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In the preceding communication,2 we described the
discovery and characterization of (Z,Z)-2,7-bis(4-amidi-
nobenzylidene)cycloheptan-1-one ((Z,Z)-BABCH,3 1) as
a potent, selective and conformationally constrained
inhibitor of factor Xa (FXa).4 The structural and
biochemical characteristics of this potent FXa inhibitor
presented an excellent opportunity for further inhibitor
design. However, the inherent liabilities of this tem-
plate, specifically the photochemically induced olefin
isomerization and the bisamidine functionality, would
require significant structural modification before the full
potential of this series as viable therapeutics could be
realized. In this communication, we outline the trans-
formation of (Z,Z)-BABCH (1) into ZK-807834 (2), a
highly potent, selective and orally active FXa inhibitor.

Several potential isosteric scaffolds were designed to
render the symmetrical cycloheptadienone core of 1 into
a photochemically inert and synthetically feasible phar-
macophore.5 Conformational analysis of these scaffolds
identified amidine substituted 2,6-diphenoxypyridines
as a promising template on which to build potent and
selective FXa inhibitors. Computational and experi-
mental data support a model in which the phenyl groups
of the 2,6-diphenoxypyridine system share a high degree
of overlap with the phenyl groups of the parent (Z,Z)-
BABCH template. AM1 semiempirical molecular or-

bital calculations (MOPAC) for 2-phenoxypyridine (X )
H) suggested that the syn conformation is favored by
4.5 kcal/mol over the anti conformation due to repulsion
between the lone pair electrons of the pyridine nitrogen
and the phenoxy oxygen atoms.6 In addition, the crystal
structure of 3-chloro-2-phenoxypyridine showed (X ) Cl)
that the syn conformation predominated in the solid
state.7

A series of bisamidine substituted 2,6-diphenoxypy-
ridines were prepared8 and evaluated (Table 1).9 These
analogues demonstrated moderate inhibitory potency for
human FXa as well as selectivity against human
thrombin (FIIa) and bovine trypsin. Several important
trends emerged from this initial survey. The sym-
metrical meta-substituted bisamidines (4, 6) were more
potent and selective than the symmetrical para regioi-
somers (3, 5) and the asymmetrical meta/para-bisami-
dine analogue (8). This result was in contrast to the
SAR observed in the parent (Z,Z)-BABCH system in
which the para-bisamidine regioisomer is nearly 10-fold
more potent than the corresponding meta-isomer.2 It
was also observed that substitution on the pyridine ring
provided a modest enhancement of the FXa inhibitory
potency. Introduction of fluorine groups into the 3- and
5-positions of the pyridine ring (9) resulted in a 2-5-
fold enhancement of FXa inhibitory potency when
compared to the chloro-substituted (6) or unsubstituted
analogues (4). This initial series of compounds also
provided the first evidence that the 4-position of the
pyridine ring can accommodate a variety of functional
groups without loss of FXa inhibitory activity (7, 10).
Finally, the inactivity of monoamidine 11 underscored
the requirement for substitution on both phenoxy
groups.

With the encouraging structure-activity data from
the initial set of analogues, synthetic efforts were
focused on reducing the overall basicity and enhancing
the FXa inhibitory potency of the 2,6-diphenoxypyridine
template. A series of monoamidines were prepared with
isosteric functional groups in place of the second ami-
dine moiety to attenuate the basicity of the compounds.
Five examples are outlined in Table 2 (entries 12-16).
While these modifications led to a general decrease in
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FXa inhibitory potency for the 2,6-diphenoxypyridines,
N,N-dimethylcarboxamide 16 retained the best overall
potency and selectivity as a monoamidine FXa inhibitor
(Ki ) 80 nM).

With the benzamidine group as the invariant, FXa
inhibitor 16 was then employed as the starting point to
systematically introduce substituents into both the
amidine-containing (proximal) and carboxamide-con-
taining (distal) phenyl rings to optimize the binding
interaction with the FXa active site. Three examples
of proximal phenyl ring substitutions are highlighted
in Table 2 (entries 17-19). While the majority of

substitutions to either phenyl ring resulted in a com-
plete loss of FXa inhibitory activity, incorporation of an
amine (17) or hydroxyl moiety (18) into the 6-position
of the proximal phenyl ring led to a maximal 70-fold
increase in FXa inhibitory activity.10 These data sug-
gested that a hydrogen bond donating group at the
6-position of the proximal phenyl ring was critical for
enhanced FXa inhibitory activity. This hypothesis was
supported by the 6-methoxy analogue (19) which was
nearly 500-fold less active than its 6-hydroxy counter-
part (18).

Finally, a number of heterocyclic groups were intro-
duced at the 3-position of the distal phenyl ring (R3′) to
further refine the SAR at this site. As outlined in
entries 20-24 of Table 2, this position can accommodate
a variety of heterocyclic moieties with different steric,
electronic, and conformational properties. Of this group,
the functionalities which lead to the most potent inhibi-
tors share a conformational bias toward a nonplanar
orientation with the distal phenyl ring. Nonplanarity
of these two groups appears to be more important to
FXa inhibitory activity than the electronics or basicity
of the 3-position substituent (16 vs 15, 21 vs 22, and
24 vs 23).

