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a b s t r a c t

In certain neurodegenerative diseases damaging levels of nitric oxide (NO) are produced by neuronal
nitric oxide synthase (nNOS). It, therefore, is important to develop inhibitors selective for nNOS that
do not interfere with other NOS isoforms, especially endothelial NOS (eNOS), which is critical for proper
functioning of the cardiovascular system. While we have been successful in developing potent and iso-
form-selective inhibitors, such as lead compounds 1 and 2, the ease of synthesis and bioavailability have
been problematic. Here we describe a new series of compounds including crystal structures of NOS-inhib-
itor complexes that integrate the advantages of easy synthesis and good biological properties compared
to the lead compounds. These results provide the basis for additional structure–activity relationship
(SAR) studies to guide further improvement of isozyme selective inhibitors.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nitric oxide (NO) is an important second-messenger molecule
that plays many fundamental physiological roles. It is produced
from L-arginine by the nitric oxide synthase (NOS) family of en-
zymes, which includes neuronal NOS (nNOS), endothelial NOS
(eNOS), and inducible NOS (iNOS). However, overproduction of
NO by the nNOS in the brain is closely associated with many neu-
rodegenerative diseases, including chronic pathologies such as Par-
kinson’s,1 Alzheimer’s,2 Huntington’s,3 headaches,4 and neuronal
damage in stroke.5 Therefore, it has become a promising strategy
to inhibit nNOS to block the excess generation of NO for the treat-
ment of neurodegeneration.6–8 A large number of nNOS inhibitors
have been reported9 but none of these inhibitors has entered clin-
ical trials because of low potency or poor isoform selectivity.9 The
isozymes of NOS share �50% sequence homology and show a
highly similar heme active site structure, which is why most inhib-
itors directed at the substrate binding site show limited isoform
selectivity. While we have succeeded in developing highly selec-

tive nNOS inhibitors,10 combining ease of synthesis, bioavailability,
and selectivity remains a challenging task.

We have previously developed two lead compounds (1 and 2)
that exhibit excellent potency against nNOS. Compound 1 provides
an excellent dual-selectivity of nNOS over the other two isoforms
(Ki = 7 nM, e/n = 2667, i/n = 806),11 but, unfortunately, the tedious
synthesis limits its structure/activity optimization to improve bio-
availability. The synthesis of 2 (three synthetic steps) is much eas-
ier than 1 (15 synthetic steps plus a chiral resolution), but its
selectivity needs to be improved considerably.12 On the basis of
the current results, we attempted a new strategy to integrate both
the advantages of easy synthesis and good activity for the next
generation of inhibitors. The new compounds were designed with
short synthetic routes, and their structures are ready for further
optimization.

2. Chemistry

The synthesis of inhibitors 5 began with a condensation reac-
tion to protect 4,6-dimethylpyridine, and the product, compound
3, was deprotonated with n-BuLi then treated with a dibromide
to obtain compound 4. After removal of the protecting groups in
the presence NH2OH–HCl, inhibitors 5a–c were obtained, as de-
scribed in Scheme 1.
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Compound 6 was prepared according to the general method for
amine protection (see details in Supplementary Data). Addition of a
three-fold excess of 1,3-dihydroxybenzene over 6 provided mono-
substituted 7. Compound 9 was prepared according to a literature
report13 as shown in Scheme 2. A standard ether synthesis linked
fragments 7 and 9 together to produce 10 followed by deprotection
of the amine to afford inhibitors 11.

The synthesis of 14 and 15 followed a similar method as that for 11
but using NaH to deprotect 1,3-dihydroxybenzene without a large
excess over 4-(bromomethyl)pyridine (Scheme 3). A second ether
synthesis connected the 4-methyl aminopyridine head to generate
13 followed by deprotection of the amino group to yield 14. Com-
pound 15 followed the same pathway starting from 2,20-biphenol.

In the synthesis of 18 and 19 (Scheme 4), a Mitsunobu reaction
was used to add the N-Boc-piperidinemethyl fragment to dihy-
droxybenzene, and mono-substituted 16 was isolated in a 53%
yield. An ether synthesis connected the 4-methylaminopyridine
to generate 17, followed by deprotection of the amino and Boc
groups to yield 18. Compound 19 followed the same pathway
but started with 2,20-biphenol.

The synthesis of inhibitor 24 started from 3-hydroxyaniline; the
first step was protection of the amino group with Boc (Scheme 5),.
A standard ether synthesis linked the 4-methylpyridine head suc-
cessfully in the presence of K2CO3 in acetone. The Boc group was
removed in 1.5 M HCl methanol after reaction for four hours. The
3-fluorophenethyl aldehyde was prepared from 3-fluorophenetha-
nol via Dess–Martin oxidation. Reductive amination connected 22

and 3-fluorophenethyl aldehyde to provide 23. After deprotection
of the amino group, 24 was isolated in a 92% yield.

The synthesis of inhibitor 27 began with 3-hydroxybenzalde-
hyde, and the 4-methylpyridine head was added in the presence
of 9 and K2CO3 in acetone (Scheme 6). Reductive amination con-
nected 25 and 3-fluorophenethyl amine together to provide 26.
Compound 27 was obtained after deprotection of the amino group
with NH2OH–HCl.

2,6-Di(hydroxymethyl)pyridine was used as the starting mate-
rial for the synthesis of 32 (Scheme 7). It was oxidized to mono
aldehyde 28 with Dess–Martin periodinane (DMP) followed by
reductive amination with 3-fluorophenethyl amine. The resulting
secondary amine (29) was Boc-protected and then treated with 9
in the presence of NaH in DMF to construct 31. Inhibitor 32 was ob-
tained after deprotection of dimethylpyrrole and Boc, respectively,
in a yield of 71% for the two steps.

The synthesis of 36 is illustrated in Scheme 8. First, 5-hydroxy-
3-pyridinecarboxylic acid methyl ester was linked to the 4-methyl-
2-aminopyridine head, and then the methyl ester was reduced to
aldehyde 34 with Dibal-H at �78 �C. Reductive amination success-
fully connected the second head, 3-fluorophenethyl amine. Com-
pound 36 was afforded after removing the protecting group.

3. Results and discussion

All of the inhibitors were assayed against three different iso-
forms of NOS, rat nNOS, bovine eNOS, and murine macrophage
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Scheme 2. Synthesis of 11. Reagents and conditions: (a) K2CO3, acetone, reflux, 71%; (b) (i) n-BuLi, THF, �78 to 0 �C; (ii) TMSCl, 0 �C, 95%; (c) BrF2CCF2Br, CsF, DMF, 91%; (d)
K2CO3, acetone, reflux, 79%; (e) NH2OH–HCl, EtOH/H2O (2/1), 20 h, 100 �C.

b
NN N N(   )n

NH2N N NH2
(   )n

4a: n = 3
4b: n = 4
4c: n = 5

NNNH2N

O

O

+ a

3

c

5a: n = 3
5b: n = 4
5c: n = 5

Br Br
(   )n

n = 3, 4, 5

Scheme 1. Synthesis of 5a–c. Reagents and conditions: (a) p-TsOH, toluene, reflux, 89%; (b) (i) n-BuLi, THF, �78 to 0 �C; (ii) dibromide, 51–55%; (c) NH2OH–HCl, EtOH/H2O (2/
1), 100 �C, 20 h, 79–82%.
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