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Abstract

A series of potent, selective, and highly permeable human neuronal nitric oxide synthase inhibitors
(hnNQS), based on a difluorobenzene ring linked to a 2-aminopyridine scaffold with different
functionalities at the 4-position, is reported. In our efforts to develop novel nNOS inhibitors for
the treatment of neurodegenerative diseases, we discovered 17, which showed excellent potency
toward both rat (K; 15 nM) and human nNOS (K; 19 nM), with 1075-fold selectivity over

human eNOS and 115-fold selectivity over human iNOS. 17 also showed excellent permeability
(P, =13.7 x 1078 cm s71), a low efflux ratio (ER 0.48), along with good metabolic stability

in mouse and human liver microsomes, with half-lives of 29 and > 60 minutes, respectively.

X-ray co-crystal structures of inhibitors bound with three NOS enzymes, namely, rat nNOS,
human nNOS, and human eNOS, revealed detailed structure-activity relationships for the observed
potency, selectivity, and permeability properties of the inhibitors.

"Corresponding Authors: For R.B.S.: phone, +1 (847) 491-5653; fax: +1 (847) 491-7713; Agman@chem.northwestern.edu; For T.L.P.:
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Introduction

Nitric oxide (NO) serves as an essential second messenger in human physiology.1=2 The
role of NO is unique: it regulates numerous essential processes such as neurotransmission,3
smooth muscle relaxation,* vasodilation,® and the immune response.® In mammals, NO is
produced endogenously by nitric oxide synthases (NOSs) via the oxidation of L-arginine
to L-citrulline with the aid of NADPH and oxygen. NOSs exist in three isozymic forms

in humans: neuronal NOS, inducible NOS, and endothelial NOS.” Neuronal NOS (nNOS)
catalyzes the oxidation of L-arginine in the central nervous system (CNS) to produce

NO, a critical neurotransmitter for neuronal communication.8-10 Inducible NOS (iNOS)
produces cytotoxic NO and assists in the immune response to destroy pathogens and
microorganisms.11 Endothelial NOS (eNOS) generates NO to reduce the blood pressure
through the relaxation of smooth muscle.12

NO plays a key role in the mediation of neurodegeneration in numerous diseases of the
nervous system.13-15 Although the production of physiological levels!® of NO by nNOS

is beneficial for neuronal communication, its overproduction has been associated with the
formation of extremely reactive species!’~19 such as peroxynitrite (ONOO™) in the presence
of superoxide. The highly oxidizing nature of the peroxynitrite causes excessive nitration
and/or nitrosylation of proteins leading to their degradation and misfolding, particularly

at high concentrations of NO.20 nNOS has also been shown to be involved in several
chronic neurodegenerative pathologies such as Alzheimer’s disease (AD),2! Parkinson’s
disease (PD),22 Huntington’s disease (HD),23 amyotrophic lateral sclerosis (ALS),24 chronic
headaches,?® and neuronal damage during stroke.28

NOSs are homodimeric enzymes with each NOS monomer containing a C-terminal
reductase and an N-terminal oxygenase domain, separated by a flexible region where
calmodulin binds when activated by calcium ions.2” The reductase domain contains
binding sites for flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and
reduced nicotinamide adenine dinucleotide phosphate (NADPH). The reductase domain is
responsible for transporting electrons to the iron center of the heme during the biosynthesis
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of NO, whereas the oxygenase domain contains binding sites for noncatalytic zinc (Zn2*),
tetrahydrobiopterin (H4B), catalytic heme center, and the substrate, L-arginine.” In the
active site, NOSs catalyze the oxidation of L-arginine to L-citrulline and release NO in

the presence of NADPH and molecular oxygen. The crucial electron cascade reaction is
initiated at the reductase domain by the two-electrons from NADPH, which pass through
FAD and FMN. In the process, the enzyme undergoes a conformational change triggered by
calmodulin binding that allows the electrons to pass from FMN to the iron center of heme in
the oxygenase domain.28

Recent studies have indicated that inhibition of nNOS is promising for prevention and/or
treatment of neuronal damage in animal models.2® However, if nNOS inhibition is not
sufficiently selective, inhibition of eNOS could result in hypertension and cardiovascular
problems,30 and iNOS inhibition could lead to immune defense failure.3! Therefore,
selective inhibition of nNOS over other isoforms is critical for the treatment of neurological
disorders.”32-33 Because of the high similarity in the active site of all three NOS isoforms,
achieving such a highly selective inhibition of one isoform over the others can be quite
challenging. However, it is possible to exploit the subtle difference in and around the active
site to develop highly selective nNOS inhibitors.33 Any potential inhibitor must also be
able to cross the blood-brain barrier for successful delivery into the brain, which is another
common challenge in CNS drug discovery.34-38

There are several factors that can significantly improve blood-brain barrier permeability, as
evidenced by the properties of successful CNS drugs.34-3%:39 These include: low molecular
weight (MW < 500 Da; preferably 350-400 Da); high lipophilicity (preferably ClogP < 5);
low topological polar surface area (TPSA < 76 AZ2; preferably 25-60 A2); the number of
hydrogen bond donors, both OH and NH, (HBD = 5; preferably 3); the number of hydrogen
bond acceptors, both O and N atoms (HBA = 10; preferably 7); a reduced number of
rotatable bonds (RB < 8; preferably 4-5); reduced pKa of basic amino groups (pKa 7.5-10.5;
preferably 8.4); and reduced P-glycoprotein (P-gp) efflux (ER < 2).40

Our laboratory has been devoted to the development of selective nNOS inhibitors that

have excellent potency while retaining high isoform selectivity and blood-brain barrier
(BBB) permeability.2740-44 Several medicinal chemistry approaches have been used to
improve the pharmacokinetic properties of nNOS inhibitors. For example, introducing a
bis-2-aminopyridine pharmacophore (1),4> pharmacophore replacement (2),46 incorporation
of intramolecular hydrogen bonds (3),5° modulating amine basicity (4),48 prodrug
conversion (5),%9 incorporation of a pyridine linker (6),47 exchanging the pyridine linker
with monofluoroaryl (7),%2 disconnecting fluoroaryl linkers (8),%° and exchanging the
pyridine linker with difluoroaryl (9),%* have resulted in considerable improvements in the
pharmacokinetic properties of NOS inhibitors as represented in Figure 1.

