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Despite recent progress in antithrombotic therapy, there is still an unmet medical need for
safe and orally available anticoagulants. The coagulation enzyme Factor Xa (FXa) is a
particularly promising target, and recent efforts in this field have focused on the identification
of small-molecule inhibitors with good oral bioavailability. We identified oxazolidinone
derivatives as a new class of potent FXa inhibitors. Lead optimization led to the discovery of
BAY 59-7939 (5), a highly potent and selective, direct FXa inhibitor with excellent in vivo
antithrombotic activity. The X-ray crystal structure of 5 in complex with human FXa clarified
the binding mode and the stringent requirements for high affinity. The interaction of the neutral
ligand chlorothiophene in the S1 subsite allows for the combination of good oral bioavailability
and high potency for nonbasic 5. Compound 5 is currently under clinical development for the
prevention and treatment of thromboembolic diseases.

Introduction
The activated serine protease Factor Xa (FXa) plays

a central role in the blood coagulation cascade, as it is
activated by both the intrinsic and the extrinsic path-
ways. FXa catalyzes the conversion of prothrombin to
thrombin through the prothrombinase complex, which
consists of FXa, FVa, prothrombin, and Ca2+ on a
phospholipid surface.1 Thrombin has several thrombotic
functions, including the conversion of fibrinogen to
fibrin, the activation of platelets, and the feedback
activation of other coagulation factors, resulting in the
amplification of its own formation. Inhibition of FXa
produces antithrombotic effects by decreasing this
amplified generation of thrombin, thus diminishing
thrombin-mediated activation of both coagulation and
platelets, without affecting existing thrombin levels.
This remaining thrombin should be sufficient to ensure
primary hemostasis, resulting in a favorable safety
margin.2 Therefore, FXa is a particularly promising
target for anticoagulant therapy and has attracted great
interest in recent years.3 A significant advantage over
current antithrombotic therapies4 should be provided
by a small-molecule, direct FXa inhibitor that can be
administered orally without the need for routine coagu-
lation monitoring.

In this paper, we show that oxazolidinone derivatives
represent a new class of highly potent FXa inhibitors.
We discovered compound 5, a potent and selective, direct
FXa inhibitor with excellent in vivo activity and good
oral bioavailability, which is currently under clinical
development for the prevention and treatment of throm-

boembolic diseases. We report on the structure-activity
relationship (SAR) around 5, its synthesis, and binding
mode in cocrystallization with human FXa.

Structure-Activity Relationship and Pharma-
cological Activity. Our program started with the
optimization of the lead compound 1 (IC50 120 nM),
derived from high throughput screening (HTS), yielding
isoindolinones (e.g. 2, IC50 8 nM) as potent FXa inhibi-
tors (Figure 1).5 Within this series, we could not achieve
the target pharmacokinetic profile, as compounds with
sufficient potency generally showed low bioavailabilities
due to low absorption. But we learned that the 5-chlo-
rothiophene-2-carboxamide moiety was essential for
potent FXa inhibition. When reevaluating the HTS hits
by similarity considerations, we identified the oxazoli-
dinone 3 as a very weak FXa inhibitor (IC50 20 µM).
Applying our experience of the isoindolinone class,
exchange of the thiophene moiety in 3 with 5-chlo-
rothiophene provided the lead compound 4 with more
than 200-fold improved potency (IC50 90 nM). A clear
preference for (S)-configuration at the oxazolidinone core
was observed, indicating a specific interaction with FXa.
The lead compound 4 offered an excellent starting point
for optimization to an orally available FXa inhibitor:
this lead did not comprise a highly basic group such as
amidine or any other positively charged group; these
groups were, for a long time, thought to be essential for
interacting in the S1 pocket, but they usually contribute
to only poor oral absorption.6 Furthermore, the oxazo-
lidinone class is generally known for its favorable
pharmacokinetic profile.7 Based on this promising lead,
a medicinal chemistry program was initiated to evaluate
the SAR and to further improve potency and the
pharmacokinetic profile.

We began our investigation with the optimization of
the thiomorpholine group (Table 1). Some improvement
in FXa inhibition was obtained with the morpholine
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derivative 6 (IC50 32 nM), the nonfluorinated compound
7 (IC50 43 nM), and the pyrrolidine derivative 8 (IC50

40 nM). In contrast, decreased inhibition was observed
with the dimethylamino derivative 9 (IC50 74 nM) and
the piperazine derivative 10 (IC50 140 nM). Compared
with 8, a significant improvement in potency was
obtained with the pyrrolidinone derivative 11 (IC50
4.0 nM). The combination of these results led to the
design of the morpholinone derivative 5, achieving a
strong gain in anti-FXa potency (IC50 0.7 nM; Ki 0.4 nM).
Within the morpholinone series, substitution at the
3-aryl-position was well tolerated, resulting in com-
pounds with similar potency, such as the 3-fluoro
derivative 12 (IC50 1.4 nM), the 3-trifluoromethyl de-
rivative 13 (IC50 1.0 nM), and the 3-amino derivative
14 (IC50 2.5 nM). Substitution at the 2-aryl-position was
unfavorable; for example, the 2-methyl derivative 15
(IC50 1.26 µM) showed 30-fold decreased inhibition
compared with unsubstituted 7. The correct configura-
tion at the oxazolidinone ring was essential [IC50 value
of 0.7 nM for (S)-enantiomer8 5 vs 2.3 µM for (R)-
enantiomer 16].

