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Structure-based drug design (SBDD) and polymer-assisted solution-phase (PASP) library
synthesis were used to develop a series of pyrazinone inhibitors of the Tissue Factor/Factor
VIIa (TF/VIIa) complex. The crystal structure of a tripeptide-R-ketothiazole complexed with
TF/VIIa was utilized in a docking experiment to identify the pyrazinone core as a starting
scaffold. The pyrazinone core could orient the substituents in the correct spatial arrangement
to probe the S1, S2, and S3 pockets of the enzyme. A multistep PASP library synthesis was
designed to prepare the substituted pyrazinones varying the P1, P2, and P3 moieties. Hundreds
of pyrazinone TF/VIIa inhibitors were prepared and tested in several serine protease enzyme
assays involved in the coagulation cascade. The inhibitors exhibited modest activity on TF/
VIIa with excellent selectivity over thrombin (IIa) and Factor Xa. The structure-activity
relationship of the pyrazinone inhibitors will be discussed and X-ray crystal structures of
selected compounds complexed with the TF/VIIa enzyme will be described. This study ultimately
led to the synthesis of compound 34, which exhibited 16 nM (IC50) activity on TF/VIIa with
>6250× selectivity vs Factor Xa and thrombin. This potent and highly selective inhibitor of
TF/VIIa was chosen for preclinical, intravenous proof-of-concept studies to demonstrate the
separation between antithrombotic efficacy and bleeding side effects in a nonhuman primate
model of electrolytic-induced arterial thrombosis.

Introduction

Blood coagulation is initiated upon vascular injury
when plasma Factor VIIa comes in contact with its
essential cofactor, Tissue Factor (TF), which is an
integral membrane protein not normally in contact with
blood. The TF/VIIa complex proteolytically activates its
substrates, Factors IX and X. This triggers a cascade of
reactions, ultimately resulting in the generation of
thrombin and a fibrin clot.1-10 Disruption of atheroscle-
rotic plaques, and the subsequent release of plasma
factor VIIa leading to occlusive thrombus formation, is
the main cause of the acute syndromes of unstable
angina, myocardial infarction, and sudden death.11,12

Effective and safe antithrombotics are needed to combat
these diseases. Most research has focused on thrombin
and Factor Xa inhibitors as potentially valuable thera-
peutic agents for these diseases.13-18 Since TF/VIIa
triggers the thrombotic process, this complex is a prime
target for intervention in these vascular diseases.
Recently, small molecule inhibitors of TF/VIIa have

been the subject of intense research because of their
potential to inhibit the coagulation cascade.19-32 There
is evidence from our own laboratories, as well as others,
that selective inhibition of the TF/VIIa complex may
provide effective anticoagulation while lessening the
risk of the bleeding side effects associated with other
antithrombotic mechanisms, such as glycoprotein IIb/
IIIa antagonists and inhibitors of Factor Xa and
thrombin.33-36 Therefore, structure-based drug design
(SBDD) and parallel medicinal chemistry were used to
develop a series of potent and selective TF/VIIa inhibi-
tors to address the large, unmet medical need for safe
and effective oral anticoagulants.

We recently described the synthesis and structure-
activity relationship (SAR) of a series of tripeptide-R-
ketothiazoles.37,38 These reversible, covalent, serine
protease inhibitors had nanomolar potency against TF/
VIIa and exhibited 500× selectivity vs thrombin (Figure
1). This study demonstrated that it is possible to achieve
potent inhibition of the TF/VIIa complex while main-
taining selectivity against other highly homologous
serine proteases in the coagulation cascade. Several
reports of small molecule TF/VIIa inhibitors have ap-
peared, with varying degrees of selectivity vs the other
plasma proteases in the coagulation cascade.19,21,22,24,25,29

We hypothesized that a wider selectivity margin over
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Factor Xa and thrombin was necessary to unequivocally
demonstrate that inhibition of TF/VIIa would lead to a
lower bleeding side effect relative to that observed with
Factor Xa and thrombin inhibitors. These highly selec-
tive TF/VIIa inhibitors should then be suitable for
preclinical, intravenous proof-of-concept studies dem-
onstrating the separation between antithrombotic ef-
ficacy and bleeding side effects in a primate model of
thrombosis.39 The structural information obtained from
the tripeptide-R-ketothiazoles bound to TF/VIIa, com-
bined with the crystal structure of other related serine
proteases such as thrombin and Factor Xa, facilitated
the development of a series of highly selective, small
molecule inhibitors of TF/VIIa that were nonpeptidic
and did not interact with the catalytic apparatus of the
enzyme.40,41 Herein, we report the progression from a
peptidic lead to the development of noncovalent, highly
selective small molecule inhibitors of the TF/VIIa
complex utilizing SBDD coupled with PASP library
synthesis.42 The structure-activity relationship will be
discussed, and X-ray crystal structures of selected
compounds complexed with the TF/VIIa enzyme will be
described.

Results and Discussion

Information obtained from various crystal structures
of TF/VIIa,37,38,43-46 thrombin,47,48 and Factor Xa49-53

was used to develop the initial small molecule inhibitors
of TF/VIIa. The X-ray crystal structure of the tripeptide-
R-ketothiazole 1 bound to the TF/VIIa enzyme is shown
in Figure 2. Excluding the catalytic apparatus, several
key interactions were crucial for both potency and
selectivity over thrombin and Factor Xa. The arginine
side chain at P1 forms four strong hydrogen bonds at
the bottom of the S1 pocket with the side chains of Asp
189 and Ser 190 as well as to the backbone carbonyl
oxygen of Gly 219. The inhibitor forms two other
hydrogen bonds with the peptide nitrogens of Gly 216
and Gly 219. The S2 pocket of Factor VIIa is relatively
open and has a negative potential due to the presence
of Asp 60. The pyridyl group of the inhibitor takes
advantage of these structural features to form strong
interactions in the S2 pocket of VIIa. Among the
coagulation proteases, only Factor VIIa has a negatively
charged residue at position 60. In contrast, Factor Xa
has a tyrosine at position 60. Moreover, the S2 pocket
of Factor Xa is occluded by the side chain of Tyr 99.
Thrombin has a large insertion in the S2 pocket with a
number of aromatic amino acid residues. These struc-
tural differences account for the enhanced selectivity
of compound 1 for TF/VIIa over thrombin and Factor
Xa. It was theorized that the ketothiazole moiety was
contributing to a loss of selectivity, since this moiety
captures the catalytic apparatus of all of the homologous

serine proteases. As a result, the intended inhibitors
were designed such that they did not interact with the
catalytic apparatus.

