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Abstract—In our search for a novel class of inducible nitric oxide synthase (iNOS) inhibitors, 1,3-oxazolidin-2-imine was found to
weakly inhibit iNOS. Further modifications of this compound resulted in a remarkable increase in both the in vivo and in vitro
inhibitory activity and selectivity for iNOS.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

There has been extensive scientific interest in the funda-
mental biochemistry and diverse physiological roles of
nitric oxide (NO) since this simple gaseous radical
molecule was first shown to have actions identical to
those proposed for the endothelium-derived relaxing
factor.1,2 NO is produced by oxidation of l-arginine
catalyzed by nitric oxide synthase (NOS) which utilizes
molecular oxygen and cofactors.3,4 NOS has been divi-
ded into two major sub-enzymes, that is, a constitutive
NOS (cNOS), which is found in the vascular endothe-
lium and in the brain, and an inducible NOS (iNOS),
which is present in activated macrophages. Although
the major function of iNOS is thought to serve in host
defense mechanism, several studies have indicated that
iNOS is also implicated in NO excessive production
which causes inflammatory diseases such as hypoten-
sion,5 rheumatoid arthritis6 and colitis.7 On the other
hand, cNOS has been further subdivided into endothe-
lial NOS (eNOS), which is implicated in blood pressure
regulation,8 and neuronal NOS (nNOS), which regulates
neuronal transmission.9 Indeed, structural analogues of
l-arginine such as NG-nitro-l-arginine (l-NNA), NG-
monomethyl-l-arginine (l-NMMA) and NG-nitro-l-
arginine methyl ester (l-NAME) have been synthesized
and investigated in connection with a number of
inflammation diseases in animal models as well as clin-
ical trials. However, due to lack of selectivity for iNOS,
no compound has been approved for the treatment of
these conditions. Therefore potent and selective iNOS
inhibitors that do not interfere with cNOS physiological
functions have long been needed.

To date, non-l-arginine type iNOS selective inhibitors
such as S-ethylisothiourea,10 2-amino-5,6-dihydro-6-
methyl-4H-1,3-thiazine,10 2-iminopiperidines,11 2-ami-
nopyridine12 and 1,2-dihydro-4-quinazolinamine13

have been reported. Among these inhibitors, (1S,5S,
6R,7R)-7-chloro-3-imino-5-methyl-2-azabicyclo[4.1.0]-
heptane hydrochloride (ONO-1714)14 and S-[2-[(1-
iminoethyl)amino]ethyl]-l-homocysteine (GW274150)15

have been reported to potently and selectively inhibit
iNOS and are currently undergoing evaluation in clin-
ical Phase II and I trials, respectively. To synthesize
compounds which show more selectivity for iNOS than
ONO-1714 dose has been obvious interest to us,
because, to our knowledge, ONO-1714 is the most pro-
ceeding compound as iNOS inhibitor in clinical trial
and because the more selectivity would lead to the less
side effect.
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In our search for a novel class of iNOS inhibitors by
means of random screening, we have found that the 1,3-
oxazolidin-2-imine 1 (Fig. 1) weakly inhibits iNOS with
an IC50 value of 7.9 mM. Further modification of this
compound resulted in the discovery of a new series of
1,3-oxazolidin-2-imine derivatives with improved inhi-
bitory activity and selectivity for iNOS. Here, we report
the synthesis of these new compounds and their struc-
ture–activity relationships (SARs).
2. Results and discussion

Starting from the 1,3-oxazolidin-2-imine (1), we first
found that the 5-bromomethyl-1,3-oxazolidin-2-imine
(2) potently inhibits iNOS with an IC50 value 16-fold
that of 1 (IC50=0.50 mM versus 7.9 mM, Table 1). This
finding led us to suggest that introduction of an appro-
priately-sized hydrophobic alkyl group at the 4- or 5-
position of 1 would increase the inhibitory activity and
selectivity for iNOS (Chart 1).
First, the monosubstituted 1,3-oxazolidin-2-imine deri-
vatives 3a–c and 4a–c were synthesized by the route
depicted in Scheme 1. In addition, the disubstituted
derivatives 5a–g and 6a–f were prepared by the reaction
sequences shown in Scheme 2,16�19 and their stereo-
chemical configurations were confirmed based on the
nuclear Overhauser effects between 4-H (position 4) and
5-H (position 5) using 1H NMR analysis.