The lipophilic chlorothiophene moiety was responsible
for a decrease in fraction unbound (fu) and aqueous
solubility [fu (5 in human plasma): 5.1%;9 aqueous
solubility of crystalline 5: 8 mg L-1]. Therefore, we tried
to identify less lipophilic replacements by broad varia-
tion, but we were not successful: we observed a very
steep SAR around the chlorothiophene moiety (Table
2). The only subnanomolar inhibitor obtained within
this series besides 5 was the 5-bromothiophene deriva-
tive 17 (IC50 0.4 nM). The 5-methylthiophene derivative
18 (IC50 4.2 nM) showed decreased potency. The ex-
change of 5-bromothiophene with 5-bromofuran resulted
in a 65-fold weaker inhibition (19, IC50 26 nM). The
closely related 4-chlorophenyl derivative 20 (IC50 20 nM)
was 30-fold less potent than 5, and moving the chloro
substituent to the 3- or 2-position of the aryl ring caused
further significant loss in potency (21, IC50 1.17 µM; 22,
2 µM). More polar variations proved to be less favorable;
for example, derivative 23 (IC50 8.5 nM) with an
additional 4-amino-group showed a decreased inhibition
of 12-fold compared with 5, and the 2-chloro-1,3-thiazole
24 (IC50 290 nM) was more than 400-fold less potent.
Within the chloropyridine derivatives, 25 (IC50 29 nM)
showed a 40-fold weaker potency compared with 5, and
26 (IC50 94 nM) was even less potent.

With the 5-chlorothiophene residue identified, the
amide linker proved to be optimal. Substitution of the

Figure 1. Optimization to oxazolidinone FXa inhibitors.

Table 1. In Vitro Anti-FXa Potency
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amide was less favorable, as reflected by the 280-fold
decrease in potency when it is methylated (27, IC50
197 nM). The corresponding sulfonamide 28 was even
less potent (IC50 1.2 µM).

In summary, the combination of the morpholinone
and the 5-chlorothiophene-2-carboxamide moiety within
the oxazolidinone FXa inhibitors resulted in subnano-
molar in vitro potency.

The prolongation of the prothrombin time (PT) was
measured for selected compounds to determine their in
vitro anticoagulant activity (defined as the inhibitor
concentration required to double the time to fibrin
formation). In rat plasma, doubling of the PT was
obtained at concentrations of 2.8 µM for the pyrrolidi-
none derivative 11 and of 0.30-0.49 µM for morpholi-
none derivative 5 and its analogues. In human plasma,
PT was doubled at concentrations of 0.40 µM for
derivative 11 and of 0.17-0.30 µM for the morpholinone
derivatives (Table 3).10

The in vivo antithrombotic effect of selected com-
pounds was determined in the arteriovenous (AV) shunt
model in anesthetized rats (Table 4).10 The pyrrolidinone
derivative 11 reduced thrombus weight in a dose-

dependent manner after intravenous (iv) administration
(ED50 7 mg kg-1). Significantly higher in vivo activity
was obtained for the morpholinone series than for 11,
which correlated well with the lower concentration
required to double the PT in rats. After iv administra-
tion, the 3-trifluoromethyl derivative 13 had an ED50

value of 3 mg kg-1, whereas both 5 and its 3-fluoro-
aryl derivative 12 had a lower ED50 value of 1 mg kg-1.
After oral administration, 12 had an ED50 value of 10
mg kg-1, whereas 5 reduced thrombus weight at a lower
dose (ED50 5 mg kg-1).

The pharmacokinetic profile in rats was determined
for selected compounds (Table 5). The best overall
pharmacokinetic profile in rats was achieved with the
two compounds 11 and 59: low clearance of 0.17 L h-1

kg-1 and 0.40 L h-1 kg-1, half-lives of 1.1 and 0.9 h,
and good oral bioavailabilities of 65% and 60% were
observed, respectively. Higher clearance and shorter
half-life were observed for the 3-fluoroaryl analogue of
5, compound 12. In dogs, compound 5 showed low
plasma clearance of 0.30 L h-1 kg-1, half-life of 0.9 h,
and moderate to high oral bioavailability of 60-86%
(Table 6).9

Table 2. In Vitro Anti-FXa Potency Table 3. In Vitro Prothrombin Time (PT) Assay

compd PT2human [µM] PT2rat [µM]

11 0.40 2.8
5 0.23 0.30
12 0.17 0.32
13 0.26 0.32
14 0.30 0.49

PT2 value is defined as the inhibitor concentration required to
double the time to fibrin formation.

Table 4. In Vivo Antithrombotic Effect in the Arteriovenous
(AV) Shunt Model in Anesthetized Rats

compd ED50
iv [mg kg-1] ED50

po [mg kg-1]

11 7 >30
5 1 5
12 1 10
13 3 n.d.

Table 5. Pharmacokinetic Profile in Male Wistar Rats

compd
CL

[L h-1 kg-1]
Vss

[L kg-1]
t1/2
[h]

bioavailability
[%]

fu
[%]

11 0.17a 0.21 1.1 65b 0.2
5 0.40c 0.30c 0.9c 60d 1.3
12 1.09e 0.32 0.3 n.d. n.d.
a 1 mg kg-1 iv [in EtOH/PEG400 (1:9), volume: 1 mL kg-1].

b 3 mg kg-1 po [in SolutolHS15/EtOH/water (4:1:5), volume:
5 mL kg-1]. c Mean values derived by administration of 1 and
3 mg kg-1 iv [in PEG400/water (6:4), volume: 5 mL kg-1]. d Mean
value calculated by dividing the AUCnorm after 1, 3, and
10 mg kg-1 po [in PEG400/water (6:4), volume: 5 mL kg-1] with
the mean AUCnorm after iv administration of 1 and 3 mg kg-1.
e 0.3 mg kg-1 iv [in plasma/DMSO (99:1), volume: 2 mL kg-1].