Using these key features of the TF/VIIa crystal
structure, a series of six-membered heterocyclic cores
were docked, which led to the pyrazinone scaffold as a
prototype inhibitor to begin our SBDD studies (Figure
3). The pyrazinone core orients the substituents in the
correct spatial arrangement to probe the S1, S2, and S3
pockets of the enzyme. In addition, the NH of the P3,
the NH of the glycine, and the carbonyl of the pyrazi-
none core provide potential hydrogen bonds to the
peptide backbone of the enzyme. The pyrazinone core
had previously been used in the design of inhibitors for
thrombin54-58 and is bound in the enzyme in a similar
fashion.

Several pyrazinone cores were prepared according to
a literature procedure to provide building blocks for
library synthesis.50,51,53,54 The synthesis involved a

Figure 1. Ketothiazole TF/VIIa inhibitor.

Figure 2. Crystal structure of ketothiazole 1 bound in the
active site of TF/VIIa complex. Some of the key side chains of
Factor VIIa are displayed (C: green, N: dark blue, O: red, S:
yellow, H: orange). The inhibitor is represented with carbon,
nitrogen, oxygen, and sulfur atoms displayed in yellow, blue,
red, and green, respectively. The hydrogen bonds formed by
the inhibitor and a bound water molecule in the S2 site are
shown as dotted white lines. The close interaction between the
bound solvent and the pyridyl nitrogen of the inhibitor is
shown as a dotted green line. The active site serine, Ser 195,
forms a covalent bond, shown as a thin solid line, with the
activated carbon of the inhibitor.

Figure 3. Pyrazinone core structure.
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modified Strecker reaction between glycine benzyl ester
2, trimethylsilylcyanide, and an aldehyde 3, followed by
cyclization of the intermediate with oxalyl chloride to
give the desired dichloropyrazinone 4 (Scheme 1). The
P2 diversity element was contained in the starting
aldehyde and thus was hardwired in place at the
beginning of the synthesis. The aldehyde inputs were
biased such that the final products would mimic the
phenylalanine P2 analogues of the ketothiazole series.

In an effort to rapidly prepare libraries of pyrazinones
in a parallel format, a solution-phase library synthesis
was developed using PASP technology.61-63 A summary
description of the library synthesis is depicted in
Scheme 2. The goal of the library synthesis was to use
the PASP synthesis technology in such a way as to
eliminate the need for chromatography and isolation of
intermediates. The synthesis was accomplished using
a combination of polymeric reagents and PASP purifica-
tion concepts, including reactant-sequestering resins
and resin capture-release. To maximize the efficiency
of the multistep sequence and to minimize manual
manipulation of the reaction vessels, multiple reaction
steps were carried out in the same vessel. Each of the
steps in the synthesis underwent independent valida-
tion to identify and optimize conditions such that each
transformation could be performed in a high-yielding,
parallel format. The synthesis is general and variations
of both the P3 and P1 inputs are easily allowed.

The first step of the synthesis was a nucleophilic
displacement of the 3-chloro of pyrazinone 4 with the
desired P3 amine 5. In the initial validation studies,
N-methylmorpholine was used as the base and dimeth-
ylformamide was used as the solvent. Byproducts
resulting from addition of morpholine and dimethyl-
amine at the P3 position were observed. Using excess
P3 amine 5 (3 equiv) as both reactant and base and
using acetonitrile as the solvent at 70 °C overnight

afforded desired products 6. Rather than purify at this
step, the crude reaction mixture was carried on to the
next step.

The second step of the synthesis involved a series of
manipulations in the same reaction vessel. The benzyl
ester 6 was hydrolyzed by adding a solution of potas-
sium hydroxide in methanol to each reaction vessel.
Upon completion of hydrolysis, the reaction mixture was
acidified with 4 N hydrochloric acid in dioxane and then
evaporated to dryness. Alternatively, when the P2

phenyl ring contained an ester functionality, the pyrazi-
none 6 was treated with hydrogen and palladium on
carbon to remove the benzyl ester. In the initial studies,
the resulting pyrazinone carboxylic acid was captured
onto polycarbonate resin. However, this resulted in
significant formation of byproducts. Polyamine resin 8
successfully captured the pyrazinone carboxylic acid
intermediate without causing the formation of the
byproducts. Each mixture was then poured directly onto
a disposable filter, and the product-containing resin 9
was washed sequentially with a variety of solvents to
remove the benzyl alcohol, amine hydrochloride, potas-
sium chloride, and other impurities that were present.
The resin was dried and the acids were released from
the resin with 4 N hydrochloric acid in dioxane. The
pyrazinone carboxylic acid intermediates 7 were ob-
tained in pure form after filtration and evaporation.

The next step of the synthesis incorporated the P1

input on the pyrazinone through an amide coupling
(Scheme 3). The pyrazinone acids 7 were incubated at
room temperature with the polymer-bound carbodiimide
11 and hydroxybenzotriazole 12 to afford the activated
1-hydroxybenzotriazole esters 13. The amine 14 and a
3-fold stoichiometric excess of N-methylmorpholine were
added to each reaction vessel to afford products 10.
Upon completion of the reaction, a mixed-resin bed of
the polyamine resin 8 and aldehyde resin 15 was added
to each reaction vessel to sequester the hydroxybenzo-
triazole 12, remaining activated ester 13, and any
unreacted acid 7 or amine 14. The sequestering resins
were agitated for a period of 2 h. If an incubation time
of an extended period was used, a chloromethyl adduct
of 1-hydroxybenzotriazole was observed as an impu-
rity.64,65 Simple filtration and rinsing with dichlo-
romethane and dimethylformamide, followed by evapo-

Scheme 1. Pyrazinone Core Structure Synthesisa

a Reagents: (a) TMSCN, P2CHO 3, CH2Cl2; (b) (ClCO)2, 1,2-
dichlorobenzene.

Scheme 2. Polymer-Assisted Solution-Phase (PASP) Pyrazinone Synthesisa

a Reagents: (a) 3 equiv of P3NH2 5, AcCN (b) (i) aq KOH, MeOH; (ii) 4 N HCl/dioxane; (c) H2, Pd/C.
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ration of the solvents, afforded pure products 10 from
each parallel reaction.

