search for non-peptidic angiotensin II antagonists, Middlemiss et al.,’* discovered
compound 33 (zolasartan/GR117289), which, however, had a very poor oral bioavailability.
(Figure S24) To overcome this PK concern, Dowle and colleagues™ modified compound 33 to
improve its oral bioavailability. The low oral bioavailability of compound 33 was thought to
result from its diacidic nature. This prompted these investigators to conduct further SAR studies,
with the intention of developing clinical drug candidates with monoacidic functionalities that are
anticipated to have improved oral bioavailability. Early SAR studies produced new compounds,
where the 2-butyl, 5-carboxyl and 2-tetrazolyl groups were, respectively, replaced with the

potency-enhancing  2-ethyl, oral  absorption-enhancing  5-carboxamide and  2-
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trifluoromethanesulfonamide groups. However, these early lead structures had higher clearances
than compound 33.> Subsequently, the replacement of the 4-chloro group on the imidazole ring
with the cyclopropyl ring resulted in compound 34. (Figure S24) Compound 34 not only showed
a high in vitro potency, but more importantly, increased oral bioavailability and reduced plasma

clearance in rats and dogs.”>*

Cl

LN !
/0 HC L Y conH

N Br Br
o~ )
(0] (0]
N HN

r |//O
N\\N'NH I:3(3/8\\0
33 (GR117289) 34 (GR138950)

Rabbit aorta pKB = 9.8, Rabbit aorta pKB = 9.0,

Rat PK profile: Rat PK profile:

oral bioavailability = 3%, oral bioavailability = 79%,

Clp = 0.8 mL/min/kg, Clp = 8.9 mL/min/kg,

volume of distribution = 0.5 L/kg, volume of distribution = 2.4 L/kg,

t1/2 =8.0h t1/2 =3.2h

Figure S24. Structures, in vitro potency and PK properties of AT, receptor antagonists 33 and

34.

Compound 35 (Remikiren): The design and development of compound 35 (remikiren/Ro 42-
5892), a second generation transition-state peptidomimetic inhibitor of renin, was inspired by the
identification of the aspartyl protease transition-state inhibitor pepstatin and structural
modifications in angiotensinogen substrate cleavage site fragments.” In compound 35 the
Leu(P1)-Val(P1’) scissile bond has been bioisosterically replaced with a cyclohexylalanine-
CHOHCHOH (vicinal diol)-cyclopropyl group. (Figure S25) The cyclopropyl P1’ moiety seem
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to optimally fit within the S1° subsite of the renin enzyme. Although compound 35 was the first
orally effective and potent human renin inhibitor (ICso = 0.7 nM), its development was

discontinued due to limited oral bioavailability and efficacy.’® >’
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Figure S25. Structure of renin inhibitor 35.

Compound 36 (Ciprokiren): Compound 36 (ciprokiren/Ro 44-9375)*® is structurally analogous
to compound 35, and was designed and developed as a highly specific and potent transition-state
inhibitor of renin (ICso = 0.07 nM) for the treatment of hypertension. (Figure S26) Similar to 35,

development of 36 was also discontinued for unknown reasons.’®
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Figure S26. Structure of renin inhibitor 36.

Compound 39 (Zoniporide): The sodium-hydrogen exchanger-1 (NHE-1) transport protein

plays an important role in mediating myocardial injury. Consequently, potent and selective
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inhibitor of NHE-1 may be useful in reducing myocardial injury that occurs during
ischemia/reperfusion.”” Among the six different isoforms of NHE (NHE-1 through NHE-6),%
NHE-1 is the only one present in the heart; therefore, it became apparent to develop a highly
selective NHE-1 inhibitor®" with suitable aqueous solubility for intravenous administration. To
this end, Guzman-Perez and coworkers® carried out structural modifications on the pyrazole
lead compound 37 (NHE-1 ICsy = 830 nM and NHE-2 ICsy = 3900 nM). (Figure S27) The
replacement of the 5-methyl group in 37 with the 5-cyclopropyl group led to 38 with enhanced
potency and selectivity (NHE-1 ICsy = 350 nM and NHE-2 ICsy = 12,800 nM). (Figure S27)
While keeping the cyclopropyl ring constant, the next structural modification involved the
replacement of the phenyl ring with the quinoline ring, resulting in the discovery of a potent and
highly selective NHE-1 inhibitor, 39 (zoniporide/CP-597,396) (NHE-1 ICsp = 59 nM and NHE-2
ICso = 12,000 nM) as shown in Figure S27, with a desirable pharmacokinetic profile and an
aqueous solubility suitable for intravenous administration.®” These investigators recognized the
synergistic contribution of the cyclopropyl and quinoline substituents towards enhanced potency
and selectivity. This recognition was further substantiated by molecular modeling studies which
showed the existence of an optimum conformation of 39 as a result of steric hindrance between

the pendant quinoline and cyclopropyl rings.*

H,oN H,N o He
QA /NH; Q N/>*NH2 N/>~NH2
N

/
N/\ \ CH, N N‘N\
N Steric hindrance
N forces towards
N/ bioactive conformation
37 38 39 (Zoniporide/CP-597,396)
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Figure S27. Structure of sodium-hydrogen exchanger-1 (NHE-1) transport inhibitors 37-39.

