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2. LITERATURE REVIEW

Two different categories of compounds have been described in this thesis. Hence the
literature on both of these categories of compounds has been described under separate heads on

Factor Xa inhibitors and Thrombin inhibitors.
2.1 Factor Xa inhibitors

Factor Xa inhibitors falling under various chemical categories are described as given

below.
2.1.1. Piperazinyl amides

Jones et.al have designed and synthesized benzamidinecarboxamide derivatives with
phenylglycine moiety as selective anti-FXa agents using PRO_SELECT software programme
where they reported interaction of D-amino acids with lipophilic disulphide pocket nearby to S1
subsite made up of GIn192, Cys191, Cys220 and Gly218 residues.! Exploration of S4 pocket
using primary and secondary amines like benzyl and cyclohexylamines and also piperazines and
piperidines resulted into a number of selective FXa inhibitors. (e.g. 1, FXa, Ki = 0.01 pM; 2,
FXa, Ki=0.015 uM and 3, FXa, Ki= 0.013 uM).

From their research on orally active FXa inhibitors, Imaeda et.al have discovered novel
piperazinylimidazo[1,2-a]pyridine derivatives as potent and selective FXa inhibitors.> The
detailed SAR studies and rigorous modifications for S4 binding region resulted in active
compound (4) with FXa ICso value of 0.021 pM and ex-vivo PT prolongation at 1.4 pM
concentration. To improve the potency, further changes in the imidazopyridine moiety
successfully led to the discovery of 2-hydroxymethyl derivative, (5) (FXa ICso = 0.009 uM and
PTox = 1.4 uM), a selective, potent and orally bioavailable FXa inhibitor (F = 31% in
cynomolgus monkeys) having diminished CYP3A4 inhibition properties.
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2.1.2. Anthranilamides

A major contribution in this research area was made by research groups at Berlex, Lilly,
Portola, Millennium, Bristol-Myers-Squibb, Daiichi-Sankyo and Astellas Pharmaceuticals. A
decade of research at these companies led to successful development of many novel active
molecules like betrixaban, edoxaban, darexaban and some other compounds that are under

clinical trials.

To get improved oral bioavailability, Masters et.al at Lilly Laboratories disclosed non-
amidine group comprising of 1,2-diamidobenzene derivatives as potent antithrombotic agents.®
The most active compound of the series, (6) (FXa, Kass = 100x10° L/mol and PT2x = 0.58 uM)
exhibited high selectivity (>500 fold) towards FXa and good antithrombotic efficacy at different

doses in rabbit arterio-venous shunt model.

Zhang et. al at Millennium Pharmaceuticals Inc. developed anthranilamide class of
selective potent FXa inhibitors. Compounds (7 and 8) exhibited potent anti-FXa activities (ICso
values of 3.4 nM and 6.7 nM respectively) but poor 2xTG (>5 pM) which was due to high

lipophilicity.* Hence, in order to lower lipophilicity of these compounds various structural
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optimizations in S4 binding biphenyl moiety and central ring conferred enhanced in vitro
potency and improved thrombin generation activity to compounds (9, FXa, 1Cso = 0.2 nM and
2XTG = 1.4 uM) and (10, FXa, ICs0= 9.5 nM and 2xTG = 2.2 uM) but these compounds showed

poor bioavailability.

_N (7) X = -Br
(6) (8) X =-Cl
cl cl

©) (10)

From their previously reported biphenyl anthranilamides (7, 8, 2XTG value > 5 uM) with
reduced anticoagulant activity in TG assay, Zhang et.al modified lipophilicity of the
anthranilamide compounds and synthesized potent FXa active analogs (11 and 12) with
substituted aminomethylbenzoyl groups as P4 moieties and these derivatives exhibited higher
potency in human thrombin generation assay.® The derivative (12) (FXa, Ki = 1.5 nM and 2xTG
= 0.56 uM) displayed excellent antithrombotic potency in in vivo deep vein thrombosis model
(40 % inhibition at 0.83 uM) along with good pharmacokinetic profile (F = 44 %; t12 = 8.5 hr).
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A series of anthranilamide derivatives containing substituted benzamidines as S4 binding
motifs was reported by researchers at Millennium Pharma. Inc. where thorough exploration led
to the discovery of compounds (13-15) (FXa ICso values of 3.0 nM, 3.0 nM and 20 nM
respectively) as potent FXa inhibitors with N,N-dialkylbenzamidine moieties.® These compounds
displayed good activity in human TG assay (at 0.54 uM, 0.36 UM and 1.1 uM concentrations)
and oral bioavailability in beagle dogs (F = 69 % and 50 % for 13 and 15 respectively). Due to

its balanced activity profile compound (13) was chosen for further advanced development.