The P1 amine inputs 14 were biased toward contain-
ing a basic moiety to engage the Asp 189. As a result,
many of the basic groups of the P1 amines 14 were
protected with either a BOC or CBz protecting group.
The BOC protecting group was easily removed by
incubating the compound with 4 N hydrochloric acid in
dioxane, followed by evaporation to afford the desired
products. Two deprotection protocols could be used for
removal of the CBz group. The use of high-pressure
hydrogen with palladium on carbon resulted in both the
deprotection of the CBz group and the reduction of the
chloro at the 5-position to give 5-hydropyrazinone
analogues. The reductions were run in parallel using
an Argonaut Endeavor reactor. A second deprotection
protocol for the CBz protecting group was required
which allowed the chlorine to remain intact and the
reaction to be run in a parallel format using PASP
technology. In a modified solution-phase procedure that
generated trimethylsilyl iodide in situ,66 the CBz group
was removed by heating an acetonitrile solution of
compound 16 in the presence of excess sodium iodide
and trimethylsilyl chloride to afford product 21 (Scheme
4). The reaction was quenched with methanol to give
volatile byproducts 17, 18, and 19. Polyvinyl pyridine
23 was then added to sequester the benzyl iodide
byproduct 22. The polymer-bound benzyl iodide 22 was
filtered away along with the NaI(Cl) 20, the only other
nonvolatile byproduct generated in the reaction. It
should be noted that when a polymer-bound primary

or secondary amine was used as a sequestering resin
with products that contained an amidine group, the
resin reacted with the amidine group and sequestered
the desired product.

Several hundred compounds were prepared from the
synthesis described above. All of the inhibitors were
screened against several serine protease enzymes in-
volved in the coagulation cascade, including TF/VIIa,
thrombin (IIa), and Factor Xa. Each enzyme assay
consisted of the specific enzyme and the chromogenic
substrate for that enzyme. Reported are the inhibition
data as IC50 values for TF/VIIa and thrombin. In
general, these compounds were selective vs Factor Xa
with no activity observed at concentrations of 30 µM
and/or 100 µM. Factor Xa has a tyrosine at position 60,
and the S2 pocket of Factor Xa is occluded by the side
chain of Tyr 99. Thus, selectivity vs Factor Xa is
probably due to a collision of the P2 phenyl ring with
the Tyr 99 of Factor Xa (data not shown).

The structure-activity relationships of the pyrazi-
none series can be divided into three parts: the amidine
which occupies the S1 pocket and interacts with Asp 189,
the 3-amino substituent that occupies the S3 pocket, and
the substituent at the 6-position that occupies the S2
pocket (Figure 3). Chemistry efforts exploring all three
points of diversification occurred simultaneously in the
lab. Described first is the progress and structure-
activity relationships around S1, followed by S3, and
concluding with the S2 pocket.

Early in the program, libraries with P1 inputs con-
taining various basic or hydrogen bond-accepting groups
were prepared in an attempt to engage the Asp 189 at
the bottom of the S1 pocket. A representative sample of
analogues with various P1 amides is shown in Table 1.
Data from the first set of compounds established that
p-benzamidine as the P1 amide was required for any
type of biological activity (24a,b).67 All other analogues,
including compounds containing p-phenethylamidine
24e or m-benzamidine 24f, were inactive. Replacing the
p-benzamidine with either pyridylamidine regioisomer,
compounds 24c and 24d, resulted in a loss of potency
on TF/VIIa.68

It was determined early in the project that p-benz-
amidine as the P1 moiety was crucial for potency. Thus,
chemistry efforts focused primarily on exploring the P2
and P3 groups. On the basis of crystal structure data,
the S3 pocket is wide-open and hydrophobic with resi-
dues Val 170E, Pro 170I, and Gln 217 from the peptide
segment. Initially, potential inhibitors with relatively

Scheme 3. Polymer-Assisted Solution-Phase (PASP) Coupling of P1 Amine

Scheme 4. CBz Deprotection Protocola

a Reagents: (a) TMSCl, NaI, acetonitrile; (b) MeOH.
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large substituents were synthesized to form hydrophobic
interactions with the S3 region. Table 2 shows the data
for the initial set of compounds synthesized. The com-
pounds contained P3 amines with a terminal phenyl
group that varied in the length of the carbon chain
linker. The phenethyl analogue 24a was the most potent
of the series on TF/VIIa, but it showed no selectivity vs
thrombin. The benzyl analogue 25b was the first
compound to show sub-micromolar activity on TF/VIIa
along with 10-fold selectivity vs thrombin.

A series of compounds with substituted benzyl and
phenethyl groups in the P3 were prepared. A represen-
tative set is depicted in Table 3. Analogues with a P3
benzyl group, regardless of substitution on the phenyl
ring, showed selectivity vs thrombin, whereas analogues
with a P3 phenethyl group showed no selectivity vs
thrombin. In fact, analogues with a P3 phenethyl group,

regardless of substitution, were more potent on throm-
bin than on TF/VIIa.

Table 1. Pyrazinone Analogs with Various P1 Amides Table 2. Pyrazinone Analogs with a P3 Phenyl Ring Varying
in the Length of the Carbon Chain Linker

IC50 (µM)

compd R VIIa IIa

25a Ph 11.2 >30
25b CH2Ph 0.77 7.63
24a (CH2)2Ph 0.63 0.16
25c (CH2)3Ph 12.6 23.6
25d (CH2)4Ph 4.1 7.1

Table 3. Pyrazinone Analogs with a Substituted Benzyl or
Phenethyl P3 Substituent

IC50 (µM)

compd n X Y VIIa IIa IIa/VIIa

25b 1 H H 0.77 7.63 10
26a 1 m-CF3 H 6.3 18.9 3
26b 1 p-Cl H 4.3 >30 >7
26c 1 3-F 6-F 3.8 >30 >7
26d 1 3-F 5-F 6 >30 >5
24a 2 H H 0.63 0.16 0.24
26e 2 m-CF3 H 30 4.4 0.1
26f 2 p-Cl H 0.6 <0.04 <0.07
26g 2 m-Cl H 0.18 <0.04 <0.22

Table 4. Pyrazinone Analogues with Varying P3 Substituents
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Several analogues with a tertiary P3 amine were
prepared (27a-c), all of which resulted in a loss of
potency on TF/VIIa (Table 4). Replacing the P3 nitrogen
with a sulfur atom, as in 27d, resulted in a decrease in
potency. The P3 NH hydrogen-bonds to Gly 216 of the
peptide backbone in the S3 pocket. As shown by this
series of compounds, loss of this interaction results in
a decrease in potency on TF/VIIa.

Table 5 contains analogues with alkyl, branched alkyl,
and cyclic alkyl groups as the P3 substituents (28a-q).
With the exception of the analogues with larger cyclic
alkyl groups, these compounds were consistently as
active or more active than the benzyl analogues de-
scribed above. The majority of the analogues with small
alkyl and cyclic alkyl groups at P3 (28a-i) had sub-
micromolar potency with at least 10× selectivity vs
thrombin. Also contained in Table 5 are analogues with

P3 substituents possessing polar groups on the terminus
(28r-bb). The polar analogues were comparable in
activity to their alkyl analogues, with no significant
increase in potency or selectivity.