Our efforts to achieve NNOS inhibitors with excellent potency and isoform selectivity

have led to a promising class of molecules based on the 2-aminopyridine scaffold. The

first generation of these molecules, such as 2-aminopyridine with a pyridine linker (6),
however, showed little or no permeability in a Caco-2 assay, a model for BBB permeation.>0
Molecules in the second generation, modified by exchanging the pyridine linker with mono-

J Med Chem. Author manuscript; available in PMC 2024 July 27.
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or difluorobenzene rings (7 and 9),42:44 respectively, showed a significant improvement in
permeability while maintaining high inhibitory activity. For example, 7 displayed good
potency and excellent isoform selectivity for human nNOS (Kj (hnnos) = 30 NM; K
(hnNOS)/K; (heNOS) or hn/he = 2799). However, its high efflux ratio (ER = 5.9) in the
Caco-2 permeability assay indicated it was a substrate for P-glycoprotein or other active
transport systems, which is unfavorable for CNS drug development.#244 Compound 8, with
a reduced number of rotatable bonds obtained by disconnecting the fluorobenzene linker,
showed good potency for rat (Kj = 46 nM) and human nNOS (K; = 48 nM) with high
membrane permeability (P, = 17.3 x 1076 cm s71); but unfortunately, it had only moderate
isoform selectivity (hn/he = 388; K; (hnNOS)/K; (hiNOS) or hn/hi = 135).40 Compound 9,
with a difluorobenzene ring and an azetidine tail, demonstrated good inhibition for human
nNOS (K; = 23 nM) as well as its isoform selectivity (hn/he = 956; hn/hi = 77) and
excellent brain permeability in the PAMPA-BBB assay (£, = 16.3 x 1078 cm s71) as well

as Caco-2 (Pypp = 17.0 x 1075 cm s71) permeability assays. It also exhibited a low efflux
ratio (ER = 0.8) in a Caco-2 bidirectional permeability assay, a desirable property for further
development.44

In this work, using 9 as the lead compound, we investigated the effect of different steric and
electronic changes at the 2-aminopyridine head of potential nNOS inhibitors by substituting
various functionalities ranging from electron-withdrawing to electron-donating groups. We
present our optimization of a series of potent, selective, and highly permeable human nNOS
inhibitors based on 9, having different substituents at the 4-position. The syntheses are much
simpler compared to previous analogues that required protection and deprotection of the
2-aminopyridine head. The aim was to further improve cell-membrane permeability, reduce
P-glycoprotein and BCRP substrate liability, and maintain potency and isoform selectivity.

In earlier reports, we demonstrated that the 2-aminopyridine scaffold was crucial for
establishing interactions of those nNOS inhibitors with Glu-592 and Glu-597 at the active
sites of both rat nANOS and human nNOS,40-42:44.50 respectively, and that the installation
of a lipophilic methyl group at the 4-position of the 2-aminopyridine improved potency
and isoform selectivity.> Based on recent X-ray crystallographic analyses and the above
experimental observations, we designed several structural modifications to lead 9, focusing
on exploring the effect of different steric and electronic modifications at the pyridine head,
as well as exploring the structural diversity of the tail amino functionality and testing

the effects of changing rigidity in the linker region between the 2-aminopyridine and
difluorobenzene rings (Figure 2).

Different approaches that include modification of the rigidity, reduction in the number of
rotatable bonds by truncation, bioisosteric replacement,52-54 enhancement of lipophilicity,
and modulation of the pKa of the amine nitrogen at the pyridine head, have been conducted
to investigate their effects on the biological activity. To increase the rigidity within the
molecule, reduce the pKa of the pyridine ring, and reduce the rotatable bonds, unsaturation
(10-14) was installed between the 2-aminopyridine head and the difluorobenzene linker;
the number of rotatable bonds also was reduced by shortening the tail amine chain length
(10, 13, 15). Conversion of unsaturated bonds to saturated bonds enhanced flexibility
(15-18) as well as pyridine basicity. Bioisosteric replacements of the 4-methyl group on
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the 2-aminopyridine ring with 4-chloro (12), 4-methoxyl (18), 4-difluoromethyl (23), and
4-trifluoromethyl (24) and of the ring 3-C-H with N (19) were carried out with the aim

of maintaining potency while optimizing additional properties, such as metabolic stability,
cell-membrane permeability, solubility, and possibly toxicity.>2 To improve permeability,
enhancement of lipophilicity was achieved by modifying the aliphatic groups at the tail
amino group (20-22). Finally, modulation of amine basicity of the 2-aminopyridine, as well
as maximization of the lipophilicity to improve permeability further within the molecule,
was accomplished by substitution of the 4-methyl group with 4-CF,H and 4-CF3 groups (23
and 24).

Results and Discussion

Chemical Synthesis of the nNOS Inhibitors

The general synthetic route to inhibitors 10-11, 13-15, 17, and 20-22 is outlined in Scheme
1. The linker difluorobenzene with different amine tail chains (29-31, 35, and 42) was
accessed from commercially available carboxylic acid 25 through the formation of benzyl
alcohol 26 by reduction with BH3. Compound 27 can be prepared by the Appel reaction

of 26 in excellent yield. Cyanation of the corresponding benzyl bromide (27) and reduction
with BH3 gave the desired one-carbon extension of the chain and amine installation (29).
The reductive amination of 29 with paraformaldehyde or acetaldehyde provided 30 and 31,
respectively, in excellent yields. Compound 35 was prepared from benzyl alcohol (26) by
Swern oxidation and followed by Wittig reaction, giving the enol-ether (33), which was then
cleaved to the aldehyde (34) upon treatment with TMSCI and K1.%5 The reductive amination
of aldehyde 34 with A-methylpiperazine gave 35 in good yield. Compound 42 was prepared
by the Sn2 substitution of benzyl bromide 27 with dimethylamine in an ethereal solution.
After preparing the linkers (29-31, 35, and 42), we focused on the synthesis of alkyne
precursor 38, starting from commercially available 2-amino-4-methyl-6-bromopyridine (36),
which was allowed to react with trimethylsilylacetylene by a Sonogashira cross-coupling
reaction.*? Base-mediated TMS-deprotection (37) to alkyne precursor 38 went smoothly

at room temperature. The crucial Sonogashira cross-coupling reaction between alkyne 38
and bromoaryls 29-31, 35, and 42 installed the internal alkyne into 10, 11, and 39-41
successfully, which were converted to the flexible alkane products (15, 17, and 20-22) by
hydrogenation with Hy, Pd/C as well as to the less flexible alkene products (13-14) by
LiAlH,4 reduction.5®

The synthetic route to 12 and 16 is outlined in Scheme 2. The Sonogashira cross-coupling
reaction between 2-amino-4,6-dichloropyridine (43) and trimethylsilylacetylene was carried
out at 120 °C under an inert atmosphere to obtain the corresponding coupled product (44)

in a 79% yield. The desilylation with basic conditions gave the alkyne precursor (45) in

98% vyield. The Sonogashira cross-coupling reaction between 45 and 30 furnished 12 in 65%
yield. Our initial goal was to make the 4-chloro substitution at the 2-aminopyridine head
under hydrogenation conditions (H,, Pd/C, CH30H) at room temperature. However, this
provided only the dechlorinated product (16) with the formation of only a trace amount of
desired product.

