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Structure and property based design of factor Xa inhibitors:
Pyrrolidin-2-ones with biaryl P4 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 biaryl P4 groups, producing highly potent inhibitors with encouraging oral pharmacokinetic profiles
and significant but sub-optimal anticoagulant activities.
� 2007 Elsevier Ltd. All rights reserved.
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The quest for anticoagulant therapies with improved
efficacy/safety profiles has included considerable efforts
to discover small molecule inhibitors of factor Xa
(fXa),1 which plays a pivotal role in the coagulation cas-
cade. Clinical data are emerging to support this ap-
proach,2 although the pursuit of molecules suitable for
chronic oral administration has presented significant
medicinal chemistry challenges, including identifying
compounds with both acceptable pharmacokinetic pro-
files and good anticoagulant activities.

Classes of molecules that meet these challenges are
beginning to emerge, including neutral or weakly basic
molecules as represented by our sulfonamidopyrroli-
din-2-one-based inhibitors 1,3 which include examples
displaying attractive anticoagulant properties as well
as good oral exposure. Effective utilisation of X-ray
structural information led to a series of highly potent
acyclic analogues 2,4 and as part of a programme of
work to build on these latter findings, we sought to ex-
ploit structural information to increase intrinsic fXa
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affinity, whilst expanding our understanding of structure
property relationships to promote good pharmacoki-
netic and anticoagulant profiles. In this communication,
the design, synthesis and evaluation of a series of sulfo-
namidopyrrolidin-2-one-based inhibitors 3 featuring
substituted biaryl P4 ligands is described.
A FLO docking study5 using our available structural
information provided a strong impetus to expand our
synthetic programme to include biaryl motifs as P4 li-
gands.6 This identified the opportunity to secure good
hydrophobic contacts between the distal ring and the
aromatic residues in the S4 pocket.
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The target molecules were accessed as outlined in
Scheme 1, utilising the reaction of the appropriate ani-
lines, activated as trimethylaluminium complexes, with
N-Boc homoserine lactone as the key step.7 The result-
ing homoserine amide was converted into the required
N-Boc aminopyrrolidin-2-one 4 using Mitsunobu condi-
tions.8 In this manner, the monoaryl bromide intermedi-
ate 4 was accessed from 4-bromo-2-fluoroaniline.
Subsequent cross couplings of 4 with aryl boronic acids9

or heterocycles gave the requisite biaryl intermediates 5
(Y = CF); however the C-3 stereocentre was racemised
under these conditions.10 The final compounds 6 were
accessed by removal of the Boc protection, followed
by sulfonylation under standard conditions. Alterna-
tively, the target compounds 6 were generated as race-
mates by conversion of 4 into the corresponding
sulfonamides 7 followed by cross-coupling with aryl
boronic acids.10 The pyridines 6 (Y = N) were accessed
using a variation on this route starting from 2-amino-
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Scheme 1. Reagents and conditions: (a) Me3Al, DCM, 0 �C to rt; (b)

DtBAD, Bu3P, THF, rt; (c) ArB(OR)2,Pd[P(Ph)3]4, DME, aq Na2SO4,

80 �C or CuI, trans-1,2-diaminocyclohexane, K3PO4, DMSO, 110 �C;

(d) HCl, dioxane, rt; (e) R1SO2Cl, pyridine, MeCN, rt; (f) bis(pina-

colato)diboron, PdCl2dppa, KOAc, 80 �C; (g) ArBr, Pd[P(Ph)3]4,

DME, aq K2CO3, 80 �C.
5-iodopyridine via the aryl iodide 8, which was con-
verted into the pinacol boronate ester 9. This was cross
coupled with the requisite aryl bromides,9 to yield the
biaryl intermediates 5 (Y = N) en route to the target
compounds 6 (Y = N).