Efforts to optimize the P2 and P3 regions of the
inhibitor occurred simultaneously. It was shown that
an aniline group in the P2 region was significantly more
active than the unsubstituted phenyl group. Thus, the
more active P3 analogues were synthesized with aniline
in the P2 (29a-i) and the activity compared with the
data of the corresponding analogues with an unsubsti-
tuted phenyl group in the P2 position (Table 5). The
relative potency was analogous to that of the phenyl
series. The majority of the compounds were approxi-
mately 10 times more active on TF/VIIa and signifi-
cantly more selective over thrombin with the aniline in
place of the unsubstituted phenyl in the P2 position.

Table 5. Pyrazinone Analogues with Varying P3 Substituents
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In general, the SAR studies indicate that the S3
pocket of TF/VIIa prefers small alkyl groups for lipo-
philic interaction with Gln 217 and residues from the
peptide segment 170E-170I (including Pro 170I). The
NH is essential for potency as this hydrogen bonds to
the Gly 216 of the peptide backbone.

On the basis of crystal structure data, the S2 pocket
of TF/VIIa is relatively open and has a negative poten-
tial due to the presence of Asp 60. Among the coagula-
tion proteases, only Factor VIIa has a negatively
charged residue at position 60. Thrombin has a large
insertion in the S2 pocket with a number of aromatic
amino acid residues. From the docking experiments, a
benzyl group at P2 seemed to occupy much of the space
of the S2 pocket. To confirm this, and to probe the depth
of the S2 pocket of TF/VIIa, scaffolds were synthesized
from aldehydes containing R groups of various sizes.
The data for a set of compounds with methyl, ethyl,
phenyl, benzyl, and 4-biphenyl groups in the P2 is shown
in Table 6. This data set shows the phenyl group (24a)
as the optimal size for fitting in the S2 pocket. Larger
groups, such as the benzyl (30c) and biphenyl (30d),
showed no activity on TF/VIIa at 30 µM. Smaller groups,
such as methyl (30a) and ethyl (30b), showed some TF/
VIIa activity, but were more potent on thrombin. This
is consistent with the difference in the S2 pocket size of
the two enzymes.

The next step was to determine whether substitution
on the phenyl ring in the P2 was tolerated and, if so,
whether the size of the group or its position on the ring
affected potency. A representative set of data for these
studies is shown in Table 7. A variety of halogens and
small alkyl groups could be placed in both the ortho and
meta positions on the P2 phenyl ring while maintaining
potency vs TF/VIIa. However, activity on TF/VIIa
decreased considerably when the group was in the para
position. This trend held true when tested with a variety
of groups in the P3 position.

Having established an ortho- or meta-substituted
phenyl as the optimal-sized P2 group to occupy the S2
region, the next objective was to determine which
substituents gave the most active and selective TF/VIIa
inhibitors. A variety of ortho- and meta-substituted P2
phenyl analogues were prepared with a representative
set shown in Table 8. Of particular interest is compound
29f, with a m-amino group on the P2 phenyl ring. It was
theorized that since the S2 pocket of TV/VIIa is larger
in size than that of thrombin, and since Asp 60 is unique

to TF/VIIa, it would be possible to gain potency and
achieve selectivity vs thrombin by placing a proton
donor at the meta position of the P2 phenyl ring. The
m-amino analogue 29f was prepared and resulted in a
potent inhibitor on TF/VIIa (IC50 ) 20 nM) with
increased selectivity against thrombin (400×) and Fac-
tor Xa (>5000×).

An X-ray crystal structure of compound 29f bound to
TF/VIIa is shown in Figure 4. It is very clear from the
crystal structure that there is a four-centered hydrogen
bonding interaction between the m-amino P2 of 29f, Asp
60, Tyr 94, and Thr 98. These key hydrogen bonding
interactions with the S2 pocket of TF/VIIa are likely
responsible for the observed 20× boost in potency and
the increase in selectivity vs thrombin over the unsub-
stituted P2 phenyl analogue 28m.

This theory was further confirmed by the data in
Table 9, which shows a drop in potency when the aniline

Table 6. Pyrazinone Analogues with Various P2 Substituents

IC50 (µM)

compd R VIIa IIa

30a Me 4.28 0.06
30b Et 3.45 <0.04
24a Ph 0.63 0.16
30c Bn > 30 4.0
30d 4-biphenyl > 30 >30

Table 7. Pyrazinone Analogs with a Substituted P2 Phenyl
Ring

IC50 (µM)

compd R VIIa IIa

24a H 0.63 0.16
31a o-Cl 3.0 2.1
31b m-Cl 1.98 0.72
31c p-Cl 8.88 0.2
31d o-F 1.8 1.2
31e m-F 2.3 1.1
31f p-F 8.1 0.1
31g o-CF3 2.7 8.6
31h m-CF3 2.9 3.5
31i p-CF3 >30 6.3
31j o-CH3 0.43 0.30
31k m-CH3 1.0 0.89
31l p-CH3 4.14 0.30
31m o-OCH3 1.6 3.3
31n m-OCH3 5.2 1.0
31o p-OCH3 23.45 4.06

Table 8. Pyrazinone Analogs with a Substituted P2 Phenyl
Ring

IC50 (µM)

compd R′ R VIIa IIa

32a cBu m-bromo 4.2 >30
32b phenethyl m-NO2 2.52 0.98
32c phenethyl m-NH2 0.07 0.9
29d iPr m-NH2 0.02 6.98
29f cBu m-NH2 0.02 8.0
32d cBu m-OH 0.20 4.25
32e cBu o-OH 0.34 >30
32f iPr m-CO2CH3 0.78 2.0
32g iPr m-CO2H 0.36 2.8
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nitrogen was substituted with various groups. Func-
tionalizing the P2 aniline nitrogen affects the key
hydrogen bonding interactions with the S2 pocket.

