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Structure and property based design of factor Xa inhibitors: Biaryl
pyrrolidin-2-ones incorporating basic heterocyclic motifs
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Abstract—Structure and property based drug design was exploited in the synthesis of sulfonamidopyrrolidin-2-one-based factor Xa
(fXa) inhibitors, incorporating basic biaryl P4 groups, producing highly potent inhibitors with significant anticoagulant activities
and encouraging oral pharmacokinetic profiles.
� 2007 Elsevier Ltd. All rights reserved.
The quest for safe and efficacious oral anticoagulant
therapies has presented numerous challenges to medici-
nal chemists as the search for potent and selective inhib-
itors of specific enzymes, such as Factor Xa (fXa), in the
blood coagulation cascade has proceeded.1 In the
accompanying paper,2 we have described the synthesis
and evaluation of a series of N-biaryl pyrrolidinones 1,
which produced a number of highly potent fXa inhibi-
tors. Whilst this series included molecules with encour-
aging pharmacokinetic profiles, coagulation was not
modulated at therapeutically useful concentrations in
spite of the excellent intrinsic potencies secured with
many examples.

We have previously reported on the positive impact of
reducing hydrophobicity towards securing better trans-
lation of intrinsic potency into anticoagulant activity.3

The effect of a basic substituent, as part of the P4 ligand,
was noted as a significant influence on both hydropho-
bicity and anticoagulant activity in our acyclic alanyl
amide series.4 In this paper, we further develop the
theme of a biaryl P4 motif to include the addition of
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pendant basic functionality,5 whilst seeking to exploit
other key drivers for intrinsic potency and physical
property optimisation.
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The good levels of potency achieved with unsubstituted
imidazole and pyrazole distal rings, as described in the
preceding paper,2 provided an excellent starting point
to make molecules of appropriate topology and reduced
hydrophobicity. In particular, a 2-substituted electron
deficient imidazole structure offered the opportunity to
place the relatively acidic proton on C5 in the correct ori-
entation to better exploit an interaction with the indole
fragment of Trp215 established by QSAR analysis. Fur-
thermore, as the presence of a substituent on the opposite
‘ortho’ position was clearly beneficial for enhancing fXa
activity, this was an attractive centre to incorporate a ba-
sic substituent. The initial programme of work targeted
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Scheme 2. Chiral synthesis of target compounds. Reagents and

conditions: (a) CuI, 8-hydroxyquinoline, K2CO3, DMSO, 130 �C; (b)

Me3Al, DCM, 0 �C–rt; then DtBAD, Bu3P, THF, rt; (c) HCl, dioxane,

rt, (d) R1SO2Cl, pyridine, MeCN, rt.
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2-(dimethylamino)methyl-1H-imidazol-1-yl analogues 2
and was then expanded to other distal heterocycles to ex-
plore structure activity and structure property relation-
ships around this template (Fig. 1).

The target molecules were synthesised as outlined in
Scheme 1. Thus, 2-fluoro-4-iodo-aniline and N-Boc
homoserine lactone were converted into the key N-aryl
pyrrolidinone 3 as described previously, using trimethyl
aluminium followed by Mitsunobu methodology.2

Reductive amination reactions of appropriate amines
with commercial heterocyclic aldehydes furnished the
N-substituted aminomethyl heterocycles 4, which were
cross-coupled to give biaryl compounds 5 (and their posi-
tional isomers) under Ullman-type conditions.6 These
intermediates, which had racemised under the forcing
conditions, were deprotected by treatment with acid, fur-
nishing amines, which were converted into the requisite
sulfonamides 6 using our standard procedure.2,3

Alternatively, an asymmetric synthesis was achieved
through the reaction of 2-(dimethylamino)methyl-imid-
azole with 2-fluoro-4-iodo-aniline to form the biaryl ani-
line 7, which was carried through the reaction sequence
via amine 8 to furnish chiral targets 9 with the preferred
(3S)-stereochemistry (vide infra) (Scheme 2).

Additionally, analogues with related isoxazole carbon-
linked motif 10 were synthesised using a key Stille
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Scheme 1. Reagents and conditions: (a) R2R3NH, NaHB(OAc)3,

AcOH, THF, rt; (b) Me3Al, DCM, 0 �C–rt; then DtBAD, Bu3P, THF,

rt; (c) CuI, 8-hydroxyquinoline, K2CO3, DMSO, 130 �C; (d) HCl,

dioxane, rt; (e) R1SO2Cl, pyridine, MeCN, rt.
coupling as outlined in Scheme 3. Thus, the iodoaryl
intermediate 3 was cross-coupled with ethoxycarbonyl
trimethylstannyl isoxazole to give 11,7 which was then
converted into the requisite amine 12 via hydrolysis,
reduction, bromination and displacement. Finally, the
racemic target compounds 10 were furnished by acid
deprotection and sulfonylation in the usual manner.

