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inhibitors. These efforts resulted in compound 22, which displayed highly potent inhibition of PHD2 func-
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Higher eukaryotes have developed sophisticated mechanisms
to enhance uptake and distribution of oxygen in response to hy-
poxia (below normal cellular pO2). A central component of this
process is oxygen-regulated gene activation mediated by hypoxia
inducible transcription factor (HIF).1 HIF is a heterodimer com-
posed of HIF-a and HIF-b subunits. Three separate genes encoding
for the HIF-a subunit (HIF-1a, -2a, and -3a) have been discovered
in mammalian cells but only HIF-1a and -2a contain the DNA
binding domains essential for transcriptional activity. While HIF-
a and HIF-b are constitutively expressed genes, only HIF-a protein
levels are regulated by changes in cellular oxygen tension. Under
hypoxic conditions, HIF-1a protein is relatively stable, enabling
dimerization with HIF-b and subsequent transcription of genes
that contain the hypoxia-responsive element (HRE). These genes
encode proteins important for erythropoiesis and angiogenesis,
as well as various glycolytic enzymes. Together, the regulated
expression of these proteins represents a systemic response to re-
duced oxygen availability.

Interestingly, during normoxia HIF-a protein is continually syn-
thesized and then degraded — a seemingly wasteful process, but
one which allows this important regulator to be readily available
ll rights reserved.
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to respond to changing oxygen levels. HIF prolyl hydroxylases
(PHD-1, -2, and -3) are part of a superfamily of non-heme, Fe(II),
and 2-oxoglutarate dependent dioxygenases. The PHD enzymes
are exquisite oxygen sensors that are responsible for HIF-a stabil-
ity via O2-dependent proline hydroxylation. HIF-1a, for instance,
becomes hydroxylated on prolines 402 and 564 under normoxia,
creating recognition sites for the Von Hippel-Lindau protein com-
plex, which then targets HIF-a for poly-ubiquitination and subse-
quent proteosomal degradation. As hypoxia ensues, PHD
enzymes lack adequate O2 for catalysis, and HIF-a proline hydrox-
ylation is impaired.

Since HIF stabilization under hypoxia results in expression of
genes with possible therapeutic utility, HIF-1a stabilization during
normoxia offers an attractive strategy for the treatment of anemia
and ischemic diseases.2 We recently became interested in achiev-
ing this goal through the small-molecule inhibition of PHD2, the
most broadly expressed isoform and the one most clearly associ-
ated with a role in erythropoiesis.3 The present discussion de-
scribes one effort toward rational design of PHD2 inhibitors
using a structure-guided approach.

The X-ray crystal structure of isoquinoline 1 bound to PHD2 has
recently been reported, which provided the starting point for struc-
ture-based design efforts.4 A schematic representation of critical
polar interactions between inhibitor and PHD2 active site residues
is shown in Figure 1. The salt bridge between the carboxylate moi-
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Figure 1. Polar interactions between 1 and PHD2. General structure of designed
aza-benzimidazole scaffold.

Figure 2. Optimized binding modes of 14 in the active site of PHD2. Fe(II) is shown
in pink.
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ety of 1 and the guanidino side chain of Arg383, as well as Fe(II)
coordination through the isoquinoline nitrogen and amide car-
bonyl functionalities, appears to be crucial for binding. In addition,
Tyr303 serves as an H-bond donor to the isoquinoline hydroxyl.5

The aza-benzimidazole scaffold was designed with the goal of
discovering structurally diverse PHD2 inhibitors (general structure
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Scheme 1. Synthesis of compounds 14–20. Reagents and conditions: (a) R1NH2, concd H
95–99%. (c) R2CO2H, 80–120 �C, 78–96%. (d) m-CPBA, CH2Cl2, rt, 56–89%. (e) N,N-dimethy
(1:1, v/v), 80–95 �C, 23–95%. (g) H2NCH2CO2Et�HCl, H2NCH2CO2Bn�HCl, or H2NCH2CO2
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Scheme 2. Synthesis of 21, 22. Reagents and conditions: (a) m-CPBA, CH2Cl2, rt, 50
H2NCH2CO2

tBu�HCl, 49% or H2NCH2CO2Bn�HCl, HBTU, (iPr)2NEt, DMF, rt, 74% (e) TFA, rt, 66
6% for 2 steps.
A, Fig. 1). This structure retains the carboxyl group and Fe(II) bind-
ing element of 1, but replaces the hydroxyl with an imidazole
nitrogen. Alkyl substitution(s) at the indicated positions would
provide access to hydrophobic areas within the active site. To sup-
port the design computationally, a minimally substituted aza-
benzimidazole (R1 = R2 = R3 = H, 14) was optimized by molecular
mechanics. Overlay of the optimized ground state conformation
of this structure with the binding conformation of 1 (as observed
in the co-crystal structure), followed by docking of the structure
into the active site of PHD2 crystal structure and energetic evalua-
tion showed the potential of this new chemotype.