Table 6. Pharmacokinetic Profile in Female Beagle Dogs

compd
CL

[L h-1 kg-1]
Vss

[L kg-1]
t1/2
[h]

bioavailability
[%]

fu
[%]

5 0.30a 0.40a 0.9a 60-86b 10.4
a Mean values derived from administration of 0.3 and 1 mg kg-1

iv [0.25 h infusion in PEG400/EtOH/water (6:2:2), volume: 0.5 mL
kg-1]; b Bioavailability range is calculated by dividing the AUCnorm
after 0.3, 1, and 3 mg kg-1 p.o. [in vehicle a), volume: 1 mL kg-1]
with the AUCnorm after iv administration of either 0.3 or 1.0 mg
kg-1.
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Compound 5 did not affect related serine proteases
(such as thrombin, trypsin, plasmin, FVIIa, FIXa, FXIa,
urokinase, and activated protein C) at concentrations
up to 20 µM, demonstrating more than 10 000-fold
higher selectivity for FXa than for these other serine
proteases. Thus, with its excellent in vitro and in vivo
efficacy and good pharmacokinetic profile, compound 5
was identified as the leading candidate and was selected
for clinical development.

Chemistry. The oxazolidinones VII were synthesized
as shown in Scheme 1. Two synthetic pathways are
described, and pathway B is used where aniline sub-
stituents (R) are not compatible with n-butyllithium.
The desired stereochemistry was introduced via com-
mercially available (R)-(-)-glycidol butyrate (29) or
phthalimide-protected epoxide 3011 derived from (S)-
(-)-glycidol. In pathway A, aniline I was first Cbz-
protected and then converted to the oxazolidinone II
with (R)-(-)-glycidol butyrate in the presence of

n-butyllithium.12 The resultant alcohol II was then
transformed into the corresponding amine V via intro-
duction of phthalimide and subsequent deprotection.
Acylation of V provided the desired oxazolidinone VII.
In pathway B, the phthalimide-protected oxazolidinone
IV was obtained by opening of epoxide 30 with aniline
I and subsequent ring closure with N,N′-carbonyldiimi-
dazole (CDI).

Compound 5 was synthesized following pathway B as
shown in more detail in Scheme 2. Opening of epoxide
30 with 4-(4-aminophenyl)morpholin-3-one (31)13 pro-
vided the amino alcohol 32, which was subsequently
converted to the oxazolidinone 33 via ring closure with
CDI. After deprotection of the phthalimide with methy-
lamine, amine 34 was acylated with 5-chlorothiophene-
2-carbonyl chloride (35)14. This synthesis afforded 5 with
retaining the enantiomeric excess of 99%, introduced
by starting material 30.

X-ray Crystallography. The X-ray crystal structure
of 5 in complex with human FXa,15 obtained at a
resolution of 2.08 Å, clarified the binding mode and the
stringent requirements for high affinity observed within
the oxazolidinone series.

Compound 5 forms two hydrogen bonds to Gly219: a
strong hydrogen bond (2.0 Å) from the carbonyl oxygen
of the oxazolidinone core and a weaker one (3.3 Å) from
the NH group of the chlorothiophenecarboxamide (Fig-
ure 2). Supported by these two hydrogen bonds, the (S)-
oxazolidinone core provides the L-shape needed for FXa
binding. It serves as a central template for directing its
substituents into the S1 and S4 subsites, a binding mode
typical of synthetic direct FXa inhibitors. As shown by
the X-ray structure, the oxazolidinone core and the aryl
ring are coplanar. Substitution at the 2-aryl-position
tends to force the two rings into an unfavorable twisted
arrangement. The resulting decrease in affinity was
demonstrated experimentally; for example, the methyl-
substituted derivative 15 is 30-fold less potent than its
unsubstituted analogue 7.

The S4 pocket in FXa is a narrow hydrophobic
channel defined by the aromatic rings of Tyr99, Phe174,
and Trp215. The nonpolar aryl ring of 5 extends across
the face of Trp215, and the morpholinone moiety is
sandwiched between Tyr99 and Phe174. The carbonyl
group of the morpholinone does not appear to interact
directly with FXa, but rather effects a planarization of
the morpholinone ring and brings it into a perpendicular
arrangement to the aryl ring. This effect is reflected by
the 60-fold higher potency of the morpholinone analogue
5 compared with the morpholine derivative 7.

The key interaction of 5 with FXa in the S1 pocket
involves the chlorothiophene moiety: its chlorine sub-
stituent interacts with the aromatic ring of Tyr228
located at the bottom of the S1 pocket. A similar binding
mode has been reported for other inhibitors of FXa,16,17

and for inhibitors of thrombin18 and trypsin19. As a
result of this chlorine-Tyr228 interaction in S1, highly
basic groups such as amidine or other positively charged
groups are not required for high FXa affinity. These
groups are designed as arginine-P1 mimics to contribute
significantly to potency via a direct electrostatic interac-
tion with Asp189,20 but they are generally critical for
oral bioavailability. Thus, the chlorine-Tyr228 interac-

Scheme 1. General Synthetic Pathways for
Oxazolidinone Derivativesa

a Reagents and conditions: (a) CbzCl, THF, -20 °C; (b) n-BuLi,
THF, -78 °C to room temperature; (c) EtOH/H2O (9:1), reflux; (d)
MsCl, NEt3, CH2Cl2, 0 °C to room temperature; (e) potassium
phthalimide, CH3CN; (f) N,N′-carbonyldiimidazole (CDI), DMAP,
THF, reflux; (g) MeNH2, MeOH, reflux or N2H4‚H2O, MeOH,
reflux; (h) X ) Cl: pyridine, THF, 0 °C to room temperature; X )
OH: HOBt, EDCI, DIEA, DMF, room temperature.
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tion enabled the combination of high potency and good
oral bioavailability for nonbasic 5.