Next, the inhibitory activity of the synthesized com-
pounds (3a–c, 4a–c, 5a–g and 6a–f) against iNOS and
nNOS was evaluated according to previously reported
Scheme 1. Synthesis of monosubstituted 1,3-oxazolidin-2-imine deri-
vatives as iNOS inhibitor: (a) BrCN, EtOH, rt (35–80%).
Chart 1. Design of the 1,3-oxazolidin-2-imine derivatives.
Table 1. Inhibitory activity of monosubstituted 1,3-oxazolidin-2-imine derivatives (1–4)a
Structure
 Compound
 R1
 R2
 Inhibitory activityb
 Selectivity
nNOS/iNOSd
iNOS IC50 (mM)c
 nNOS IC50 (mM)c
1
 H
 H
 7.9
 34
 4.3

2
 H
 BrCH2
 0.50
 0.40
 0.8

3af
 H
 Me
 0.074
 1.4
 19

3b
 H
 Et
 0.28
 1.8
 6.4

3c
 H
 Ph
 n.s. @ 100e
 n.s. @ 100e
 n.d.g
4af
 Me
 H
 1.5
 9.8
 6.5

4bf
 Et
 H
 1.6
 2.8
 1.8
(+/�)
 4c
 Ph
 H
 28% @ 100e
 18% @ 100e
 n.d.g
l-NMMA
 19
 4.3
 0.23

l-NNA
 80
 0.5
 0.0063
ONO-1714
 0.003
 0.015
 5
aAll compounds were analytically pure.
b IC50 values for iNOS and nNOS were determined by testing each compound at eight concentrations.
c iNOS and nNOS activity were evaluated by previously reported procedure.20,21
dSelectivity was defined as the ratio of IC50 value of nNOS to iNOS.
e Percent inhibition at test concentration; n.s., no significant effect (<15% inhibition).
f Salted with fumaric acid.
g n.d., not determined.
Figure 1. Structure of the lead 1,3-oxazolidin-2-imine (1).
Scheme 2. Synthesis of disubstituted 1,3-oxazolidin-2-imine deriva-
tives as iNOS inhibitor: (a) BnBr, K2CO3, CH3CN, 60 �C (>95%); (b)
Swern oxi. (87–95%); (c) R2MgBr, THF, �30 �C (65–75%) or
(R2)2Zn, toluene, 0 �C (33–67%); (d) H2, Pd(OH)2, MeOH (70–
85%); (e) BrCN, EtOH, rt (46–78%); (f) NBS, NH2CN, CH2Cl2,
0 �C; (g) concd H2SO4, acetone, rt (35–40% for two steps).
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methods,20,21 and their selectivities for iNOS were
determined from nNOS/iNOS ratio.

As shown in Table 1, when a methyl group was inserted
into the 5-position of 1, the inhibitory activity and
selectivity for iNOS of the resulting compound 3a were
significantly improved (3a: IC50=0.074 mM, 107-fold
that of 1, nNOS/iNOS=19, 4.4-fold that of 1). In con-
trast, introduction of a methyl group into the 4-position
of 1 produced only a slight improvement in both the
inhibitory activity and selectivity for iNOS (4a:
IC50=1.5 mM, nNOS/iNOS=6.5). Compounds 3b and
4b with an ethyl group at the 4- or 5-position of 1
respectively, had moderate inhibitory activity for iNOS.
However, a bulky phenyl moiety appended at the 4- or
5-position of 1 resulted in a complete loss of inhibitory
activity against both iNOS and nNOS (3c and 4c).
These results indicate that the size of substituents at the
4- and 5-position of 1 is very important for iNOS inhi-
bitory activity.

In further modifications of compound 1, the effect of a
substitution at both the 4- and 5-positions on the inhi-
bitory activity and selectivity for iNOS were investi-
gated.

As shown in Table 2, compounds 5d22 and 6c23 showed
strong inhibitory activity against iNOS [5d: IC50=0.041
mM (193-fold that of 1), 6c: IC50=0.056 mM (141-fold
that of 1)]. As iNOS oxygenase domain has been repor-
ted to have a hydrophobic, small pocket,24 it is sug-
gested that interaction of 5d or 6c with this pocket is
responsible for the strong inhibitory activity of these
two compounds against iNOS.

