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Abstract: In an effort to increase the thrombin inhibitory activity of a novel series of inhibitors (i.e., 1a), substituents
were incorporated at the C-3" position of the C-3 aryl ring (2). Consistent with the X-ray crystallography studies, small
hydrophobic groups at the C-3” site (Br and Me) enhanced thrombin inhibitory activity by 8-fold. However, a few more
hydrophilic substituents (NO, and OMe) also enhanced the potency of the series. The biological results are discussed in
terms of molecular modeling studies. © 1998 Elsevier Science Ltd. All rights reserved.

The trypsin-like, serine protease thrombin catalyzes fibrin formation and activates platelets, thereby
playing a pivotal role in the development of thrombotic complications.2 Accordingly, the search for orally
active thrombin inhibitors, for use in the treatment of chronic thrombotic disorders, has intensified.” Recently,
we described a series of 2,3-disubstituted benzo[b]thiophene derivatives (i.e., 1a) as a structurally novel class of
active-site directed thrombin inhibitor.* Subsequent structure activity relationship (SAR) studies led to the
identification of analog 1b, which was 50-fold more potent than the parent (1a). X-ray crystallographic studies
revealed that the hydrophobic benzo[b]thiophene nucleus binds in the specificity pocket (S,) of human o-
thrombin, while the C-3 side chain spans the proximal (S,) and distal binding sites.”

In an attempt to enhance activity of
the series, we sought to optimize the
interaction of the C-3 side chain with the
proximal and distal binding sites. X-ray
crystallography studies indicated that the
C-3 aryl ring binds near the opening of the
hydrophobic S, pocket, which is defined
by thrombin residues Trp86, Leul32,
His79, and Tyr83.  Accordingly, we incorporated substituents onto the C-3 aryl ring in order to probe
enzyme/inhibitor interactions in this region of the active site. The C-3” position was selected as the site of
substitution based on the disposition of the C-3 aryl ring relative to the S, binding site. Although the S, pocket
is known to be hydrophobic in nature, we wanted to study a variety of substituents to determine if subtle,
hydrophilic binding interactions were possible, in addition to the expected lipophilic interactions. In order to
explore broad structural space with a minimal number of substituents, a molecular diversity analysis was
conducted using three general QSAR parameters: calculated molecular volume (cMR), sigma-meta (q,,), and pi
(n).%" Fifteen substituents spanning a range of these parameters (cMR, 0.92 to 37.9; o, -0.24 to 0.43; and =, -
1.23 to0 2.13) were chosen. This paper will describe the synthesis and thrombin inhibitory activity of analogs
2a-o0 (Table 1), and provide an explanation of the biological data using molecular modeling.

Chemistry
The syntheses of the benzo[b]thiophene derivatives used in this study (2a-o; Table 1) were accomplished

according to Schemes 1-4.* The bromo and alkyl substituted analogs (2a-e; Scheme 1) were derived from the
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common intermediate 4, which was prepared by acylating 2-(4-methoxyphenyl)benzo[b]thiophene (3)° with 3-
bromo-4-methoxybenzoyl chloride. Bis demethylation using EtSH/AICI, afforded the bromo diphenol Sa. For
the alkyl derivatives, bromide 4 could be subjected to Stille conditions (step c)10 followed by deprotection to
give the C-3” alkylated diphenols Sb-e. Dialkylation of 5a-e with 1-(2-chloroethyl)pyrrolidine gave derivatives
6a-e. Deoxygenation of the C-3 ketone was accomplished using a two step procedure involving initial reduction
to the secondary alcohol (step e; LiAlH,) and subsequent deoxygenation (step f; Et,SiH/TFA) to the desired
methylene products 2a-e.
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aReagem: (a) 3-bromo-4-methoxybenzoyi chloride (1 eq), TiCl4 (4 eq), 3 h, CICH,CH,CI; (b) EtSH
(12 eq), AICI3 (10 eqg), 16 h, CICH,CHCI; (c) R4Sn (2.5 eq), Pd{PhsP)4 (0.5 mole %), 130 °C, 16 h,
toluene; (d) 1-(2-chioroethyl)pyrrolidine hydrochloride (4 eq), CsoCO;3 (6 eq), 80 °C, DMF; (e) LiAlH,
(6 eq), 16h, THF; (f) NaBH,4 (2.2 eq), 3 h, TFA.