Conclusion

We showed that the oxazolidinones represent a new
class of highly potent FXa inhibitors. Optimization of
the lead compound 4 resulted in the identification of
the morpholinone derivative 5 with subnanomolar anti-
FXa potency. Careful SAR investigation revealed a very
steep SAR around its 5-chlorothiophenecarboxamide
moiety.

High selectivity of 5 for FXa compared with a range
of related serine proteases was observed (>10 000-fold).
In an AV-shunt model in rats, the in vivo antithrombotic
effect of 5 was demonstrated after oral administration

(ED50 5.0 mg kg-1). The pharmacokinetic profile of 5 in
rats and dogs showed low clearance and moderate to
high oral bioavailability of 60-86%.

The X-ray crystal structure of 5 in human FXa
clarified the binding mode and the stringent require-
ments for high affinity. Supported by two hydrogen
bonds to Gly219, the oxazolidinone ring serves as a
central core for directing the morpholinone residue into
the S4 pocket and the chlorothiophene moiety into the
S1 pocket. The key interaction in the S1 pocket involves
interaction of the chlorine atom with the aromatic ring
of Tyr228. Since this mode of interaction does not
require a basic or positively charged group, good oral
bioavailability combined with high potency was achieved
with nonbasic 5.

Scheme 2. Synthesis of 5a

a Reagents and conditions: (a) EtOH/H2O (9:1), reflux, 92%; (b) N,N′-carbonyldiimidazole (CDI), DMAP, THF, reflux, 87%; (c) MeNH2,
MeOH, reflux; (d) pyridine, THF, 0 °C, 86%.

Figure 2. X-ray crystal structure of 5 (orange carbons) in complex with human FXa. Essential amino acids and binding pockets
are indicated; the two hydrogen bonds between 5 and Gly219 are shown as doted lines.
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With its excellent in vitro and in vivo efficacy and the
good pharmacokinetic profile, 5 was identified as the
leading candidate and was selected for clinical develop-
ment for the prevention and treatment of thromboem-
bolic diseases.

Experimental Section

Pharmacology. In Vitro Studies: FXa and Related
Serine Proteases. The enzymatic activity against human
FVIIa, FIXa, FXa, FXIa, thrombin, plasmin, trypsin, uroki-
nase, and activated protein C was measured using chromoge-
nic or fluorogenic substrates in 96-well microtiter plates at
25 °C. The enzymes were incubated with the test compound
or its solvent (DMSO) for 10 min, and the reactions were
initiated by the addition of the appropriate substrate. Color
change was monitored continuously at 405 nm by a Spectra
Rainbow Thermo Reader (Tecan), and fluorescence was mea-
sured at 360/465 nm by a SPECTRAFluor Plus microplate
reader (Tecan). Substrates and enzymes were dissolved in
aqua bidest or the appropriate assay buffer.

Prothrombin Time (PT) Assay. Commercially available
kits were used to measure PT. Clotting times were measured
in a coagulometer (Biomatic 4000, Sarstedt), according to the
manufacturer’s instructions. Increasing concentrations of in-
hibitor or solvent were added to plasma and incubated for
10 min at 37 °C. Clotting times were measured and compared
with those from the appropriate control plasma.

In Vivo Studies: Arteriovenous (AV) Shunt Model. The
antithrombotic activity was determined in an AV shunt in
anesthetized rats, as described previously21 with minor modi-
fications: The right common carotid artery and the left jugular
vein were cannulated with two 100 mm-long, saline-filled,
polyethylene catheters (PE-60, Becton Dickinson). The cath-
eters were connected with a 30 mm-long polyethylene tube
(PE-160, Becton Dickinson) containing a rough nylon thread
(40 mm × 0.15 mm), folded to create a 20 mm-long double
string. The test compound dissolved in poly(ethylene glycol)/
water/glycerol (996 g/100 g/60 g) or vehicle was given by
intravenous bolus injection into a tail vein 10 min before
thrombus induction. Alternatively, the test compound dis-
solved in solutol/ethanol/water (40%/10%/50% [v/v/v]) or vehicle
was administered orally 90 min before thrombus induction.
The shunt was opened for 15 min, and the nylon thread
covered with the thrombus was then withdrawn and weighed.
Blood samples were withdrawn from the carotid artery just
after thrombus removal.

In Vitro Plasma-Protein Binding. In vitro plasma-
protein binding was evaluated by an equilibrium dialysis
method (Scholtan 1962). [14C]-5 was added to each aliquot of
rat, dog, and human plasma to make target concentrations of
0.1, 1.0, 3.0, 10, 30, and 100 mg L-1; in addition, a target
concentration of 400 mg L-1 was prepared, but only for human
plasma. After incubation for 15 min at 37 °C, 0.8 mL of the
spiked plasma was dialyzed with an equal volume of phosphate-
buffered isotonic solution (PBS, pH 7.4) for 1 h at 37 °C in an
equilibrium dialyzer (Dianorm Dialyzer, Dianorm GmbH
[Munich, Germany]) equipped with 0.8 mL Teflon half cells
separated by a cellulose membrane (Diachema 10.14 cellulose
membrane, MWCO 5000 kDa; Dianorm GmbH). The radioac-
tivity of [14C]-5 in the buffer and the plasma was determined
by LSC. The fraction of unbound 5 (fu [%]) was calculated as
follows: fu ) cu/c × 100, where cu is the concentration of
unbound 5 and c is the total concentration of 5.

