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Introduction. The biochemistry of thrombus forma-
tion and the thrombotic disorders that can result from
aberrant coagulation have been well documented.1,2 The
serine protease thrombin is an arginine endopeptidase
and plays a pivotal role in thrombosis through fibrin
formation and the activation and recruitment of plate-
lets.3 Accordingly, inhibitors of thrombin have become
an intensely pursued therapeutic target for the treat-
ment of thrombotic complications. On the basis of the
limitations of warfarin,4 a vitamin K antagonist and the
only currently available oral anticoagulant, we have had
a long standing interest in the discovery of oral, direct-
acting thrombin inhibitors that can be used in the
chronic treatment of thrombotic disorders.
A number of recent approaches to the discovery of

orally active thrombin inhibitors have their origins in
the tripeptide sequence D-Phe-Pro-Arg. Incorporation
of a C-terminal electrophile in the form of an aldehyde
was first accomplished by Bajusz et al. in 1978 leading
to the transition state analog D-MePhe-Pro-Arg-H.5

With the aid of X-ray crystallography and molecular
modeling,6 great strides have been made recently in the
design of more potent and selective inhibitors.7,8 How-
ever, there have been very few reports describing the
progression of these basic, peptidic agents into clinical
trials as oral anticoagulants. For example, it was
reported from phase I clinical trial data that the profile
for the tripeptide arginal (R)-1-Piq-Pro-Arg-H ((R)-1-
Piq: (1R)-cis-(4aS,8aS)-perhydroisoquinoline-1-carbox-
ylic acid) was not optimal for an oral agent.9 Due to
the apparent limitations of this class of agents and the
unmet need for a direct-acting, orally active anticoagu-
lant, the search for novel structural classes of thrombin
inhibitors has continued. In this communication, we
present the identification, thrombin selectivity, struc-
ture-activity relationships (SAR), and oral bioavail-
ability of a series of 2,3-disubstituted benzothiophene
derivatives that represent a novel class of inhibitors.
The interaction of these agents with the active site of
thrombin was characterized by X-ray crystallography
and will be discussed as well.
Results and Discussion. In an effort to identify

novel classes of thrombin inhibitors, screening efforts
at Lilly Research Laboratories were undertaken. Among
the hits in a thrombin amidase screen10 was the benzo-
[b]thiophene derivative 1, consisting of a benzo[b]-
thiophene nucleus with basic side chains at both the
C-2 and C-3 positions.11 Although compound 1 exhibits

only weak thrombin inhibition (Kass ) 0.43 ( 0.07 ×
106 L/mol),12 its novel structure is intriguing due to the
lack of an active site director such as a guanidine or
amidine and its nonpeptidic nature, two hallmarks of* To whom correspondence should be addressed.
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classical active site-directed inhibitors. In light of these
attributes, this novel thrombin inhibitor (1) was char-
acterized pharmacologically. Despite its structural
uniqueness, inhibitor 1 binds in a competitive fashion,
as confirmed by examination of the double-reciprocal
plot of 1/v vs 1/S (Ki ) 373.5 ( 38.6 nM),13 indicating
interaction at the active site of the enzyme. Realizing
that thrombin selectivity relative to other physiologi-
cally relevant serine proteases is a necessary criteria
for a chronic, oral anticoagulant, we determined the
enzyme specificity profile of inhibitor 1. As indicated
in Table 1, agent 1 selectively inhibits thrombin relative
to other serine proteases, including trypsin, other
coagulation factors, and the fibrinolytic enzymes.12 For
the purposes of determining the potential usefulness of
the series as oral agents, derivative 1 was studied in
vivo and was found to be 15% bioavailable in the rat.14
Early SAR studies focused on identifying the critical