J Med Chem. Author manuscript; available in PMC 2024 July 27.
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The synthesis of 18 is outlined in Scheme 3, starting with 2,6-dichloro-4-hydroxy pyridine
(46). C-Alkylation was achieved by a combination of excess K,CO3z and (CH3)2SO4
followed by SyAr benzylation, which led to 48 in a moderate yield. The Sonogashira
reaction and desilylation gave alkyne precursor 50 in excellent yield. Compound 50 was
then converted to an internal alkyne (51) by reaction with 30 under Sonogashira reaction
conditions, which was further reduced to 52 with Pd/C and Hy. The debenzylation of 52 was
achieved under strongly acidic conditions to provide 18.57

The general synthetic route to 19 is outlined in Scheme 4. In brief, the alkyne precursor (54)
was accessed from 30 with trimethylsilylacetylene under palladium catalysis and subsequent
desilylation conditions. lodo species 56 is prepared from commercially available 2-amino-4-
chloro-6-methylpyrimidine (55) with iodotrimethylsilane under refluxing conditions.8 54
was coupled with the iodo species (56) under Sonogashira reaction conditions at 25 °C to
give the internal alkyne (57) in 75% yield. Finally, 57 was converted to the final product (19)
by hydrogenation with Pd/C at room temperature.

The synthetic approaches to compounds 23 and 24 are outlined in Schemes 5 and 6,
respectively. Alkyne precursor 61 was prepared in an excellent yield from commercially
available 2,6-dichloro-4-(difluoromethyl)pyridine (58) through SyAr benzylation and
Sonogashira coupling,4? followed by base mediated desilylation. The Sonogashira cross-
coupling of 61 with 30 provided the internal alkyne (62) in 68% yield, which was further
reduced to 63 by hydrogenation. The cleavage of the 4-methoxybenzyl protection group®?
was achieved by treating 63 with TFA at 80 °C, which gave 23 in 85% yield. Compound
24 was prepared in a similar manner to that described for 23 with slight modifications,
including: (i) microwave assisted Sonogashira cross-coupling reactions®® (65 to 66, 67

to 68), and (ii) cleavage of the 4-methoxybenzyl protection (68 to 69) before the final
hydrogenation (69 to 24) reaction. The order of hydrogenation and amine deprotection in
Scheme 5 was reversed in Scheme 6 because the Sonogashira cross coupling in the latter
scheme led to some deprotection of the amine; consequently, the amine was deprotected first
to avoid having to separate protected (68) and unprotected (69) prior to hydrogenation.

Biochemical Activity of the nNOS Inhibitors

All nNOS inhibitors (10-24) were converted to the HCI salt form prior to assay. The potency
and selectivity of new NOS inhibitors were determined using the NO hemoglobin (Hb)
capture assay®! using L-arginine (NO donor) and NOS inhibitor (inhibitor of NO formation)
as positive and negative controls, respectively,”! and the results are summarized in Table 1.

All compounds were assayed with purified rat nNOS to test their inhibitory activity (Kj).
The most promising inhibitors were selected for further assays using human nNOS, human
iNOS, and human eNOS for evaluation of potency as well as isoform selectivity. Selected
inhibitors were chosen for evaluation using additional assays, including the PAMPA-BBB
assay to assess cell-membrane permeability, the Caco-2 bidirectional assay to gauge P-gp
and BCRP substrate liability, and microsomal stability assays to evaluate metabolic stability.
The ratio, hnNOS/rnNOS (hn/rn), is defined as the ratio of the K; values of the inhibitors for
human and rat nNOS. The hn/rn ratio is important for evaluating the potential translation of

J Med Chem. Author manuscript; available in PMC 2024 July 27.
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these inhibitors from preclinical to clinical studies. Isoform selectivity for human nNOS over
human iNOS (hn/hi) and eNOS (hn/he) was obtained by comparing the K; values of human
nNNOS with human iNOS and human eNOS, respectively.

Initial screening of the new compounds was carried out using rnNOS to test their inhibitory
activities. Structure—activity relationship (SAR) studies of compounds 10-14 revealed that
the unsaturated bond between the 2-aminopyridine head and the difluorobenzene linker,
which enhances the rigidity within the molecule considerably, decreased their inhibitory
activities. For example, the shorter amine tail with alkyne compound 10 (Kj ranos =

392 nM) underperformed in terms of potency as compared to its extended version (11,

Ki mnos = 293 nM). About 2- to 3-fold improved inhibitory activity was observed for alkene
derivatives (13, 14) regardless of the chain length of their amine tails.

Bioisosteric replacement is a powerful tool for modulating drug-like properties, toxicity,
and chemical space of experimental therapeutics.>* The chlorine atom is considered to be
isosteric and isolipophilic with a methyl group and is very often selected as a bioisosteric
replacement to increase metabolic stability.>2-53.62 The bioisosteric replacement of the
4-methyl group (11) with a 4-chloro group might improve its bioavailability; however, it
decreased the potency (12, Kj mnos = 1995 nM). In fact, all the compounds with the
unsaturated linker between the two aromatic rings (10-14) exhibited rather poor potency.

Next, we focused our attention on the synthesis of highly flexible alkanes such as

15-24 by hydrogenating the appropriate alkynes and testing their inhibitory activities. As
anticipated, the flexible alkane (15, Kj rnNOS = 91 nM) showed better performance over

its rigid counterparts (10 or 13), encouraging further lead optimization. Interestingly, chain
elongation of 15, i.e., the lengthening of the amine tail by one carbon while retaining

a 4-methyl substituent at the 2-aminopyridine ring (17), showed excellent potency for

rat (Kj = 15 nM) and human nNOS (K = 19 nM), with 1075-fold human eNOS and
115-fold human iNOS selectivity (indicated in bold in Table 1). This result suggests that a
lipophilic alkyl group, such as the 4-methyl group, is the best substituent for this position,
likely because of its favorable hydrophabic interactions with the side chains of Phe584

and Val567 and the backbone of Ser585 in rnNOS within a pocket of limited size.?!

The lack of this 4-methyl group in 16 as compared to 17, resulted in a dramatic drop in
potency, presumably because of a loss in favorable hydrophobic interactions with the nearby
lipophilic residues. Incorporation of perfluorinated alkyl fragments such as 4-CF,H (23) and
4-CF3 (24) typically increases the lipophilicity (log A®3 within the molecule; however, due
to the electron-withdrawing nature of these groups, it also considerably reduces potency
most likely due to the basicity of the 2-aminopyridine head, thereby weakening the crucial
H-bonding interactions with Glu592, even though they are the best lipophilic substituents
other than the 4-methyl group.