X-ray Crystallography. The X-ray crystal structure of 5
in complex with human FXa was performed by Proteros
Biostructures GmbH in Planegg-Martinsried, Germany. Crys-
tals of human FXa in complex with 5 were prepared as
described with small modifications.22 Synchrotron data to
2.08 Å were collected at the Swiss Light Source (SLS) in
Villigen at 100 K. Data were integrated, scaled, and merged
using XDS. Structure solution was done by molecular replace-
ment using 1EQZ coordinates from PDB as the search model.
The model was refined with CNX, using data between 20.0

and 2.08 Å. Diffraction data statistics and structure param-
eters are shown in Table 7.

Chemistry. General. Unless otherwise noted, all nonaque-
ous reactions were carried out under an argon atmosphere
with commercial-grade reagents and solvents. Melting points
(uncorrected) were determined in open capillaries using a
Büchi 530 apparatus. NMR spectra were recorded on Bruker
Avance spectrometer. Chemical shifts are reported in ppm
relative to tetramethylsilane as an internal standard. Mass
spectra were obtained on PE SIEX API 150 (ESIpos) or on
AMD M40-DF (DCI). High-resolution mass spectra (HR MS)
were acquired on a Waters LTC. Analytical HPLC was
performed using Hewlett-Packard 1100 instruments under the
following conditions: UV detection at 210 nm; column: Re-
prosil ODS-A 5 µm, 250 mm × 4 mm, temperature: 25 °C,
flow: 1.0 mL min-1, eluents: A: water, B: acetonitrile,
[method 1a]: isocratic 50%/50%, [method 1b]: isocratic 60%/
40%; column: Inertsil Phenyl 5 µm, 250 mm × 3 mm,
temperature: 25 °C, flow: 0.6 mL min-1, eluents: A: water,
B: acetonitrile, [method 2]: isocratic 60%/40%; column: Kro-
masil C18, 60 mm × 2 mm, temperature: 30 °C, flow: 0.75
mL min-1, eluents: A: 0.01 M H3PO4, B: acetonitrile, [method
3]: gradient: 0-0.5 min 90%A, 0.5-4.5 min 90% f 10%A,
4.5-6.5 min 10%A, 6.5-7.5 min 90%A; column: Kromasil C18,
60 mm × 2 mm, temperature: 30 °C, flow: 0.75 mL min-1,
eluents: A: 5 mL 70% HClO4 in 1 L water, B: acetonitrile,
[method 4a]: gradient: 0-0.5 min 98%A, 0.5-4.5 min 98%
f 10%A, 4.5-6.5 min 10%A, 6.5-6.7 min 10% f 98%A, 6.7-
7.5 min 98%A; [method 4b]: gradient: 0-0.5 min 98%A, 0.5-
4.5 min 98% f 10%A, 4.5-9.0 min 10%A, 9.0-9.2 min 10%
f 98%A, 9.2-10.0 min 98%A. Flash chromatography was
performed using silica gel 60 (230-400 mesh). HPLC purifica-
tions were performed using RP phase (250 mm × 30 mm
GROM-SIL 120, ODS-4HE 10 µm).

5-Chloro-N-({(5S)-2-oxo-3-[4-(3-oxomorpholin-4-yl)phen-
yl]-1,3-oxazolidin-5-yl}methyl)thiophene-2-carboxamide
(5). (a) 2-((2R)-2-Hydroxy-3-{[4-(3-oxomorpholin-4-yl)-
phenyl]amino}propyl)-1H-isoindole-1,3(2H)-dione (32). A
suspension of 2-[(2S)-oxiran-2-ylmethyl]-1H-isoindole-1,3(2H)-
dione11 (30) (5.7 g, 27.9 mmol) and 4-(4-aminophenyl)morpho-
lin-3-one13 (31) (5.4 g, 27.9 mmol) in ethanol/water (9:1,
140 mL) was refluxed for 14 h. The starting material slowly
dissolved, and the product then precipitated from the solution.
The precipitate was filtered, washed with diethyl ether, and
dried in vacuo. The combined mother liquids were evaporated,
the resulting residue was combined with a second portion of
30 (2.8 g, 14.0 mmol), suspended in ethanol/water (9:1, 70 mL)
and refluxed for 13 h. The precipitate was filtered, washed
with diethyl ether and dried in vacuo. The combined precipi-
tate afforded the title compound 32 (10.1 g, 92% yield) as a