Cholesteryl Ester Transfer Protein (CETP) Inhibitor 41: CETP transfers cholesteryl esters
from high density lipoprotein (HDL) to very low density lipoprotein (VLDL) and low density
lipoprotein (LDL) in exchange for triglycerides, eventually reducing the levels of LDL-
cholesterol (the “bad cholesterol”) and elevating the levels of HDL-cholesterol (the “good
cholesterol”).”* Therefore, inhibition of CETP could prevent cardiovascular diseases.®* Qiao and
coworkers® synthesized the potent diphenylpyridylethanamine (DPPE) compound 40% that
showed a CETP inhibitory activity of 36 nM in an in vitro, enzyme-based, scintillation proximity
assay (SPA). (Figure S28) One of the problems with compound 40 was that it had a 100-fold
higher 1Csy (3.6 uM) value compared to the SPA ICsy when tested in a human whole plasma
assay (hWPA).® The structure of compound 40 was optimized to achieve a high plasma
exposure upon oral dosing and eliminate off-target blood pressure increases.”’ Extensive SAR
studies on compound 40 eventually led to the cyclopropyl ether analog 41 (BMS-795311), which
had a good balance of hWPA potency and pharmacokinetic profile (CETP SPA ICsy = 3.8 nM,
CETP hWPA 1Cso = 0.22 puM, human liver microsome (HLM) % remaining during 10 min
incubation = 97, mouse liver microsome (MLM) % remaining during 10 min incubation = 100,
po AUC.g, = 20.4 pM.h) as shown in Figure S$28.%° The significantly greater in vivo efficacy of
compound 41 (maximum inhibition of CETP activity at 1 mg/kg oral dose) in a hCETP/apoB-
100 dual Tg mice model was attributed to an enhanced plasma exposure.®> More importantly,
compound 41 did not exhibit any significant effect on the mean systolic/diastolic blood pressure,

heart rate, or locomotor activity compared to vehicle in telemeterized rats.®
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Figure S28. Structures of CETP inhibitors 40 and 41.

Preclinical/Clinical Drug Candidates for the Endocrine System:

TGRS Agonist 44: The bile acids are the endogenous activators of TGRS, a G-protein coupled
receptor, which is highly expressed in the gallbladder®” and moderately in other organs such as
intestine.®® The active TGRS triggers the secretion of glucagon-like peptide-1 (GLP-1), that
modulates glucose homeostasis.” Therefore, TGR5 agonists are potentially useful for the
treatment of metabolic disorders such as type 2 diabetes mellitus (T2DM). Duan and colleagues’
sought to develop more potent TGRS agonists. They quickly synthesized the promising
phenoxynicotinamide lead compound 42 (hTGRS ECsyp = 69 nM). (Figure S29) Subsequent
replacement of the N-isopropyl group in 42 with an isosteric cyclopropyl group, led to >40-fold
potent TGRS agonist, 43 (WTGRS ECsy = 1.5 nM). (Figure S29) Eventually, the bioisosteric
replacement of both the CI groups on the phenoxy ring with the methyl groups led to the
discovery of 44 (hTGR5 ECso = 0.72 nM), with sub-nanomolar potency. (Figure S29) The
rationale for these structural changes was to increase the metabolic inactivation of the compound

in the gallbladder, where TGRS activation leads to adverse effects on gallbladder.”
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Figure S29. Structures of TGRS agonists 42-44.

Calcipotriol (Dovonex): Compound 45 (calcitriol), a physiologically active form of vitamin D,
has antiproliferative actions and it increases the differentiation in basal keratinocytes in vitro;

however, it has calcium and bone metabolism liability.”" "

To eliminate this latter liability, a
cyclopropyl ring was added and the side chain was rigidified in compound 45 to obtain the
clinically effective, noncalcaemic analog, compound 46 (calcipotriol). (Figure S30) Compound
46, currently approved for the treatment of psoriasis, produces its therapeutic effects by binding

to vitamin D3 receptors on keratinocytes to promote cell differentiation, and the simultaneous

reduction of epidermal cell proliferation.”

Figure S30. Structures of 45 and 46.
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Preclinical/Clinical Drug Candidates for Metabolic Disorders:

Farnesoid X Receptor (FXR) Agonist 48: FXR, a member of the nuclear receptor subfamily,
having bile acids as their endogenous ligands. Therefore, FXR agonists could be used in the
treatment of chronic hepatitis, cholestasis, liver fibrosis and atherosclerosis.”*” Maloney et al.,76
were the first ones to report the potent, synthetic FXR agonist 47 (GW4064) to be active in vivo.
Compound 47 was discovered during the synthesis and testing of a combinatorial library of 9900
compounds and subsequent three-component focused synthesis. The SAR studies indicated the
favorable role of position 5 of the isoxazole ring in 47. For example, the replacement of the
methyl group with an isopropyl group yielded ~4-fold increase in activity, a result that suggested
that the binding of the 5-substituents to a lipophilic pocket of FXR.”® Genin and colleagues’’
recently discovered the carboxy indolylpiperidine analog, 48 (LY2562175), which resembles the
blue highlighted portion of the 47 structure, except for the isopropyl group, which was
exchanged with a cyclopropyl group and the presence of a carboxy indolylpiperidine in place of
the original carboxy styrylphenyl moiety. (Figure S31) Based on a superior lipid modulatory
activity and PK profile of compound 48, human testing of this drug advanced to clinical trials for

treating dyslipidemia.”’

H
47 (GW4064) 48 (LY2562175)

Figure S31. Structures of FXR agonists 47 and 48.
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ABBREVIATIONS USED

AUC, area under the curve; BRD, bromodomain-containing protein; CETP, cholesteryl ester
transfer protein; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator;
Cl, clearance; Cliy, intrinsic clearance; Cl,, plasma clearance; CRF-1, corticotrophin releasing
factor-1 receptor; DAT, dopamine reuptake transporter; FGFR, fibroblast growth factor receptor;
FXR, farnesoid X receptor; HDAC, histone deacetylase; hERG, human ether-a-go-go-related
gene encoded potassium channel; HLM, human liver microsomes; HSP90, heat shock protein 90;
hWPA, human whole plasma assay; KDM, lysine (K) demethylase; LSDI, lysine-specific
demethylase 1; MLM, mouse liver microsomes; NET, norepinephrine reuptake transporter;
NHE-1 and 2, sodium-hydrogen exchanger-1 and 2; NNRTI, non-nucleoside reverse
transcriptase inhibitor; PAK, P21 activated kinase; PK, pharmacokinetic; SAR, structure-activity
relationship; SERT, serotonin reuptake transporter; SPA, scintillation proximity assay; VEGFR
1, 2 and 3, vascular endothelial growth factor receptor 1, 2 and 3; VLDL/LDL, very low density

and low density lipoproteins

REFERENCES

1. Zhao, Z. S.; Manser, E. PAK family kinases: Physiological roles and regulation. Cell. Logist

2012, 2, 59-68.