Compound 29f was sufficiently potent on TF/VIIa and
selective enough on Factor Xa (>5000×) to proceed with
the intravenous proof-of-concept studies. However, a
more selective inhibitor vs thrombin was desired to
unequivocally prove that separation between anti-
thrombotic efficacy and bleeding side effects was pos-

sible. Since the S2 pockets of the TF/VIIa and thrombin
enzymes are substantially different, multiple substitu-
tion on the P2 m-aminophenyl ring should lead to
increased selectivity over thrombin via additional in-
teractions with the S2 pocket. Specifically, the Lys 60A
residue was targeted as a potential site of interaction
in the TF/VIIa S2 pocket. Compound 34 was prepared
with a 3-amino-5-carboxyphenyl ring as the P2 substitu-
ent with the 5-carboxylic acid moiety intended to engage
Lys 60A (Figure 5). The activity of 34 on TF/VIIa was
relatively unchanged vs 29f. However, the selectivity
vs thrombin was dramatically increased from 400× to
> 6250×. An X-ray crystal structure of 34 revealed that
Lys 60A was engaged by the carboxyl moiety on P2,
which led to the superior selectivity profile for this
compound (Figure 6). Compound 34 was deemed selec-
tive enough vs Factor Xa and thrombin to proceed with
the preclinical intravenous proof-of-concept studies to
demonstrate the separation between antithrombotic
efficacy and bleeding side effects in a nonhuman pri-
mate model of electrolytic-induced arterial thrombosis.39

In conclusion, we used SBDD and multistep PASP
library synthesis of pyrazinones to demonstrate that
high levels of activity and selectivity for TF/VIIa are
possible. Starting from a tripeptide-R-ketothiazole that
was active on TF/VIIa, we were able to design a series
of active and selective pyrazinone inhibitors of TF/VIIa
that were reversible and did not capture the catalytic
apparatus of the enzyme. These inhibitors exhibited
sufficient levels of activity and selectivity for TF/VIIa
vs Factor Xa and thrombin to proceed with our preclini-
cal, intravenous proof-of-concept studies. These studies
were designed to demonstrate the separation of anti-
thrombotic efficacy and bleeding side effects in a non-
human primate model of electolytic-induced arterial
thrombosis. Further efforts to refine the SAR in the
pyrazinone series are in progress. In addition, a variety
of core molecules as alternative central templates for
the selective inhibition of TF/VIIa have been synthe-
sized and will be reported in due course.

Experimental Section
General. Solvents and chemicals were reagent grade or

better and were obtained from commercial sources. 1H and 13C
NMR spectra were recorded using a 300 or 400 MHz NMR
spectrometer. Sample purities were determined by HPLC
analysis equipped with a mass spectrometric detector using a
C18 3.5 µm, 30 × 2.1 mm column, eluting with a gradient
system of 5:95 to 95:5 acetonitrile:water with a buffer consist-
ing of 0.1% TFA over 4.5 min at 1 mL/min and detected by
DAD. HPLC purifications were conducted using a C18 15 mm,
100 Å, 25 × 100 mm column, eluting with a gradient system
of 5:95 to 95:5 acetonitrile:water with a buffer consisting of
0.1% TFA over 10 min at 30 mL/min, unless otherwise noted.

Figure 4. Crystal structure of compound 29f bound in the
active site of TF/VIIa complex. The structure was refined to
an Rfree of 29.0% at 2.8 Å resolution. Some of the key side
chains of Factor VIIa are displayed (C: green, N: dark blue,
O: red, S: orange). The inhibitor is represented with carbon,
nitrogen, oxygen, and chlorine atoms displayed in yellow, blue,
red, and purple, respectively. The hydrogen bonds formed by
the inhibitor are shown as dotted white lines. The m-amino
group on the phenyl group of the inhibitor forms strong
interactions with Asp 60, Tyr 94, and the carbonyl oxygen of
Thr 98 in the S2 pocket.

Table 9. Pyrazinone Analogs with a Substituted P2
m-Aminophenyl Ring

IC50 (µM)

compd R R′ VIIa IIa

32c H H 0.07 0.9
33a CH3 H 0.60 0.58
33b CH3 CH3 1.2 1.1
33c COCH3 H 1.61 0.11
33d COCF3 H 0.45 2.0
33e SO2CH3 H 0.6 0.10

Figure 5. Pyrazinone intravenous POC compound 34.
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Yields were not optimized, with emphasis on purity of products
rather than quantity. Recombinant soluble TF, consisting of
amino acids 1-219 of the mature protein sequence, was
expressed in E. coli and purified using a Mono Q Sepharose
FPLC. Recombinant human VIIa was purchased from Ameri-
can Diagnostica, Greenwich, CT. Chromogenic substrate N-
methylsulfonyl-D-Phe-Gly Arg-p-nitroaniline was prepared by
American Peptide Company, Inc., Sunnyvale, CA. Factor Xa
was obtained from Enzyme Research Laboratories, South Bend
IN, thrombin from Calbiochem, La Jolla, CA, and trypsin and
L-BAPNA from Sigma, St. Louis, MO. The chromogenic
substrates S-2765 and S-2238 were purchased from Chro-
mogenix, Sweden.

PASP Library Synthesis. General Procedure A. Nu-
cleophilic Displacement of 3-Chloropyrazinone 4 with
Amine 5 to Afford Product 6. Individual reaction products
were prepared in multiple reaction block vessels in a spatially
addressed format. The desired dichloropyrazinone scaffold 4
(1.5 mL of a 0.2 M solution) in acetonitrile was added to the
reaction vessels followed by a 3-fold stoichiometric excess of
the amine 5 (4.5 mL of a 0.2 M solution) in acetonitrile. The
reaction mixtures were incubated at 70 °C for 16-20 h. After
being cooled to ambient temperature, the contents of each
reaction vessel were taken on to the next step without
purification.

General Procedure B. Hydrolysis of the Benzyl Ester
6 to Afford Product 7. Each reaction vessel was charged
with methanol (3 mL) and a 3-4-fold stoichiometric excess of
aqueous potassium hydroxide (2.1 mL of a 0.5 M solution). The
reaction block was shaken vertically for 3 h on an orbital
shaker at ambient temperature. The contents of each reaction
vessel were acidified with 0.3 mL of 12 M aqueous hydrochloric
acid. Each reaction vessel was then opened, and the solutions
were evaporated to dryness under nitrogen and/or a Savant
apparatus. Alternatively, when the P2 phenyl ring contained
an ester functionality, the pyrazinone 6 was treated with 10%
palladium on carbon in methanol (2-4 mL) under 10 psi of
hydrogen for 16-20 h to remove the benzyl ester. Polyamine
resin 8 (1.5 g, ∼4.2 mmol, 10-15-fold stoichiometric excess)
was added to the solid carboxylic acid 7 followed by dichlo-
romethane (12 mL) and water (1.2 mL). The mixture was
shaken laterally for 6 h on an orbital shaker at ambient
temperature (rotating the vials at least once so each side of
the vial was agitated for a minimum of 2 h). The desired
product 7 was sequestered away from the reaction byproducts
and excess reactants as the insoluble adduct 9. Simple
filtration of the insoluble resin-adduct 9 and rinsing of the
resin cake with dimethylformamide (3 × 3 mL), dichlo-
romethane (3 × 3 mL), methanol (3 × 3 mL), and dichlo-
romethane (3 × 3 mL) afforded the desired resin-bound
product 9. After drying the resin under vacuum for 2 h, an
excess of hydrochloric acid in 1,4-dioxane (4.0 N, 8 mL) (7-
8-fold stoichiometric excess based on the loading of amine
functionality) along with dichloromethane (3 mL) was added
to each reaction vessel to cleave the desired product 7 from
the resin. The reaction block was shaken laterally for 2-20 h
on an orbital shaker at ambient temperature. Simple filtration
of the solution, rinsing of the resin cake with dimethylforma-
mide/dichloromethane, and evaporation of the solvents af-
forded the desired products 7 in purified form, which were
weighed and analyzed by LC/MS.

