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ABSTRACT: Oxidative stress is one of the causes of progression of chronic kidney disease (CKD). Activation of the antioxidant
protein regulator Nrf2 by inhibition of the Keapl—Nrf2 protein—protein interaction (PPI) is of interest as a potential treatment for
CKD. We report the identification of the novel and weak PPI inhibitor 7 with good physical properties by a high throughput
screening (HTS) campaign, followed by structural and computational analysis. The installation of only methyl and fluorine groups
successfully provided the lead compound 25, which showed more than 400-fold stronger activity. Furthermore, these dramatic
substituent effects can be explained by the analysis of using isothermal titration calorimetry (ITC). Thus, the resulting 25, which
exhibited high oral absorption and durability, would be a CKD therapeutic agent because of the dose-dependent manner for up-
regulation of the antioxidant protein heme oxigenase-1 (HO-1) in rat kidneys.

KEYWORDS: Chronic kidney disease (CKD), Keapl, Nrf2, Noncovalent inhibitor, a-Fluoramide, Binding thermodynamics

hronic kidney disease (CKD) is a progressive loss of production and ROS-related inflammation.”” Nrf2 binds to
kidney function, including decreased glomerular filtration Kelch-ECH-associated protein 1 (Keapl) under basal
rate (GFR) and the presence of albuminuria, which eventually conditions and is rapidly degraded by proteosomes via
leads to renal failure.' The number of CKD patients is ubiquitination. On the other hand, upon exposure to oxidative
escalating every year worldwide, and it is estimated that it will stress, free Nrf2, released from binding to Keapl, is then
be the fifth leading cause of death by 2040.” Well-known risk translocated to the nucleus and promotes the production of

antioxidant proteins. Bardoxolone methyl 1 (BARD, Figure 1a)
is known as a Nrf2 activator that forms a covalent bond with
Keapl and significantly improved estimated glomerular
filtration rate (eGFR) in patients with Stage 3—4 CKD in
clinical trials.”” Thus, the antioxidative approach has drawn
attention as a novel CKD treatment. However, its phase 3 trial

factors for the progression of CKD comprise aging, hyper-
tension, hyperglycemia, obesity, and oxidative stress. Current
therapies for CKD include management of these risk factors
and lifestyle modification (smoking cessation, salt reduction,
etc.). Recently, SGLT2 inhibitors (canagloflozin,” dapagli-
flogin®) and the mineralocorticoid-receptor antagonist (finer-
enone’) have been approved for the treatment of CKD, but
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the unmet medical need for other treatments remains still high. Received: February 27, 2023 g Cremisty Letters

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a Accepted: April 5, 2023 Ne
transcription factor that promotes the production of Published: April 7, 2023 ‘T;}\ﬂ
approximately 250 antioxidant proteins (heme oxygenase I 105 CIENTIFICOS
(HO-1), NADPH quinone dehydrogenase 1 (NQO-1), etc.),

and Nrf2 is believed to suppress reactive oxygen species (ROS)
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Figure 1. (a) Bardoxolone methyl (BARD). (b) Examples of
published noncovalent Keapl—Nrf2 PPI inhibitors.'>*™

was suspended due to cardiovascular adverse events thought to
be related to endothelin-mediated increases in blood
pressure.'” Due to its function as a Michael acceptor, BARD
may inhibit not only Keapl but also other cysteine-bearing
molecules, and it is generally difficult to control the reactivity
of covalent modifiers. Therefore, a noncovalent Nrf2 activator
with reduced side effects is anticipated.

Many efforts to target inhibition of Keapl—Nrf2 protein—
protein interaction (PPI) have been carried out (Figure
1b).'"'* To date, there has been no noncovalent compound
proceeding to a clinical stage. As far as we know, most of
reported noncovalent compounds seem to show limited
physicochemical properties'” such as low solubility, low
metabolic stability, or low permeability, resulting in unsat-
isfactory bioavailability (F) and high in vivo clearance.'***' To
our knowledge, the best reported F value among noncovalent
Keapl—Nrf2 inhibitors is 20%,'” except for the hydrogen
peroxide responsive prodrug (F = 68%).'”" Against such
background, our goal was to identify a novel noncovalent
Keap1—Nrf2 inhibitor bearing good physicochemical proper-
ties and exhibiting antioxidant effect in the kidneys. In this
paper, we describe the hit identification, computational and
thermodynamic analysis, in vivo evaluation, and medicinal
chemistry efforts.