2. Ong, C. C.; Gierke, S.; Pitt, C.; Sagolla, M.; Cheng, C. K.; Zhou, W.; Jubb, A. M.; Strickland,
L.; Schmidt, M.; Duron, S. G.; Campbell, D. A.; Zheng, W.; Dehdashti, S.; Shen, M.; Yang, N.;
Behnke, M. L.; Huang, W.; McKew, J. C.; Chernoft, J.; Forrest, W. F.; Haverty, P. M.; Chin, S.
F.; Rakha, E. A.; Green, A. R.; Ellis, I. O.; Caldas, C.; O'Brien, T.; Friedman, L. S.; Koeppen,
H.; Rudolph, J.; Hoeflich, K. P. Small molecule inhibition of group I p21-activated kinases in

S29



breast cancer induces apoptosis and potentiates the activity of microtubule stabilizing agents.

Breast Cancer Res. 2015, 17, 59-015-0564-5.

3. Crawford, J. J.; Lee, W.; Aliagas, I.; Mathieu, S.; Hoeflich, K. P.; Zhou, W.; Wang, W.;
Rouge, L.; Murray, L.; La, H.; Liu, N.; Fan, P. W.; Cheong, J.; Heise, C. E.; Ramaswamy, S.;
Mintzer, R.; Liu, Y.; Chao, Q.; Rudolph, J. Structure-guided design of group I selective p21-

activated kinase inhibitors. J. Med. Chem. 2015, 58, 5121-5136.

4. Brault, L.; Gasser, C.; Bracher, F.; Huber, K.; Knapp, S.; Schwaller, J. PIM serine/threonine
kinases in the pathogenesis and therapy of hematologic malignancies and solid cancers.

Haematologica 2010, 95, 1004-1015.

5. Blanco-Aparicio, C.; Carnero, A. Pim kinases in cancer: diagnostic, prognostic and treatment

opportunities. Biochem. Pharmacol. 2013, 85, 629-643.

6. Wang, H. L.; Cee, V. J.; Chavez, F.,Jr; Lanman, B. A.; Reed, A. B.; Wu, B.; Guerrero, N.;
Lipford, J. R.; Sastri, C.; Winston, J.; Andrews, K. L.; Huang, X.; Lee, M. R.; Mohr, C.; Xu, Y.;
Zhou, Y.; Tasker, A. S. The discovery of novel 3-(pyrazin-2-yl)-1H-indazoles as potent pan-Pim

kinase inhibitors. Bioorg. Med. Chem. Lett. 2015, 25, 8§34-840.

7. Bello, E.; Colella, G.; Scarlato, V.; Oliva, P.; Berndt, A.; Valbusa, G.; Serra, S. C.; D'Incalci,
M.; Cavalletti, E.; Giavazzi, R.; Damia, G.; Camboni, G. E-3810 is a potent dual inhibitor of
VEGFR and FGFR that exerts antitumor activity in multiple preclinical models. Cancer Res.

2011, 71, 1396-1405.

S30



8. Chen, J.; Dalrymple, L. E.; Epshteyn, S.; Forsyth, T. P.; Huynh, T. P.; Ibrahim, M. A.; Leahy,
J. W.; Lewis, G. L.; Mann, G.; Mann, L. W.; Noguchi, R. T.; Ridgway, B. H.; Sanglang, J. C.;
Schnepp, K. L.; Shi, X.; Takeuchi, C. S.; William, M. A.; Nuss, J.; Cheung, A. K. Pyrimidine

derivative kinase modulators and therapeutic use. WO 2006074057 A2 20060713, 2006.

9. Nicolini, F. E.; Mauro, M. J.; Martinelli, G.; Kim, D. W.; Soverini, S.; Muller, M. C.;
Hochhaus, A.; Cortes, J.; Chuah, C.; Dufva, I. H.; Apperley, J. F.; Yagasaki, F.; Pearson, J. D.;
Peter, S.; Sanz Rodriguez, C.; Preudhomme, C.; Giles, F.; Goldman, J. M.; Zhou, W.
Epidemiologic study on survival of chronic myeloid leukemia and Ph(+) acute lymphoblastic

leukemia patients with BCR-ABL T3151 mutation. Blood 2009, 114, 5271-5278.

10. Moffat, D.; Patel, S.; Day, F.; Belfield, A.; Donald, A.; Rowlands, M.; Wibawa, J.;
Brotherton, D.; Stimson, L.; Clark, V.; Owen, J.; Bawden, L.; Box, G.; Bone, E.; Mortenson, P.;
Hardcastle, A.; van Meurs, S.; Eccles, S.; Raynaud, F.; Aherne, W. Discovery of 2-(6-{[(6-
fluoroquinolin-2-yl)methyl]amino}bicyclo[3.1.0]hex-3-yl)-N-hydroxypyrim idine-5-
carboxamide (CHR-3996), a class I selective orally active histone deacetylase inhibitor. J. Med.

Chem. 2010, 53, 8663-8678.

11. Luckhurst, C. A.; Breccia, P.; Stott, A. J.; Aziz, O.; Birch, H. L.; Burli, R. W.; Hughes, S. J.;
Jarvis, R. E.; Lamers, M.; Leonard, P. M.; Matthews, K. L.; McAllister, G.; Pollack, S.; Saville-
Stones, E.; Wishart, G.; Yates, D.; Dominguez, C. Potent, selective, and CNS-penetrant

tetrasubstituted cyclopropane class Ila histone deacetylase (HDAC) inhibitors. ACS Med. Chem.