Table 7. Diffraction Data Statistics and Structure Parameters

A. Diffraction Data
wavelength 0.979 Å
space group P212121
unit cell parameters a ) 56.04 Å, b ) 72.03 Å,

c ) 78.45 Å
R ) â ) γ ) 90°

diffraction limits (highest shell) 20.0-2.08 (2.17-2.08) Å
no. of unique reflections (highest shell) 18555 (1647)
data completeness (highest shell) 94.3% (71.5%)
I/σI (highest shell) 12.6 (3.2)
Rmerge

a 8.0% (48.2%)
B. Structure Parameters

no. of non-H atoms in protein 2195
no. of non-H atoms in inhibitor 29
no. of refined water molecules 105
rmsd bond distances from ideal 0.011
rmsd angles from ideal 1.558
crystallographic residual R factorb 0.220
crystallographic residual Rfree factorb 0.259
(test set, 10% of all reflections)

a Rmerge ) ΣhΣi|I(h,i) - 〈I(h)〉|/Σh I(h,i) where I(h,i) is the intensity
value of the i-th measurement of h and 〈I(h)〉 is the corresponding
mean value of h for all i measurements of h; summation is over
all measurements b R ) Σhkl ||Fo| -|Fc||/Σhkl|Fo|
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colorless solid. 1H NMR (DMSO-d6, 200 MHz): 7.92-7.78 (m,
4H), 7.02 (d, J ) 8.8 Hz, 2H), 6.61 (d, J ) 8.8 Hz, 2H), 5.65 (t,
J ) 5.9 Hz, 1H), 5.15 (d, J ) 5.2 Hz, 1H), 4.13 (s, 2H), 4.08-
3.87 (m, 3H), 3.70-3.53 (m, 4H), 3.26-2.92 (m, 2H); MS
(ESIpos): m/z: 418 ([M + Na]+, 84%), 396 ([M + H]+, 93%);
HPLC: rt (method 4a): 3.34 min (100%).

(b) 2-({(5S)-2-Oxo-3-[4-(3-oxomorpholin-4-yl)phenyl]-
1,3-oxazolidin-5-yl}methyl)-1H-isoindole-1,3(2H)-dione
(33). N,N′-Carbonyldiimidazole (2.9 g, 18.1 mmol) and 4-(dim-
ethylamino)pyridine (catalytic amount) were added to a sus-
pension of 32 (3.6 g, 9.1 mmol) in tetrahydrofuran (90 mL).
The reaction mixture was stirred for 12 h at 60 °C, a second
portion of N,N′-carbonyldiimidazole (2.9 g, 18.1 mmol) was
added, and the reaction mixture was stirred for additional
12 h at 60 °C. The precipitate was filtered, washed with
tetrahydrofuran, and dried in vacuo. The combined mother
liquids were evaporated, and the resulting residue was purified
by Flash-LC (mixtures of dichloromethane/methanol). The title
compound 33 (3.3 g, 87% yield) was obtained as a colorless
solid. 1H NMR (DMSO-d6, 200 MHz): 7.98-7.80 (m, 4H), 7.53
(d, J ) 9.1 Hz, 2H), 7.40 (d, J ) 9.1 Hz, 2H), 5.04-4.87 (m,
1H), 4.22 (t, J ) 9.1 Hz, 1H), 4.19 (s, 2H), 4.04-3.84 (m, 5H),
3.71 (dd, J ) 5.4 Hz, 4.6 Hz, 2H); MS (ESI): m/z: 422 ([M +
H]+, 100%); HPLC: rt (method 4a): 3.71 min (100%).

(c) 4-{4-[(5S)-5-(Aminomethyl)-2-oxo-1,3-oxazolidin-3-
yl]phenyl}morpholin-3-one (34). Methylamine (40% in
water, 10.2 mL, 0.14 mol) was added to a suspension of 33
(4.5 g, 10.6 mmol) in ethanol (102 mL). The reaction mixture
was refluxed for 1 h and evaporated in vacuo. The raw material
of 34 was used in the next step without further purification.
The raw material can be purified by Flash-LC (mixtures of
dichloromethane/methanol) to give the title compound 34 as
a colorless solid. 1H NMR (DMSO-d6, 300 MHz): 7.59 (d, J )
9.1 Hz, 2H), 7.40 (d, J ) 9.1 Hz, 2H), 4.67-4.57 (m, 1H), 4.19
(s, 2H), 4.08 (t, J ) 8.9 Hz, 1H), 3.97 (dd, J ) 5.3 Hz, 3.7 Hz,
2H), 3.87 (dd, J ) 8.9 Hz, 6.4 Hz, 1H), 3.71 (dd, J ) 5.3 Hz,
3.7 Hz, 2H), 2.90-2.76 (m, 2H), 1.75-1.63 (broad s, 2H); MS
(ESIpos): m/z: 292 ([M + H]+, 100%); HPLC: rt (method 4a):
2.66 min (98%).

(d) 5-Chloro-N-({(5S)-2-oxo-3-[4-(3-oxomorpholin-4-yl)-
phenyl]-1,3-oxazolidin-5-yl}methyl)-thiophene-2-carbox-
amide (5). 5-Chlorothiophene-2-carbonyl chloride14 (35)
(2.3 g, 12.7 mmol) was added dropwise to a solution of the raw
material of 34 in pyridine (90 mL) at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirred
for 1 h before water was added. After addition of dichlo-
romethane and phase separation, the aqueous phase was
extracted with dichloromethane. The combined organic phases
were dried (sodium sulfate), filtered, and evaporated in vacuo.
The residue was purified by Flash-LC (mixtures of dichlo-
romethane/methanol) to give the title compound 5 (3.9 g, 86%
yield) as a colorless solid. mp: 230 °C; 1H NMR (DMSO-d6,
200 MHz): 8.98 (t, J ) 5.8 Hz, 1H), 7.70 (d, J ) 4.1 Hz, 1H),
7.56 (d, J ) 9.0 Hz, 2H), 7.41 (d, J ) 9.0 Hz, 2H), 7.20 (d, J )
4.1 Hz, 1H), 4.93-4.75 (m, 1H), 4.27-4.12 (m, 1H), 4.19 (s,
2H), 4.02-3.91 (m, 2H), 3.84 (dd, J ) 9.2 Hz, 6.1 Hz, 1H),
3.76-3.66 (m, 2H), 3.66-3.54 (m, 2H); MS (ESIpos): m/z: 436
([M + H]+, 100%); HR MS ([M + H]+ for C19H18ClN3O5S): calcd
436.0729, found 436.0726; [R]D

21 ) -38° (c 0.2985, DMSO);
enantiomeric excess: 99% (column: Chiral AD 250 mm ×
2 mm, temperature: 50 °C, flow: 0.2 mL min-1, eluent: 10%
n-heptane/90% ethanol/0.2% TFA, UV: 250 nm); degree of
purity: HPLC: rt (method 1b): 5.76 min (100%), rt (method
4a): 3.84 min (100%).