Our strategy for obtaining novel inhibitors with good
physicochemical properties was (1) to select hit compounds
showing high solubility and metabolic stability, and (2) to
implement small structural modifications using ligand
efficiency (LE) metrics'”'* for improving the inhibitory
activity while maintaining the desired properties. As a
beginning of our research, high throughput screening (HTS)
of our in-house chemical library was conducted using a Biacore
assay, which led to the identification of two weak inhibitors (6
and 7) (Table 1) (manuscript on the details of the HTS
campaign in preparation). From the viewpoint of metabolic
stability, despite its higher lipophilicity, f-amino acid 7 showed
more favorable profiles than did benzoic acid 6. Therefore, we
were interested in 7 and compared both enantiomers for
inhibitory activity to confirm that (S)-enantiomer 9 was active.

To gain insight into improving the inhibitory activity of 9 by
small structural modifications, X-ray crystal analysis was
conducted (Figure 2a). Several interactions between 9 and

Figure 2. (a) Cocrystal structure of 9 (yellow) in the Keapl Kelch
domain. Polar interactions are depicted as dashed purple lines. (PDB
8IVG). (b) Comparison of the cocrystal structures of 9 (yellow), 2
(blue, PDB 4IFN), and 3 (green, PDB 4IQK). The surface of
cocrystal structure 3 is shown to clarify a small space (dashed circle)
in the binding pocket.

the Keapl Kelch domain were observed as follows: (1) The
carboxylic acid group of 9 formed a salt bridge with the side

Table 1. Hit Compounds (6, 7) and Enantiomers of 7 (8, 9)

OH H
o N OH
o [¢]
H,N NQ
MeO—@—ISI:O
(¢]
Me

H H
N OH N OH
o Q [e] o o]
Me Me
8 9

6 7
aolubility (uM) MS (% of remaining)®
compd ICy, (uM)“ ClogP” FaSSIF FeSSIF Caco2 Papp (107° cm/s) human rat
37 1.38 >475 424 13 0 0
74 40 4.49 432 469 17 85 95
8 >100 4.49 e e e e e
9 39 4.49 e e e e e

“Values of ICy, are mean values determined from four replicates using a Biacore assay. Reported compound 2'** was used as a positive control in
each assay and gave ICy, (SD) = 0.71 (+0.07) uM, n = 10. “The ClogP value was calculated using a software from ChemAxon. “Metabolic stability
(MS) in liver microsomes after 60 min incubation. “Racemate. *Not tested.
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Table 2. SAR Exploration of the Arg483 Region

Compd R 1Csy (M) LE? Compd R ICsy (M) LE?
Me
.. OH OH
9 & 39 0.23 13 o 2.8 0.28
Me Me
Me_Me Et
“~ OH S A OH
10¢ 55 17 0.23 14 & 99 0.20
Me Me
Et
“ OH ~ OH
11¢ 5"( 54 0.21 15 5\5 55 0.21
Me Me

S OH
12 & 51 0.22

“Values of IC, are mean values determined from four replicates using a Biacore assay. Reported compound 2" “* was used as a positive control in
each assay, and gave ICs, (SD) = 0.71 (£0.07) uM, n = 10. °LE = —1.37 log ICyo/number of heavy atoms. “Racemate.
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Figure 3. (a) Comparison of the cocrystal structure of 9 (yellow, PDB 8IVG) and 13 (light blue, PDB 8IVR). (b) WaterMap calculation was
performed on the protein in the cocrystal structure of 13. Detected water molecules are depicted as spheres colored according to their AG (green,
low; orange, high). Thermodynamic profiles of WAT1 were calculated using WaterMap. (c) Two-dimensional plot of the conformational free
energy surface of 9 (left) and 13 (right) constructed in the ¢ and y dihedral angles. The ¢ represents the rotation of the tetrahydronaphthalene
and p-toluene. The y represents the rotation of the carboxylic acid and p-toluene. The red plot indicates the ¢ and y values observed in the
cocrystal structures of 9 and 13, respectively. (d) Thermodynamic binding parameters were measured by the ITC assay. The values are mean values
determined from two replicates.