structural elements responsible for thrombin inhibition.
Beginning with the C-2 and C-3 side chains, the role of
each heteroatom was determined (Table 2). Replacing
either of the basic nitrogens with a neutral carbon (2
and 3) reduces potency at least 40-fold, suggesting that
the two basic side chains are optimal for thrombin
inhibitory activity. While substitution of carbon for the
ether oxygen in the C-4′ side chain also reduces potency
(4), this same structural manipulation in the C-4′′ arm
affords a 2-fold more potent derivative in compound 5
(Table 2). Conversion of the C-3 ketone to the corre-
sponding olefin (6) results in 2-fold higher activity,
indicating that a hydrophilic and/or hydrogen bond-

accepting atom is not critical at this site. Reductive
deoxygenation to the methylene derivative 7 increased
potency by 8-fold, possibly suggesting that steric factors
or conformational effects due to the hybridization state
at the carbon atom are important for binding. Pyridyl
derivatives 8 and 9 were prepared to study the impact
of incorporating hydrophilic nitrogens into the C-2 and
C-3 phenyl rings (Table 3). While incorporation of the
heteroatom in the C-2 phenyl resulted in a 4-fold loss
in activity (8), pyridyl analog 9 was modestly more
active. Tracking the impact of the C-2 and C-3 side
chain modifications on oral bioavailability, in vivo
studies showed derivative 7 to be 52% bioavailable.14

Studies aimed at defining the critical structural
elements within the benzo[b]thiophene nucleus were
directed toward both the 6-membered A-ring and the
5-membered B-ring. Elimination of the A-ring to afford
the 2,3-disubstituted thiophene (10, Kass < 0.005 × 106
L/mol) or saturation to the 4,5,6,7-tetrahydrobenzo[b]-
thiophene analog (11, Kass ) 0.006× 106 L/mol) resulted
in at least 70-fold losses in potency relative to lead
compound 1. Concentrating on the 5-membered B-ring,
removal of the sulfur atom resulted in the more flexible
phenyl derivative 12 which decreased potency 40-fold
(Kass ) 0.01 × 106 L/mol). Reversal of the substitution
pattern at C-2 and C-3 as in derivative 13 caused at
least a 200-fold loss in activity (Kass < 0.005 × 106
L/mol). To determine the role of the sulfur atom in the
5-membered ring, the corresponding benzofuran, indole,
naphthyl, and 1,2-dihydronaphthyl derivatives were
prepared and evaluated. Each was at least 15-fold less
potent than the parent benzo[b]thiophene.15 Taken
together, the data would indicate that the benzo[b]-
thiophene nucleus with the appropriate 2,3-disubstitu-
tion pattern is a preferred structural element for
thrombin inhibition within the series.
The unsubstituted A-ring of the benzo[b]thiophene

nucleus provides a number of sites for substitution.
Studying the effect of aromatic substituents on thrombin
inhibitory activity, we targeted the C-6 position since
oxidative metabolism is known to occur at this site.
Incorporation of a halogen (14; Table 4) or a methoxy
group (15) resulted in 4-20-fold losses in activity. The
hydrogen bond-donating hydroxyl (16), however, in-
creased potency 4-fold. Reductive deoxygenation of the
C-3 ketone increased activity 10-fold (17). Introduction

Table 1. Serine Protease Inhibition and Thrombin Specificity
Profile for Inhibitor 1

serine protease
Kass

a,b

(×106 L/mol)
Kass(thrombin)/

Kass(serine protease)

human R-thrombin 0.43 ( 0.07
bovine trypsin 0.003 143
human fXa 0.01 43
human plasmin 0.003 143
human nt-PA 0.03 14
human urokinase <0.0009 >400
a Represents the apparent association constant as measured by

the methods of Smith et al.12 b Kass value for each serine protease,
except thrombin, is the average of two determinations, where the
variation in the assay is (10%. For thrombin, Kass is a mean of n
) 3, showing the standard deviation.