General Procedure C. Coupling of Carboxylic Acids
7 with P1 Amine Inputs to Afford Product 10. The acid 7
was added as a solution in dichloromethane (3 mL) and
dimethylformamide (2 mL) to each reaction vessel. A solution
of hydroxybenzotriazole 12 (2 mg, 0.015 mmol, >0.05 equiv)
in dimethylformamide/dichloromethane was added to each
reaction vessel, followed by the polymer-bound carbodiimide
reagent 11 (1.2-1.5-fold stoichiometric excess). The parallel
reaction block was agitated vertically on an orbital shaker for
30 min to 1 h. The amine 14 (1 equiv) in dimethylformamide
(0.10 mM), along with a 3-fold stoichiometric excess of N-
methylmorpholine, if the amine 14 was a salt, was added to
the activated acid 13 of each vessel. The parallel reaction block
was then agitated vertically on an orbital shaker for 1-20 h
at ambient temperature. An excess of the polyamine resin 8
(250 mg, ∼0.7 mmol) and aldehyde resin 15 (100 mg, ∼0.3
mmol), along with dichloromethane (1-3 mL), as needed for
effective agitation, were added to each reaction vessel. The
resin-charged reaction block was shaken vertically for 2 h on
an orbital shaker at ambient temperature. Filtration of the
insoluble resins and resin adducts, subsequent rinsing of the
vessel resin-bed with dimethylformamide (3 × 1 mL), and
concentration of the filtrates afforded pure products 10, which
were weighed and analyzed by LC/MS.

General Procedure D. Deprotection of the BOC Group
from Compounds 10 to Afford Products 21. For those

Figure 6. Crystal structure of compound 34 bound in the
active site of TF/VIIa complex. The structure was refined to
an Rfree of 31.1% at 2.1 Å resolution. The atoms are colored as
in Figure 4 with some of the key side chains of Factor VIIa
shown. The hydrogen bonds formed by the inhibitor are shown
as dotted white lines. Consistent with the structure of com-
pound 29f, the m-amino group forms close interactions in the
S2 pocket. As predicted, the carboxylate group at the 5-position
of the phenyl group forms interactions with the ε-amino group
of Lys 60A. The side chain of Lys 60A, which is on the surface,
is disordered in most of the crystal structures of TF/VIIa
complexes.

Scheme 5. Synthesis of Aldehyde 37a

a Reagents: (a) BH3, THF; (b) (ClCO)2, DMSO, TEA, CH2Cl2.
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amines 14 which contained a BOC protecting group, hydro-
chloric acid in 1,4-dioxane (4.0 N, 3 mL) was added to the BOC
protected compound 10 (∼0.3 mmol) in a reaction vessel, and
the solution was agitated on an orbital shaker at room
temperature for 3 h. Evaporation of the solvents afforded the
products 21. If necessary, the products were purified by
reverse-phase HPLC.

General Procedure E. Deprotection of the CBz Group
from Compounds 16 Using TMSI to Afford Products 21.
The residues 16 were dissolved in acetonitrile (1.5 mL). Sodium
iodide and trimethylsilyl chloride (5-fold stoichiometric excess
of each) were added, and the reaction mixtures were agitated
vertically at 55 °C for 14-20 h. After being cooled to room
temperature, the reactions were quenched with 0.1 mL of
methanol. Poly(4-vinylpyridine) or N,N-(dimethyl)amino-
methylpolystyrene resin (10-fold stoichiometric excess based
on the amount of trimethylsilyl chloride and sodium iodide
added) was added to each vessel to sequester the byproduct
22. The mixtures were agitated for another 3 h and then
filtered through Celite and rinsed with acetonitrile to remove
byproduct 20 and the polymer-bound byproduct 22. The filtrate
was concentrated to afford products 21. If necessary, the
products were purified by reverse-phase HPLC.

General Procedure F. Removal of CBz Protecting
Group of Products 16 Using Pd/C to Afford Products 21.
The residues 16 were dissolved in methanol (2-4 mL). A
catalytic amount of 10% Pd/C was added, and the reaction
mixtures were stirred under 10 psi of hydrogen for 16-20 h.
The mixtures were filtered through Celite, rinsed with metha-
nol, and concentrated to afford pure products 21. If necessary,
the products were purified by reverse-phase HPLC.

The progress of the synthesis during production was fol-
lowed by LC/MS of the intermediates. The final products with
LC/MS purities of less than 85% were purified by reverse-
phase chromatography. All products were characterized by LC/
MS and HRMS, with several characterized by proton NMR.
Data for final compounds are tabulated in Table 10 in
Supporting Information.

Synthesis of Compound 34 (Scheme 5). Methyl 3-(Hy-
droxymethyl)-5-nitrobenzoate 36. 3-(Methoxycarbonyl)-5-
nitrobenzoic acid 35 (30 g, 133 mmol) in tetrahydrofuran (100
mL) was cooled to -10 °C in a glass reactor equipped with a
reflux condenser and addition funnel. Borane-tetrahydrofuran
(260 mL, 1 M BH3-THF) was added dropwise over 2 h. The
reaction was slowly warmed to room temperature and then
heated to 64 °C. The reaction was stirred at reflux for 15 min,
at which time TLC analysis (20% ethyl acetate-hexane)
indicated the reaction was complete. After being cooled to room
temperature, the reaction was quenched with 8 mL of acetic
acid:water (1:1) and then neutralized to pH 7 using aqueous
saturated sodium bicarbonate. The volatiles were removed
under reduced pressure, and the residue was diluted with ethyl
acetate (500 mL). The solution was washed with water (1 ×
300 mL) and then brine (1 × 300 mL). The organic phase was
dried over magnesium sulfate and filtered, and the solvent was
removed under reduced pressure to give 19.8 g (70%) of 36 as
a yellow solid: 1H NMR (300 MHz, CDCl3) δ 4.00 (s, 3H), 4.89
(s, 2H), 8.35 (s, 1H), 8.43 (s, 1H), 8.77 (s, 1H); LRMS m/z 212.0
(M+ + H).

