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Neprilysin (NEP, neutral endopeptidase, EC 3.4.24.11) is a mam-
malian zinc(ii)-dependent, membrane-bound endopeptidase.
NEP is widely distributed in the organs, particularly in the kid-
neys and lungs, and is involved in the metabolism of a
number of smaller regulatory peptides of the nervous, cardio-
vascular, inflammatory, and immune systems.[1±3] Enkephalins
are among its natural substrates, and blocking NEP would in-
crease their level, thereby generating an analgetic response.
Furthermore, NEP cleaves ANP (atrial natriuretic peptide) and
bradykinin, which both reduce blood pressure, and NEP inhibi-
tors could therefore be possible antihypertensive agents. On
the other hand, NEP has recently been shown to cleave amy-
loid b-peptide, the deposition of which in the brain is part of
the initiation of Alzheimer's disease.[4] These therapeutic and
basic pharmacological research interests led us to develop
new nonpeptidic inhibitors of Neprilysin by X-ray structure-
based de novo design.[5] Many peptidic NEP inhibitors are
known,[2] but only a few nonpeptidic ones have been report-
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ed.[6] Furthermore, we are interested in a general understand-
ing of the structural requirements for selective metalloprotease
inhibition, with the intriguing ultimate target of blocking NEP
selectively and with high affinity without binding to the zinc(ii)
ion. Here, we report the synthesis and in vitro evaluation of
first- and second-generation nonpeptidic Neprilysin inhibitors
that still contain a zinc(ii)-binding ligand and show IC50 values
(IC50=concentration of inhibitor at which 50% Vmax is ob-
served) in the range between 2 and 0.2 mm.

On the basis of the X-ray crystal structure of NEP complexed
with phosphoramidon,[7] we used the molecular-modeling
package MOLOC[8] to analyze the active site and to design the
well-accommodated lead (� )-1, taking into account the princi-
ples of molecular recognition. Figure 1 shows that the central
imidazole platform of the active (1’S,1’’R)-configured enantio-
mer should act as a peptide-bond isoster and anchor at the
active site by forming H-bonds to Asn542 and Arg717, both of
which are important for substrate binding.[9,10] Two aromatic
rings, attached by short linkers to positions 2 and 5 of the cen-
tral imidazole scaffold, were expected to fill the hydrophobic
pockets S1’ and S2’. A thiol ligand was chosen to ensure bind-
ing to the catalytically active zinc(ii) ion. In addition to (� )-1,
we also prepared compounds (� )-2±(� )-5 in the first lead-
generation cycle.

The synthesis of the first series of ligands elegantly takes ad-
vantage of a double ortho-metallation strategy (Scheme 1).[12]

Protected imidazole 6[13] was stannylated at position 2, and
Stille cross-coupling with (Z)-2-bromo-3-phenylprop-3-enal af-
forded aldehyde 7. Reduction of aldehyde and double bond
with [Pd(PPh3)4] and Bu3SnH in one step, followed by silylation
provided the silyl ether (� )-8. Metallation at position 5 of the
imidazole ring followed by treatment with benzaldehyde led
to the diastereoisomeric pairs of enantiomers (� )-9a and (� )-
9b. Methylation of the hydroxy group followed by desilylation
yielded (� )-10a and (� )-10b. At this stage, the diastereoisom-
ers were separated by column chromatography (SiO2, pentane/
AcOEt 50:50). Mitsunobu reaction provided the thioacetates (�
)-11a and (� )-11b that were finally doubly deprotected to
afford thiols (� )-1 and (� )-2.[14,15] The configuration
of the separated diastereoisomers was assigned
based on an X-ray crystal structure of thioacetate
(1’SR,1’’RS)-11a. The other inhibitors (� )-3 to (� )-5
were obtained by similar routes.

The IC50 values were determined by a fluorimetric
assay.[16] Encouragingly, the activity of lead com-

Figure 1. Ball-and-stick (a) and schematic (b) representations of (1’S,1’’R)-1
modeled in the active site of Neprilysin. Potential H-bonds are shown as
dashed lines. a) C atoms of the inhibitor : green, C atoms of NEP: grey, O
atoms: red, N atoms: blue, S atoms: yellow, Zn atom: purple.

Scheme 1. Synthesis of inhibitors (� )-1 and (� )-2. Reagents and
conditions: a) nBuLi, Bu3SnCl, THF, �78 8C; b) (Z)-2-Bromo-3-phe-
nylprop-3-enal, [Pd(PPh3)2Cl2] , Ag2O, DMF, 100 8C, 2 d, 40% (two
steps) ; c) [Pd(PPh3)4] , Bu3SnH, AcOH, PhH, 20 8C, 10 h, 82%;
d) Me2(tBu)SiCl, DMAP, CH2Cl2, 20 8C, 16 h, 79%; e) secBuLi,
PhCHO, THF, �78 8C, 1 h, 85%; f) NaH, MeI, THF, 0!20 8C, 98%;
g) Bu4NF, THF, 20 8C, 4 h, 62% ((� )-10a), 35% ((� )-10b) ;
h) PPh3, DIAD, AcSH, THF, 0!20 8C, 3 h, 95% ((1’SR,1’’RS)-11a),
86% ((1’SR,1’’SR)-11b) ; i) NaOMe, MeOH, 20 8C, 1 h then TFA,
20 8C, 1 h, then 0.1% HCl in MeOH, 30% ((� )-1), 28% ((� )-2).
DMAP=4-(dimethylamino)pyridine, DIAD=diisopropyl azodicar-
boxylate, TFA= trifluoroacetic acid.
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pound (� )-1 was found to be in the single-digit micromolar
range (Table 1). Similar IC50 values around 2 mm obtained for in-
hibitors (� )-1 and (� )-2 demonstrate that the proposed H-
bond between Asn542 and the methoxy group in the complex
of (� )-1 is not effective; indeed the H-bond-accepting residue
can be omitted without penalty as in (� )-3. Substitution of the
phenyl (in (� )-1) by a 2-naphthyl ring (in (� )-4) for occupation
of the S2’ pocket does not enhance binding affinity but rather
leads to a slightly lower activity. Although spacious and rather
hydrophobic, this pocket is conformationally not as well de-
fined (see below);[7, 17] this prevents a gain in binding free en-
thalpy upon introduction of a larger substituent such as a

naphthyl residue. Finally, alcohol (� )-5 proved to be almost in-
active; this clearly shows that at this stage, a thiolate group is
required for binding.