The initial set of 2-(dimethylamino)methyl-1H-imidazol-1-
yl derivatives, illustrated with fXa8 and anticoagulant activ-
ity (expressed at 1.5· PT)9 in Table 1, was designed to test
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Scheme 3. Reagents and conditions: (a) Pd(PPh3)2Cl2, dioxane, D; (b)

LiBH4, THF, 0 �C; (c) NBS, PPh3, DCM, rt; (d) Me2NH, THF, rt; (e)

HCl, MeOH, rt; (f) R1SO2Cl, pyridine, MeCN, rt.



Table 1. fXa inhibitory activities,8 anticoagulant potency,9 measured hydrophobicity11a and human serum albumin binding data11b for compounds

13 to 21

O

N
H

N
S R

1O
OFN

N

Me2N

Entry R1 fXa Ki (nM) 1.5· PT (lM) CHI LogD7.4 %HSA bound

13
S Cl

0.2 3.3 2.44 nda

14
S Cl

0.2 4.2 2.54 92.1

15
S Cl

3.1 1.6 2.32 93.4

16
N
H

Cl

<1 6.6 1.98 94.6

17 Cl 0.6 19.2 2.55 94.7

18
S

Cl 0.8 11.6 2.58 96.8

19

N

S
S

Cl 2.3 43.2 2.75 97.9

20

S

Cl

4.5 45.4 2.59 96.3

21

N
H

Cl

5.9 25.4 1.76 93.2

a nd, not determined.
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our hypotheses regarding the topology and connectivity of
the distal ring, utilising a range of P1 sulfonamides.3b

Gratifyingly, sub-nanomolar inhibition of fXa was
achieved with many P1 variations, with potencies
broadly similar to those achieved with the non-basic
biaryl analogues reported in our accompanying paper.
However, of greater significance was the translation of
this potency into much improved anticoagulant activity.
The lower levels of plasma protein binding observed
most likely influenced this effect, although there was
no simple relationship between the conversion of intrin-
sic potency into anticoagulant activity and hydropho-
bicity linked plasma protein binding. It is also worth
highlighting that as a result of incorporating the bulky
biaryl group, designed to fill the fXa S4 pocket, the
5-chlorothien-2-yl-based analogues 15 and 13, with ethyl
and propenyl linkers, respectively, were potent and
selective fXa inhibitors (>1000-fold and >100-fold
selective over thrombin, respectively). In contrast, incor-
poration of these P1 groups in our 1-methyl-2-morphol-
in-4-yl-2-oxoethyl series resulted in a potent selective
inhibitor of thrombin and potent dual inhibitor of
thrombin/fXa, respectively.10

Encouraged by these promising profiles, further sets of
compounds were generated to explore alternative topol-
ogy and connectivity in the distal rings and the optimal
position for the pendant (dimethylamino)methyl substi-
tuent (Table 2).



Table 2. fXa inhibitory activities,8 anticoagulant potency9 and measured hydrophobicity data11a for isomeric diazoles 22 to 28

O

N
H

N
S R

1O
OFHet

Entry R1 Distal Het fXa Ki (nM) 1.5· PT (lM) CHI LogD7.4

22
S Cl N

N
N

<0.3 1.6 2.31

23
S

Cl N
N N

895 nda 3.35

24
S Cl

O N
N

0.5 17.1 3.29

25
S Cl N

N
N

29.3 10.1 1.64

26
S

Cl
N

N
N

14.7 37.4 1.82

27
S

Cl
N

N

N

125 >100 2.4

28
S Cl N

N

N

14.7 23.5 2.2

a nd, not determined.

Table 3. Pharmacokinetic parameters of compounds 13, 14 and 15 in

male Sprague–Dawley rats following intravenous and oral

administration12

Compound t1/2
a (h) Clpb (ml/min/kg) Vssc (L/kg) Fd (%)

13 0.8 18 0.7 16

14 1.0 13 0.6 52

15 0.8 39 1.1 10

a t1/2, half-life of the test compound expressed in hours.
b Clp, plasma clearance of the test compound expressed as mL/min/kg.
c Vss, steady state volume of distribution of test compound expressed

as L/kg.
d F, oral bioavailability of test compound expressed as percentage.
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The SAR generated in Table 2 highlighted that the
topology of the ring was very important and supported
our hypothesis on the interaction of an acidic proton
with Trp215. Most strikingly, including the 2-(dimethyl-
amino)methyl group on the position ortho to the ring
junction conferred greater activity where positional iso-
mers were possible. The nature of the opposite ‘ortho’
position clearly had a bearing on activity in line with
QSAR predictions. Thus, the pyrazole 23 presenting a
nitrogen at this position was much less active than imid-
azole 18, which in turn was possibly eclipsed in activity
by the 1H-imidazol-5-yl isomer 22, which would have
higher C–H acidity. However, this isomer was not pur-
sued further as it was synthetically much less tractable12

and carried a greater P450 binding interaction risk as it
lacked a 2-substituent on the imidazole ring. The isoxaz-
ole analogue 24 (Table 3) was also a potent fXa inhibi-
tor albeit with poorer plasma-based activity.