Importantly, a more detailed molecular modeling analysis of
this compound revealed the possibility of two distinct binding
modes, each possessing a different orientation of the bicyclic sys-
tem relative to the amide carbonyl (Fig. 2). The accessibility of
the two binding modes appears to be motivated by Fe(II) coordina-
tion, with each mode employing a different ring nitrogen for this
function. The structure in Figure 2(a) relies on an imidazole nitro-
gen, while that in Figure 2(b) coordinates through the pyridine
nitrogen similar to isoquinoline 1. Quantum mechanical calcula-
tions with the template N-methyl-1H-imidazo[4,5-c]pyridine-4-
carboxamide showed that the minima corresponding to the two
modes are energetically very close, with a mild preference
(�0.6 kcal) in the gas phase for the conformation shown in Figure
2(a). This energy difference is consistent with molecular mechanics
calculations. With this information in hand, a structure–activity
relationship (SAR) study was initiated.

Compounds for this study were prepared according to Schemes
1–5. The aza-benzimidazole core was typically constructed by a
three-step sequence beginning with 4-chloro-3-nitropyridine 2.
SNAr displacement of the chloride with the requisite amine,6

reduction of the nitro group, and cyclization by heating in the pres-
ence of a carboxylic acid resulted in the bicyclic core structure
(general structure I, Scheme 1). Synthesis of the C-4 side chain be-
gan with the regioselective installation of a nitrile group (general
structure III), which proceeded by formation of the pyridine
N-oxide followed by a modified Reissert–Henze reaction.7 None
of the regioisomeric nitrile was isolated from these reactions.8
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Scheme 4. Synthesis of 24. Reagents and conditions: (a) Pd-C, H2, MeOH, 97%. (b)
HC(OEt)3, p-TSA, reflux, 89%. (c) Phenylboronic acid, Cu(OAc)2, NEt3, CH2Cl2, rt, 13%.
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Scheme 5. Synthesis of 25. Reagents and conditions: (a) PdCl2dppp, CO (25 psi),
NEt3, DMF/MeOH (2:1, v/v), 100 �C, 31%. (b) NaOH (aq), dioxane, rt, 50%. (c)
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Table 1
PHD2 inhibition by aza-benzimidazole analogs 14–22
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Compound R1 R2 R3 PHD2a (IC50, lM)

14 H H H 2.82 ± 0.08
15 CH3 H H 0.57 ± 0.05
16 Ph H H 0.29 ± 0.19
17 Bn H H 0.32 ± 0.13
18 4-BrPh H H 0.33 ± 0.11
19 Ph CH3 H 0.40 ± 0.04
20 Ph CF3 H 5.54 ± 0.95
21 Ph H Cl 0.066 ± 0.004
22 Ph H Ph 0.003 ± 0.001

a IC50 values are the average of at least 4 separate experiments.

Figure 3. Optimized binding mode of 22 in the active site of PHD2. Fe(II) is shown
in pink.
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Nitrile hydrolysis under acidic conditions, amide coupling with a
protected amino acid, and liberation of the carboxylic acid (reac-
tion conditions dependent upon identity of the ester) completed
the synthesis of compounds 14–20.9

Analogs carrying substituents at R3 (21 and 22) were constructed
in a similar fashion (Scheme 2). Beginning with nitrile 3 (prepared
using Scheme 1), a chloride was introduced regioselectively by pyr-
idine N-oxidation and subsequent treatment with POCl3 to give 4.
Selective hydrolysis of the nitrile was accomplished by treatment
with H2SO4 (aq) in dioxane at 90 �C; the chloride proved stable to
these conditions. Amide coupling with a protected amino acid pro-
vided an intermediate ester (5a or 5b) that was either converted di-
rectly to the corresponding acid (R = tert-butyl) to give 21, or was
arylated via Suzuki cross coupling followed by ester saponification
(R = Bn) to give 22. Purine 23 was constructed from ethyl 2,6-di-
chloro-5-nitropyrimidine-4-carboxylate (6). Chemoselective dis-
placement of the C-6 chloride with aniline followed by tandem
nitro reduction/chloride removal using heterogeneous hydrogena-
tion conditions (palladium black) resulted in pyrimidine 8. Forma-
tion of the imidazole ring with subsequent side chain elaboration
as detailed above finished the synthesis (Scheme 3).