Lett. 2015, 7, 34-39.

S31



12. Sanchez, R.; Meslamani, J.; Zhou, M. M. The bromodomain: from epigenome reader to

druggable target. Biochim. Biophys. Acta 2014, 1839, 676-685.

13. Dawson, M. A.; Prinjha, R. K.; Dittmann, A.; Giotopoulos, G.; Bantscheff, M.; Chan, W. L;
Robson, S. C.; Chung, C. W.; Hopf, C.; Savitski, M. M.; Huthmacher, C.; Gudgin, E.; Lugo, D.;
Beinke, S.; Chapman, T. D.; Roberts, E. J.; Soden, P. E.; Auger, K. R.; Mirguet, O.; Dochner,
K.; Delwel, R.; Burnett, A. K.; Jeffrey, P.; Drewes, G.; Lee, K.; Huntly, B. J.; Kouzarides, T.
Inhibition of BET recruitment to chromatin as an effective treatment for MLL-fusion leukaemia.

Nature 2011, 478, 529-533.

14. Ran, X.; Zhao, Y.; Liu, L.; Bai, L.; Yang, C. Y.; Zhou, B.; Meagher, J. L.; Chinnaswamy, K.;
Stuckey, J. A.; Wang, S. Structure-based design of gamma-carboline analogues as potent and

specific BET bromodomain inhibitors. J. Med. Chem. 2015, 58, 4927-4939.

15. Neckers, L.; Workman, P. Hsp90 molecular chaperone inhibitors: are we there yet? Clin.

Cancer Res. 2012, 18, 64-76.

16. Pearl, L. H.; Prodromou, C. Structure and mechanism of the Hsp90 molecular chaperone

machinery. Annu. Rev. Biochem. 2006, 75, 271-294.

17. Maloney, A.; Workman, P. HSP90 as a new therapeutic target for cancer therapy: the story

unfolds. Expert Opin. Biol. Ther. 2002, 2, 3-24.

18. Chen, D.; Shen, A.; Li, J.; Shi, F.; Chen, W.; Ren, J.; Liu, H.; Xu, Y.; Wang, X.; Yang, X.;

Sun, Y.; Yang, M.; He, J.; Wang, Y.; Zhang, L.; Huang, M.; Geng, M.; Xiong, B.; Shen, J.

S32



Discovery of potent N-(isoxazol-5-yl)amides as HSP90 inhibitors. Eur. J. Med. Chem. 2014, §7,

765-781.

19. Maes, T.; Carceller, E.; Salas, J.; Ortega, A.; Buesa, C. Advances in the development of

histone lysine demethylase inhibitors. Curr. Opin. Pharmacol. 2015, 23, 52-60.

20. Vianello, P.; Botrugno, O. A.; Cappa, A.; Dal Zuffo, R.; Dessanti, P.; Mai, A.; Marrocco, B.;
Mattevi, A.; Meroni, G.; Minucci, S.; Stazi, G.; Thaler, F.; Trifiro, P.; Valente, S.; Villa, M.;
Varasi, M.; Mercurio, C. Discovery of a novel inhibitor of histone lysine-specific demethylase

1A (KDM1A/LSD1) as orally active antitumor agent. J. Med. Chem. 2016, 59, 1501-1517.

21. Liverton, N. J.; Holloway, M. K.; McCauley, J. A.; Rudd, M. T.; Butcher, J. W.; Carroll, S.
S.; DiMuzio, J.; Fandozzi, C.; Gilbert, K. F.; Mao, S. S.; McIntyre, C. J.; Nguyen, K. T.;
Romano, J. J.; Stahlhut, M.; Wan, B. L.; Olsen, D. B.; Vacca, J. P. Molecular modeling based
approach to potent P2-P4 macrocyclic inhibitors of hepatitis C NS3/4A protease. J. Am. Chem.

Soc. 2008, 130, 4607-4609.

22. Rudd, M. T.; McCauley, J. A.; Butcher, J. W.; Romano, J. J.; McIntyre, C. J.; Nguyen, K. T.;
Gilbert, K. F.; Bush, K. J.; Holloway, M. K.; Swestock, J.; Wan, B. L.; Carroll, S. S.; DiMuzio,
J. M.; Graham, D. J.; Ludmerer, S. W.; Stahlhut, M. W.; Fandozzi, C. M.; Trainor, N.; Olsen, D.
B.; Vacca, J. P.; Liverton, N. J. Discovery of MK-1220: a macrocyclic inhibitor of hepatitis C
virus NS3/4A protease with improved preclinical plasma exposure. ACS Med. Chem. Lett. 2011,

2, 207-212.

23. Scola, P. M.; Sun, L. Q.; Wang, A. X.; Chen, J.; Sin, N.; Venables, B. L.; Sit, S. Y.; Chen,

Y.; Cocuzza, A.; Bilder, D. M.; D'Andrea, S. V.; Zheng, B.; Hewawasam, P.; Tu, Y.; Friborg, J.;

S33



Falk, P.; Hernandez, D.; Levine, S.; Chen, C.; Yu, F.; Sheaffer, A. K.; Zhai, G.; Barry, D.;
Knipe, J. O.; Han, Y. H.; Schartman, R.; Donoso, M.; Mosure, K.; Sinz, M. W.; Zvyaga, T.;
Good, A. C.; Rajamani, R.; Kish, K.; Tredup, J.; Klei, H. E.; Gao, Q.; Mueller, L.; Colonno, R.
J.; Grasela, D. M.; Adams, S. P.; Loy, J.; Levesque, P. C.; Sun, H.; Shi, H.; Sun, L.; Warner, W_;
Li, D.; Zhu, J.; Meanwell, N. A.; McPhee, F. The discovery of asunaprevir (BMS-650032), an
orally efficacious NS3 protease inhibitor for the treatment of hepatitis C virus infection. J. Med.