X-ray crystallography studies of 2,6-diphenoxypyri-
dine inhibitors in trypsin demonstrated that the bound
conformation of these inhibitors is similar to that
determined by Bode and co-workers for DX-9065a4a in
both trypsin11 and FXa.12 The 1.8 Å resolution crystal
structure of bovine cationic trypsin13 was determined
in complex with inhibitors 23 and 2514 and refined to
R-factors of 15.5% and 18.7%, respectively (Figure 1).15

Both 23 and 25 bind to the active site of trypsin in an
extended L-shaped conformation (Figure 2),16 resem-
bling the conformation exemplified by DX-9065a and
(E,Z)-BABCH2 and different from the U-shaped confor-
mation postulated for (Z,Z)-BABCH (1) in FXa.2 In both

Table 1. Initial SAR for Bisamidino-2,6-diphenoxypyridine
FXa Inhibitors

enzyme inhibitiona

(Ki, nM)

entry R3 R4 R3′ R4′ X P4 FXa FIIa trypsin

1 0.66 530 33
3 H Am H Am H H 400 550 2800
4 Am H Am H H H 53 14000 1100
5 H Am H Am Cl H 620 1400 2700
6 Am H Am H Cl H 130 >5000 2100
7 Am H Am H H CO2H 59 27000 570
8 Am H H Am H H 130 1200 1900
9 Am H Am H F H 24 37000 1200

10 Am H Am H F Me 13 22000 810
11 Am H H H F Me >5000 >5000 >5000

a Ki values for these competitive inhibitors are averaged from
multiple determinations (n g 2), and the standard deviations are
<30% of the mean.9

Table 2. In Vitro Optimization of 2,6-Diphenoxypyridine FXa Inhibitors

enzyme inhibitiona

(Ki, nM)

entry X P4 R6 R3′ FXa FIIa trypsin

12 F Me H NMe2 160 2600 1900
13 F Me H CH2NMe2 640 22000
14 F Me H CONH2 280 >5000 >5000
15 F Me H CONHMe 1300
16 F Me H CONMe2 80 15000 2700
17 F Me NH2 CONMe2 14 2300 550
18 F Me OH CONMe2 1.2 1100 1100
19 F Me OMe CONMe2 740 >5000 4300
20 H CO2H OH CONMe2 3.9 1100 300
21 H CO2H OH 1-Me-2-imidazole 9.0 180 660
22 H CO2H OH 1-imidazole 26 1400 1200
23 H CO2H OH 2(1H)-imidazoline 85 >5000 1400
24 H CO2H OH 1-Me-2(1H)-imidazoline 2.4 810 220

a Ki values for these competitive inhibitors are averaged from multiple determinations (n g 2), and the standard deviations are <30%
of the mean.9
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crystal structures, the amidine forms a salt bridge with
Asp-189,17 while the 6-hydroxyl group forms a hydrogen-
bond with a water molecule, which in turn is hydrogen
bonded to the hydroxyl group of the catalytic triad Ser-
195. Two slightly different conformations are seen for
distal phenyl groups containing either 2(1H)-imidazoline
23 (Figure 1A) or 1-methyl-(1H)-imidazoline (25 in
Figure 1B). Both conformations bind to the arylbinding
site as defined by Bode18 which exists as a shallow
groove formed by Leu-99, Gln-175, and Trp-214.19

However, addition of a methyl group to the 1-position
of the 2(1H)-imidazoline ring in 25 induces a 75°
rotation of the distal phenyl group around the distal
oxygen-C1 bond which appears to disrupt the hydrogen
bond between the 2(1H)-imidazoline ring of 23 and the
carbonyl oxygen of Asn-97 in trypsin (Figure 1A,B). The
different conformations observed for the distal phenyl
groups of 23 and 25 may explain the enhanced potency
of inhibitors 18, 20, 21 and 24 which all share a
conformational bias toward a nonplanar orientation
between the 3-substituent (R3′) and the distal phenyl
ring (Table 2).

Once the optimal substituents for potency and selec-
tivity were identified in the proximal and distal phenoxy
groups, the core pyridine ring then became the focus of
the optimization effort. Amino acid derivatives were

Figure 1. Stereoviews of the X-ray crystal structures in which (A) inhibitor 23 or (B) inhibitor 2514 is bound in the active site
of bovine trypsin. The principle interactions between each inhibitor and the relevant residues are shown. Asp-189 (blue) is at the
bottom of the S1 pocket. Thr-89, Leu-99, Gln-175, and Trp-215 (all shown in purple) surround the S4 pocket. The catalytic triad
is formed by residues Ser-195, His-57, and Asp-102, highlighted in orange.