An initial set of compounds explored a variety of distal
aromatic rings attached to the 4-position of a 2-fluoro
aniline.11 Gratifyingly, potent inhibition of fXa12 was
achieved with a number of these biaryl motifs, which
gave insight into the optimal requirements for activity,
with subtle changes producing significant shifts in activ-
ity (Table 1). Incorporation of an ortho substituent on
the distal ring was generally associated with increased
potency, with the 2-methylsulfonyl analogue 10 being
particularly noteworthy. In addition, various heterocy-
clic distal rings were tolerated. Interestingly, retaining
a terminal phenyl ring and incorporating a proximal 2-
pyridyl ring was well tolerated (cf. 19 and 20). However,
Table 1. fXa inhibitory activities12 anticoagulant potency13 for com-

pounds 10–20

O

N
H

N
SO
O

Cl

X
Ar

Entry X Ar fXa Ki (nM) 1.5· PT (lM)

10 C–F

SO2Me

<0.1 51.7

11 C–F
N

N
1.1 54.5

12 C–F

N CN

0.7 64.3

13 C–F
N

8.9 92.9

14 C–F N

N
2.7 >100

15 C–F N

N
4.4 >100

16 C–F

N

6.3 >100

17 C–F N
N

15.5 >100

18 C–F O 74.6 >100

19 C–F 215 >100

20 N 80 >100



Table 3. fXa inhibitory activities,12 anticoagulant potency,13 hydro-

phobicity calculations14a and plasma protein binding figures14c for

compounds 27 to 37

O

N
H

N
SO
ON

X
S Cl

Entry X fXa Ki

(nM)

1.5· PT

(lM)

clogD7.4 % HSA

bound

27 SO2NH2 <0.4 17 1.1 98.0

28 SO2NMe <0.3 25 1.7

29 SO2Me <0.3 38.9 1.3 97.6

30 NSO2Me (14)a 58.4 1.7 98.2

31 SO2NMe2 0.4 65.1 2.1

32 CN 1.8 73.7 2.2

33 CONMe2 11.8 78.6 0.9

34 CF3 6 >100 1.8

35 NMeSO2Me 9.1 >100 3.5

36 OiPr 180 >100 4.7

37 tBu (2334)a — 3.7

a fXa chromogenic assay data.4
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in spite of the very high fXa potency of some of these
compounds, very poor anticoagulant activity was
achieved, as assessed in the PT assay.13

To try to address this very poor conversion of excellent
potency into plasma-based activity, the effect of modu-
lating the overall hydrophobicity of the molecule
through changes to the P1 ligand was investigated—an
approach used with success in our previously reported
1-methyl-2-morpholin-4-yl-2-oxoethyl series 1.3b

Thus, retaining the highly potent 2 0-methylsulfonyl biar-
yl P4 group, a series of P1 sulfonamides was generated
(Table 2). Mirroring SAR established for the 1-methyl-
2-morpholin-4-yl-2-oxoethyl series 1, molecules with re-
duced hydrophobicity were identified (e.g. 21) that
showed better anticoagulant activity, even though they
had marginally lesser intrinsic potency.

The activity of 20 (Table 1), the 2-pyridyl analogue, of-
fered a further opportunity to investigate the potential
benefits of reducing hydrophobicity, based on clogD
values.14a Thus, SAR were investigated in compounds
incorporating this 2-pyridyl proximal ring, whilst retain-
ing the preferred (5-chlorothien-2-yl)ethenyl P1 group
(Table 2) and making systematic changes to the ortho
substituent on the distal phenyl ring in the P4 group
(Table 3). A wide range of intrinsic activities was ob-
Table 2. fXa inhibitory activities12 anticoagulant potency13 and

hydrophobicity calculations14a for compounds 10, 21–26 and human

serum albumin binding data14c for compounds 10, 21, 25

O

N
H

N
S R

1O
OF

SO O

Me

Entry R1 fXa Ki

(nM)