chain of Arg483, and a hydrogen bond interaction occurred hydrophobic entrance to the central fS-propeller tunnel. (4)
with Ser508 residue. (2) The amidecarbonyl moiety of 9 made The tetrahydronaphthalene unit was located in the hydro-
a hydrogen bond interaction with the side chain of Ser55S. (3) phobic region formed by the side chain of Tyr$72. Next, we
The p-toluene moiety was accommodated deeply in the precisely compared the binding mode of 9 with other reported

660 https://doi.org/10.1021/acsmedchemlett.3c00067
ACS Med. Chem. Lett. 2023, 14, 658—665


https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00067?fig=fig3&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.3c00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

costructures and found that in proteins such as PDBs 4IFN"
and 4IQK,"*" the side chain of Ile461 was moved out against
the ligand, creating a small space. On the other hand, the
costructure of 9 showed the side chain of Ile461 facing inward,
toward the ligand (Figure 2b). This observation led us to
hypothesize that the Ile461 residue might be flexible, which
could trigger the creation of a new space between 9 and the
protein. Moreover, we thought that the exploration of this
Ile461 region would fit our strategy of increasing activity with
small modifications because the region was cramped and
adjacent to the ligand. Therefore, we were challenged to
enhance activity by extending substituents to the region.

Table 2 showed the structure—activity relationship (SAR)
result from installing small substituents at the a-position of the
carboxylic acid group. In order to avoid synthetic complexity,
we first investigated the installation of the gem-alkyl group at
the position. The gem-dimethyl derivative 10 was about twice
as potent as 9, while conversely, the cyclopropyl one 11 was
less active. Next, despite the occurrence of an additional chiral
center, monoalkyl substituents at the position were tested. The
(S)-methyl substituent (12) slightly decreased the activity.
Conversely, the installation of the (R)-methyl group boosted
the potency by 12-fold and enhanced the LE values (ICy, and
LE of 13 were 2.8 and 0.28 uM, respectively). On the other
hand, ethyl derivatives 14 and 15 resulted in diminished
activities, suggesting that the ethyl group might be too large to
fit with the Keapl protein.

To better understand the significant increase in activity
observed with the introduction of a single methyl group in 13,
structural, computational, and thermodynamic analysis were
conducted. In X-ray analysis of 13, the introduced methyl
group was accommodated in the space which was created by
the movement of side chain of Ile461 (Figure 3a). Next, the
hydration site analysis of the Keapl Kelch domain of the
cocrystal structure with 13 was carried out by using
WaterMap,'® which is a molecular dynamics (MD)-based
computational method to detect hydration sites, and also to
calculate the thermodynamic properties (free energy (AG),
enthalpy (AH), and entropy (—TAS)) relative to bulk water.
As shown in Figure 3b, a characteristic water molecule
(WAT1) was detected as a high-energy site in the newly
created space, overlapping with the introduced methyl group.
Both enthalpy and entropy values of WAT1 were unstable
relative to the bulk water (AH = 2.7 kcal/mol, —TAS = 1.4
kecal/mol). From this result, we thought that the WAT1 was
removed by the methyl group of 13, resulting in a hydrophobic
effect. As a further analysis, a conformational energy
comparison of 9 and 13 was performed (Figure 3c). The
two-dimensional plot shows that the binding conformation of
13 exists in a lower energy basin than that of 9, indicating that
the methyl group also contributed to stabilizing the active
conformation. Furthermore, the thermodynamic parameters of
9 and 13 were determined by isothermal titration calorimetry
(ITC), which is widely used to explain ligand-protein
interactions.'”™"? As shown in Figure 3d, the introduction of
the methyl group decreased AG by 1.3 kcal/mol, which was
dominated by the reduction of the entropy term (—TAS) by
1.5 keal/mol. In general, a value of —TAS is mainly affected by
the hydrophobic effect and conformational change, while the
components of AH include polar interactions, such as
hydrogen bonding and van der Waals interactions.'” There-
fore, this ITC result supported the view that the increased
inhibitory activity by the new methyl substituent was driven by
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the hydrophobic effect of removing WAT1 and stabilization of
the active conformation.

