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ABSTRACT: Herein we report the discovery and hit-to-lead
optimization of a series of spirocyclic piperidine aldosterone
synthase (CYP11B2) inhibitors. Compounds from this series
display potent CYP11B2 inhibition, good selectivity versus
related CYP enzymes, and lead-like physical and pharmacoki-
netic properties.
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Hypertension is the most prevalent chronic disease state,
afflicting an estimated 80 million people in the United

States and >1 billion people worldwide.1 Roughly half of that
patient population exhibits resistant hypertension, blood
pressure that remains high even after treatment with a
combination of three or more antihypertensive agents.2 Such
uncontrolled hypertension can contribute to organ damage,
cardiovascular disease, stroke, heart attack, and heart failure.3

Current treatment options notwithstanding, there remains a
significant need for additional, mechanistically novel, anti-
hypertensive therapies.
One novel approach involves the reduction of plasma

aldosterone levels.4 Elevated plasma aldosterone levels promote
sodium and water retention, vasoconstriction, and increased
sympathetic drive, ultimately leading to increased blood
pressure. Aldosterone synthase, also known as CYP11B2,
catalyzes the final three rate-limiting steps of aldosterone’s
biosynthesis. Based on this rationale, inhibitors of CYP11B2
should prevent aldosterone biosynthesis, thereby leading to a
reduction in plasma aldosterone and consequently blood
pressure.
The role of aldosterone synthase inhibitors (ASIs) has

received much attention in recent years.5−15 Of note, the
inhibitor LCI-699 (Figure 1) has been shown to lower plasma
aldosterone levels and blood pressure in the clinic, thus
providing proof of concept for the use of ASIs to treat
hypertension.16,17 LCI-699 is a modestly selective CYP11B2
inhibitor, displaying ∼4-fold selectivity for inhibition of
CYP11B2 versus a close structural homologue, CYP11B1, an

enzyme that catalyzes the biosynthesis of cortisol.12 In the
clinic, LCI-699 produced an undesired impairment of the stress
response, an adverse effect presumed to be caused by inhibition
of CYP11B1. Given the physiological importance of cortisol in
glucose metabolism and stress response, selectivity for
inhibition of CYP11B2 over CYP11B1 is required in a clinically
viable candidate.
With this in mind the goal was to discover a structurally

novel class of potent and selective inhibitors of aldosterone
synthase and to assess their potential therapeutic value in
models of resistant hypertension. In this regard spiro-fused
scaffolds were explored as replacements for the aromatic,
planar-fused bicyclic and tricyclic scaffolds that are present in
previously described inhibitors.5 Recent literature reports have
highlighted the benefits that such spirocyclic scaffolds can
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Figure 1. Aldosterone synthase inhibitors.
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impart, including increased sp3 character, reduced planarity,
improved solubility, and structural novelty.18

Modeling studies were performed to evaluate the ability of
spirocyclic analogues such as compound 1 to bind to the
CYP11B2 active site. Cocrystal structures of CYP11B2 in
complex with fadrozole, deoxycorticosterone, and a tetrahy-
droisoquinoline inhibitor have been reported.19,20 These
structures were used to support our spirocycle docking
experiments. Figure 2 depicts an overlay of LCI-699, a
lactam-based inhibitor,21 and spirocycle 1 (Figure 1) in the
CYP11B2 binding pocket. As illustrated, there was good
overlap between the proposed spirocycle and the aforemen-
tioned aldosterone synthase inhibitors. The positioning of the
isoquinoline appeared to be in an optimal position to interact
with the heme cofactor. These results motivated us to pursue
this novel class of spirocyclic inhibitors.
Encouraged by the modeling studies, a variety of spiro-fused

analogues were synthesized and evaluated for CYP11B2
activity.22 The initial series of compounds incorporated an
isoquinoline moiety, which has been used in previous work and
provided a critical interaction with the heme binding domain of
CYP11B2.5,8 Spirocyclic isoquinoline 1, our proposed spiro-
cycle, displayed potent inhibition of human CYP11B2 and
modest selectivity against CYP11B1. In contrast, related
analogue 2, which contains a larger spiro-fused cyclohexane,
proved less potent and less selective than 1. These initial results
suggested the spirocycles would be tolerated in the CYP11B2
binding pocket and provided a starting point for optimization
of this series.
Once the effectiveness of the spirocyclic skeleton was

demonstrated with compound 1, a series of compounds were
synthesized to test whether the addition of a hydrogen bond

acceptor might improve the potency. The docking studies
revealed an arginine residue, Arg120, was proximal to our
spirocyclic core. It was hypothesized that adding appropriate
functionality in the optimal position might increase the
likelihood of reaching this residue. As a first attempt, an ether
oxygen was installed at the 2-position in 3, which appeared to
be in a similar trajectory as the nitrile group in LCI-699 and
positioned to interact with the Arg120. Improved CYP11B2
inhibition was observed relative to 1. When the oxygen was
repositioned to the interior 1-position in 4, a significant loss of
CYP11B2 potency was observed with a modest decrease in
selectivity. The related spirooxetane derivative 5 displayed
potency and selectivity similar to that of 3, with the added
benefits of reduced molecular weight and lipophilicity.
The modeling overlay of the spirocyclic compound with the

lactam suggested that an amide might be tolerated in the
spirocyclic ring. It was also thought that the lactam carbonyl
could be positioned to form a hydrogen bond with the Arg120.
With this in mind, lactam 6, which placed the carbonyl oxygen
in a similar trajectory as the nitrile in LCI-699 and oxygen ether
in 3, was synthesized and displayed good potency and
CYP11B1 selectivity. In contrast, lactam 7, which moves the
carbonyl to an interior position away from the arginine, proved
significantly less potent than 6, a trend that is in concordance
with our modeling studies. In addition to an improvement in
CYP11B2 potency and selectivity, addition of a hydrogen bond
acceptor as in the amide and ether moieties favorably impacted
the Log D, solubility, and in vitro intrinsic clearance in rat
microsomes compared to compound 1 (Table 2).
Further attempts to reach the Arg120 led to extending the