Chem. 2014, 57, 1730-1752.

24. Scola, P. M.; Wang, A. X.; Good, A. C.; Sun, L. Q.; Combrink, K. D.; Campbell, J. A.;
Chen, J.; Tu, Y.; Sin, N.; Venables, B. L.; Sit, S. Y.; Chen, Y.; Cocuzza, A.; Bilder, D. M.;
D'Andrea, S.; Zheng, B.; Hewawasam, P.; Ding, M.; Thuring, J.; Li, J.; Hernandez, D.; Yu, F.;
Falk, P.; Zhai, G.; Sheaffer, A. K.; Chen, C.; Lee, M. S.; Barry, D.; Knipe, J. O.; Li, W.; Han, Y.
H.; Jenkins, S.; Gesenberg, C.; Gao, Q.; Sinz, M. W.; Santone, K. S.; Zvyaga, T.; Rajamani, R.;
Klei, H. E.; Colonno, R. J.; Grasela, D. M.; Hughes, E.; Chien, C.; Adams, S.; Levesque, P. C.;
Li, D.; Zhu, J.; Meanwell, N. A.; McPhee, F. Discovery and early clinical evaluation of BMS-
605339, a potent and orally efficacious tripeptidic acylsulfonamide NS3 protease inhibitor for

the treatment of hepatitis C virus infection. J. Med. Chem. 2014, 57, 1708-1729.

25. Rajagopalan, R.; Misialek, S.; Stevens, S. K.; Myszka, D. G.; Brandhuber, B. J.; Ballard, J.
A.; Andrews, S. W.; Seiwert, S. D.; Kossen, K. Inhibition and binding kinetics of the hepatitis C
virus NS3 protease inhibitor ITMN-191 reveals tight binding and slow dissociative behavior.

Biochemistry 2009, 48, 2559-2568.

26. Jiang, Y.; Andrews, S. W.; Condroski, K. R.; Buckman, B.; Serebryany, V.; Wenglowsky,

S.; Kennedy, A. L.; Madduru, M. R.; Wang, B.; Lyon, M.; Doherty, G. A.; Woodard, B. T.;

S34



Lemieux, C.; Geck Do, M.; Zhang, H.; Ballard, J.; Vigers, G.; Brandhuber, B. J.; Stengel, P.;
Josey, J. A.; Beigelman, L.; Blatt, L.; Seiwert, S. D. Discovery of danoprevir (ITMN-
191/R7227), a highly selective and potent inhibitor of hepatitis C virus (HCV) NS3/4A protease.

J. Med. Chem. 2014, 57, 1753-1769.

27. Arasappan, A.; Bennett, F.; Bogen, S. L.; Venkatraman, S.; Blackman, M.; Chen, K. X_;
Hendrata, S.; Huang, Y.; Huelgas, R. M.; Nair, L.; Padilla, A. I.; Pan, W.; Pike, R.; Pinto, P.;
Ruan, S.; Sannigrahi, M.; Velazquez, F.; Vibulbhan, B.; Wu, W.; Yang, W.; Saksena, A. K.;
Girijavallabhan, V.; Shih, N. Y.; Kong, J.; Meng, T.; Jin, Y.; Wong, J.; McNamara, P.; Prongay,
A.; Madison, V.; Piwinski, J. J.; Cheng, K. C.; Morrison, R.; Malcolm, B.; Tong, X.; Ralston, R.;
Njoroge, F. G. Discovery of narlaprevir (SCH 900518): a potent, second generation HCV NS3

serine protease inhibitor. ACS Med. Chem. Lett. 2010, I, 64-69.

28. Sheng, X. C.; Appleby, T.; Butler, T.; Cai, R.; Chen, X.; Cho, A.; Clarke, M. O.; Cottell, J.;
Delaney, W. E. 4th; Doerffler, E.; Link, J.; Ji, M.; Pakdaman, R.; Pyun, H. J.; Wu, Q.; Xu, J.;
Kim, C. U. Discovery of GS-9451: an acid inhibitor of the hepatitis C virus NS3/4A protease.

Bioorg. Med. Chem. Lett. 2012, 22, 2629-2634.

29. Lawitz, E.; Hill, J.; Vince, B.; Murillo, A.; Gruener, D.; Marbury, T. ACH-2684
demonstrates potent viral suppression in genotype 1 hepatitis C patients with and without
cirrhosis: safety, pharmacokinetic, and viral kinetic analysis. J. Hepatol. 2013, 58 (Suppl. 1),

S347.

30. Pilot-Matias, T.; Tripathi, R.; Cohen, D.; Gaultier, I.; Dekhtyar, T.; Lu, L.; Reisch, T.; Irvin,

M.; Hopkins, T.; Pithawalla, R.; Middleton, T.; Ng, T.; McDaniel, K.; Or, Y. S.; Menon, R.;

S35



Kempf, D.; Molla, A.; Collins, C. In vitro and in vivo antiviral activity and resistance profile of
the hepatitis C virus NS3/4A protease inhibitor ABT-450. Antimicrob. Agents Chemother. 2015,

59, 988-997.

31. Agarwal, A.; Zhang, B.; Olek, E.; Robison, H.; Robarge, L.; Deshpande, M. Rapid and sharp
decline in HCV upon monotherapy with NS3 protease inhibitor, ACH-1625. Antivir Ther. 2012,

17, 1533-1539.

32. Hogberg, M.; Sahlberg, C.; Engelhardt, P.; Noreen, R.; Kangasmetsa, J.; Johansson, N. G.;
Oberg, B.; Vrang, L.; Zhang, H.; Sahlberg, B. L.; Unge, T.; Lovgren, S.; Fridborg, K.; Backbro,
K. Urea-PETT compounds as a new class of HIV-1 reverse transcriptase inhibitors. 3. Synthesis
and further structure-activity relationship studies of PETT analogues. J. Med. Chem. 1999, 42,

4150-4160.