Figure 2. Overlay of inhibitor 23 (with green carbons) bound
to bovine trypsin (gray) and DX-9065a (with blue carbons)
bound in factor Xa (black). Asp-189 (blue) is at the bottom of
the S1 pocket. Thr-89, Tyr/Leu-99, Phe-174/Gln-175, and Trp-
215 (all shown in purple) surround the S4 pocket. The catalytic
triad is formed by residues Ser-195, His-57, and Asp-102,
highlighted in orange.
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introduced into the 4-position of the pyridine nucleus
to optimize the in vitro potency and selectivity and in
vivo pharmacokinetic properties of the 2,6-diphenoxy-
pyridine template. Three representative amino acids
(sarcosine, 4-hydroxypiperdine acetic acid, and 4(R)-
hydroxy-2(S)-proline) are illustrated in Table 3 with
variations of the distal ring substituent (R3′) and the
amino acid carboxylate substitution (acids and esters).
Two important SAR trends emerged from these data.
First, the incorporation of amino acids into the 4-posi-
tion of the pyridine nucleus enhanced the FXa inhibitory
activity by 10-fold without loss of selectivity. In addi-
tion, the FXa inhibitory activity for this series appeared
to be independent of the amino acid carboxylate sub-
stitution in that both the carboxylic acids and the
corresponding esters were equipotent (2 vs 27, 29 vs 30,
and 32 vs 33). In this final optimization step, introduc-
tion of amino acid derivatives into the 4-position of the
pyridine nucleus afforded sub-nanomolar FXa inhibitors
with excellent selectivity against related serine pro-
teases and potent in vitro anticoagulant activities.

The plasma levels following oral dosing of these
advanced FXa inhibitors were determined in pharma-
cokinetic studies in the dog. Conscious beagles (10-16
kg) were dosed via oral gavage with homogeneous
solutions of inhibitors dissolved in aqueous acid solu-
tions. Inhibitor concentrations were determined at
various time points with an established ex vivo FXa
inhibition activity assay.20 As outlined in Table 3,
several of the compounds (entries 2, 29, 32, and 33)

reached and sustained micromolar concentration levels
for up to 4 h. Surprisingly, FXa inhibitors with the
highly basic 3-imidazoline substituent (pKa ) 10.6) in
the distal phenyl ring showed higher plasma levels upon
oral administration than analogues with neutral groups.
For example, inhibitors containing the N,N-dimethyl-
carboxamide moiety (26, 28, and 31) in the distal phenyl
ring displayed negligible plasma levels at all time
points. A strategy to enhance the oral bioavailability
of these inhibitors through increasing their overall
lipophilicity by introduction of ester functionalities
provided mixed results (27 or 30 vs 33).21

Selected 2,6-diphenoxypyridines were evaluated in
pharmacokinetic studies in several additional species
including rat, rabbit, guinea pig, hamster and mouse.22

Pharmacokinetic studies were completed with inhibitors
2, 29, and 33 in conscious, restrained nonhuman
primates, baboons and cynomolgus monkeys (Table 4),
with the expectation that profiles would be similar to
humans. In contrast to the results obtained in dogs,
inhibitor 2 demonstrates a superior profile in these
nonhuman primates and appears to have a much longer
absorption phase than in dogs. For example, maximum
plasma levels of 2 after oral dosing were not observed
until after 4 h in the baboon and persisted for up to 6 h
when measured by plasma level or anticoagulant activ-
ity. Anticoagulant activity was assessed using pro-
thrombin time (PT)23 or activated clot time (ACT)
measurements. After administration of a single 10 mg/
kg oral dose in baboon, the PT was extended 2.0-, 3.1-,

Table 3. In Vitro and in Vivo Optimization of 2,6-Diaryloxypyridine FXa Inhibitors

a Concentration which gives a 2-fold extension.23 b All doses were 10 mg/kg po (n ) 3) unless otherwise indicated. Plasma concentrations
determined by FXa inhibition assay.20
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and 3.5-fold at 1, 3, and 6 h, respectively. Following
these encouraging results, plasma levels of 2 were
determined in both primate species, following an intra-
venous dose of 0.5 mg/kg in 6% DMSO administered via
the cephalic vein (n ) 3). The beta-phase elimination
half-life is 1.5-2 h and appears to be independent of
whether plasma concentrations were determined by
HPLC or FXa inhibition analysis. The close correlation
found by comparing HPLC analysis of the parent
compound to the FXa activity assay suggests the
absence of circulating metabolites.

In this communication, we have outlined our system-
atic synthetic approach for transforming the photo-
chemically unstable FXa inhibitor (Z,Z)-BABCH (1) into
a synthetically viable inhibitor template derived from
2,6-diphenoxypyridine. While the initial inhibitors in
this series demonstrated modest FXa inhibitory potency,
optimization efforts led to a 1000-fold enhancement in
FXa inhibitory activity while maintaining excellent
selectivity against the related proteases thrombin and
trypsin. On the basis of the FXa inhibitory potency,
selectivity, and oral bioavailability data in the dog and
nonhuman primates, compound 2 has been chosen for
further preclinical evaluation. The medicinal chemistry,
biochemistry, pharmacokinetics and pharmacology of
this highly potent, selective, and orally active FXa
inhibitor will be reported in detail in future publications.
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