Pharmacophore replacement of the 2-aminopyridine group with 2-aminopyrimidine (19,

K mnos = 6577 nM) was achieved by bioisosteric replacement of the ring ‘C-H’ atoms
with a ring ‘N’ atom at the C3 position of the 2-aminopyridine scaffold of lead 9.54-65 Such
an apparently subtle change to a 2-aminopyrimidine in 19 as compared to 2-aminopyridine
in 17 resulted in a 438-fold loss in potency. We expected that exchanging the 4-methyl

J Med Chem. Author manuscript; available in PMC 2024 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vasu et al.

Page 8

group with a strong electron-donating substituent, such as a 4-methoxyl group (18), might
increase the basicity of the 2-aminopyridine head, thereby enhancing potency. But the results
revealed that it decreased potency by 5-fold as compared to 17. We also observed that the
electron-withdrawing fluorinated alkyl species (23, 24) were not as potent as the 4-methyl
derivative (17) in this study.

Finally, we focused on functionalizing the amine tail by increasing lipophilic aliphatic
groups (17 and 20-22) while retaining the 4-methyl substituent at the 2-aminopyridine

head to improve its isoform selectivity and permeability and hopefully maintaining its
potency. We found that the steric bulk on the amine tail plays a crucial role in determining
isoform selectivity. As discussed earlier, 17, with an A, A~dimethylamino tail group, exhibits
excellent potency and selectivity, whereas the primary amine derivative 20 showed weaker
potency and poor iNOS selectivity. The highly bulky N, A-diethyl amine tail derivative (21)
showed good potency and isoform selectivity but less than that observed with 17. Compound
22, with an A-methylpiperazine tail, had lower potency with both rat and human nNOS and
showed improved potency with heNOS, leading to poorer hn/he selectivity.

Assessment of Permeability of the nNOS Inhibitors

A set of highly active inhibitors (10-12 and 16-24) was selected and tested for their potential
BBB permeability using the PAMPA-BBB assay (Table 2). Primary amine 20 performed
well in the PAMPA-BBB assay, displaying good permeability (7 = 12.6 x 108 cm s™1).
Compound 10 showed the highest permeability (P = 26.8 x 1078 cm s71) in this series,
likely due to the presence of both a rigid alkyne as well as lipophilic alkyl substituents in the
amine functionality. Compound 21, with an A, A~diethyl amine tail, showed the next highest
permeability (P, = 17.6 x 1075 cm s71) because of the presence of its highly lipophilic

alkyl substituents. Similarly, the lipophilic tertiary amine 17 (P, = 13.7 x 1078 cm s™1) also
displayed higher effective permeability over its primary amine variant (20). Compound 11
with a rigid alkyne and lipophilic tertiary amino functionality exhibited higher permeability
over its alkane version (17). The absence of a methyl group at the 4-position on the
2-aminopyridine head (16) slightly reduced the A, value by two orders of magnitude as
compared to 17 but was comparable to 12. A piperazine tail (22), containing two tertiary
amines in the skeleton, decreased permeability by three orders of magnitude over parent

17. We also found that exchanging hydrogen atoms with fluorine atoms in the 4-methyl
substituent of the 2-aminopyridine head (23, 24) considerably increased the permeability of
the NOS inhibitors (23, 2. = 16.0 x 1078 cm s71; 24, A, = 17.3 x 1076 cm s71). Notably,
pyrimidine 19 (P, = 11.7 x 1075 cm s71), showed decreased permeability relative to 17. On
the other hand, the 4-methoxyl variant, 18, exhibited moderate permeability in this series,
likely due to increased polarity.

Based on the PAMPA-BBB results, the magnitude of permeability of 4-pyridyl substituents
is in the following order: (4-CF3 (24) > 4-CF,H (23) > 4-CH3 (17) > 4-H (16) ~ 4-Cl (12) >
4-OCHzs (18). Notably, the hydrophobic interactions of the 4-CF3 (24) substituent enhances
compound permeability by ~4 units relative to its parent 4-CHg substituent (17) in this assay.

J Med Chem. Author manuscript; available in PMC 2024 July 27.
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Assessment of the Efflux Transporter Liability of the nNOS Inhibitors

Because of its high inhibitory activity and excellent PAMPA-BBB assay permeability
(Tables 1 and 2), 17 was selected for further studies to test its potential BBB permeability
compared to older molecules 7 and 9 using the Caco-2 bidirectional permeability assay
(Table 3). The blood-brain barrier is located at the interface of the blood vessels and

brain tissues and is formed by brain capillary endothelial cells creating a tight junction

to protect the brain from circulating xenobiotic molecules. P-glycoprotein (P-gp) and
breast-cancer-resistant protein (BCRP) are two important ATP-driven efflux transporters
responsible for removing xenobiotic molecules, including drugs, from the brain and are
highly expressed in the region of the blood-brain barrier.67-68 P-gp has a larger substrate
specificity and therefore has higher significance over BCRP in CNS drug discovery.38 The
substrate liability of a compound for these transporters can be evaluated based on the efflux
ratio (ER) obtained from a Caco-2 bidirectional permeability assay.5% This assay measures
the capacity of compounds to cross a monolayer of colon cells with expressed P-gp and
BCRP from two directions, either from apical to basal (A — B) or from basal to apical (B
— A) direction.42:44:46.70 The efflux ratio is calculated based on the ratio of the apparent
permeability (Ppp) of B — A over A — B. Compounds with an efflux ratio > 3 are
considered to be substrates of P-gp and BCRP, leading to limited retention in the brain.3°
Compound 7 has a high efflux ratio (ER = 5.9) and is, therefore, a strong substrate for P-gp
and hence not considered a good candidate as a CNS drug. Compound 17, however, has a
significantly low P-gp and BCRP substrate liability as indicated by its low efflux ratio (ER =
0.48), lower than lead 9 (ER = 0.8) and the highly CNS permeable control, metoprolol (ER
= 0.55). Taken together, these results indicate that 17 is a good candidate for a CNS drug
discovery program.

Metabolic Stability of the nNOS inhibitors

Enhancing the lipophilicity of nNOS inhibitors to improve their permeability may cause a
negative effect on their metabolic stability. Therefore, we further investigated the metabolic
stability of lead compound 9 and 17 in mouse (MLM) and human liver microsomes
(HLM). Terfenadine and imipramine were used as positive controls for HLM and MLM,
respectively. The results indicated that both 9 and 17 have moderate stability in MLM with
their half-life (t/») of 16 and 29 minutes, respectively. Our newly designed compound 17
is approximately 2-fold more stable than the previous lead 9. In HLM, in contrast, both
compounds displayed very good stability with their half-life more than 60 minutes.