Thus, within the preferred 2-(dimethylamino)methyl-
1H- imidazol-1-yl series, the 5-chlorothienyl-based ana-
logues 13, 14 and 15 (Table 1) were identified as potent
fXa inhibitors with substantially improved anticoagu-
lant activities compared with compounds described in
our accompanying paper.2 Pharmacokinetic parameters
for these analogues were determined in the rat (Table
3)13 and the profile for the (5-chlorothien-2-yl)ethenyl
analogue 14 was particularly attractive as it maintained
the highly encouraging profile reported for closely
related non-basic analogues,2 including good oral
bioavailability.



Table 4. fXa inhibitory activities,8 anticoagulant potency9 and measured hydrophobicity11a/human serum albumin binding11b and measured/

calculated pKa data15 for compounds 14 and 29 to 34

O

N
H

N
SO
OFN

N

NR
2

R
3

S Cl

Entry R2 R3 fXa Ki (nM) 1.5· PT (lM) CHI LogD7.4 Meas. pKa
15 Calc. pKa ACD v8.0 %HSA bound

29 Morpholine 1.2 10.9 2.28 5.75 5.8 87.9

30 Pyrrolidine 0.4 2.1 2.21 7.95 8.86 92.0

31 Me i-Pr 0.6 4.4 2.7 — 8.0 95.8

32 Me Et 0.4 3.4 2.48 — 7.92 93.8

33 3-Fluoro

pyrrolidine

16.4 14.5 2.58 — 6.53 94.0

34 Me H <1 3.7 1.7 — 8.55 88.6

14 Me Me 0.2 4.2 2.69 7.26 7.84 92.1

Table 5. fXa inhibitory activities,8 for individual enantiomers 35 and

36 of compound 14

O

N
H

N
SO
OFN

N

Me2N

S Cl
O

N
H

N

(S)-36 (R)-35

Entry Stereochemistry fXa Ki (nM)

14 RS 0.2

35 (R)- 5

36 (S)- <1

Figure 1. X-ray crystal structure of 36 bound into fXa, showing S4

interactions as described in the text, highlighting the proximity of the

ortho hydrogen to an enriched area of electron density on Trp215 and

the likely position of the diamino side chain close to the carbonyl of

Glu97.
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Whist exploring topology in the previous sets, the nature
of the distal ring of the P4 ring was clearly having an ef-
fect on both the intrinsic hydrophobicity (that of the un-
charged species, i.e. logP) and pKa of the molecules.
Thus having now identified 1H-imidazol-1-yl as our
optimum distal ring we next evaluated a set of amine
substituents that, in particular, allowed us to further ex-
plore the impact of modulating hydrophobicity through
pKa changes and its impact on structure property rela-
tionships (Table 4).14

Through these changes a number of compounds were se-
cured that displayed good plasma-based activity. How-
ever, the measured hydrophobicity values were in a
relatively narrow range and any trends were not clear
cut. The overall profiles did not offer any significant advan-
tage over the dimethylamino derivative 14 (Table 4).

The preferred absolute stereochemistry in the promising
analogue 14 was established through a combination of
approaches. Chiral preparative hplc16 furnished the indi-
vidual enantiomers 35 and 36; both isomers were potent
fXa inhibitors with 36 showing significantly greater
activity (Table 5). The absolute stereochemistry of 36
was established as the (3S)-isomer through asymmetric
synthesis (via intermediate 9, Scheme 1) with further sup-
port from an X-ray crystal structure of (3S)-36 bound
into factor Xa (Fig. 1).17 This corroborated the antici-
pated binding modes, whereby the imidazole 5-proton
was located near to the Trp215 residue and the pendant
dimethylamino group was located close to the carbonyl
oxygen of Glu97, although the electron density was such
that this position was not unequivocally defined. This
latter observation was perhaps consistent with there
being no significant potency increase that may have been
attributed to such a hydrogen bonding interaction.

In summary, this work, based on structure and property
based design, has led to the identification of a series of
aminopyrrolidin-2-one-based fXa inhibitors with biaryl
P4 motifs and basic substituents. Through optimising
the nature and connectivity of the distal ring and substi-
tuent, (3S)-36 in particular was identified as a highly
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potent and selective18 fXa inhibitor with significant plas-
ma-based activity and an encouraging oral pharmacoki-
netic profile.19 These findings provided the impetus for
further studies on the refinement of this template which
will be reported in due course.
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