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ABSTRACT: Elaboration of the oxazolidinedione series led to replacement of the exocyclic amides with substituted
benzimidazoles. The structure−activity relationship (SAR) exploration resulted in the discovery of potent and selective
nonsteroidal mineralocorticoid receptor (MR) antagonists with significantly improved microsomal stability and pharmacokinetic
(PK) profile relative to the HTS hit 1a. One compound 2p possessed comparable efficacy as spironolactone (SPL) at 100 mg/kg
(p.o.) in the rat natriuresis model. As such, this series was validated as a lead series for further optimization.
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The mineralocorticoid receptor (MR) is a nuclear hormone
receptor located in the sodium ion-transporting epithelia

(e.g., kidney, colon) and nonepithelia tissues including heart,
blood vessels, brain, and salivary and sweat glands.1 The major
endogenous ligand for MR is aldosterone (A in Figure 1), which

plays an essential role in salt and water homeostasis by retaining
sodium and water. Aldosterone binding in MR triggers a cascade
of events including modulation of gene expression and protein
synthesis, which then promote renal sodium reabsorption and
potassium excretion in the distal nephron. Patients with primary
hyperaldosteronism frequently suffer from hypertension, which
may be driven by high MR activity leading to sodium
reabsorption and fluid retention.2

The inhibition of the renin−angiotensin−aldosterone system
by angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II receptor blockers (ARBs) has been established
as a successful approach in treating hypertension and congestive
heart failure (CHF).3 Unfortunately, ACE inhibitors or ARBs fail
to reach blood pressure lowering goals in a significant number of

hypertensive patients treated with diuretics.3 This result is often
in part due to both an abnormal activation of MR by elevated
levels of aldosterone and salt imbalance, which may cause
hypertension and other detrimental effects to the vasculature.
Hence, direct MR antagonism has been utilized as an alternative
or adjunct therapy for cardiovascular diseases. For example,
spironolactone4 (SPL) and eplerenone5 (EPL) are twomarketed
MR antagonists (Figure 1) used successfully to treat hyper-
tension and heart failure. However, use of SPL is limited due to
sexual adverse effects including gynecomastia and menstrual
irregularities, which mainly result from the off-target activity
related to the androgen receptor (AR). While EPL is significantly
more selective than SPL, resulting in a lower incidence of
gynecomastia, it is less efficacious than SPL, as reflected by EPL’s
inferior potency and pharmacokinetic (PK) profile.6

In light of the current limitations of the marketed MR
antagonists, a potent and selective small molecule MR antagonist
may provide clinicians with an additional valuable tool for
treating hypertension and CHF. Toward this end, several classes
of nonsteroidal MR antagonists have emerged over the past few
years.7−15 Herein, we report our preliminary efforts on the
discovery of benzimidazole oxazolidinediones as a novel class of
potent MR antagonists.
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Figure 1. Structures of MR antagonists SPL, SPL, and EPL.
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Starting from the high-throughput screening hit 1a (Figure 2),
a preliminary study provided a series of nonsteroidal, potent, and

selective oxazolidinedione MR antagonists.16 However, these
compounds, in general, had poor liver microsomal stability; they
were almost completely metabolized in 30 min upon incubation
in the presence of human or rat liver microsomes. The in vitro
metabolite identification study revealed that the primary
metabolic pathways of these compounds originated from the
hydrolysis of the amide, dealkylation of the benzylamine moiety,
and extensive oxidation of the three aromatic groups. In light of
these findings, aniline-derived amide 1b was prepared in order to
minimize the N-dealkylation of the benzylamine. In addition,
fluorine and chlorine atoms were introduced to two of the three
aryl groups in order to reduce their propensity toward oxidative
metabolism. While these additions did not improve rat liver
microsomal stability (MS, 0%), measured by the remaining
parent molecule at 30 min postincubation, they did increase the
human liver microsomal stability (44%). Furthermore, the MR
antagonist potency of 1b was significantly increased relative to
1a. It was further envisaged that the issue of amide hydrolysis
could be solved by replacing the amide group with a heterocyclic
bioisostere, such as monocyclic heteroaryls including oxadiazole,
triazole, or imidazole, as described previously.17 Alternatively, we
envisage that a bicyclic heteroaryl such as benzimidazole might
provide distinct structure−activity relationships (SARs) and
different properties. Gratifyingly, analogue 2a, the first
benzimidazole analogue prepared in this series, not only
displayed similar MR potency as 1b but also demonstrated
improved rat liver microsomal stability. Thus, a new
benzimidazole-based oxazolidinedione class emerged.
Compounds generated during the hit-to-lead process were