Methyl 3-Formyl-5-nitrobenzoate 37 (Scheme 5). Dichlo-
romethane (200 mL) was cooled to -78 °C in a glass reactor
equipped with an addition funnel. Oxalyl chloride (13.9 mL,
0.16 mol) was added in one portion. Dimethyl sulfoxide (18.9
mL) in dichloromethane (100 mL) was added dropwise over 1
h. Compound 36 (19.6 g, 93 mmol) in dichloromethane (200
mL) was added dropwise over 1.5 h. The reaction was stirred
at -78 °C for 45 min. Triethylamine (74.2 mL, 0.53 mol) was
added via addition funnel over 45 min, upon which time the
reaction turned yellow and thick. TLC analysis indicated the
reaction was complete. The reaction was quenched with
aqueous potassium hydrogensulfate (600 mL of a 1 M solution).
The organic phase was washed with aqueous saturated sodium
bicarbonate (1 × 600 mL), water (1 × 600 mL), and brine (1 ×
600 mL). The organic phase was dried over sodium sulfate,

and the volatiles were removed under reduced pressure to give
an orange oil. The crude oil was purified on 1 kg of silica gel
using ethyl acetate:hexanes (20:80, v:v, isocratic) as the eluent
to afford 15.4 g (78%) of 37 as an off-white solid: 1H NMR
(300 MHz, CDCl3) δ 4.06 (s, 3H), 8.86-8.87 (m, 1H), 8.90-
8.91 (m, 1H), 9.10-9.11 (m, 1H), 10.19 (s, 1H); LRMS m/z 210.0
(M+ + H).

Methyl 3-{1-[2-(Benzyloxy)-2-oxoethyl]-3,5-dichloro-6-
oxo-1,6-dihydropyrazin-2-yl}-5-nitrobenzoate 4′. A sepa-
ratory funnel was charged with glycine benzyl ester hydro-
chloride 2 (14.1 g, 69.7 mmol) and diluted with ethyl acetate
(200 mL). The solution was washed with 1:1 brine:aqueous
saturated sodium carbonate (2 × 250 mL). The organic portion
was dried over sodium sulfate, and the volatiles were removed
under reduced pressure to give the free base of 2. The free
base in dichloromethane (200 mL) was added to a glass reactor,
followed by the dropwise addition of 37 (14.6 g, 70 mmol) in
dichloromethane (100 mL) over 30 min. With caution, tri-
methylsilyl cyanide (26.0 mL, 195 mmol) was added via syringe
over 20 min. A slight exotherm of 4 °C was observed during
the addition. The reaction was stirred for 16 h at room
temperature. The volatiles were removed under reduced
pressure. The residue was diluted with ethyl acetate (400 mL)
and washed with water (1 × 250 mL) and brine (1 × 250 mL).
The organic phase was dried over magnesium sulfate and
filtered, and the solvent was removed under reduced pressure
to afford the intermediate as a yellow oil. The intermediate
was dissolved in chlorobenzene (150 mL) and added dropwise
over 1 h to a stirring, 50 °C solution of oxalyl chloride (24.3
mL, 279 mmol) in chlorobenzene (150 mL). The reaction was
warmed to 80 °C and stirred for 16 h. The reaction was
quenched with methanol (250 mL), and the volatiles were
removed under reduced pressure to give crude 4′ as a brown
oil: 1H NMR (300 MHz, CDCl3) δ 4.03 (s, 3H), 4.39-4.66 (ABq,
2H, J ) 17.0 Hz), 5.16 (d, 2H, J ) 3.6 Hz), 7.21-7.25 (m, 2H),
7.28-7.35 (m, 3H), 8.35-8.36 (m, 1H), 8.41-8.42 (m, 1H),
8.98-8.99 (m, 1H); LRMS m/z 514.0 (M+ + Na).

Methyl 3-[1-[2-(Benzyloxy)-2-oxoethyl]-3-chloro-5-(iso-
propylamino)-6-oxo-1,6-dihydropyrazin-2-yl]-5-nitroben-
zoate 6′. Isopropylamine (11.9 mL, 140 mmol) was added to
a stirring solution of crude 4′ (17.2 g, 35 mmol) in ethyl acetate
(300 mL). The reaction turned black and was stirred at 55 °C
for 16 h. The reaction mixture was filtered through Celite 545,
and the volatiles were removed under reduced pressure. The
crude residue was purified on 500 g of silica gel using ethyl
acetate:hexanes (20:80, v:v, isocratic) as the eluent to afford
8.4 g (46%) of 6′ as a brown solid: 1H NMR (300 MHz, CDCl3)
δ 1.32 (d, 6H, J ) 6.6 Hz), 4.01 (s, 3H), 4.21-4.33 (m, 1H),
4.32-4.58 (ABq, 2H, J ) 17.0 Hz), 5.14 (d, 2H, J ) 0.9 Hz),
7.21-7.39 (m, 5H), 8.33-8.34 (m, 1H), 8.38-8.39 (m, 1H),
8.90-8.91 (m, 1H); LRMS m/z 515.2 (M+ + H).