Benzimidazole 24 was prepared by a slightly different strategy.
First, the N–H benzimidazole 10 was assembled from methyl 2-
amino-3-nitrobenzoate (9) using standard chemistry. N-arylation
under the influence of Cu(OAc)2 with phenylboronic acid gave a
mixture of regioisomeric products, of which 11 was isolated as
the major component.10 Elongation of the C-4 side chain provided
24 (Scheme 4). Lastly, thieno-pyridine 25 was synthesized from
commercially available chloride 12 by palladium-catalyzed car-
bonylation and side chain construction (Scheme 5).

Analogs were evaluated for inhibitory potency in our PHD2 en-
zyme assay, which detects proline hydroxylation of a HIF-1a pep-
tide (Table 1).11 Encouragingly, the initially modeled aza-
benzimidazole 14 (R1 = R2 = R3 = H) proved to have similar potency
to isoquinoline 1 (PHD2 IC50 of 1 = 1.40 lM; 14 = 2.82 lM). Since
the presumed critical polar elements were already present in this
molecule, subsequent analogs were designed to increase potency
via addition of lipophilic substituents at R1, R2, and R3.

SAR studies began with a brief scan of substituents at R1.
Replacing the N–H of 14 with N–CH3 in 15 immediately led to an
improvement in potency (IC50 = 0.57 lM). Unfortunately, signifi-
cantly increasing the size of this group further (16–18) did not lead
to additional improvements in activity. Ultimately, phenyl-substi-
tuted analog 16 (IC50 = 0.29 lM) was chosen as the optimal group
for subsequent investigation.

The effects of substitutions at R2 were investigated next.
Improvements in potency via modifications at this position proved
difficult. For example, the most active analog prepared in this ser-
ies, CH3-substituted compound 19, was roughly equipotent to 16
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(IC50 = 0.40 lM). Incorporating a CF3 group led to significant loss in
activity (20, IC50 = 5.54 lM). This can be rationalized by either ste-
ric conflicts of this larger substituent with the protein or a weak-
ened ability to engage Fe(II) or Tyr303 due to electron
withdrawal from the imidazole nitrogen(s).

In contrast to R2, modification of R3 proved to be beneficial for
potency. Chloro-substituted analog 21 (R1 = Ph, R2 = H, R3 = Cl)
showed a fourfold increase in potency vs 16 (IC50 = 0.066 lM), pro-
viding motivation to continue the SAR study. Gratifyingly, it was
found that highly potent PHD2 inhibitors could be obtained with
aryl substitution. Phenyl-substituted analog 22 proved to be the
most active compound prepared in the series (IC50 = 0.003 lM).

Molecular modeling studies of diphenyl-substituted analog 22
suggest that in contrast to 14, only a single preferred binding con-
formation is accessible. Coordination of Fe(II) is achieved through
the imidazole nitrogen, which allows relatively strong van der
Waals and hydrophobic contacts with Ile256, Met299, Tyr303,
and Asp254 (Fig. 3). The alternative binding mode results in strong
steric repulsions between the R3 phenyl and His313 in this model.

Various alternative core analogs that have weak (or missing)
interactions with Fe(II) or Tyr303 were also prepared, and three
of these are shown in Figure 4. All analogs lose substantial activity
when compared with their aza-benzimidazole counterpart.

Molecular modeling studies. The co-crystal structure of HIF-PHD2
with an isoquinoline inhibitor 1 was used as the starting point for
molecular mechanics and dynamics calculations. For docking aza-
benzimidazole 14 and analogs, the X-ray structure was used as
the template. FLAME12 was used to generate alignment-based
models of 14 starting from the two different conformations corre-
sponding to the minima of the lead. These were obtained by ab ini-
tio quantum mechanical calculations, performed for each
conformer at B3LYP/6-31G* level, as implemented in Gaussian98
program. Thus, two sets of alignments were obtained, with up to
ten different conformations in each set. These were used as the
starting points for docking and binding energy assessment using
molecular mechanics and dynamics,13 in conjunction with the AM-
BER forcefield14 for the protein and GAFF forcefield15 for the li-
gands. Binding affinity calculations were performed using a
previously described procedure that treats the protein as flexible.
All the protein residues within the first shell (66 Å of any atom)
of the docked ligand were allowed to be flexible. These include
Asp254, Lys255, Ile256, Trp258, Met299, Ala301, Tyr303, Tyr310,
Ile327, Tyr329, Leu343, Val376, Arg383, and Trp389 residues. Crys-
tallographic waters were included in the simulations. A mild re-
straint was placed on the ligand. Top ranking poses were
compared visually and energetically.

In summary, the structure-based design and synthesis of a ser-
ies of aza-benzimidazoles as PHD2 inhibitors is presented. These
efforts resulted in compound 22, which displayed highly potent
inhibition of PHD2 function (IC50 = 0.003 lM). In addition, we have
gained considerable insight into the structural requirements for
efficient PHD2 inhibition.
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