33. Riordan, J. R.; Rommens, J. M.; Kerem, B.; Alon, N.; Rozmahel, R.; Grzelczak, Z.;
Zielenski, J.; Lok, S.; Plavsic, N.; Chou, J. L. Identification of the cystic fibrosis gene: cloning

and characterization of complementary DNA. Science 1989, 245, 1066-1073.

34. Kreda, S. M.; Davis, C. W.; Rose, M. C. CFTR, mucins, and mucus obstruction in cystic

fibrosis. Cold Spring Harb Perspect. Med. 2012, 2, a009589.

35. Van Goor, F.; Straley, K. S.; Cao, D.; Gonzalez, J.; Hadida, S.; Hazlewood, A.; Joubran, J.;
Knapp, T.; Makings, L. R.; Miller, M.; Neuberger, T.; Olson, E.; Panchenko, V.; Rader, J.;
Singh, A.; Stack, J. H.; Tung, R.; Grootenhuis, P. D.; Negulescu, P. Rescue of DeltaF508-CFTR
trafficking and gating in human cystic fibrosis airway primary cultures by small molecules. Am.

J. Physiol. Lung Cell. Mol. Physiol. 2006, 290, L1117-30.

S36



36. Grigoriadis, D. E.; Haddach, M.; Ling, N.; Saunders, J. The CRF receptor structure, function

and potential for therapeutic intervention. Curr. Med. Chem. - CNS Agents 2001, 1, 63-97.

37. Holsboer, F.; Ising, M. Central CRH system in depression and anxiety--evidence from

clinical studies with CRH1 receptor antagonists. Eur. J. Pharmacol. 2008, 583, 350-357.

38. Jones, J. E.; Pick, R. R.; Davenport, M. D.; Keene, A. C.; Corp, E. S.; Wade, G. N.
Disinhibition of female sexual behavior by a CRH receptor antagonist in Syrian hamsters. Am. J.

Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R591-7.

39. Gilligan, P. J.; Clarke, T.; He, L.; Lelas, S.; Li, Y. W.; Heman, K.; Fitzgerald, L.; Miller, K.;
Zhang, G.; Marshall, A.; Krause, C.; McElroy, J. F.; Ward, K.; Zeller, K.; Wong, H.; Bai, S.;
Saye, J.; Grossman, S.; Zaczek, R.; Arneric, S. P.; Hartig, P.; Robertson, D.; Trainor, G.
Synthesis and structure-activity relationships of 8-(pyrid-3-yl)pyrazolo[1,5-a]-1,3,5-triazines:
potent, orally bioavailable corticotropin releasing factor receptor-1 (CRF1) antagonists. J. Med.

Chem. 2009, 52, 3084-3092.

40. Di Fabio, R.; St-Denis, Y.; Sabbatini, F. M.; Andreotti, D.; Arban, R.; Bernasconi, G.;
Braggio, S.; Blaney, F. E.; Capelli, A. M.; Castiglioni, E.; Di Modugno, E.; Donati, D.;
Fazzolari, E.; Ratti, E.; Feriani, A.; Contini, S.; Gentile, G.; Ghirlanda, D.; Provera, S.;
Marchioro, C.; Roberts, K. L.; Mingardi, A.; Mattioli, M.; Nalin, A.; Pavone, F.; Spada, S.; Trist,
D. G.; Worby, A. Synthesis and pharmacological characterization of novel druglike

corticotropin-releasing factor 1 antagonists. J. Med. Chem. 2008, 51, 7370-7379.

S37



41. Miller, D. C.; Klute, W.; Calabrese, A.; Brown, A. D. Optimising metabolic stability in
lipophilic chemical space: the identification of a metabolically stable pyrazolopyrimidine CRF-1

receptor antagonist. Bioorg. Med. Chem. Lett. 2009, 19, 6144-6147.

42. Tran, P.; Skolnick, P.; Czobor, P.; Huang, N. Y.; Bradshaw, M.; McKinney, A.; Fava, M.
Efficacy and tolerability of the novel triple reuptake inhibitor amitifadine in the treatment of
patients with major depressive disorder: a randomized, double-blind, placebo-controlled trial. J.

Psychiatr. Res. 2012, 46, 64-71.

43. Godefroi, E. F.; Janssen, P. A.; Vandereycken, C. A.; Vanheertum, A. H.; Niemegeers, C. J.
DI-1-(1-Arylalkyl)imidazole-5-carboxylate esters: a novel type of hypnotic agents. J. Med.

Chem. 19685, 8, 220-223.

44. Fry, D. E.; Griffiths, H. The inhibition by etomidate of the 11 beta-hydroxylation of cortisol.

Clin. Endocrinol. (Oxf) 1984, 20, 625-629.

45. Chan, C. M.; Mitchell, A. L.; Shorr, A. F. Etomidate is associated with mortality and adrenal

insufficiency in sepsis: a meta-analysis*. Crit. Care Med. 2012, 40, 2945-2953.

46. Cotten, J. F.; Husain, S. S.; Forman, S. A.; Miller, K. W.; Kelly, E. W.; Nguyen, H. H.;
Raines, D. E. Methoxycarbonyl-etomidate: a novel rapidly metabolized and ultra-short-acting
etomidate analogue that does not produce prolonged adrenocortical suppression. Anesthesiology

2009, /11, 240-249.

47. Pejo, E.; Ge, R.; Banacos, N.; Cotten, J. F.; Husain, S. S.; Raines, D. E.

Electroencephalographic recovery, hypnotic emergence, and the effects of metabolite after

S38



continuous infusions of a rapidly metabolized etomidate analog in rats. Anesthesiology 2012,

116, 1057-1065.