(13) (14) (15)

A detailed investigation on SAR studies of active compound (13) by Zhang et.al resulted
into a series of compounds with high potency, efficacy and selectivity for direct FXa inhibition
activity.” Derivatives (16, FXa, Ki = 0.04 nM, PT2x = 0.83 uM); 17, FXa, Ki=0.11 nM, PTx =
1.7 uM) and 18, FXa, Ki= 0.06 nM, PT2 = 1.1 uM) were found to possess superior in vitro anti-
FXa potency and antithrombotic activity along with good oral bioavailability in dogs (16; 64.9 %
and 18; 68.8%) and monkeys (16; 73% and 18; 86%). However further evaluation of these
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compounds for safety studies revealed their hERG channel inhibition at 0.11 uM and 0.42 uM
respectively while compound (17) showed I1Cso of 8.9 uM in hERG patch clamp assay. Thus, due
to better overall biological activity profile, favorable PK data, safety concerns and low
production cost, compound (17) was selected for clinical studies.

~_Cl ~_ClI
0 N7 ¢l 0 U 0 N7
Cl NN MeO NT X Cl NN
N H H
H NH N
NH NH NH
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Me " Me Me™ " Me Me" Me
(16) (17) (18)

From high throughput screening program at Berlex, Chou et.al first invented compound
(19) (FXa, Kiapp = 11 nM) as selective and potent FXa inhibitor.® A detailed investigation by
optimizing all three rings of 19 resulted into a series of non-amidine anti-FXa agents e.g (20,
FXa Kiapp = 0.32 nM and 21, FXa Kiapp = 0.60 nM), with subnanomolar activity but poor in vitro
PT prolongation properties (PT2x ~ 500 uM) which was likely to be due to their high
lipophilicity and poor solubility. SAR studies disclosed that small groups like methyl or chloro at
the C-5 position of the central phenyl ring were essential for FXa potency and 4-chloro or 4-

bromo substituents at the aniline ring resulted in high activity.

H
o) = NH ClI
S o) =
S
(19) R=4-F
(20) R=4-Cl (21)
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Further modifications for the improvement of the physicochemical properties of analog
(20), Kochanny et.al reported thiophene derivatives containing basic or hydrophilic substituents
displaying more potent in vitro antithrombotic activity.® Introduction of aliphatic diamines or
piperazines at C-4 of thiophene ring afforded compounds with better FXa inhibitory potency
(e.g. 22, FXa Kjapp = 1.0 nM, PTox = 12uM; 23, FXa Kiapp = 0.3 nM, PT2x = 5 pM). Compound
(23) showed 41% oral bioavailability in dogs at 10 mg/kg dose and the crystal structure of 22
revealed that it binds with the enzyme in characteristic L-shape conformation with
chlorobenzene occupying the S1 pocket and piperazine in the S4 site.
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(22) (23) (24)

A detailed SAR of compound (22), a poor anticoagulant (PT2x = 12uM) obtained from
the previous studies, was explored by Ye etal to get more potent derivatives.!® Initial
modifications like introduction of 5-chloropyridine ring in place of 4-chlorobenzene and
attachment of C-3 methoxy group to the phenyl ring of anthranilamide yielded compound (24)
(FXa Kiap = 0.16 nM, PT2ox = 1.6 puM) with enhanced anti-FXa potency and improved
antithrombotic activity. Substitution on C-4 of the thiophene moiety by different aliphatic,
alicyclic and heterocyclic amines led to a series of active FXa inhibitors having picomolar
potency and good in vitro activity. e.g. (25, FXa Kiap = 0.21 nM, PT2x = 1.64 puM), (26, FXa
Kiapp = 0.007 nM, PT2x = 0.36 uM) and (27, FXa Kijapp = 0.005 nM, PT2x = 1.25 pM). All these
compounds displayed good oral bioavailability in dogs (F = 75 % for 25; 56 % for 26 and 98 %
for 27) at 10 mg/kg p.o. dose and also high selectivity (>10,000 fold) towards FXa compared to
other serine proteases. They also showed high efficacy in rat venous thrombosis model (EDso =
4.4 mg/kg i.v., 0.4 mg/kg i.v. and 0.36 mg/kg i.v. for 25, 26 and 27 respectively).
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Mendel et.al reported N2-aroyl anthranilamide derivatives as potent FXa inhibitors
through SAR optimizations.!* Compound (28) (FXa Kass = 42x10° L/mol) with 5-chloropyridine
as S1 binding moiety was chosen as prototype for SAR studies. Substitution of 3-aminopropyl
ether at C-2 of benzoyl group led to compound (29) (FXa Kass = 1440 x10° L/mol, 2xPT = 0.79
MM) with 34-fold improved potency while modification at C-4 by introduction of N-
methylhomopiperazine moiety resulted in compound (30) (FXa Kass = 8970 x108 L/mol, 2xPT =

0.14 uM) with picomolar FXa inhibition potency and nanomolar anticoagulant activity.