For the next lead-optimization cycle, we carefully compared
the active site geometries seen in the X-ray crystal structures
of NEP bound to the larger phosphoramidon (blue in Fig-
ure 2a), that occupies both S1’ and S2’ pockets, and the small-
er thiorphan (green in Figure 2a), that only fills the S1’
pocket.[18,19] In the thiorphan complex, the S2’ pocket is closed
by the side chains of Arg110 and Phe106. Since good inhibito-
ry activity apparently does not require occupancy of the S2’
pocket,[6] second-generation ligands (+)-12 and (+)-13 were
designed without a vector reaching into this pocket (Table 2).
In return, larger heterocycles, benzimidazole in (+)-12 and imi-
dazo[4,5-c]pyridine in (+)-13, were introduced as central scaf-
folds. Molecular modeling suggested that these platforms
would not only undergo the obligatory H-bonding to Arg717
and Asn542, but would also engage in favorable p-p stacking
interactions[20] with the imidazole ring of His711 (Figure 2b).

The synthesis of thiols (+)-(S)-12 and (+)-(S)-13 started from
carboxylic acid (�)-(S)-16 that was obtained through a publish-
ed protocol (Scheme 2).[21] Formation of the carboxamide with
either 1,2-phenylenediamine or 3,4-diaminopyridine, followed
by acid-catalyzed condensation to give (+)-15/(+)-17 and S-
deprotection afforded the desired ligands.

Gratifyingly, the IC50 values of the new ligands (+)-12 and
(+)-13 were in the upper nanomolar range, their binding affini-
ty being about tenfold higher than that of the imidazole-based
inhibitors (Table 2). Benzimidazole and imidazo[4,5-c]pyridine
appear to be excellent new scaffolds for NEP inhibitors. Their
predicted aromatic interaction with the imidazole ring of
His711 still remains to be validated by X-ray crystallography.
For comparison, the binding affinity of benzylated (+)-15 is
poor, although, according to the modeling, the benzyl residue
can be well accommodated in the active site. Thus, a thiolate
ligand to the zinc(ii) ion is still required at this stage. The affini-

Table 1. Structures and biological activities of the first series of lead com-
pounds (� )-1 to (� )-5. The configuration of the active enantiomer, predict-
ed by modeling, is indicated.

X R1 R2 active enantiomer IC50 [mm]

(� )-1 SH OMe Ph 1’S,1’’R 2.0
(� )-2 SH OMe Ph 1’S,1’’S 1.7
(� )-3 SH H Ph 1’S 2.5
(� )-4 SH OMe Np[a] 1’S,1’’R 3.6
(� )-5 OH OMe Ph 1’S,1’’R ±[b]

[a] Np=2-naphthyl. [b] 17% inhibition at 100 mm inhibitor concentration.

Figure 2. a) Superimposed active site residues seen in the X-ray crystal struc-
tures of NEP complexed with phosphoramidon (blue) and thiorphan (green).
The inhibitors are not shown for clarity. In the thiorphan complex, the S2’
pocket remains closed as indicated by the arrow. b) Ball-and-stick representa-
tion of the predicted binding of (+)-12 in the active site of Neprilysin. Potential
H-bonds are shown as dashed lines.
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ty of the N-methylated benzimidazole (+)-14 was 20-fold re-
duced relative to (+)-12. This result provides strong support
for the prediction that the imidazole moiety in the heterocyclic
scaffolds of (+)-12 and (+)-13 acts as peptide-bond isoster
and undergoes H-bonding to the side chains of both Asn542
and Arg717. Apparently, for steric reasons, the N-methyl deriva-
tive does not fit ideally into the narrow site between Asn542
and Arg717 and hence is not well positioned for forming a
good H-bond to Arg717.

In conclusion, benzimidazole and imidazo[4,5-c]pyridine rep-
resent excellent new scaffolds for NEP inhibitors that are avail-
able by short, versatile synthetic routes. Their imidazole moiety
seems to be a good peptide-bond isoster, undergoing H-bond-
ing to both Asn542 and Arg717. We hope to further validate
the proposed binding mode, which is well supported by the
experimental data, by X-ray analysis. The comparison between
the first imidazole series of ligands (i.e. (� )-1±(� )-3) and the
second-generation inhibitors underlines the fact that occupa-
tion of the S2’ pocket is energetically not beneficial, in contrast
to filling the S1’ pocket. Further optimization of the S1’ residue
should lead to highly potent inhibitors,[6] but modeling also
suggests that the new extended heterocyclic scaffolds offer in-

teresting opportunities for exploring new bonding interactions
™above∫ the S2’ pocket. A thiolate ligand to the zinc(ii) ion is
still required at this stage; we hope, however, to develop in
future work potent and selective inhibitors in which direct liga-
tion to the zinc(ii) ion will be substituted by H-bonding to the
metal ion-bound catalytic water.
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