screened for in vitro activity against human MR in a cell-based
functional assay (hMR-NH-Pro),18 which is a commercially
available PathHunter protein−protein interaction assay that
measures the ability of compounds to antagonize full-length
human MR binding to a coactivator peptide. In this assay, the
average IC50 values for SPL and EPL were 11 and 240 nM,
respectively. In addition, most compounds were also charac-
terized in human and rat liver microsome stability assays.
The exploration of the SAR with respect to the R2 and R3

regions of scaffold D (Figure 2) indicates that phenyl and 4-
fluorophenyl, respectively, afforded the best activity against MR.

Tables 1 and 2 summarize the efforts in optimizing the R1 moiety
of the scaffold, namely, the 5- and 4-positions of the
benzimidazole, respectively.
Analogues containing small halides (2a, 2c, 3b), trifluor-

omethyl (2d, 3c), alkoxide (2e), nitrile (2i), amide (2h), and
sulfonamide (2f, 3e) provided modest MR activity with IC50
values ranging from 100 to 500 nM in the functional assay.
Substituting benzimidazole with heteroaryls or heterocycles at
the 4-position led to several compounds (2k, 2l, 2n, 2o, 2p, 2q,
2s, 2t, 2u) with improved IC50 values below 100 nM. In contrast,
the analogues bearing 4-subsituted heteroaryls (3f−3k) were, in
general, less active than the 5-substituted counterparts (2j−2o,
2q−2u).
Most compounds depicted in Table 1 had acceptable human

microsomal stability (>50% of parent remaining after 30 min of
incubation). The rat microsomal stability varied significantly
depending on the substituents of the benzimidazole. Two types
of modifications were adopted to successfully improve the rat
liver microsomal stability of compounds. The first was to
introduce sulfonamide functionality (2f), and the second was to
place a heteroaryl group (2j, 2k, 2m, 2o, 2p) at the 5-position of
the benzimidazole moiety.
Substitution at the 4-position of benzimidazole (Table 2) also

had a profound impact on the rat liver microsomal stability. The
trifluoromethyl analogue 3c had the highest rat microsomal
stability followed by amide 3d and sulfonamide 3e.
Related to MR are other nuclear hormone receptors, such as

androgen receptor (AR), glucocorticoid receptor (GR), estrogen
receptor (ER), and progesterone receptor (PR). It is critical to
develop MR antagonists with excellent selectivity to avoid off-
target mediated adverse effects. As such, cell-based reporter gene
assays were performed with a panel of nuclear hormone
receptors including human AR, GR, ERα, ERβ, and PRβ
(Table 3). As described in Table 3, SPL (B) had modest
selectivity for MR over AR (∼60-fold) and some residual activity
against GR and PRβ. In contrast, EPL (C) displayed remarkable
selectivity against other nuclear hormone receptors examined.
While SPL, EPL, and benzimidazole oxazolidinediones were
typically completely inactive in the agonist mode of the cell-
based counterscreening assays, the selectivity in the antagonist
mode continued to be a challenge. Most oxazolidinediones
appeared to have some GR, AR, ERα, ERβ, and PRβ antagonist
activity. Several compounds, such as 2o, 2p, and 2q, displayed
over 40-fold selectivity profile across the board, which represents
a significant improvement over the previously described
compounds (>5-fold).17 Compared to SPL, which had a 60-
fold selectivity against AR, compounds 2o and 2q had a
selectivity of 90- and 110-fold, respectively.
The PK profiles of a subset of compounds in rats are shown in