Me KL Mé\/le |
Me
me"e NH,

(28) (29) (30)

As a back-up plan to the discovery of a lead molecule apixaban at Bristol-Myers Squibb,
Corte et.al developed potent FXa active antithrombotic agents by incorporation of phenyl
piperidinone and phenylpyridinone as P4 motifs in anthranilamide scaffold.’? Initial SAR
modifications on P1 and P4 groups and then on central phenyl ring led to the very potent
compounds of the series (31, FXa, K;j = 0.005 nM, ECox PT = 1.6 uM and 32, FXa, K; = 0.057
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nM, ECox PT = 1.5 uM). On further detailed PK and in-vivo studies, compound (32) exhibited (F
= 44 %) good oral bioavailability and good efficacy in rabbit arteriovenous-shunt model with 34
%, 70 % and 80 % inhibition at 0.3, 1.0 and 3.0 mg/kg/hr doses respectively.
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Pandya et.al at Zydus Research Centre have designed and developed novel
anthranilamide derivatives as FXa inhibitors bearing sulfoximine moiety as S4 binding motif in
place of basic amidine functionality of betrixaban while 2-amino-5-chloropyridine as S1 ligand
was retained.'® The simple sulfoximine lead molecule, (33) exhibited 76% inhibition at 0.1 uM.
Further modifications by various substitutions on both S and N atoms afforded compound (34)
(FXa, ICso = 2.1 nM; human PTCT, = 0.68 uM) which displayed potent anti-FXa and PT
prolongation activities. Detailed PK studies of compound (34) revealed that its metabolite (35)
(FXa, ICsp = 2.7 nM; human PTCT2 = 0.77 uM) was equally potent. Compound (34) also
showed high efficacy in animal arterial (32% & 71% reduction at 10 mg/kg and 30 mg/kg doses
respectively) and venous (45% & 81% reduction at 10 mg/kg and 30 mg/kg doses respectively)
thrombosis models and demonstrated higher selectivity over other enzymes and negligible effect
on CYP3A4 inhibition.

Yang et.al reported a series of active FXa inhibitors containing 3,4-diaminobenzoyl
linker moiety.!* These new derivatives through intensive SAR modifications were found to show
moderate to high in vitro anticoagulant potency. Two compounds (36) (FXa, ICso = 17.1 nM; 39
% wt. reduction) and (37) (FXa, ICso = 15.6 nM; 41% wt. reduction) displayed better in vivo

activity than the standard rivaroxaban (FXa, ICsop = 14.4 nM; 32 % wt. reduction) in venous
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models of thrombosis, and high selectivity for compound (36) towards FXa compared to

thrombin and trypsin.
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Wang et.al designed a new series of anthranilamides where the connection order of
diamides in standard drugs like rivaroxaban was reversed to get compounds with different safety
profile or pharmacokinetic properties.® Three compounds, (38) (FXa ICso = 30 nM), (39) (FXa
ICs0 = 25 nM; human PTox = 12.8 uM) and (40) (FXa ICso = 71 nM; human PTa = 10.4 uM)
were identified as potent FXa inhibitors with promising in vitro antithrombotic activity and good
selectivity against thrombin. Further optimizations of S1 binding moieties from 5-
chlorothiophene to 5-bromothiophene or 2,4-dicholrophenyl groups resulted in active derivatives
(41) (FXa, Ki= 20 nM, human PTzx = 8.4 uM), (42) (FXa, Ki= 13 nM, human PTxx = 4.2 uM)
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and (43) (FXa, Kj=17 nM, PT2x = 16.4 uM) which displayed pronounced anti-FXa activity and