Exploration of Structure-Activity Relationships of the nNOS Inhibitors using Crystal
Structures of Bound Compounds

Effects of rigidifying lead compound 9 (12)—To further evaluate the SAR of the
nNOS inhibitors, we generated crystal structures of selected compounds bound to the heme
domain of rnNOS, hnNOS, and heNOS, which contain the enzyme active site. First, we
examined the effects of rigidifying the linker between 2-aminopyridine and difluorobenzene
that had led to improved membrane permeability (Table 2). However, the poor inhibitory
potency of 10-14 with rnNOS prevented us from pursuing structural analysis of these
compounds, except for 12.
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Due to poor potency (Table 1) we were unable to obtain much detail from the crystal
structure of the rnNOS-12 complex. Density around 12 is only available for the 2-
aminopyridine and the rigid linker, with the remainder of inhibitor being disordered.
Although the density quality prevented a full refinement, some features in the initially
calculated density are worth discussing. We were curious about whether 4-Cl substitution
on the 2-aminopyridine in 12 could be accommaodated in the NOS active site. As shown in
Figure S1, the bulky 4-Cl does fit in the active site of rnNOS, establishing a weak H-bond
with the backbone amide N atom of Gly586. The two N atoms of the 2-aminopyridine in 12
can also H-bond with Glu592 as seen with other 2-aminopyridine based inhibitors.4%:42 The
main difficulty for 12 in binding to rnNOS is that the rigid linker places the difluorobenzene
in an awkward position where it may easily clash with the heme propionates. The crystal
structure indicates that the orientation of the difluorobenzene is highly uncertain (Figure S1).
In contrast, for compounds with a flexible linker, as in 17, steric clashes can be avoided (see
below). Compounds 10, 11 and 13, 14 might have similar issues as we see with 12 in terms
of the clashes. Indeed, in our previous work on a series of 2-aminopyridine compounds
shortened by removing the difluorobenzene linker entirely, such as 8 in Figure 1, inhibitors
with a rigidified chain caused poor potency compared to their counterpart with a flexible
chain.#0 This dilemma is repeated here, with the reduction of rotatable bonds intended to
improve membrane permeability causing poor inhibitory potency.

Effects of enhancing the flexibility of nNOS inhibitors (16-18)—Next, we
examined the effects of changing rigid alkynes to flexible alkanes as the linker between
the 2-aminopyridine and the difluorobenzene moieties in 16-18, with variations at the
4-position of the 2-aminopyridine. Compounds 16 and 17 resemble each other except for
the 4-substituent on the 2-aminopyridine. The binding modes of 16 and 17 to either the
rnNOS or the hnNOS active site are similar. Briefly, 16 and 17 adopt a bent-back mode

in rnNOS with the 2-aminopyridine anchoring to Glu592 in rnNOS or Glu597 in hnNOS
(Figures 3A and 3B, respectively), and the difluorobenzene bending back toward the heme
plane forcing propionate D into a downward conformation. The tail amine approaches a
water molecule sitting between the H4B and propionate A.

In contrast, 16 and 17 show an upward binding mode in hnNOS, with the difluorobenzene
close to Tyr567 for an H-bond (Figures 4A and 4B). This upward difluorobenzene position
forces the GIn483 side chain to an alternate rotamer conformation. Binding of 16 to hnNOS
also exhibits an alternative bent-back conformation in one of the two subunits observed in
the hnNOS-16 structure (Figure 4A, light-pink inhibitor backbone). The tail amine in the
upward binding mode also approaches the water in between H4B and propionate A. These
totally different binding preferences, bent-back for rnNOS and upward for hnNOS, were
also observed in our previous studies.*2

Interestingly, the potency values with rnNOS and hnNOS for 16 and 17 are starkly different,
with 16 being a rather poor inhibitor of rnNOS and hnNOS and 17 having excellent potency
against these two enzymes. The similar binding modes of 16 and 17 to rnNOS and hnNOS
implies that the sole reason for 16 being a poor inhibitor is its lack of the 4-methyl

group on 2-aminopyridine. The anchoring force of the 2-aminopyridine is derived from
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its bifurcated H-bonds with the active site Glu residue (Glu592 in rnNOS and Glu597 in
hnNOS). Although missing a 4-methyl group does not alter hydrogen bonding to the active
site Glu in nNOS, lack of the hydrophobic interactions with Val567 and Phe584 (rnNOS)
or Val572 and Phe589 (hnNOS) that the 4-methyl group establishes in the small nonpolar
pocket enclosing the active site apparently does cause significant loss in binding affinity.

The binding of 16 and 17 to heNOS shows important differences as compared to their
binding to rnNOS and hnNOS. While the 2-aminopyridine position was well resolved in
density maps for 16 and 17, disordering was observed for the remainder of both inhibitors.
Figure 5 displays some choppy density in the region outside of the 2-aminopyridine. The
difluorobenzene of 16 is like a roof covering both propionates with its F atoms pointing
sideways to Met399 (Figure 5A). In sharp contrast, the same ring in 17 locates almost
vertically between two propionates with the F atoms pointing up toward GIn247 for an
H-bond (Figure 5B). Although the electron density is weak, the difluorobenzene of 17 in
heNOS adopts the less favorable “vertical” position and not the favorable upward position
observed in hnNOS. The two different orientations of the difluorobenzene for 16 and 17 in
heNOS position the tail amine to entirely different locations in the two structures (Figures
5A and 5B). Based on the 2.5-fold better Kj value of 17 over 16 (Table 1) with heNOS,
the difluorobenzene vertical orientation (relative to the heme plane) in 17 might be more
favorable than the horizontal one in 16. The missing 4-methyl group in 16 could also
account for some of the loss in binding affinity with heNOS.

To summarize, 17, the best inhibitor in this series in terms of potency, isoform selectivity,
and membrane permeability, displays two different binding modes in rnNOS and hnNOS.
Nevertheless, the potency of 17 is similar for rnNOS and hnNOS because each of the modes,
bent-back (Figure 3B) or upward (Figure 4B), has its own set of favorable enzyme-inhibitor
interactions resulting in good binding affinity for both. Many of these binding interactions
are absent in the heNOS-17 structure (Figure 5B), especially the favorable position for the
difluorobenzene, either the bent-back mode in rnNOS or the upward mode in hnNOS, which
are replaced instead with a presumably less favorable positioning of the difluorobenzene and
tail amine groups.