48. Ge, R.; Pejo, E.; Cotten, J. F.; Raines, D. E. Adrenocortical suppression and recovery after
continuous hypnotic infusion: etomidate versus its soft analogue cyclopropyl-methoxycarbonyl

metomidate. Crit. Care 2013, 17, R20.

49. Husain, S. S.; Pejo, E.; Ge, R.; Raines, D. E. Modifying methoxycarbonyl etomidate inter-
ester spacer optimizes in vitro metabolic stability and in vivo hypnotic potency and duration of

action. Anesthesiology 2012, 117, 1027-1036.

50. Ali, S. M.; Tedford, C. E.; Gregory, R.; Handley, M. K.; Yates, S. L.; Hirth, W. W_; Phillips,
J. G. Design, synthesis, and structure-activity relationships of acetylene-based histamine H3

receptor antagonists. J. Med. Chem. 1999, 42, 903-909.

51. Timmermans, P. B. Pharmacological properties of angiotensin II receptor antagonists. Can.

J. Cardiol. 1999, 15 Suppl F, 26F-8F.

52. Middlemiss, D.; Watson, S. P.; Ross, B. C.; Dowle, M. D.; Scopes, D. 1. C.; Montana, J. G.;
Hirst, G. C.; Panchal, T. A.; Paton, J. M. S.; Hubbard, T.; Stuart, G.; Drew, G. M.; Hilditch, A.;
Travers, A.; Robertson, M. J.; Hunt, A. A. E.; Pahner, E.; Manchee, G. R. Benzofuran based
angiotensin II antagonists related to GR117289: Part II; Amino acid amides. Bioorg. Med. Chem.

Lett. 1993, 3, 2043-2046.

53. Dowle, M. D.; Judd, D. B.; Middlemiss, D.; Scopes, D. I. C.; Ross, B. C.; Pass, M.;

Tranquillini, E.; Jack, T. I.; Hobson, J. E.; Panchal, T. A.; Stuart, P. G.; Drew, G. M.; Robertson,

S39



M. J.; Hilditch, A.; Clark, K. L.; Travers, A.; Hunt, A. A. E.; Manchee, G. R.; Walker, D. G.;
Eddershaw, P. J.; Domtelly, M.; Bayliss, M. K.
Benzofuran based angiotensin II antagonists related to GR117289: Part I1I; GR138950, a

triflamide with high oral bioavailability. Bioorg. Med. Chem. Lett. 1993, 3, 2047-2050.

54. Judd, D. B.; Dowle, M. D.; Middlemiss, D.; Scopes, D. I.; Ross, B. C.; Jack, T. I.; Pass, M.;
Tranquillini, E.; Hobson, J. E.; Panchal, T. A. Bromobenzofuran-based non-peptide antagonists
of angiotensin II: GR138950, a potent antihypertensive agent with high oral bioavailability. J.

Med. Chem. 1994, 37, 3108-3120.

55. Skeggs, L. T.; Lentz, K. E.; Kahn, J. R.; Hochstrasser, H. Kinetics of the reaction of renin

with nine synthetic peptide substrates. J. Exp. Med. 1968, 128, 13-34.

56. Fischli, W.; Clozel, J. P.; el Amrani, K.; Wostl, W.; Neidhart, W.; Stadler, H.; Branca, Q. Ro

42-5892 is a potent orally active renin inhibitor in primates. Hypertension 1991, 18, 22-31.

57. Clozel, J. P.; Fischli, W. Discovery of remikiren as the first orally active renin inhibitor.

Arzneimittelforschung 1993, 43, 260-262.

58. Fischli, W.; Clozel, J. P.; Breu, V.; Buchmann, S.; Mathews, S.; Stadler, H.; Vieira, E.;
Wostl, W. Ciprokiren (Ro 44-9375). A renin inhibitor with increasing effects on chronic

treatment. Hypertension 1994, 24, 163-169.

59. Myers, M. L. Protection of the myocardium with sodium-hydrogen exchange inhibitors: A

cardiac surgical perspective. J. Thromb. Thrombolysis 1999, 8, 53-60.

540



60. Burckhardt, G.; Di Sole, F.; Helmle-Kolb, C. The Na+/H+ exchanger gene family. J.

Nephrol. 2002, 15 Suppl 5, S3-21.

61. Chen, L.; Chen, C. X.; Gan, X. T.; Beier, N.; Scholz, W.; Karmazyn, M. Inhibition and
reversal of myocardial infarction-induced hypertrophy and heart failure by NHE-1 inhibition.

Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H381-7.

62. Guzman-Perez, A.; Wester, R. T.; Allen, M. C.; Brown, J. A.; Buchholz, A. R.; Cook, E. R.;
Day, W. W.; Hamanaka, E. S.; Kennedy, S. P.; Knight, D. R.; Kowalczyk, P. J.; Marala, R. B.;
Mularski, C. J.; Novomisle, W. A.; Ruggeri, R. B.; Tracey, W. R.; Hill, R. J. Discovery of
zoniporide: a potent and selective sodium-hydrogen exchanger type 1 (NHE-1) inhibitor with

high aqueous solubility. Bioorg. Med. Chem. Lett. 2001, 11, 803-807.

63. Barter, P. J.; Brewer, H. B.,Jr; Chapman, M. J.; Hennekens, C. H.; Rader, D. J.; Tall, A. R.
Cholesteryl ester transfer protein: a novel target for raising HDL and inhibiting atherosclerosis.

Arterioscler. Thromb. Vasc. Biol. 2003, 23, 160-167.

64. Mantlo, N. B.; Escribano, A. Update on the discovery and development of cholesteryl ester
transfer protein inhibitors for reducing residual cardiovascular risk. J. Med. Chem. 2014, 57, 1-

17.