e
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selectivity.
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In pursuit of novel factor Xa inhibitors, Xing et. al have designed and synthesized
anthranilamide derivatives with potential anti-FXa activity using 3D fragment-based drug design
(FBDD) and structure-based pharmacophore modeling approaches.!’ Multi-stage virtual
screening further led to the identification of highly persistent two hit compounds (44 and 45),
whose derivatives were synthesized and tested for in-vitro FXa inhibition. From this series of
active compounds, the most potent compound (46) has exhibited ICso value of 23 nM and high
selectivity against thrombin (ICso = 40 pM). Also compound (46) displayed doubling of
prothrombin time (PT) at a concentration of 8.7 uM.
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Continuing their research on development of antithrombotic agents, Xing et. al reported
novel anthranilamide analogs as direct FXa inhibitors from structure-based design technique
wherein optimization of P1 and P4 moieties led to the development of promising derivative (47)
(ICso = 3.5 nM) exhibiting superior in vivo antithrombotic activity in AV-SHUNT model and
FeCls-induced venous thrombosis model in rats.!® Compound (47) displayed safety profile
comparable to the standard drug, betrixaban in terms of bleeding at 1 mg/kg and 5 mg/kg doses,

along with moderate pharmacokinetic profile. Further investigation using MTT assay showed
alleviation of hypoxia-induced H9C2 cell toxicity by the compound (47).

Patel et.al developed 2-aminobenzamide derivatives as potential FXa inhibitors where a
series of aryl, biaryl and piperazinyl analogs were used as S4 binding elements and tested them
for antithrombotic activities.’® Compounds (48) (ICso = 11.5 uM), (49) (ICso = 5.4 uM) and (50)
(ICs0 = 1.3 uM) showed moderate FXa inhibitory activities. The most potent derivative (51)
displayed an 1Csg value of 0.7 uM with good selectivity against thrombin and 46 % inhibition
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from in vivo arterial thrombosis model as well as enhanced in vitro clotting time. Molecular

dynamics and docking studies supported binding interactions of compound (51) with the
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enzyme.
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2.1.3. Oxazolidinone analogs

In their ongoing research on antithrombotic agents, Trstennjak et. al designed and
synthesized novel dual factor Xa and thrombin inhibitory agents by modification of the
morpholin-3-one ring of rivaroxaban to piperidine-4-carboxylate moiety using “designing in”
approach.?’ Compound (52) with ethyl ester group exhibited K; value of 0.76 uM for FXa
without thrombin activity while its acid derivative, (53) displayed dual inhibitory potencies
towards FXa (Ki = 0.08 puM) and thrombin (K;j = 16.6 pM). The most active dual inhibitory
compound (54) (FXa Ki = 0.06 uM) possessing 2-substituted piperidine moiety showed 12-fold
increase in FXa inhibition potency than 4-substituted derivative (53), along with good
antithrombin potency (Flla, Kij= 0.35 pM)).
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2.1.4. Pyrimidinone analogs

Yang et.al synthesized and evaluated novel isoxazolopyrimidinone derivatives for their
potential antithrombotic activity. Compounds (55; 1Cso= 0.013 pM and 56; 1Cso= 0.018uM)
exhibited strong FXa inhibitory activities. They also displayed good anticoagulant activity in
human plasma (2xPT, 55 = 2.12 pyM and 56 = 3.37 uM) and high selectivity (> 1000 fold) over
other serine proteases. Molecular docking of compound (55) with the FXa enzyme demonstrated
the formation of m-m interaction of phenyl ring of Tyr99 with the pyrimidinone moiety and

multiple hydrogen bonding of carbonyl P1 motif to Ser214 and Trp215.

MeO
MeO

2.2 Thrombin Inhibitors

2.2.1. Pyrazinone derivatives

Researchers at Merck Laboratories in pursuit of highly efficacious thrombin inhibitors,
had designed and developed pyridinone acetamide derivatives for potential antithrombotic
activity where compound (57) (thrombin, K; = 0.5 nM) was found to be highly potent but
exhibited poor oral bioavailability due to high hydrophilicity of amidinopiperidine moiety.?2
Therefore further studies aimed at improvement in pharmacokinetic properties, led to
replacement of P1 amidinopiperidine moiety of compound (57) by less basic 2-amino-6-
methylpyridine group resulting in derivative (58) (thrombin, K; = 0.5 nM) with similar potency.
Methyl substituent in pyridine provided higher selectivity for thrombin against trypsin and
improved the potency too. Compound (58) also displayed good efficacy in in vivo model of

thrombosis and better oral bioavailability (F % = 44) in beagle dogs at 1 mg/kg i.v. dose.?® But
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due to short half-lives in monkeys and dogs and also poor pharmacokinetics, its further
development was halted. Then, the chemically stable bioisosteres of 3-
sulphonylaminopyridinone scaffold viz. 3-alkylaminopyrazinones were designed to circumvent
the drawbacks of compound (58). These analogs [e.g. compounds (59), Flla Ki = 0.8 nM and
(60), Flla Kij = 0.35 nM] conferred better pharmacokinetics in rats, monkeys and dogs
(compound (59), F = 42%, 60% and 91% respectively) than the previous pyridinone compounds
and showed good efficacy in vivo and consistent 2x aPTT values.?*
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0. O X @) 0..0 |\ (0] Me
e Pt S P
H 0 H N o Z>NH,