The preparation of the fluoro and trifluoromethyl substituted analogs 2f and 2g began with 2-[4-(2-(1-
pyrrolidinyl)ethoxy)phenyl]benzo[b]thiophene (7; Scheme 2).9 Acylation with the appropriate m-fluoro- or m-
trifluoromethyl substituted p-fluorobenzoyl chloride afforded the 2,3-disubstituted benzo[b]thiophene products
8a and 8b. Installation of the basic C-3 side chain was accomplished by fluoride displacement with the sodium

Scheme 2°
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#Reagents: (a) 3,4-diflucrobenzoyl chioride (1 eq), TiCls (4 eq), 5 hr, 0°, CICH,CHCI; (b) 3-trifluoromethyl-4-benzoyl
chioride (4 eq), TiCls (4 eq), 4 hr, CICH;CH,CI. (c) NaH (2eq), 1-(2-hydroxyethyljpyrrolidine (2eq), 3 hr, THF; (d) DIBAL-H,
(5eq), 0 °C, 1th, THF; {e) NaBH4 (2.5 eq), 2 hr, TFA.
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alkoxide of 1-(2-hydroxyethyl)pyrrolidine to afford analogs 9a and 9b. Deoxygenation of the C-3 ketone
afforded the desired 2f and 2g.

The oxygen substituted derivatives 2h and 2i were prepared according to Scheme 3. Alkylation of
commercially available methyl vanillate (10) gave the 2-(1-pyrrolidinyl)ethoxy substituted product 11, which
could be hydrolyzed to provide the necessary C-3 side chain (12). Conversion of the acid to the corresponding
acid chloride, and its subsequent use in the acylation of intermediate 7 (Scheme 2), afforded the 2,3-
disubstituted benzo[b]thiophene product 13. Direct deoxygenation afforded the methoxy substituted product 2h.
Alternatively, demethylation (EtSH/AICI,) followed by deoxygenation gave the phenolic product 2i.

Scheme 3°
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"'Reagems: (a) 1-(2-chloroethyl)pyrrolidine hydrochloride (2eq), KoCO3 (4eq), 85 °C, DMF; (b) 5N aq
HCI, A, 16h; (c) SOCI» (18 eq), DMF (cat), A, 16h, CICH2CH,CI; (d) AICI3 (4 eq), 7 (1 eq), 0 °C, 5h,
CICH,CH,C!; () LiAIH4 (1.1 eq), 3 h, THF; (f) Et3SiH (10 eq), TFA (7 eq), 0 °C, 6 h; (g) EtSH (8 eq),
AICI3 (4 eq), 0 °C, th, CHyClp; (h) DIBAL-H (5 eq), 0 °C, 1h, CH,Cly; (i) NaBH4 (2 eq), 1 h, TFA.

The nitrogen containing analogs (2j-0) were generated from methyl 4-hydroxy-3-nitrobenzoate (14;
Scheme 4) following chemistry similar to that outlined in Scheme 3. Mitsunobu alkylation afforded product 15
which was converted to the acid chloride and used in the acylation of intermediate 7 (step d) to afford the 2,3-
disubstituted benzo[b]thiophene 16. Deoxygenation afforded the nitro product 2j which could be reduced to the
aniline 2k. Derivatization of aniline 2k gave the sulfonamide and acetamide analogs (21-m). Subsequent
reduction of acetamide 2n afforded the secondary amine 2o.

Scheme 4°
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®Reagents: (a) DEAD (1.2 eq), PhaP (1.2 eq), 1-(2-hydroxyethyl)pyrrolidine (1.2 eq), 60 h, THF; (b) 5 N ag HCI, A, 16h;
(c) SOCI5 (40 eq), DMF (cat), A, 2h, CICH2CH,CH; {(d) TICl4 (8 eq), 7 (1 eq), 0 °C, 8h, CICH,CHCI; (e) NaBH, (4 eq),
16h, TFA; (f) Hy (1 atm), 10% Pd/C, 16 h, EtOH, AcOH; (g) MeSO,CI (1 eq), 0 °C, 8h, GHC15; (h) PhSO,CI (1 eq), 0
°C, 8h, CHoCly; (i) AcoO (30 eq), 16h, pyridine; (j) LiAlH4 (2 eq), A, 3 h, THF.
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Results and Discussion

The thrombin inhibitory activity for compounds 1a and 2a-0,"" as well as the substituent values of cMR, o,
and 7 are shown in Table 1.” Several trends are evident from the biological activity. As predicted by X-ray
crystallographic studies,” the incorporation of lipophilic substituents at C-3” enhances the thrombin inhibitory
activity of the series, presumably through increased interactions at the hydrophobic S, binding site. Small
groups such as Br and Me (2a and 2b, respectively) increase potency by up to 8-fold. However, this activity
enhancement erodes as the size of the hydrophobic substituent increases (2¢-€).