HBA closer to the residue. In this regard, acetamide derivative
9, which extends the amide functionality off the spirocyclic ring,

Figure 2. Overlay of aldosterone synthase inhibitors with a proposed spirocyclic piperidine analogue: LCI-699 (yellow), a lactam inhibitor (cyan),
and spirocyclic compound 1 (green) are shown as docked to CYP11B2 (PDB code 4ZGX, shown as gray ribbons with the heme cofactor as gray
tubes).
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showed reduced CYP11B2 inhibition with respect to lactam 6
and ether 3 and was nonselective versus CYP11B1. Additional
amide derivatives with larger amide R groups were also
prepared, but they were consistently less potent than acetamide
9 (data not shown). Carbamates such as compound 10
displayed similarly modest potency and selectivity. This data
suggested the carbonyl was not optimally positioned to form a
hydrogen bond with the arginine in these analogues.

Given the promising CYP11B2 selectivity of the initial
spirocyclic compounds coupled with the improved Log D and
low intrinsic clearance of 3 and 6, this was a good starting place
to begin further optimization of the series. Taking this into
account we next examined the impact of varying the
isoquinoline moiety with the better spirocyclic cores identified
in Table 1. Previous work had shown that the isoquinoline
typically imparted high potency, but also a liability in the form
of high plasma clearance.8 Surrogate heme binding moieties
with improved potency, selectivity, and pharmacokinetic
properties have been reported.7 In this regard, we focused on
combining optimized spiro-fused cores with heme binding
moieties identified by our group that have shown improved
pharmacokinetic properties.
As shown in Table 3, the isoquinoline moiety in N-methyl

lactam 6 was replaced with an azetidine-substituted pyrazine to
afford compound 11. This analogue displayed improved
potency and B1/B2 selectivity when compared with isoquino-
line 6. Overall, the azetidine proved generally beneficial as
demonstrated by compounds 12 and 13. The N-methyl lactam
spirocycle present in 6 and 11 was also combined with a tertiary
alcohol-substituted pyridine to afford enantiomeric products 14
and 15. As shown in Table 3, the (S)-enantiomer 14 exhibited
notably better potency than the (R)-enantiomer 15. There did
not appear to be any differences in binding with specific
residues between the two enantiomers in our docking model;
however, the preference for the (S)-enantiomer has been
reported in previous work.8 Finally, the spirocyclic ether core
embodied in 3 was combined with the (S)-tertiary alcohol-
substituted pyridine to yield compound 16.
Motivated by the CYP11B2 potency and selectivity of

compounds 14 and 16, additional studies to assess the lead-like
properties were conducted. As shown in Table 4, both
compounds were initially profiled for stability in rat liver
microsomes where they demonstrated low rates of intrinsic
clearance. Encouraged by this result, compounds 14 and 16
were also profiled in a rat pharmacokinetic experiment. Both
compounds displayed high oral bioavailability, good oral
exposure, and modest rates of plasma clearance. The
comparatively short half-lives of compounds 14 and 16 reflect
both their low volumes of distribution and moderate clearance
rates. In addition to the ADME properties, the off-target profile
of compounds 14 and 16 were also investigated. In this regard
the compounds showed good selectivity versus hepatic CYPs
and ion channels. Most notably compound 14 was >200-fold
selective for the related steroidal CYPs 17, 19A1, and 21.23

In summary, we have reported the discovery and hit-to-lead
optimization of a novel class of spirocyclic piperidine
aldosterone synthase inhibitors. The work demonstrated the
value of using structure-based drug design to guide the
discovery of the spirocyclic series. Lead compounds from this
series, 14 and 16, showed good overlap with LCI699 as shown
in Figure 3. These compounds displayed potent inhibition of

Table 1. Effect of Hydrogen Bond Acceptor Positioning on
CYP11B2 and CYP11B1 Inhibition

aIC50s calculated from n ≥ 1, see Supporting Information for details.
For compounds n > 1 the geometric mean is reported. bRatio of
hCYP11B1 IC50/hCYP11B2 IC50.

Table 2. Physiochemical Properties of Selected Compounds

Cpd Log Da MWb Soly pH2/7c Rat Mic Clint
d

1 5.6 266 176/3 1291
3 2.6 268 196/165 <20
6 1.6 295 149/167 76

aDetermined experimentally by HPLC. bMolecular weight. cSolubility
concentration (μM) in PBS buffer at pH 2 and 7. dRat microsomal
intrinsic clearance (mL/min/kg).
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CYP11B2 as well as selectivity over CYP11B1, other related

CYPs, and pharmacologically relevant off-targets. In addition,

they displayed lead-like physical and pharmacokinetic proper-

ties. On the basis of its promising overall profile, the spirocyclic

piperidine series was progressed into lead optimization.
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