NH

NH, [

(57) (58)

Me
(j NSO Me @
|
H 0o H Pz
NH
(59) (60)

The same research team at Merck developed selective and orally efficacious potent
thrombin inhibitors through rigorous modifications at three major sites in 3-aminopyrazinone
acetamide analog (61) viz. P1, P2 and P3, which were thought to be susceptible to metabolism
exhibiting altered pharmacokinetics.? Initially, optimization of P3 site via introduction of
difluoro group and 2-pyridyl moiety in place of phenyl ring provided the most potent compound
of the series, (62) (Flla, Ki =0.042 nM, 2xaPTT = 0.20 uM). Later, P1 and P2 modifications led
to the discovery of new potent derivatives (63) (Flla, Ki = 4.2 nM; 2xaPTT = 0.67 uM), (64)
(Flla, Ki =5.2 nM, 2xaPTT = 0.78 uM) and (65) (Flla, Ki = 2.3 nM, 2xaPTT = 0.41 pM) which
exhibited longer half-lives ((63), ti2 = 3.5 hr.; (64), ty2 = 6.6 hr. and (65), ti2. = 9.7 hr.) and
improved pharmacokinetic properties. Compounds (63 and 64) demonstrated good oral
bioavailability in dogs (F = 87% and 66%) and rats (F = 55% and 23%) and good in vivo efficacy

in FeCls assay.
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In an attempt to improve low solubility of the previous lead derivative (64), Merck
scientists invented a novel series of thrombin inhibitory compounds bearing pyridine N-oxides as
the P3 element along with P1 benzylamides.?® A detailed investigation on SAR of P1 site in
terms of pharmacokinetics, potency and human microsomal stability, afforded compound (66) as
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the ‘best fit” analog from the series. It displayed K value of 2.3 nM, 2xaPTT at 0.40 uM and
longer t12 of 4.9 hr as well as excellent selectivity for thrombin (>49 uM). Compound (66) also
showed good bioavailability in rats (F = 52%) and dogs (F = 40%) and dose-dependent inhibition

in arterial thrombosis model.

Structure-based lead optimization of weakly active triazolopyrimidine core by Deng et.al
led to a series of oxazolopyridine analogs as potent dual thrombin and FXa inhibitors.?’
Extensive modifications in the lead derivative (67) provided compounds with excellent
potencies. Substitution of triazole ring at the P1 binding motif resulted in compound (68) with
thrombin K; value of 0.08 nM. Methyl group substituent in the central pyridine ring imparted
better potency and selectivity over other proteases (e.g. 69, Flla, Ki = 0.04 nM; 2xaPTT = 0.41
UM). In order to decrease plasma protein binding, converting pyridine to piperidine moiety (e.g.
70, Flla, Ki = 0.04 nM; FXa, Kij = 3.9 nM; 2xaPTT = 0.07 uM) improved antithrombin potency
and in vitro anticoagulant activity and additionally furnished significant FXa inhibitory potency
to the compound. Compound (70) displayed promising in vivo efficacy in rat thrombosis model

and long half-life of 4.2 hr but showed poor oral bioavailability.
2.2.2. Dabigatran mimics

From the X-ray crystal structure of thrombin inhibitor (71), NAPAP (ICso = 0.2 puM)
complexed with bovine thrombin, a new class of antithrombotic nonpeptide trisubstituted
benzimidazole derivatives was designed by Hauel et.al.?® The first designed compound (72) (1Cso
= 1.5 pM) showed cardiovascular side effects at a low dose of 1 mg/kg but it acted as a lead for
optimization and development of new derivatives with improved potency, tolerability and
pharmacokinetics. To increase overall hydrophilicity, structural modifications like introduction
of carboxylate group in the amide side chain resulted into the most potent compound of the
series, (73) (Flla, Ki = 4.5 nM) which also displayed excellent thrombin selectivity and in vivo
tolerability. Unfortunately it exhibited insufficient oral bioavailability. Its double prodrug (74)
was developed which possessed promising oral activity in different animals and it was selected
for further clinical development. The binding interactions of 73 in the thrombin-inhibitor
complex revealed that amidine group formed a salt bridge with Asp189 and the central
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benzimidazole ring interacted with P-pocket while the pyridine ring was placed between Leu99

and 1le174 in D-pocket of the enzyme.
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In search of orally active antithrombotic agents, Ries et. al disclosed novel quinoline
based low molecular weight derivatives as selective thrombin inhibitors.?® First lead derivative
(75) (ICsp = 0.066 pM) and its amino analog (76) (ICso = 0.087 uM), displayed good
antithrombin potency. Different modifications were carried out at 7-position of the quinoline ring
to get compounds with better inhibition properties along with good solubility and binding
properties with the enzyme. Ethyl cyclopentylacetate derivative (77), was found to show the
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most potent antithrombin activity with 1Cso value of 0.003 puM and caused weak FXa inhibition
(ICs0 = 1.5 uM).