Introduction of a 4-methoxyl group in 18 was carried out to adjust the basicity of

the 2-aminopyridine, but it also caused large structural changes in the enzyme-inhibitor
interactions (Figure 6). The 4-methoxyl group is accommodated in the rnNOS active site,
with the methoxyl oxygen atom making an H-bond with the backbone amide nitrogen atom
of Gly586 (Figure 6A). The two H-bonds from the 2-aminopyridine to Glu592 are unaltered.
The difluorobenzene of 18 adopts an unusual upward binding mode in this rnNOS-18
structure (Figure 6A). This upward mode is like that seen more frequently for inhibitors

in hnNOS structures but with some subtle differences. The hnNOS-18 structure shown in
Figure 6B is the typical upward binding mode in hnNOS, where one of the F atoms of the
difluorobenzene H-bonds with Tyr567. In contrast, it is Tyr588 in rnNOS that donates an
H-bond to the F atom of difluorobenzene. In hnNOS, the residue equivalent to Tyr588 of
rmNOS is Tyr593, while Tyr562 of rnNOS corresponds to Tyr567 in hnNOS (compare panel
A and B in Figure 6). Although the H-bonding partner is a different Tyr residue in the two
nNOS structures, the similar K; values for 18 in rnNOS and hnNOS are supported by the
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two structures. The binding mode of 18 in heNOS is like that observed for 16 (Figure 5A).
That is, the ethylene linker from the 2-aminopyridine brings the difluorobenzene upward
covering both propionates, with its two F atoms facing toward Met339 (Figure 6C). The
tail amine of 18 directly interacts with propionate A in heNOS, which is rarely observed

in NOS-inhibitor structures. Taken together, these structures support the idea that bearing a
4-methyl group on the 2-aminopyridine affords 18 good inhibitor potency for nNOSs.

Effects of isosteric replacement in nNOS inhibitor 19—Although the change from
a 2-aminopyridine in 17 to a 2-aminopyrimidine in 19 is subtle, it results in a large
difference in inhibitor potency (Table 1). The sharp drop in potency between 17 and 19

can be understood by the structural changes in the binding mode with all three NOS species
(Figure 7). In rnNOS, 19 shows a binding mode like 17 with its difluorobenzene bent-back
toward the heme plane (Figure 7A). However, relative to the heme plane in the anchoring
group, the 2-aminopyridine in 17 or the 2-aminopyrimidine in 19 shows a different dihedral
angle, with the ethyl linker leading to the difluorobenzene ring in each inhibitor adopting a
quite different twist to bring the difluorobenzene to the similar bent-back position close to
Met570 in rnNOS. Although the H-bonds with Glu592 are maintained in both 17 and 19,
the 2-aminopyridine ring of 17 and the carboxylate group of Glu592 are almost co-planar
(Figure 3B), while the 2-aminopyrimidine ring of 19 is at an angle relative to the carboxylate
plane of Glu592 (Figure 7A). The co-planar H-bonds in 17 better optimize the H-bonding
strength, potentially explaining the superior potency of 17.

The underlying reason for the observed difference in the H-bonding geometry is the
differences in basicity between the 2-aminopyridine and 2-aminopyrimidine, which was thus
effectively explored by this design.

The binding mode variations between 17 and 19 were observed in hnNOS as well. The
geometrical alignment between 2-aminopyridine of 17 and Glu597 (Figure 4B) is again
more favorable than that between the 2-aminopyrimidine of 19 and Glu597 (Figure 7B). The
difluorobenzene ring curls upward into a pocket and H-bonds with Tyr593. This is a rarely
seen orientation for nNOS inhibitors, different from the more commonly observed upward
position seen for 17, where it H-bonds with Tyr567 instead (Figure 4B). The two aromatic
rings of 19 in this binding mode are twisted closely against each other, which likely results
in high internal energy strain.

Compound 19 binds to heNOS (Figure 7C) in a mode like that seen in the heNOS-18
structure (Figure 6C). Again, the difluorobenzene covers both propionates, which enables
the amine tail to be positioned out toward propionate A. Overall, the conformation of 19
in heNOS looks more relaxed compared to the more strained conformation seen in hnNOS
(Figure 7B).

Effects of enhancing the lipophilicity of nNOS inhibitors by tail amine
modification (20-22)—The potencies of 20-22, which contain variations at the tail amine,
toward rnNOS and hnNOS are comparable (Table 1). Compound 20 is the simplest among
the three, having a secondary amine tail. 20 binds to rnNOS in an unusual upward mode
(Figure 8A), but it is identical to the upward mode in hnNOS-20 (Figure 8B). As noted
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above, the upward mode in rnNOS-18 (Figure 6A) had some subtle differences from the
“normal” upward mode seen in hnNOS. In both the rnNOS-20 and hnNOS-20 case, the
tail amine can reach the water molecule in between the H4B and propionate A to make an
H-bond (Figures 8A and 8B).

When the tail amino group is a tertiary diethylamine as in 21, it turns to the normally
observed bent-back mode in binding to rnNOS (Figure 9A) but is still in an upward

binding mode in hnNOS (Figure 9B). The bulky tertiary amine of 21 cannot reach the water
molecule between HyB and propionate A for an H-bond in rnNOS (Figure 9A). However, in
hnNOS the tertiary amine of 21 does form an H-bond with the water molecule (Figure 9B).
Another unusual feature in the binding mode of 21 in hnNOS is that the difluorobenzene
position, aided with a different twist of the ethylene linker, has moved slightly away from
Tyr567. The H-bond between the F atom of 21 and Tyr567 becomes weaker. The reason for
this new twist is not totally clear, but the nonbonded contacts between the tail diethylamine
of 21 and Met341 and Trp683 might play a role (Figure 9B).

Compound 20 binds to heNOS in a unique way while the difluorobenzene covers the top of
both propionates. The tail amino group protrudes directly in between H4B and propionate
A, where the water molecule normally sits (Figure 8C). Surprisingly, the ability to H-bond
with both H4B and heme did not translate to a tighter binding affinity of heNOS for 20
(Table 1). A bent-back binding mode was observed for 21 in heNOS (Figure 9C), which

is unusual for NOS inhibitor binding to heNOS but is the normal mode for binding to
rnNOS. The tail diethylamino group of 21 is attracted to Phe105 in heNOS by hydrophobic
interactions rather than approaching the pterin water site. The bulky Phe105 in heNOS
apparently imposes a higher influence on the tail amine position than Leu337 in rnNOS.