Although the above significant methyl effect pleased us, the
potency of 13 was not satisfactory. To further improve the
activity, we compared the 13 cocrystal structure with the
published inhibitor 5, one of the most potent compounds
(PDB SFNU).'*! Figure 4 suggested that the N atom of

Figure 4. Comparison of the cocrystal structures of 13 (light blue,
PDB 8IVR) and § (green, PDB SENU).

benzotriazole moiety in 5 made hydrogen bond interaction
with the side chain of GIn530, but not in 13. Therefore, we
hypothesized that additional interaction with GIn530 would
lead to a further improvement in potency. The attachment of
several substituents to the benzyl position of 13 was attempted
because the position was the nearest to the GInS30 residue.

In order to simplify the synthesis, compound 16 (ICy, = 67
uM) bearing a phenyl group instead of tetrahydronaphthalene
moiety was chosen as a template to explore the GIn530 region
(Table 3). The introduction of several polar groups such as
carbonyl (17), hydroxyl (18, 19), and methoxy groups (20,
21) led to less potency. On the other hand, the attachment of
gem-fluorine provided an approximately 8-fold more active
compound 22. More notably, the incorporation of chiral
monofluorine resulted in a 19-fold boost in affinity and a
greatly improved LE value (16 vs 23). Moreover, the fluorine
also had a positive effect on Caco-2 permeability that differed
from the carbonyl (17) and hydroxyl groups (18, 19). This
dramatic fluorine effect was also observed in the tetrahy-
dronaphthalene derivative, and thus the obtained 25 showed
the strongest inhibitory activity in our SAR study (ICs, = 0.089
uM). With the increase in inhibitory activity of Keapl—Nrf2
interaction, 25 exhibited higher potency in a mesangial cell
assay than 13 and doubled the protein level (cell CD, Table 3)
of Nrf2-regulated HO-1(heme oxygenase 1) at a dose of 2.0
UM.

With regard to the remarkable fluorine phenomenon, we
also performed analyses using the X-ray, MD simulation, and
ITC. The complex of 25 with the Keapl Kelch domain
revealed that the fluorine of 25 was located close to the
terminal carboxamide in GIn530 with a F—N distance of 2.97
A and functioned as a hydrogen bond acceptor (Figure
5a).””*! Subsequently, MD simulations were performed on the
cocrystal structures of 13 and 25, and the ligand—protein
interaction frequency during the MD simulation is shown in
Figure Sb. The result indicated that the amidecarbonyl moiety
of 13 could not form a stable interaction with the hydroxyl
group of SerSSS (Figure Sb (top), interaction frequency =

https://doi.org/10.1021/acsmedchemlett.3c00067
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Table 3. SAR Exploration of the GIn530 Region

y H
R Ol
(o]
Me
Ic Cell Caco2 Ic Cell Caco2
Compd R (”Ni‘)' LE? CD Papp Compd R Nsl(;“ LE® CD Papp
@My (10%cm/s) 3 @My (105cmis)
- OMe
13 i?/\"o 28 0.28 56 25 21 m 83 0.22 - -
R F
6 OJY 67 0.25 - 23 22 m 8.9 0.28 66 15
o £
17 @*«0 >100 - - 17 23 Y 35 0.31 36 12
g i
8 Y 96 0.23 — 0.26 24 m 90 0.23 - 6.6
oH £
19 m >100 - - 027 25 i?/\"o 0.089 0.34 2.0 33
OMe
20 >100 - - 34