65. Qiao, J. X.; Wang, T. C.; Adam, L. P.; Chen, A. Y.; Taylor, D. S.; Yang, R. Z.; Zhuang, S.;
Sleph, P. G.; Li, J. P.; Li, D.; Yin, X.; Chang, M.; Chen, X. Q.; Shen, H.; Li, J.; Smith, D.; Wu,
D. R.; Leith, L.; Harikrishnan, L. S.; Kamau, M. G.; Miller, M. M.; Bilder, D.; Rampulla, R.; Li,
Y. X.; Xu, C.; Lawrence, R. M.; Poss, M. A.; Levesque, P.; Gordon, D. A.; Huang, C. S.; Finlay,

H. J.; Wexler, R. R.; Salvati, M. E. Triphenylethanamine derivatives as cholesteryl ester transfer

41



protein inhibitors: discovery of N-[(1R)-1-(3-cyclopropoxy-4-fluorophenyl)-1-[3-fluoro-5-
(1,1,2,2-tetrafluoroethox y)phenyl]-2-phenylethyl]-4-fluoro-3-(trifluoromethyl)benzamide

(BMS-795311). J. Med. Chem. 2015, 58, 9010-9026.

66. Harikrishnan, L. S.; Finlay, H. J.; Qiao, J. X.; Kamau, M. G.; Jiang, J.; Wang, T. C.; Li, J;
Cooper, C. B.; Poss, M. A.; Adam, L. P.; Taylor, D. S.; Chen, A. Y.; Yin, X.; Sleph, P. G.; Yang,
R. Z.; Sitkoff, D. F.; Galella, M. A.; Nirschl, D. S.; Van Kirk, K.; Miller, A. V.; Huang, C. S.;
Chang, M.; Chen, X. Q.; Salvati, M. E.; Wexler, R. R.; Lawrence, R. M.
Diphenylpyridylethanamine (DPPE) derivatives as cholesteryl ester transfer protein (CETP)

inhibitors. J. Med. Chem. 2012, 55, 6162-6175.

67. Keitel, V.; Cupisti, K.; Ullmer, C.; Knoefel, W. T.; Kubitz, R.; Haussinger, D. The
membrane-bound bile acid receptor TGRS is localized in the epithelium of human gallbladders.

Hepatology 2009, 50, 861-870.

68. Vassileva, G.; Golovko, A.; Markowitz, L.; Abbondanzo, S. J.; Zeng, M.; Yang, S.; Hoos, L.;
Tetzloff, G.; Levitan, D.; Murgolo, N. J.; Keane, K.; Davis, H. R.,Jr; Hedrick, J.; Gustafson, E.
L. Targeted deletion of Gpbarl protects mice from cholesterol gallstone formation. Biochem. J.

2006, 398, 423-430.

69. Katsuma, S.; Hirasawa, A.; Tsujimoto, G. Bile acids promote glucagon-like peptide-1
secretion through TGRS in a murine enteroendocrine cell line STC-1. Biochem. Biophys. Res.

Commun. 2005, 329, 386-390.

70. Duan, H.; Ning, M.; Chen, X.; Zou, Q.; Zhang, L.; Feng, Y.; Zhang, L.; Leng, Y.; Shen, J.

Design, synthesis, and antidiabetic activity of 4-phenoxynicotinamide and 4-phenoxypyrimidine-

542



5-carboxamide derivatives as potent and orally efficacious TGRS agonists. J. Med. Chem. 2012,

55, 10475-10489.

71. Kragballe, K.; Iversen, L. Calcipotriol. A new topical antipsoriatic. Dermatol. Clin. 1993, 11,

137-141.

72. Kissmeyer, A. M.; Binderup, L. Calcipotriol (MC 903): pharmacokinetics in rats and
biological activities of metabolites. A comparative study with 1,25(OH)2D3. Biochem.

Pharmacol. 1991, 41, 1601-1606.

73. Murdoch, D.; Clissold, S. P. Calcipotriol. A review of its pharmacological properties and

therapeutic use in psoriasis vulgaris. Drugs 1992, 43, 415-429.

74. Makishima, M.; Okamoto, A. Y.; Repa, J. J.; Tu, H.; Learned, R. M.; Luk, A.; Hull, M. V_;
Lustig, K. D.; Mangelsdorf, D. J.; Shan, B. Identification of a nuclear receptor for bile acids.

Science 1999, 284, 1362-1365.

75. Parks, D. J.; Blanchard, S. G.; Bledsoe, R. K.; Chandra, G.; Consler, T. G.; Kliewer, S. A.;
Stimmel, J. B.; Willson, T. M.; Zavacki, A. M.; Moore, D. D.; Lehmann, J. M. Bile acids: natural

ligands for an orphan nuclear receptor. Science 1999, 284, 1365-1368.

76. Maloney, P. R.; Parks, D. J.; Haffner, C. D.; Fivush, A. M.; Chandra, G.; Plunket, K. D.;
Creech, K. L.; Moore, L. B.; Wilson, J. G.; Lewis, M. C.; Jones, S. A.; Willson, T. M.
Identification of a chemical tool for the orphan nuclear receptor FXR. J. Med. Chem. 2000, 43,

2971-2974.

543



77. Genin, M. J.; Bueno, A. B.; Agejas Francisco, J.; Manninen, P. R.; Bocchinfuso, W. P.;
Montrose-Rafizadeh, C.; Cannady, E. A.; Jones, T. M.; Stille, J. R.; Raddad, E.; Reidy, C.; Cox,
A.; Michael, M. D.; Michael, L. F. Discovery of 6-(4-{[5-cyclopropyl-3-(2,6-
dichlorophenyl)isoxazol-4-ylJmethoxy} piperidin-1-yl)- 1-methyl-1H-indole-3-carboxylic acid: a

novel FXR agonist for the treatment of dyslipidemia. J. Med. Chem. 2015, 58, 9768-9772.

S44