Ries et. al further designed and invented new quinoxalinone derivatives as dual inhibitors
of thrombin and FXa enzymes, from their previous studies on active amidinophenoxy quinoline
derivatives which were not suitable for therapeutic use because of high lipophilicity.*® Low
lipophilicity of quinoxalinone derivatives improved the in vitro antithrombotic properties and
thrombin and FXa inhibitory activities up to nanomolar level. From the series, compound (78)
(ICs0 = 5 nM) exhibited the most potent antithrombin activity while the cyclopropyl analog (79)
was reported as the most active dual inhibitor of thrombin (ICso = 8 nM) and FXa (ICso = 84
nM), and showed 2xaPTT value at 0.095 uM concentration. Unfortunately these derivatives were
not tested for their in vivo activity because of cardiovascular adverse effects. Therefore further
modification of the amide side chain resulted into zwitterionic compounds (e.g. 80 with better
tolerability in rats but unfavorable pharmacodynamic properties requiring still more efforts to

obtain compounds with favourable biological profile.
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Li et.al reported a series of novel fluorinated benzimidazole derivatives possessing
potential antithrombotic activity.3 Compounds (81 Flla, ICso = 5.63 nM; 82 Flla, ICso = 7.26
nM; 83, Flla, ICso = 8.40 nM and 84 Flla, ICso = 4.92 nM) displayed potent in vitro thrombin

inhibitory activity when compared to argatroban (Flla, 1Csp = 9.6 nM) while compound (85 Flla,
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ICs0 = 3.39 nM) containing pyridine substituent was found to be the most active derivative of the
series. Structure-activity relationship studies have revealed that aryl or heteroaryl substituents
binding to the S4 pocket were essential for activity. Electron-withdrawing groups like fluoro
especially at meta-position resulted into potent compounds e.g (84) while electron-donating
moieties had negligible effect on the activity. The pyridine ring was found to be superior for in

vitro activity.

Compound R
HO)KL O
N N 3 NH (81) H
: YN @_« (82) 2-Me
N N H NH, (83) 3-OMe

RT Et (84) 3-F

(85)

Fluorine-substituted benzimidazole derivatives as direct thrombin inhibitors were
discovered from computer-aided simulation studies by Chen et.al.®? All the derivatives exhibited
nano- to subnanomolar in vitro potency. Compounds (86-89) displayed excellent activity with
ICso values of 3.52, 4.26, 9.55 and 6.21 nMJ/L respectively which was comparable to the
reference, argatroban (ICso = 9.46 nM). It was observed that fluorine substitution at 2- and 4-

positions of the phenyl ring yielded more active compounds.

O Compound R

AW o o
N N NH )
3 <:> ¢ (87) 4-F
. 5‘\@ N>/\H NH (88) 3,4-diF
%

Et 2 (89) 2-CF3
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Li et. al discovered new dabigatran-mimic compounds by substitution of different alkyl
side chains at N-1 of central benzimidazole moiety.*®* Among the derivatives, N-methyl (90 Flla,
ICs0 = 8.29 nM) and N-ethyl (91 Flla, ICsp = 8.86 nM) analogs disclosed potent in vitro
antithrombin activity which was better than the standard drug, argatroban (Flla, ICso = 9.46 nM)
and other alkylated compounds. Same research team also developed new derivatives like
dabigatran as antithrombotic agents from docking simulations.3* After synthesis and biological
activity studies, compounds (92 and 93) were found to be the most active derivatives with ICso
values of 2.74 nM and 2.99 nM respectively which were comparable to the standard dabigatran
(ICs0 = 1.20 nM) in potency.