The third compound in this section, 22, has a piperazine ring as the tail group. The electron
density in the rnNOS-22 complex was ambiguous. It was difficult to judge whether 22
bound in a bent-back or an upward mode. Nevertheless, in the hnNOS-22 structure, 22 was
observed in its regular upward conformation (Figure 10A), as expected. While one of the

F atoms from the difluorobenzene H-bonds with Tyr567, the tail piperazine cannot orient
its two ring N atoms to form a H-bond with the pterin site water molecule (Figure 10A).

In heNOS, 22 was observed in a bent-back conformation (Figure 10B) like that seen with
heNOS-21 (Figure 9C). The piperazine ring can reach out to Phe105 for nonbonded contacts
(Figure 10B). These types of nonpolar contacts might be a key factor in promoting the
bent-back mode in both heNOS-21 and heNOS-22, making it one of the possible inhibitor
binding modes. In contrast, the piperazine in hnNOS-22 contacts Met341 (Figure 10A)
because the His342 in hnNOS, equivalent to Phe106 in heNOS, is too short to approach the
tail piperazine of 22.

Effects of changing the basicity of 2-aminopyridine of nNOS inhibitors

(23, 24)—Compounds 23 and 24 were designed to have an altered basicity of the 2-
aminopyridine by introducing fluorine atoms at the 4-position of the pyridine ring. In the
rnNOS-23 structure, 23 was found in the normal bent-back conformation (Figure 11A). The
difluorobenzene is well accommodated in the active site. The difluoromethyl group of the
2-aminopyridine has one of its F-atoms H-bonding with the backbone amide N atom of
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Gly586. The tail tertiary amine approaches the pterin site water but is too far for an H-bond.
The binding of 23 to hnNOS is a bit unclear as indicated by the poor density around the
difluorobenzene in the upward mode (Figure 11B). One of the F atoms of difluoromethyl
group accepts an H-bond from the amide N atom of Gly591, and the tail amino group
reaches to the pterin site water. Even though the binding mode of 23 appears to be normal
in both structures of rnNOS and hnNOS, the potency of 23 is 22-fold- and 14-fold lower,
respectively, toward the two nNOSs than 17. The reason for the poor potency of 23 may

not be mainly structural in nature, even though the bulky difluoromethyl group does disturb
the normal positions of both 2-aminopyridine and difluorobenzene rings (as compared to
when the 4-position is merely a methyl group as in 17) as indicated by the choppy density
observed in the hnNOS-23 structures (Figure 11B). More likely, the lower basicity of the
2-aminopyridine of 23 weakens the H-bonding strength with Glu592 compared to 17 (Table
1).

The binding mode of 23 observed in heNOS (Figure 11C) is almost identical to that seen

for many others in the series. That is, the ethylene linker from the 2-aminopyridine brings
the difluorobenzene upward covering both propionates and with the tail amine displacing
the pterin site water molecule, even though an H-bond may or may not form between

the amine and propionate A. The same binding pattern was observed for 18, 19, 20, and

23 bound to heNOS, displayed in Figures 6C, 7C, 8C, and 11C, respectively. In contrast,

the other conformation, the bent-back mode seen in heNOS-21 and heNOS-22 (Figure 9C
and 10B, respectively), is seen when the inhibitor has a long nonpolar moiety in the tail
amine that can reach Phe105. Unfortunately, protein inhibitor interactions alone cannot fully
explain the poor potency of the new NOS inhibitors for heNOS as reported in Table 1. Other
factors, such as non-active site regions of the heNOS enzyme, including the dimer interface
involving cofactor H4B binding and the electron transfer reactions from the reductase to the
oxygenase domain, all play important roles in the enzymatic activity of heNOS that could be
modulated by inhibitor binding.

The bulky 4-trifluoromethyl group in 24 posed a serious challenge to obtaining structural
data for 24. So far, no good quality inhibitor density was observed with either the hnNOS-24
data at 2.05 A resolution or the heNOS-24 data at 2.20 A (unpublished observation). In both
cases, the data provided good electron density for the protein structures but the interpretable
density for 24 was limited to the 4-trifluoromethyl-2-aminopyridine moiety (see Figure S2
for details). The much poorer potencies of 24 across all NOS species in this study indicate
that the poor potency of 24 is due not only to the poor H-bonding strength from the
4-trifluoromethyl-2-aminopyridine to the active site Glu residue, as seen for 23, but also the
bulkiness of the 4-trifluoromethyl group resulting in steric clashes that prevent an optimal fit
of the tail portion of 24 into the active site.

Conclusions

We have developed a series of potent, selective, and highly permeable hnNOS

inhibitors based on a 2,3-difluorobenzene linked 2-aminopyridine scaffold with different
functionalities at the 4-position as well as alterations at the amino tail group. We identified
a novel nNOS inhibitor, 17, in this series, that showed excellent potency for rat (Kj = 15
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nM) and human nNOS (K; = 19 nM), with a selectivity of 1075-fold over human eNOS and
115-fold over human iNOS. In addition, 17 displayed excellent cell-membrane permeability
(P, = 13.7 x 1078 cm s71) along with significantly low P-gp and BCRP substrate liability as
indicated by its low efflux ratio (ER = 0.48) in the Caco-2 bidirectional assay. Finally, it has
good metabolic stability in both mouse (MLM) and human liver microsomes (HLM), with
a half-life of 29 min and > 60 min, respectively. Our results suggest that a slight change in
substitution at the 4-position of the 2-aminopyridine scaffold considerably alters K; values
and other properties of the inhibitors with the three NOS isoforms. Generally, we found that
increasing lipophilicity by incorporating fluorine atoms at the 4-position of the inhibitors
(23 and 24) significantly increased blood-brain barrier permeability, as expected; however,
it had a negative impact on potency. Increasing rigidity in the molecule (10-14) also had

a positive impact on permeability, although both exhibited decreased potency and isoform
selectivity. Finally, our detailed enzyme-inhibitor X-ray crystal structures of representative
inhibitors, including 17, bound to three NOS isoforms, provide a structural basis for the
observed inhibitor potency and isoform selectivity. Overall, this study provides an important
framework for the continued development of nNOS inhibitors for use in the treatment of
neurodegenerative disease.

Experimental Section

Chemistry.