Table 2. Thrombin Inhibition by Derivatives 2-7: Effect of
Heteroatoms in the C-2 and C-3 Side Chains

2-7

entry C D X Y Z
Kass

a

(×106 L/mol)
1 O N O O N 0.43 ( 0.07
2 O CH O O N <0.005
3 O N O O CH 0.01 ( 0.001
4 CH2 N O O N 0.09 ( 0.008
5 O N O CH2 N 0.84 ( 0.07
6 O N CH2 O N 0.77 ( 0.07
7 O N H, H O N 3.43 ( 0.55
a Represents the apparent association constant as measured by

the methods of Smith et al.12 Kass values are the mean of n ) 3,
showing the standard deviation.

Table 3. Thrombin Inhibition by C-2 and C-3 Pyridyl
Derivatives 8 and 9

8, 9

entry X Y
Kass

a

(×106 L/mol)
1 CH CH 0.43 ( 0.07
8 N CH 0.13
9 CH N 0.63 ( 0.19

a Represents the apparent association constant as measured by
the methods of Smith et al.12 Kass values are the mean of n ) 3,
showing the standard deviation except for compound 8 which is
the mean of n ) 2, where the variability of the assay is (10%.
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of other hydrophilic groups such as the primary amide
(18), aminomethyl (19), or hydroxymethyl (20) afforded
compounds of lower potency relative to the parent
compounds 21 and 22.
The inhibitory activity of the screening hit (1) was

enhanced through a variety of structural modifications.
Combining each of the advantageous structural features
described above into a single molecule led to derivative
23 (Table 5). Its activity (Kass ) 24.3 × 106 L/mol; Table
5) represents a 50-fold enhancement over the lead
structure 1, suggesting that the SAR for the series is
additive. This improvement in potency was achieved
with increased levels of thrombin selectivity relative to
the screening hit 1 (Table 5). Additionally, derivative
23 displayed competitive kinetics (Ki ) 9.9 ( 1.2 nM)13
and was 9% bioavailable.14 Comparison of the Ki values
shows that compound 23 is 35-fold more potent than
lead structure 1. The difference between this value and
the value of 50-fold in the comparison between Kass
numbers could be due to the different thrombin sub-
strates that are used in each assay.
X-ray Crystallographic Studies.16 To gain a better

understanding of the interaction of this series with the
enzyme, derivative 23 was cocrystallized with human

R-thrombin. Crystals of the ternary complex between
human R-thrombin, hirugen, and compound 23 were
obtained using conditions similar to those previously
described.17 The crystals were isomorphous with those
reported. A set of X-ray diffraction data was collected
using a RAXIS IIc defractometer.18 The reflections were
reduced using the HKL software package;19 98% of all
reflections that are theoretically possible at 2.1 Å
resolution were obtained with a Rmerge of 7.0%. Crystal-
lographic refinement was performed using the program
X-PLOR.20 The inhibitor molecule was positioned in the
active site based on the difference electron density map.
The crystallographic R-value was 21.3%.
The interaction of inhibitor 23 with the principal

active site residues of thrombin is shown in Figure 1.21
Unexpectedly, the hydrophobic benzo[b]thiophene nucleus
binds in the specificity pocket (S1) of the enzyme, the
site at which the basic side chain of arginine within
D-Phe-Pro-Arg-H interacts. This S1 pocket appears to
have specific shape requirements for accepting hydro-
phobic groups. The thiophene analog 10 likely does not
bind as deeply as the benzo[b]thiophene derivative 1,
leading to decreased potency. The lower activity of the
4,5,6,7-tetrahydrobenzo[b]thiophene relative to its aro-
matic counterpart could be due to unfavorable steric
interactions, although aminocyclohexanes and N-guani-
dinopiperidines have been successfully employed at
P1.7a,c,d The orientation of the benzo[b]thiophene nucleus
in the S1 binding site allows for the formation of a
hydrogen bond between the C-6 hydroxyl and the
carboxyl group of Asp189.22 The distance between the
oxygen atoms of the C-6 hydroxyl and the Asp189
γ-carboxyl is 2.7 Å, suggesting that the decreased
activity of analogs 18-20 is possibly due to overcrowd-
ing caused by the additional steric bulk of the substitu-
ent. The C-3 side chain of inhibitor 23 spans the S2 and
S3 pockets. This arrangement positions the pyridyl ring
near the entrance of the hydrophobic S2 pocket and
places the pyrrolidine in the S3 binding region. Due to
the similarities in the electron densities of carbon and
nitrogen, it was not possible to definitively assign the
nitrogen atom in the C-3 pyridyl ring. In Figure 1, the
pyridyl nitrogen was arbitrarily assigned so that it
resided in the more hydrophilic environment. Although