Interestingly, 5c and 6d with contrastive configurations
to those of 6c and 5d, respectively, showed much lower
inhibitory activity and selectivity for iNOS. And as
expected, increasing the steric bulk at both the 4- and 5-
positions of 1 resulted in a dramatic decrease in both the
inhibitory activity and selectivity for iNOS (5f and 6f),
while other disubstituted compounds generally dis-
played moderate inhibition of iNOS.

Among disubstituted compounds with an ethyl or n-
propyl moiety at the 5-position, the trans-6a, 6c and 6f
were more selective than the cis analogues 5a, 5c and 5f.
In particular, compound 6c showed the best selectivity
for iNOS (nNOS/iNOS=45).25 Thus the trans orienta-
tion was seen as favorable in terms of selectivity.

Finally, inhibitory activity of compounds 5d and 6c for
iNOS in vivo was investigated by evaluating the effects
of these two compounds on plasma nitrite/nitrate levels
in lipopolysaccharide (LPS)-treated mice. As shown in
Table 3. Effects of selected compounds (�)-5d and (�)-6c on plasma

nitrite/nitrate levels in LPS-treated micea
Compound
 Inhibitory activity
iNOS,
IC50 (mM)b
% inhibition�SDc

(mg/kg, po)d
(�)-5d
 0.041
 71�8.6 (3)

(�)-6c
 0.056
 75�10 (10)
a The effects of each compound on plasma nitrite/nitrate levels were
evaluated according to a previously reported method14 with some
modifications. Compounds were orally administered three hours
after LPS (1 mg/kg, iv) injection into C57BL/6 mice. Six hours after
LPS treatment, blood samples were collected under nembutal anes-
thesia from the abdominal aorta. Plasma was obtained by cen-
trifugation, and the concentration of accumulated nitrite/nitrate was
measured.

bSee footnote c of Table 2.
c Each value represents the mean�standard deviation (SD) of five
animals.

dDosage.
Table 2. Inhibitory activity of disubstituted 1,3-oxazolidin-2-imine derivatives (5–6)a
Structure
 Compound
 R1
 R2
 Inhibitory activityb
 Selectivity
iNOS IC50 (mM)c
 nNOS IC50 (mM)c
 nNOS/iNOSd
5ae
 Me
 Et
 0.16
 0.85
 5.3

5be
 Et
 Me
 0.12
 0.68
 5.7

5cf
 Et
 Et
 0.13
 1.2
 9.2

5d
 n-Pr
 Me
 0.041
 0.92
 22

5ee
 n-Png
 Me
 0.23
 3.6
 16
(+/�)-cis
 5fe
 n-Pr
 n-Pr
 6.8
 57
 8.4

5g
 Me
 Me
 0.15
 1.6
 11
6a
 Me
 Et
 0.12
 1.7
 14

6be
 Et
 Me
 0.17
 2.3
 14

6c
 Et
 Et
 0.056
 2.5
 45

6d
 n-Pr
 Me
 0.12
 0.57
 4.8
(+/�)-trans

6ee
 n-Png
 Me
 0.50
 0.79
 1.6

6fe
 n-Pr
 n-Pr
 2.5
 73
 29
aAll compounds were analytically pure.
b IC50 values for iNOS and nNOS were determined by testing each compound at eight concentrations.
c iNOS and nNOS activity were evaluated by previously reported procedure.20,21
dSelectivity was defined as the ratio of IC50 value of nNOS to iNOS.
e Salted with fumaric acid.
f Salted with HBr.
g Pentyl.
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Table 3, both 5d and 6c, given orally, strongly inhibited
the increase in plasma nitrite/nitrate levels in mice (5d:
71% at 3 mg/kg, 6c: 75% at 10 mg/kg).
3. Conclusion

The series of 1,3-oxazolidin-2-imine derivatives descri-
bed here represents a new class of iNOS inhibitor. The
SARs of these novel inhibitors revealed that introduc-
tion of small substituents into the 1,3-oxazolidine ring
enhances both the inhibitory activity and selectivity for
iNOS. In addition, oral administration of selected 1,3-
oxazolidin-2-imine derivatives attenuates the rise of
plasma nitrite/nitrate levels induced by LPS in mice.
These findings would aid in the design of more potent
and selective iNOS inhibitors, because 1,3-oxazolidin-2-
imine scaffold is easily synthesized from the corre-
sponding amino alcohols and has diversity to introduce
substituent at any position on its ring as well as to
exchange oxygen atom by other one. Further investiga-
tion of the 1,3-oxazolidin-2-imine derivatives as well as
other relative compounds is now in progress.
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