5-Chloro-N-({(5S)-3-[3-fluoro-4-(3-oxomorpholin-4-yl)-
phenyl]-2-oxo-1,3-oxazolidin-5-yl}methyl)thiophene-2-
carboxamide (12). Compound 12 was synthesized from 4-(4-
amino-2-fluorophenyl)morpholin-3-one13 according to the
procedure described for 5. 1H NMR (DMSO-d6, 200 MHz): 8.98
(t, J ) 5.7 Hz, 1H), 7.69 (d, J ) 4.0 Hz, 1H), 7.58 (dd, J )
12.9 Hz, 2.2 Hz, 1H), 7.47 (d, J ) 8.7 Hz, 1H), 7.36 (dd, J )
8.8 Hz, 2.2 Hz, 1H), 7.20 (d, J ) 4.0 Hz, 1H), 4.95-4.77 (m,
1H), 4.20 (s, 2H), 4.19 (t, J ) 9.0 Hz, 1H), 4.02-3.91 (m, 2H),
3.85 (dd, J ) 9.1 Hz, 6.2 Hz, 1H), 3.72-3.52 (m, 4H); MS

(ESIpos): m/z: 454 ([M + H]+, 53%), 907 ([2M + H]+, 100%);
HR MS ([M + H]+ for C19H17ClFN3O5S): calcd 454.0635, found
454.0620; degree of purity: HPLC: rt (method 1b): 7.58 min
(95%), rt (method 2): 6.74 min (95%).

5-Chloro-N-({(5S)-2-oxo-3-[4-(3-oxomorpholin-4-yl)-3-
(trifluoromethyl)phenyl]-1,3-oxazolidin-5-yl}methyl)-
thiophene-2-carboxamide (13). Compound 13 was synthe-
sized from 4-[4-amino-2-(trifluoromethyl)phenyl]morpholin-3-
one13 according to the procedure described for 5. 1H NMR
(DMSO-d6, 300 MHz): 8.93 (t, J ) 5.7 Hz, 1H), 8.07-8.00 (m,
1H), 7.84-7.74 (m, 1H), 7.68 (d, J ) 4.0 Hz, 1H), 7.59 (d, J )
8.7 Hz, 1H), 7.18 (d, J ) 4.0 Hz, 1H), 4.94-4.81 (m, 1H), 4.26
(t, J ) 9.1 Hz, 1H), 4.19 (s, 2H), 4.09-3.98 (m, 1H), 3.98-3.86
(m, 2H), 3.75-3.65 (m, 1H), 3.62 (t, J ) 5.7 Hz, 2H), 3.53-
2.42 (m, 1H); MS (ESIpos): m/z: 504 ([M + H]+, 100%); HR
MS ([M + H]+ for C20H17ClF3N3O5S): calcd 504.0603, found
504.0591; degree of purity: HPLC: rt (method 1b): 12.08 min
(100%), rt (method 4b): 4.08 min (100%).

N-({(5S)-3-[3-Amino-4-(3-oxomorpholin-4-yl)phenyl]-2-
oxo-1,3-oxazolidin-5-yl}methyl)-5-chlorothiophene-2-car-
boxamide (14). Compound 14 was synthesized from 4-(2,4-
diamino-phenyl)morpholin-3-one13 according to the procedure
described for 5. 1H NMR (DMSO-d6, 300 MHz): 8.93 (t, J )
5.7 Hz, 1H), 7.68 (d, J ) 4.1 Hz, 1H), 7.18 (d, J ) 4.0 Hz, 1H),
6.98 (d, J ) 2.3 Hz, 1H), 6.97 (d, J ) 8.5 Hz, 1H), 6.70 (dd,
J ) 8.5 Hz, 2.3 Hz, 1H), 5.20-5.10 (broad s, 2H), 4.86-4.75
(m, 1H), 4.23-4.12 (m, 2H), 4.10 (t, J ) 9.1 Hz, 1H), 4.05-
3.91 (m, 2H), 3.76 (dd, J ) 9.1 Hz, 6.0 Hz, 1H), 3.58 (t, J ) 5.7
Hz, 2H), 3.53-3.88 (m, 2H); MS (ESIpos): m/z: 451 ([M +
H]+, 100%); HR MS ([M + H]+ for C19H19ClN4O5S): calcd
451.0838, found 451.0848; degree of purity: HPLC: rt (method
1b): 4.45 min (98%), rt (method 4a): 3.68 min (100%).