O
HO @)
N N NH HO @
O W e o
N H NH, § N%H
R | 1 NH
R—./ Me

2

cl
F
(90) R = Me (92) R = 2-Me
(91) R=Et (93) R = 2,3-diMe
@)
HO)KL @) N F
N NH
J\Q \>AN©—<
N H NH,
Et
Cl
F
(94)

Li etal prepared and evaluated novel dabigatran type compounds for potential
antithrombotic activities.>® Alkyl chain substitution at N-1 of benzimidazole moiety affected
biological activities of the resulting compounds due to steric factors. As the length of the chain
increased, the biological activity concurrently decreased. Fluorine substitution at C-2 of the side
chain phenyl ring improved thrombin potency. 3-Chloro-4-fluoro substituted terminal phenyl
moiety was retained for optimum potency. Ethyl substituent at N-1 displayed superior
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antithrombotic activity because of its hydrophobic binding with the nearby amino acid residues
and its ability to occupy the active pocket. Thus, compound (94) demonstrated the most potent
antithrombin activity in vitro with ICso value of 2.04 nM which was slightly better than
dabigatran (ICso = 2.61 nM).

By using bioisosteric strategies, Ren et.al have designed and synthesized 21 novel
dabigatran like derivatives for antithrombotic activity.*® Among the compounds, (95, 1Cso = 3.49
nM); 96, ICsp = 3.71 nM; 97, ICs0 = 3.23 nM and 98, ICso = 3.39 nM) were found to possess
potent in vitro activity against thrombin which was better than argatroban (ICsp = 9.46 nM) and
close to the standard dabigatran (ICsp = 2.61 nM). The prodrug of compound (97) i.e. derivative
(99) displayed strong inhibition of thrombin-associated platelet aggregation, and 73% inhibition
at 3 mg/ml dose in in vivo arteriovenous model of thrombosis. The SAR data revealed that
electron-donating groups on phenyl ring diminished the anti-thrombin potency while reverse was

the case for electron-withdrawing substituents.

O Compound X Ry R, Rj

HO o)
N N Rs \H (95) N H Me
(k >/\N~<:>—4 (96) CH 2-F Et
L;} N H NH (97) CH 2-F Me

%

Rt R, 2 (98) N H Et

0
EtO)KL 0 N . 2

Aoy i oo
“N N H NH,

P Me

mMT T

(99)

From earlier research on dabigatran derivatives, a novel series of N-ethyl substituted
dabigatran analogs were designed wherein the biological activity prediction by CoMFA
modeling exhibited comparable activity to dabigatran.3” After synthesis and biological
evaluation, compounds (100, ICso = 2.13 nM; 101, ICso = 3.10 nM; 102, ICs0 = 1.62 nM and 103,

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda Page 61



Chapter-2 Literature Review

ICso = 0.92 nM) displayed strong in vitro inhibitory activity close to the reference dabigatran
(ICso = 1.20 nM). Compound (103) was found to demonstrate better in vitro antithrombin
properties than dabigatran and excellent in vivo antithrombotic activity with 85.35% inhibition
comparable to the standard (dabigatran, 85.07 % inhibition) at 0.5 mg/ml concentration. The
SAR studies demonstrated that methyl substituent at any position of the aryl ring was beneficial

for the activity.

O Compound X R,
HO @]

N (100) CH 3-Me

NJ\@ NN @_%“H (10)  CH 2,6-diMe
N

%x NN H (102) N 4-Me
Rl_\/

Et 2 (103) N  6-Me

O

Compound X R
HO O F

N _ -
N’ \[ I >: NH (104) CH 2,6-diMe
M oX N H NH,

L (106) N  6-Me

From the theoretical biological activity predictions using CADD approach, Wang et.al
developed and reported fifteen fluorinated dabigatran-mimics as potential antithrombotic
agents.®® All the analogs showed fair inhibition towards thrombin close to 90%. The derivatives
(104, 1Cso = 1.81 nM; 105, ICso = 3.21 nM and 106, ICso = 2.16 nM) displayed promising in
vitro anticoagulant activities close to the reference (ICso = 1.23 nM). Compounds (105 and 106)
presented 76.23 % and 84.66 % inhibition respectively from in vivo thrombosis evaluation.
Molecular docking studies further supported inhibitory mechanisms and binding mode of the
active compounds. Either methyl or fluorine moiety at ortho-position of the phenyl ring

enhanced antithrombin activity.