1.5· PT

(lM)

clogD7.4 % HSA

bound

21
S Cl

0.2 21.3 3 97.6

22
S

Cl 0.1 28.7 4.5

23
Cl

<0.4 30 3.1

10 Cl <0.1 51.7 3.7 98.8

24

S

N Cl

2 99.5 3.1

25
O

Cl 1.1 >100 2.5 99.6

26

O

Cl

6.2 >100 2.5
served. However, the expected benefit of the reduced
hydrophobicity was not apparent in the measured values
(CHI logD values14b for 21 and 29 were 3.07 and 3.04,
respectively) contributing to the poorer translation of
high intrinsic potency into plasma-based activity. This
is evident in other fXa series incorporating biaryl S4 li-
gands and has been attributed to protein binding3b,6b

and/or substrate-dependent inhibition mechanisms.6b,15

As part of the concerted process of using both property
and structure based design, a crystal structure of 21
bound into fXa (Fig. 1) revealed very clear density for
the compound in initial difference electron density
maps.16 This structure confirmed the binding mode pre-
dicted by modelling studies, including the anticipated
preference for the 3-S stereochemistry of the lactam ring
substituent. The (5-chlorothien-2-yl)ethenyl group sits in
the S1 pocket, the central pyrrolidinone makes a water
mediated interaction with the main chain carbonyl of
Ser214 and the biaryl group sits with the rings orthogo-
nal to each other in the P4 pocket. The methylsulfonyl
group sits above the S4 pocket and does not make any
direct interactions with the protein. This P4 group is sig-
nificantly longer than those for which structures have
previously been determined3,4 and this additional length
is accommodated by rearrangement of the water struc-
ture bridging Tyr99 and Phe174.

This X-ray structure substantiated the modelled binding
mode and supported the idea that locking the two rings
into a preferred orthogonal conformation would confer
good levels of activity. However, this could not explain
the range of potencies observed with various ortho sub-
stituents of comparable bulk on the distal ring (Table 3).
The proximity of the opposite ortho hydrogen of the dis-
tal ring to the indole fragment of Trp215 suggested that
the partial charge on this hydrogen may be significant.
An electrostatic potential map of the indole ring indi-
cated a significantly enriched area of electron density



Figure 1. X-ray crystal structure of the S-enantiomer of 21 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.
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Figure 2. QSAR analysis of measured pKi values for all 11 compounds

in Table 3 versus the Hammett rm constant for the ortho substituents X

Table 4. Pharmacokinetic parameters of compounds 10, 23 and 29 in

male Sprague–Dawley rats following intravenous and oral

administration17

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

23 0.8 9.2 0.5 41

29 0.6 20 0.7 29

10 0.9 20 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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in close proximity to the hydrogen, the charge on which
would be influenced by the r-electron withdrawing effect
of the substituent on the opposite ortho position. This
hypothesis was substantiated by a plot of the Hammett
rm constant17 versus fXa pKi, in which a clear trend was
observed towards increased potency with increased elec-
tron withdrawing power (Fig. 2). The trend line for this
analysis showed for this series that pKi = 5.28 ·
rm + 6.39, with an R2 value of 0.897.

Pharmacokinetic studies with selected compounds were
carried out in rats18 (Table 4) and demonstrated that
encouraging profiles with significant oral exposure were
achievable in this series.
In summary, the synthesis, activities and structure prop-
erty relationships have been explored within a rationally
designed series of sulfonamidopyrrolidin-2-one-based
fXa inhibitors incorporating non-basic biaryl P4 motifs.
This work has identified several highly potent examples
with encouraging oral pharmacokinetic profiles and sig-
nificant but sub-optimal anticoagulant activities. X-ray
structural data confirmed the binding mode anticipated
from modelling studies and quantitative analysis sug-
gested a plausible explanation of the nature of the distal
ring interaction. These findings, taken together with our
increased in-house knowledge, gave clear indications for
our ongoing programme of work; this is developed in a
second generation series, described in the accompanying
paper.
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