5-Chloro-N-({(5S)-2-oxo-3-[4-(2-oxopyrrolidin-1-yl)phen-
yl]-1,3-oxazolidin-5-yl}methyl)thiophene-2-carboxamide
(11). Benzyl chloroformate (4.3 g, 25.0 mmol) was slowly added
to a solution of 1-(4-aminophenyl)pyrrolidin-2-one23 (4.0 g,
22.7 mmol) and N,N-dimethylaniline (3.6 mL, 28.4 mmol) in
tetrahydrofuran (107 mL) at -20 °C. The reaction mixture was
stirred for 30 min at -20 °C and then allowed to warm to room
temperature. After addition of ethyl acetate and phase separa-
tion, the organic phase was washed with saturated brine, dried
(magnesium sulfate), filtered, and evaporated in vacuo. The
residue was crystallized from diethyl ether to give benzyl
[4-(2-oxopyrrolidin-1-yl)phenyl]carbamate (5.2 g, 74%
yield) as off-white crystals. mp: 174 °C.

n-Butyllithium (2.5 M in hexane) was slowly added to a
mixture of isoamyl alcohol (1.5 g, 16.7 mmol) and N-ben-
zylidenebenzylamine (one drop, indicator) in tetrahydrofuran
(200 mL) at -20 °C until the indicator turned red. The reaction
mixture was stirred at -10 °C for 10 min and then cooled to
-78 °C. A solution of benzyl [4-(2-oxopyrrolidin-1-yl)phenyl]-
carbamate (4.7 g, 15.1 mmol) in tetrahydrofuran (50 mL) was
slowly added. Additional n-butyllithium (2.5 M in hexane) was
added dropwise at -20 °C until the indicator turned pink. The
reaction mixture was stirred for 10 min at -78 °C, and (R)-
glycidol butyrate (2.6 g, 18.2 mmol) was added. After stirring
for additional 10 min at -78 °C, the reaction mixture was
allowed to slowly warm to room temperature. Water was
added, and tetrahydrofuran was evaporated in vacuo. The
remaining aqueous solution was extracted with ethyl acetate.
The combined organic phases were dried (magnesium sulfate),
filtered, and evaporated in vacuo. The residue was crystallized
from diethyl ether to give (5R)-5-(hydroxymethyl)-3-[4-(2-
oxopyrrolidin-1-yl)phenyl]-1,3-oxazolidin-2-one (3.76 g,
90% yield) as colorless crystals. mp: 148 °C.

Methanesulfonyl chloride (1.8 g, 15.6 mmol) was added to
a solution of (5R)-5-(hydroxymethyl)-3-[4-(2-oxopyrrolidin-1-
yl)phenyl]-1,3-oxazolidin-2-one (3.6 g, 13.0 mmol) and triethyl-
amine (2.9 g, 28.7 mmol) in dichloromethane (160 mL) at
0 °C. The reaction mixture was stirred at 0 °C for 1.5 h and
then at room temperature for 3 h. After addition of water and
phase separation, the aqueous phase was extracted with
dichloromethane. The combined organic phases were dried
(magnesium sulfate), filtered, and evaporated in vacuo. The

5906 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 19 Roehrig et al.



residue was dissolved in acetonitrile (70 mL), and potassium
phthalimide (2.6 g, 14.2 mmol) was added. In a sealed tube,
the reaction mixture was placed in the microwave apparatus
at 180 °C for 45 min. The reaction mixture was filtered, and
the filtrate was concentrated in vacuo. The residue (1.9 g) was
dissolved in methanol (35 mL), and hydrazine hydrate
(0.47 g, 9.37 mmol) was added. The reaction mixture was
refluxed for 2 h and cooled to room temperature. After addition
of saturated aqueous sodium bicarbonate and phase separa-
tion, the aqueous phase was extracted with dichloromethane.
The combined organic phases were dried (magnesium sulfate),
filtered, and evaporated in vacuo, yielding (5S)-5-(amino-
methyl)-3-[4-(2-oxopyrrolidin-1-yl)phenyl]-1,3-oxazolidin-2-
one.

N′-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (0.29 g,
1.51 mmol) and diisopropylethylamine (0.40 mL, 2.32 mmol)
were added to a solution of (5S)-5-(aminomethyl)-3-[4-(2-
oxopyrrolidin-1-yl)phenyl]-1,3-oxazolidin-2-one (0.32 g,
1.16 mmol), 5-chlorothiophene-2-carboxylic acid (0.19 g,
1.16 mmol) and 1-hydroxy-1H-benzotriazol-hydrate (0.23 g,
1.51 mmol) in dimethylformamide (7.6 mL) at room temper-
ature. The reaction mixture was stirred at room temperature
overnight and evaporated in vacuo. The residue was dissolved
in dimethyl sulfoxide (3 mL) and purified by HPLC (acetoni-
trile/water/0.5% TFA gradient). From the combined fractions,
acetonitrile was removed and the formed precipitate was
filtered to give the title compound 11 (0.19 g, 39% yield) as a
colorless solid. mp: 229 °C; 1H NMR (DMSO-d6, 300 MHz):
8.99 (t, J ) 5.7 Hz, 1H), 7.69 (d, J ) 4.1 Hz, 1H), 7.67 (d, J )
9.3 Hz, 2H), 7.52 (d, J ) 9.3 Hz, 2H), 7.20 (d, J ) 4.0 Hz, 1H),
4.89-4.78 (m, 1H), 4.17 (t, J ) 9.1 Hz, 1H), 3.88-3.78 (m, 3H),
3.60 (t, J ) 5.7 Hz, 2H), 2.45 (m, 2H), 2.05 (m, 2H); MS
(ESIpos): 442 ([M + Na]+, 21%), 420 ([M + H]+, 72%), 145
(100%); HR MS ([M + H]+ for C19H18ClN3O4S): calcd 420.0780,
found 420.0786; degree of purity: HPLC: rt (method 1a):
4.54 min (98%), rt (method 4b): 3.92 min (100%).
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