Table 4. Thrombin Inhibition by Derivatives 14-22: Effect of
C-6 Substitution

14-21

entry R n X
Kass

a

(×106 L/mol)
1 H 1 O 0.43 ( 0.07
14 Cl 1 O 0.024 ( 0.001
15 OMe 1 O 0.12 ( 0.01
16 OH 1 O 1.86 ( 0.14
17 OH 1 H, H 20.2 ( 0.8
18 CONH2 2 O 0.026
19 CH2NH2 2 H, H 0.35
20 CH2OH 2 H, H <0.005
21 H 2 O 0.16 ( 0.01
22 H 2 H, H 1.88

a Represents the apparent association constant as measured by
the methods of Smith et al.12 Kass values are the mean of n ) 3,
showing the standard deviation, except for compounds 18-20 and
22 which are the mean of n ) 2, where the variability of the assay
is (10%.

10

12

11

13

Table 5. Thrombin Inhibitory Activity and Serine Protease
Selectivity for Derivative 23

23

serine protease
Kass

a,b

(×106 L/mol)
Kass(thrombin)/

Kass(serine protease)

human R-thrombin 24.3 ( 2.0
bovine trypsin <0.009 >2700
human fXa 0.015 1620
human plasmin <0.009 >2700
human nt-PA <0.009 >2700
human urokinase <0.009 >2700
a Represents the apparent association constant as measured by

the methods of Smith et al.12 b Kass value for each serine protease,
except thrombin, is the average of two determinations, where the
variation in the assay is (10%. Kass values for thrombin is the
mean of n ) 3, showing the standard deviation.
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not specifically resolved, the critical presence of the
pyrrolidine nitrogen in the C-3 side chain could be
attributed to a π-cationic interaction with the indole side
chain of Trp215 or to a hydrogen bond interaction with
the phenolic OH of the Tyr60A side chain. The C-2
chain of the inhibitor branches away from the active
site and is located between the side chains of Trp60D
and Glu192. The interactions of the C-2 pyrrolidine
with the enzyme are not clear since it is predominantly
exposed to solvent. Together, the aromatic rings of the
C-2 and C-3 side chains begin to sandwich the indole
ring of Trp60D.
The observed binding orientation for inhibitor 23 is

quite novel when compared to the traditional active site-
directed thrombin inhibitors such PPACK, MD-805,
NAPAP, and the “retro-binders”.6 The most notable
differences include the lack of a basic group at the P1
position, minimal occupancy of the hydrophobic S2 site,
incorporation of a basic group in the broad hydrophobic
S3 site, and no apparent hydrogen bonding with the
protein backbone of residues Ser214-Gly216. A de-
tailed structural comparison of this series and other
thrombin active site inhibitors is in preparation.16

Conclusion. The dibasic benzo[b]thiophene deriva-
tives described in this communication represent a
structurally novel class of active site-directed thrombin
inhibitor. Preliminary studies have shown that they are
thrombin selective and orally bioavailable. Initial SAR
studies have identified structural elements that are
critical for interaction with the enzyme leading to a 50-
fold enhancement in thrombin inhibition over the initial
screening hit. The interaction of this series with the
thrombin active site has also been characterized by
X-ray crystallography. Its binding orientation is distinct
from any previously reported active site-directed inhibi-
tors. Future communications will describe the optimi-
zation of this series of novel thrombin inhibitors leading
to in vivo efficacy in animal models of thrombosis.
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