[6-[3-Amino-5-(methoxycarbonyl)phenyl]-5-chloro-3-
(isopropylamino)-2-oxopyrazin-1(2H)-yl]acetic Acid 7′.
To a glass reactor were added 6′ (8.4 g, 16 mmol), 200 mL of
methanol, and hydrochloric acid (7.5 mL of a 3 M methanolic
solution). Under a blanket of nitrogen, 10% palladium on
carbon (0.8 g, 10 wt %) was carefully added in a methanol
slurry to the stirring solution. The vessel was sealed, purged
of its atmosphere, and flushed with nitrogen 3× and then
purged of its atmosphere and flushed with hydrogen 3×. The
reaction was stirred at room temperature under a balloon of
hydrogen for 16 h. The reaction was filtered through Celite
545, the volatiles were removed under reduced pressure, and
the residue was diluted with ethyl acetate (300 mL). The
organic phase was extracted with aqueous saturated sodium
bicarbonate (2 × 300 mL). The aqueous phase was acidified
to pH 4 with 1 M aqueous potassium hydrogensulfate and then
extracted with ethyl acetate (3 × 350 mL). The organic phase
was dried over magnesium sulfate and filtered, and the solvent
was removed under reduced pressure to give 4.1 g (76%) of 7′
as an orange solid: 1H NMR (300 MHz, CD3OD) δ 1.30 (d,
6H, J ) 6.9 Hz), 3.89 (s, 3H), 4.16-4.24 (m, 1H), 4.38-4.39
(m, 2H), 6.83 (s, 1H), 7.20 (s, 1H), 7.43 (s, 1H); LRMS m/z 395.1
(M+ + H).
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Methyl 3-Amino-5-[1-(2-{[4-((Z)-amino{[(benzyloxy)-
carbonyl]imino}methyl)benzyl]amino}-2-oxoethyl)-3-chlo-
ro-5-(isopropylamino)-6-oxo-1,6-dihydropyrazin-2-yl]ben-
zoate 10′. To a glass bottle was added 7′ (4.0 g, 10 mmol),
hydroxybenzotriazole (0.41 g, 3 mmol), dichloromethane (40
mL), and dimethylformamide (5 mL). N-methylmorpholine (6.7
mL, 61 mmol) and benzyl amino[4-(aminomethyl)phenyl]-
methylenecarbamate (3.6 g, 10 mmol) in dimethylformamide
(15 mL) were added, followed by addition of the polymer-bound
carbodiimide 11 (19.0 g, 18 mmol). The reaction was agitated
on an orbital shaker for 3 h. Polyamine resin 8 (10.8 g, 30
mmol), aldehyde resin 15 (10.6 g, 30 mmol), and dichlo-
romethane (20 mL) were added to the bottle, and the mixture
was agitated for 1 h. The insoluble resins and resin adducts
were filtered, and the resin cake was rinsed with dimethyl-
formamide (2 × 50 mL) and dichloromethane (2 × 50 mL).
Concentration of the filtrate afforded 5.3 g (79%) of 10′ as an
orange solid: 1H NMR (300 MHz, CDCl3) δ 1.23 (d, 6H, J )
6.6 Hz), 3.78 (s, 3H), 4.10-4.15 (m, 1H), 4.20 (s, 2H), 4.27-
4.59 (ABq, 2H, J ) 15.9 Hz), 5.16 (s, 2H), 7.03-7.76 (m, 12H);
LRMS m/z 660.3 (M+ + H).

3-Amino-5-[1-[2-({4-[amino(imino)methyl]benzyl}-
amino)-2-oxoethyl]-3-chloro-5-(isopropylamino)-6-oxo-
1,6-dihydropyrazin-2-yl]benzoic Acid 34. Lithium hydrox-
ide monohydrate (1.64 g, 39 mmol) in water (15 mL) was added
to 10′ (5.3 g, 8 mmol) in methanol (100 mL). After stirring at
room temperature for 16 h, the reaction was neutralized to
pH 7 with 3 M aqueous hydrochloric acid. The volatiles were
removed under reduced pressure, and the crude residue was
purified by reverse-phase HPLC using a gradient of aceto-
nitrile:water (0.1% TFA) (1:99 to 60:40) as the eluent to afford
1.8 g (34%) of 34 as an off-white solid: 1H NMR (300 MHz,
CD3OD) δ 1.31 (d, 6H, J ) 6.6 Hz), 4.18-4.26 (m, 1H), 4.31-
4.63 (m, 4H), 7.46-7.49 (m, 2H), 7.71-7.78 (m, 3H), 8.12-
8.19 (m, 2H); HRMS (M + H): Calcd for C24H27ClN7O4:
512.1813; Found: 512.1819.

Assays for Biological Activity. TF-VIIa Assay. Recom-
binant soluble tissue factor (100 nM) and recombinant human
Factor VIIa (2 nM) were added to a 96-well assay plate
containing 0.4 mM of the substrate, N-methylsulfonyl-D-phe-
gly arg-p-nitroaniline and either inhibitor or buffer (5 mM
CaCl2, 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% BSA).
The reaction, in a final volume of 100 µL, was measured
immediately at 405 nm to determine background absorbance.
The plate was incubated at room temperature for 60 min, at
which time the rate of hydrolysis of the substrate was
measured by monitoring the reaction at 405 nm for the release
of p-nitroaniline. All compounds were assayed in duplicate at
seven concentrations. Percent inhibition at each concentration
was calculated from OD405 nm value from the experimental and
control sample. IC50 values were calculated from a four-
parameter logistic regression equation. For each compound the
individual IC50 values were within 10% of each other. The
reported IC50 represents an average of the duplicates.

Xa Assay. Human Factor Xa (0.3 nM) and N-R-benzyloxy-
carbonyl-D-arginyl-L-glycyl-L-arginine-p-nitroaniline-dihydro-
chloride (S-2765) (0.15 mM) were added to a 96-well assay
plate containing either inhibitor or buffer (50 mM Tris-HCl,
pH 8.0, 100 mM NaCl, 0.1% BSA). The reaction, in a final
volume of 100 µL, was measured immediately at 405 nm to
determine background absorbance. The plate was incubated
at room temperature for 60 min, at which time the rate of
hydrolysis of the substrate was measured by monitoring the
reaction at 405 nm for the release of p-nitroaniline. All
compounds were assayed in duplicate at seven concentrations.
Percent inhibition at each concentration was calculated from
OD405 nm value from the experimental and control sample. IC50

values were calculated from a four-parameter logistic regres-
sion equation. For each compound the individual IC50 values
were within 10% of each other. The reported IC50 represents
an average of the duplicates.

Thrombin Assay. Human thrombin (0.28 nM) and H-D-
phenylalanyl-L-pipecolyl-L-arginine-p-nitroaniline dihydrochlo-
ride (0.06 mM) were added to a 96-well assay plate containing

either inhibitor or buffer (50 mM Tris-HCl, pH 8.0, 100 mM
NaCl, 0.1% BSA). The reaction, in a final volume of 100 µL,
was measured immediately at 405 nm to determine back-
ground absorbance. The plate was incubated at room temper-
ature for 60 min, at which time the rate of hydrolysis of the
substrate was measured by monitoring the reaction at 405 nm
for the release of p-nitroaniline. All compounds were assayed
in duplicate at seven concentrations. Percent inhibition at each
concentration was calculated from OD405 nm value from the
experimental and control sample. IC50 values were calculated
from a four-parameter logistic regression equation. For each
compound the individual IC50 values were within 10% of each
other. The reported IC50 represents an average of the dupli-
cates.

Crystal Structure. Crystals of TF/VIIa complex were
obtained by slight modification of the procedure described by
Banner et al.46
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