Table 1. QSAR Parameters and Thrombin Inhibitory Activity of Analogs

la and 2a-p.
1a, 2a-0
Kﬂc

Compound R cMR* o, T (L/mol x10%
la H 1.03 0.00 0.00 343 +0.55
2a Br 8.88 0.39 0.86 2750+ 1.84
2b Me 5.65 -0.07 0.56 242+ 3.21
2c Et 10.3 -007 1.02 7.27 £0.69
2d nPropyl 150 006 155 102005
2e n-Butyl 19.6 -0.08 2.13 0.42 +0.09
2f F 0.92 0.34 0.14 4.87 +0.40
2g CF, 5.02 0.43 0.88 2.40+0.30
2h OMe 7.87 0.12 0.02 12.23 £0.90
2i OH 2.85 0.12 0.07 1.10 £0.01
2j NO, 7.36 0.71 -0.28 10.20 + 1.49
2k NH, 542 -0.16 -1.23 1.10+0.17
21 NHSOMe 18.2 0.20 -1.18 0.41 £0.06
2m NHSO,Ph 379 0.16 0.45 0.22 +£0.06
2n NHAc 14.9 0.12 -0.22 0.31 +0.04
20 NHEt 15.0 -0.24 0.08 0.29 £ 0.04
2p 2" Br® 0.27 £0.01

*see refs 7 and 8. “see ref 12. “see ref 11. “see ref 15.

Figure 1 illustrates how the Br substituent (2a) may project into and fill the spherical S, pocket, providing
a stable fit."" As might be predicted, fluorine, which is smaller than a hydrogen but is more hydrophobic, results
in comparable activity relative to the unsubstituted parent (2f versus 1a). The decrease in activity for the larger
substituents (2c-e) is likely due to unfavorable steric interactions in the S,. An additional explanation for the
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decreased activity of analogs 2c-e is the less than optimal positional/conformational changes imparted on the
basic C-4” side chain by the additional steric bulk. Alternatively, the C-3 phenyl ring may assume a
conformation that orients the C-3” substituents in the opposite direction, into the solvent, leaving the S, site
unoccupied.

Figure 1. Molecular modeling representation of the
interaction of derivative 2a in the active site of human
a-thrombin (aliphatic hydrogens and the water mole-
cules are not displayed). The C-3 side chain of the
inhibitor spans the proximal (S,) and distal binding
sites.”” The bromo substituent at C-3” (purple) binds in
the hydrophobic S2 pocket defined by residues Trp86,
Leul32, His79, and Tyr83.

Structurally, the CF, substituent is generally considered to be very similar to a CH, group. However
incorporation of a CF, in 2g decreases the activity 10-fold compared to the CH, (2b) analog. To better
understand this result, the geometry and electronic nature of the CH, and CF, groups were investigated in more
detail using the model system p-methoxy toluene, substituted at the meta position by CF, and CH,
respectively.” It was found that the center of the CF, group is slightly more extended (1.95 A) from the phenyl
carbon than the corresponding center of the CH, group (1.77 A). This extension would normally be thought to
enhance activity (as in the 2a case when R is Br (1.87 A), however for 2g the more electronegative fluorine
atoms (-0.34) are pushed deeper into the face of the hydrophobic aromatic residues that make up the S, pocket.
The corresponding hydrogens of the Me group of 2b carry only a small positive charge (0.09).

Even though the more hydrophilic substituents NO, and OMe might not be predicted to enhance activity
through interaction at the lipophilic S, binding site, they were selected based on molecular diversity analysis.
Both the NO, and OMe analogs (2j and 2h, respectively) were more active than the unsubstituted parent (1a). In
the case of the derivative 2j, molecular modeling suggests that one of the oxygens of the nitro substituent lies
within hydrogen bonding distance of the phenolic hydrogen of TYR 83, thereby increasing the interaction at S,
The OMe analog (2h) is also more potent than the Et derivative (2c). In this case however, modeling studies do
not suggest any apparent enhanced interactions. It is possible that a combination of subtle geometrical and
electronic factors, resulting from replacement of the methylene with the ether oxygen, come into play. Although
ill-defined at this point, the poor activity of analogs 2i and 2k-o relative to the parent la, could be due to
unfavorable electronic and/or steric interactions.

Based on X-ray crystallography studies, the C-3” position was initially chosen as the site for incorporation
of substituents based on its position relative to the opening of the S, pocket. To prove that this initial prediction
was valid, the C-2” bromo derivative 2p was prepared and evaluated.” Its diminished activity relative to analog
2a supports our prediction that the C-3” site allows better substituent access to the hydrophobic S, pocket.

The purpose of this work was to study the potential interaction of C-3” substituents with the proximal S,
binding region within the active site of thrombin, in the hopes of increasing the intrinsic thrombin inhibitory
activity of this novel class of inhibitors. In fact, incorporation of small hydrophobic substituents (ie. Br and Me)
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increase the potency of the parent compound by 8-fold. This is consistent with the hydrophobic nature of the S,
binding site. However, more hydrophilic substituents such as NO, and OMe also enhance inhibitory activity,
suggesting that one may be able to take advantage of more subtle interactions within this region as well.
Utilization of the results of this study in the design of thrombin inhibitors that are efficacious in animal models

of

thrombosis will be the topic of future communications.
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bromo-4-methoxybenzoyl chloride was employed as the acylating reagent in the first step.