Table 4. A range of oral bioavailability (6−54%) was observed for
these compounds, of which 2d, 2o, 2p, and 3c had modest to
good bioavailability. It is worth noting that several compounds
(2a, 2d, 2q, and 3c) displayed high plasma protein binding
(>99%) in whole plasma, and thus, free fraction was typically
measured in the presence of 10% plasma and presumed to be
correlated to the free fraction in total plasma. By introducing
polar substituents to benzimidazole such as a sulfonamide (2f,
3e), heteroaryl (2m), or heterocycle (2p), higher plasma free
fraction was observed, and generally rat liver microsomal stability
was improved as well (Tables 1 and 2).
Potent MR antagonists with reasonable rat PK were further

evaluated in an acute rat pharmacodynamic model, which
measured the amount of urinary sodium excretion (natriuresis)

Figure 2. Evolutions leading to benzimidazole oxazolidinedione
analogues.
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over 6 h after a single oral dose, using SPL as a positive control. It
should be noted that rat and human MRs have 90% identity, and
the two proteins share the exactly same DNA and ligand binding
domains. Therefore, compounds are presumed to have similar
human and rat MR activities.19 Of several compounds being
tested (2a, 2f, 2j, 2p, and 2q) in the natriuresis rat model, 2a, 2f,
and 2q exhibited amodest but statistically significant PD effect (p
< 0.05). Furthermore, compound 2p had the most pronounced

Table 1. In Vitro SAR of 5-Substituted Benzimidazole
Analoguesa

aValues are the average of two experiments, each in 10-point titrations.
bPercent remaining at 0.5 h and 1 μM incubation in human (h) and
rat (r) liver microsomes (LM).

Table 2. In Vitro SAR of 4-Substituted Benzimidazole
Analoguesa

aValues are the average of two experiments, each in 10-point titrations.
bPercent remaining at 0.5 h and 1 μM incubation in human (h) and
rat (r) liver microsomes (LM).

Table 3. Nuclear Hormone Receptor Selectivity of
Representative Analogues (NH_PRO Antagonist Mode
Assay)

compd
MR IC50
(μM)

GR IC50
(μM)

AR IC50
(μM)

ERα IC50
(μM)

ERβ IC50
(μM)

PRβ IC50
(μM)

B 0.011 4.1 0.67 >20 >20 4.0
C 0.24 18 >20 >20 >20 >20
2a 0.16 3.8 3.1 3.3 2.4 2.4
2d 0.12 3.4 3.0 3.0 2.7 3.2
2f 0.22 >20 13 17 12 4.9
2m 0.12 3.0 3.1 6.3 2.6 2.9
2o 0.039 2.9 3.4 4.9 3.0 2.8
2p 0.040 4.9 7.7 6.1 5.3 1.9
2q 0.034 3.1 3.7 7.9 2.7 2.9
3e 0.21 17 11 >20 7.3 8.2
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dose-dependent natriuretic effect as shown in Figure 3, and the
effect at 100 mg/kg was comparable to SPL at 30 or 100 mg/kg.