q

“Values of ICy, are mean values determined from four replicates using a Biacore assay. Reported compound 2'** was used as a positive control in
each assay, and gave IC;, (SD) = 0.71 (£0.07) uM, n = 10. bLE = -1.37 log ICy/number of heavy atoms. “The concentration of compound that
provoked a 2-fold increase in HO-1. Values of CD are mean values determined from two replicates. Reported compound 2'** was used as a positive
control in each assay, and gave CD (SD) = 10.4 (+2.3) uM, n = 5. “Not tested.
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—TAS
(kcal/mol)

AG
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13 -8.0 -4.3 -3.7
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Figure S. (a) Comparison of the cocrystal structures of 13 (light blue, PDB 8IVR) and 25 (yellow, PDB 8IXS). Polar interactions are depicted as
dashed purple lines. (b) Receptor—ligand interaction frequency histograms of 13 (top) and 25 (bottom) with Keap1 Kelch domain during the MD
simulation. (c) Thermodynamic binding parameters were measured by the ITC assay. The values are mean values determined from two replicates.

32%), and SerSSS seemed to prefer to interact with GIn$S30.
On the other hand, Figure Sb (bottom) showed that the
amidecarbonyl moiety of 25 mostly made hydrogen bond
interaction with SerSSS during the MD simulation (interaction
frequency = 99%). The introduced fluorine appeared to be
positioned between GIn530 and Ser55S, which prevented
Ser555 from approaching GIn530. These observations
suggested that in addition to the gain of a new interaction

662

with GInS30, the introduction of fluorine also strengthened the
hydrogen bond interaction between the amidecarbonyl group
of 25 and Ser555. As a result, these fluorine effects provided an
enthalpy-driven signal in thermodynamic properties of 25 in
ITC experiments (Figure Sc). In contrast, we also observed an
entropy loss compared to 13. This loss occurred seemly due to
its unfavorable ligand strain of the unique active conformation
with a torsion angle for F-=C—C=0 of 25.5° in the complex
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with 25, whereas a C—F bond is preferable to align antiparallel
to a C=0 bond because of the dipole repulsion.”” Although
an unfavorable entropy change was caused by the introduction
of fluorine, the enthalpy gain overcompensated for this loss,
resulting in an improvement in potency.

The a-fluoramide moiety in 25 may be a substructure not
often seen in drug discovery.”> However, our findings showed
that it serves as a novel motif that interacts with two
neighboring hydrogen bond donors without deteriorating
membrane permeability, unlike other polar groups.

The best compound, 25, in our SAR study was advanced to
further characterizations and the results are shown in Figure
6a. Similar to initial compound 7, 25 showed good solubility,

(@)
Solubility MS
ClogP (uM) (;‘:;:;2 (% of remaining)
FaSSIF  Fesslp  (10°%emfs) ot
5.21 =475 303 33 70 87
Rat PK
iv (1.0 mg/kg) po (3.0 mg/kg)
MRT (hr) 5.6 MRT (hr) 10
t,, (hr) 45 0y (hF) 1.3
Cltot (L/hr/kg) 0.03 Cpoax (M) 257
vd (L/kg) 0.18 AUC (uM+hr) 324
AUC (uM-hr) 79 F (%) 136
(b)
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vehicle 10 mg/kg 30 mg/kg 3 mg/kg

25 BARD

3 mg/kg

HO-1 production (ng/mg protein)

Figure 6. (a) In vitro profiles and in vivo PK result of 25. The ClogP
value was calculated using software from ChemAxon. MS: metabolic
stability in liver microsomes after 60 min incubation. (b) Effect of 25
and BARD on the amounts of HO-1 proteins in kidney tissue of
Wister rats at 6 h after oral administration. Error bars represent the
standard error from five independent samples.

high permeability, and tolerable metabolic stability in liver
microsomes of human and rat. Moreover, as expected from
good in vitro properties, 25 exhibited desirable PK profiles
including low clearance (Cl, = 0.03 L/h/kg) and high plasma
exposure (AUC = 324 uM-h).** As far as we know, 25 has the
lowest in vivo clearance and best bioavailability among
reported Keapl—Nrf2 inhibitors.