Pharmacophore modeling and QSAR studies were employed and fifteen new fluorinated
derivatives similar to dabigatran were designed, synthesized and tested for their inhibitory

potentials against thrombin.*® Initial screening where compounds exhibiting >80% inhibition,
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were subjected to in vitro studies yielding potent compounds, (107, ICso = 1.54 nM; 108, ICso =
1.42 nM) and the most potent derivatives were compounds (109, ICso = 0.84 nM and 110, ICso =
1.18 nM) with better inhibition than dabigatran (ICso = 1.20 nM). Further evaluation of
compounds (109 and 110) showed remarkable antithrombotic efficacy in in vivo arteriovenous
thrombosis model with 84.24% and 84.57% inhibition respectively. Incorporation of two fluorine

atoms in the aryl ring improved activity while methyl substitution at para-position lowered the

activity.
0
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N NH ( ,
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all 2 ya-al
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N._ Me Q
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(112)

Wang et.al reported a series of dabigatran etexilate mimics with novel tricyclic fused
scaffold.®® All the derivatives from the series displayed moderate in vitro thrombin-induced

antiplatelet aggregation activity. The bifunctional prodrug of compound (111), (thrombin, 1Csg =
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9.09 pM), viz. (112), (thrombin, 1Cso = 9.74 pM) containing 2-hydroxymethyl-3,5,6-
trimethylpyrazine (HTMP), a moiety possessing anti-platelet pharmacophore exhibited the most
potent in vivo anticoagulant activity in venous thrombosis model (50% and 80% inhibition at 5
mg/kg and 20 mg/kg doses respectively) which was weaker than dabigatran (70% and 90 %
inhibition at 5 mg/kg and 20 mg/kg doses respectively) but showed better safety profile with

lower bleeding (462 sec.) tendency compared to dabigatran etexilate (722 sec.)

From the bioisosteric principle and scaffold hopping strategy, Chen et.al synthesized and
evaluated tricyclic fused novel dabigatran type compounds for their antithrombotic activities.*!
Compounds (113, Flla ICso = 9.20 nM and 114, Flla ICso = 7.48 nM) exhibited excellent in vitro
antithrombin potency close to dabigatran. From these results, a series of ester and carbamate
prodrugs of 113 and 114 were synthesized and tested for anticoagulant potential wherein
compounds (115, ICso = 0.73 uM; 116, ICso = 0.75 pM; 117, ICso = 1.44 pM and 118, I1Csp =
0.91uM) showed promising inhibitory properties in thrombin-associated platelet aggregation.
The prodrugs coupled with antiplatelet aggregatory functionality, 2-hydroxymethyl-3,5,6-
trimethylpyrazine (HTMP) viz. 119 and 120 exhibited better antithrombotic efficacy in rat
venous thrombosis model. Finally, compound (119) demonstrated better safety in terms of
haemorrhagic risk compared to dabigatran.

Encouraged with the results from previous findings, Chen et.al synthesized and reported
benzimidamide derivatives for human antithrombotic properties.*? Initial structural optimizations
led to compounds (121, 1Cso = 1440 nM and 122, I1Cso = 82.8 nM) with moderate to good in vitro
antithrombotic activity. From next modifications in order to get oral bioavailability, ten new
amide compounds were synthesized wherein most of them showed inhibition of platelet
aggregation associated with thrombin function. Compounds (123, ICso = 8.16 uM and 124, ICx
= 1.95 uM) displayed dose-dependent inhibition in in vivo thrombosis studies. The potency of
prodrug, (124) was attributed to the synergistic effect of HTMP and (122) which were produced
after in vivo hydrolysis.
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2.2.3. Allosteric thrombin inhibitiors

Allosteric inhibition as a new strategy to design novel thrombin inhibitors with low
bleeding tendencies was used by Desai and his group. In the initial work, they designed low
molecular weight sulphated lignins as heparin mimetics and studied their binding on exosite-II
like sites of thrombin and other enzymes where these lignins displayed nanomolar potency
against thrombin.*® In 2009, they synthesized small aromatic monomeric benzofuran derivatives
and tested them for activity against factor Xa and thrombin. The compounds like 125 showed
weak inhibition of both the enzymes with different selectivity of recognition and allosteric
mechanism.* Later, they synthesized a library of 28 sulphated benzofuran molecules as potent
allosteric antithrombin agents. The Michaelis-Menten kinetic data supported allosteric inhibition
and most of the derivatives also exhibited potent anticoagulant activity. tert-Butyl derivative
(126, 1Cso = 7.3 pM) was found to be the most potent analog of the series.*®

MeO 9]
MeO
MeO o 5 € O/ mMe
Me
9 m 0,50 © COOCMe
0,50 M 3
3 ~O0H COOCMe,
(125) (126)
MeO o MeO 9) O
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% o) { o 0
3 COOEt COOEt COOEt
(127)
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Motivated by earlier results, the same research group developed monosulphated trimeric
and tetrameric benzofuran compounds derived from their previous studies.*® The trimer (127)
was found to show 9-fold more potency than the corresponding dimer and was the most active

antithrombotic agent with ICso of 0.67 uM and nearly 80% efficacy.
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