Interestingly, previous amide replacement by monocyclic
heteroaryls17 exhibited much weaker efficacy at the same doses
in the same model (data not shown). Taking in vivo efficacy and
selectivity into consideration, there are unique advantages of
using substituted benzimidazoles as replacement of amide.
A representative synthesis of oxazolidinedione analogues is

illustrated in Scheme 1. The α-hydroxylation of malonate 4,
applying vigorous air bubbling over 3 days, afforded the
hydroxylated intermediate 5, which then underwent a mono-
hydrolysis to yield monocarboxylic acid 6. Subsequent chiral
supercritical fluid chromatography (SFC) separation provided
the chiral acid 7, which was then coupled with 1-chloro-3,4-
benzenediamine to generate amide intermediate 8, followed by
heating in acetic acid to yield the benzimidazole intermediate 9.
Finally, the reaction of the benzimidazole 9 with isocyanate 10 in
the presence of NaOH provided compound 2a. The cross-
coupling reaction of 11, the 5-Br analogue of 2a, with various
boronic acids/esters generated the corresponding heteroaryl-
substituted analogues. For example, the Suzuki coupling of
compound 11 and pyrimidine boronic acid 12 afforded 2u in
good yield.
In summary, oxazolidinediones derived from the HTS hit 1a

represent a novel class of MR antagonists. SAR studies were
directed to enhance potency and human and rat liver microsomal
stability, as well as rat PK in order to elicit PD effects in rats.
Improvements in liver microsomal stability and PK were realized
by replacing the central amide functionality with benzimidazole.
The endeavor of optimizing the benzimidazole series by adding a

polar substituent led to several MR antagonists with acceptable
rat PK, potency against MR, and selectivity against other nuclear
hormone receptors. Ultimately, analogue 2p demonstrated
similar natriuretic effect in rats as SPL at 100 mg/kg. As such,
the benzimidazole oxazolidinedione class became a validated lead
series for further optimization, which will be reported in due
course.
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Table 4. Rat PK Profiles and Plasma Protein Binding Data in Human and Rat Plasma (10%)a

compd F% Clp (mL/min/kg) Vdss (L/kg) T1/2 (h) AUCNpo (μM·h·kg/mg) free fraction in 10% plasma (%, human, rat)

2a 15 47 4.6 1.5 0.11 0.2, 1
2d 36 33 3.4 1.7 0.33 0.2, 0.7
2f 6 32 1.8 1.6 0.067 3.4, 6.4
2m 27 19 1.6 1.8 0.49 4, 1.7
2o 54 20 1.9 1.2 0.79 -
2p 44 67 2.3 0.69 0.07 9.3, 6.5
2q 11 80 5.0 0.94 0.046 0.2, 0.8
3c 44 23 3.4 2.4 0.067 0.2, 0.5
3e 15 55 3.2 1.2 0.085 5.8, 6.4

aValues are an average of two wistar han rats for IV dose and three rats for p.o. dose. Formulation: The IV doses were formulated at 1 mg/kg in
DMSO/PEG200/water (10:60:30), and the oral doses were formulated at 2 mg/kg in imwitor/tween (1:1) and given by oral gavage. F%, oral
bioavailability; Clp, plasma clearance; Vdss, volume of distribution; Cmax, observed maximal plasma concentration following oral dosing; T1/2, terminal
half-life; AUCNpo; normalized area under the curve for oral dosing.

Figure 3.Dose-dependent natriuretic effect of SPL and 2p in WKY rats.
Vehicle: inwitor/tween, 2 mL/kg. Animals fed with low salt diet; jugular
vein bleedings were performed 6 h postdose for drug exposure (mpk,
mg/kg; *, p < 0.05 vs vehicle; #, p < 0.05 vs 2p 10 mg/kg).

Scheme 1a

aReagents and conditions: (a) CsF, DMF, 40 °C to rt, 3 d, 71%; (b)
KOH, EtOH, 46%, rt, overnight; (c) chiral SFC (OJ-H, 4.6 × 100 mm,
5% MeOH/0.1% TFA/CO2, 2.5 mL/min, 100 bar); (d) HATU,
iPr2NEt, 1-chloro-3,4-benzenediamine, DMF, overnight; (e) AcOH,
75 °C, 2 h, 58% over 2 steps; (f) NaOH, THF, 70 °C, 25 min, 77%;
(g) Pd(OAc)2, dppf, K3PO4, EtOH, 120 °C, microwave, 5 min, 76%.
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