To investigate the in wvivo pharmacological effects, the
amounts of HO-1 proteins in kidney tissue in Wistar rats at 6 h
after orally administration of 25 were measured. As shown in
Figure 6b, a dose dependent increase in the protein level of
HO-1 was observed. In this experiment, 30 mg/kg dosing of 25
led to a 4.6 fold increase over vehicle controls, which was
comparable to 3 mg/kg of BARD, a well-known covalent Nrf2
activator undergoing clinical trials. This result demonstrated
that the inhibition of Nrf2—Keap]1 interaction with our novel
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noncovalent inhibitor resulted in an increase in oxidative stress
suppressor proteins in kidneys.

Representative compound 25 was synthesized according to
Scheme 1 (synthetic routes of other compounds are shown in

Scheme 1. Synthesis of 25“
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“Reagents and conditions: (a) (R)-N-benzyl-1-phenylethan-1-amine,
n-BuLi, THF, —78 °C, 98%; (b) LDA, iodomethane, THF, —78 °C,
71%; (c) H,, PA(OH),/C, MeOH, rt, 98%; (d) (i) pivaloyl chloride,
Et;N, THF, —78 to 0 °C; (ii) 32, n-BuLi, THF, —78 to 0 °C, 81%
over 2 steps; (e) LDA, N-fluorobenzenesulfonimide, THF, —78 to 0
°C, 82%; (f) 30% H,0, aq, LIOH-H,0, THF, H,0, rt; (g) 29, EDC,
HOBt, DMF, rt, 82% over 2 steps; (h) HCI, 1,4-dioxane, rt, 98%.

dr=95:5 Me

f
(gj/H(
—>

the Supporting Information). To prepare chiral f-amino-ester
29, starting from tert-butyl-cinnamate 26, the conjugate
addition of (R)-N-benzyl-1-phenylethan-1-amine gave tert-
butyl f-amino ester 27 as a single diastereomer according to
the procedure developed by Davies.”> Highly diastereoselective
methylation of the resulting 27 with LDA and iodomethane
afforded adduct 28. Hydrogenation in the presence of
Pd(OH),/C was then carried out to obtain 29. For the
preparation of a-fluorocarboxylic acid 34, chiral imide 31 was
initially prepared by coupling of phenylacetic acid 30 with
chiral oxazolidinone 32. Treatment of 31 with NFSI under
basic conditions and subsequent slurry purification yielded
fluorinated imide 33 as a mixture of diastereomers (dr = 95:5).
The removal of the chiral auxiliary on treatment with LIOOH
(formed in situ) led to a-fluorocarboxylic acid 34, which was
coupled with pB-amino ester 29 followed by silicagel
chromatography separation to afford condensate 35 as a single
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isomer. Finally, tert-butyl ester 35 was treated with HCl to give
25. The stereochemistry of 25 was presumed from the
cocrystal structure with Keapl.

In conclusion, we have described the discovery of novel
noncovalent Nrf2—Keap1 inhibitors. We conducted a HTS
campaign and identified hit compound 7 which showed good
physicochemical properties. The SBDD approach contributed
to the efficient drug discovery, and small modifications with
methyl and fluoro group incorporation provided 2§ with
approximately 450-fold more potent inhibition than 7 while
maintaining favorable in vitro ADME profiles. In addition, we
analyzed the enhancement of activity using computational
studies (WaterMap, conformational analysis and MD simu-
lations) and ITC experiments and found the unique binding
mode and new use of the a-fluoramide moiety. Most
gratifyingly, 25 displayed robust PK profiles and in vivo
potency, which demonstrated that 25 would be a useful
chemical tool for investigating the treatment for CKD. Further
efforts to improve in vivo potency will be described in the next
report.
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