General procedures.—Unless otherwise stated, all described reactions were performed
under an argon atmosphere. All reagents, including anhydrous solvents such as

THF, 1,4-dioxane, CH,Cl,, MeOH, Et3N, and DMF, were purchased from Sigma-

Aldrich, Combi-blocks, Oakwood, and Astatech chemical companies. Metal catalysts
tetrakis(triphenylphosphine)palladium(0), bis(triphenylphosphine)palladium(ll) dichloride,
copper(l) iodide, and Pd/C (10 wt. % loading (dry basis), matrix carbon powder, wet
support) were purchased from either Strem Chemicals or Sigma-Aldrich. Sonogashira cross-
coupling reactions were performed using Chemglass pressure vessels. All reactions were
monitored by thin-layer chromatography (TLC) using Merck TLC silica gel 60 Fysy; 0.25
mm glass plates and components were visualized by ultraviolet light (254 nm) and/or
KMnOg4 or phosphomolybdic acid stain. Flash column chromatography was performed on
an Agilent 971-FP automated flash purification system with a Varian column station and
various SiliCycle cartridges (4-80 g, 40-63 pum, 60 A). The general synthetic procedures
for all compounds are discussed in Supporting Information. 1H and 13C NMR spectra were
recorded on a Bruker Avance 111 NMR spectrometer with an operating frequency of 500
and 126 MHz, respectively, in CDCl3, CD30D, or DMSO. Chemical shifts are reported in
parts per million, and multiplicities are indicated by s = singlet, d = doublet, t = triplet,

q = quartet, sep = septet, dd = doublet of doublet, dt = doublet of triplet, m = multiplet,

and br = broad resonance. Coupling constants “J” were reported in hertz. High-resolution
mass spectral (HRMS) data were obtained on an Agilent 6210 LC-TOF spectrometer in
the positive ion mode using electrospray ionization (ESI) with an Agilent G1312A high-
performance liquid chromatography (HPLC) pump and an Agilent G1367B autoinjector at
the Integrated Molecular Structure Education and Research Center (IMSERC), Northwestern
University. All final products used in assays were >95% pure.
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General procedure for Sonogashira cross-coupling reaction (compounds 10-12, 39-41, 44,
49, 51, 53, 57, 60, 62, 66, and 68)

Compounds 10-12, 39-41, 44, 49, 51, 53, 57, 60, 62, 66, and 68 were prepared following a
reported procedure with slight modifications.#%:60 A flame-dried pressure vessel containing
the bromo compounds (29-31, 35-36, 42-43, 48, 56, 59, 65; 1.0 equiv), Pd(PPh3)4 or
PdCl,(dppf) or PACI»(PPhs), (5 mol %), and Cul (10 mol%), was filled with argon using
three vacuum-argon flush cycles to remove oxygen. To this mixture, CH3CN (0.12 - 0.23
M), Et3N (4.0 equiv), and alkyne (38, 45, 50, 54, 61, and 67; 1.2 equiv), were added, and
the resulting mixture, was stirred for 12-24 h at 120 °C. After completion of the reaction
as indicated by TLC, the reaction mixture was cooled to 25 °C, filtered through Celite, and
concentrated by a rotary evaporation. Purification of the crude residue was performed by
flash column chromatography eluting with hexane:EtOAc (20:80, v:v) for 10 min to remove
any nonpolar residue, then followed by the solvent mixture DCM:CH30H:Et3N, 80:10:10,
v:v for another 15 min to afford 10-12, 39-41, 44, 49, 51, 53, 57, 60, 62, 66, and 68.

General procedure for reduction of the alkyne to the olefin (compounds 13 and 14)

Compounds 13 and 14 were prepared following a reported procedure with slight
modifications.>® A flame-dried round-bottom flask containing the alkyne (10 or 11; 1.0
equiv) was filled with THF and LiAlIH,4 (1 equiv) was added portionwise over about 5 min
at 25 °C under an argon atmosphere. The resulting heterogeneous mixture was heated at

40 °C with stirring for 5 h. After completion of the reaction, the reaction mixture was
cooled to 0 °C and quenched with NH4CI dropwise. The organic phase was separated,

and the aqueous phase was extracted thrice with DCM. The combined organic layers were
washed with brine, dried over Na,SOy, filtered, and concentrated under reduced pressure.
The crude product was purified by reverse phase flash column chromatography eluting with
CH3CN:H,0 (10:90, v:v) to CH3CN:H,0 (30:70, v:v) to afford 13 or 14.

General procedure for hydrogenation (compounds 15-24)

Compounds 15-24 were prepared following a reported procedure with slight
modifications.#? A flame-dried round-bottom flask containing the alkyne (10-12, 39-41,

51, 57, 62, and 69; 1.0 equiv) was filled with CH30H and degassed for 15 min under a
nitrogen atmosphere before adding a catalytic amount of Pd/C (10-40% of the weight of

the substrate). The inert atmosphere of this heterogeneous mixture was replaced with a
hydrogen balloon, and stirring was continued for 24 h at 25 °C. The crude mixture was then
filtered through a pad of Celite, and the filtrate, was concentrated under reduced pressure.
The crude product was purified by flash column chromatography eluting with hexane:EtOAc
(20:80, v:v) for 10 min to remove any nonpolar residue then followed by the solvent mixture
DCM:CH30H:Et3N, 80:10:10, v:v for another 15 min to afford 15-24.

General procedure for conversion to the HCI salt (10-24)

The freebase of compounds 10-24 were converted to their dihydrochloride salts by treatment
with excess hydrogen chloride solution (3.0 M in CH30H) at 0 °C under an argon
atmosphere. The resulting mixture was slowly warmed to 25 °C and stirring continued
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for 8 h before evaporation of the solvent under reduced pressure using a rotary evaporator to
afford the dihydrochloride salt of compounds 10-24.

6-((5-((Dimethylamino)methyl)-2,3-difluorophenyl)ethynyl)-4-methylpyridin-2-amine (10)
Compound 10 was prepared by following the general procedure for the Sonogashira cross-
coupling reaction starting from bromo compound 42 (473 mg, 1.89 mmol), alkyne 38 (300
g, 2.27 mmol), Pd(PPhz)4 (109 mg, 0.95 mmol), Cul (36 mg, 0.19 mmol), Et3N (1.05 mL,
7.56 mmol). Compound 10 was isolated as a yellow solid (78 mg, 0.259 mmol, 82%). 1H
NMR (500 MHz, CD30D): § 7.31 - 7.27 (m, 2 H), 6.74 (s, L H), 6.43 (s, 1 H), 3.43 (s, 2
H), 2.23 (s, 6 H), 2.22 (s, 3 H). 13C NMR (126 MHz, CD30D): 6 159.7, 150.1 (dd, Jo.r
=243.2,11.3 Hz), 149.5 (2xC), 149.8 (dd, Jo.f = 247.0, 13.9 Hz), 138.8, 135.3, 128.9,
118.6 (d, Jor = 17.6 Hz), 118.3, 109.7, 94.3, 79.0, 62.0, 43.8, 19.4. HRMS (ESI) Calcd for
Cq7H1gFoN3 [(M+H)*]: 302.1463, found: 302.1472.

6-((5-(2-(Dimethylamino)ethyl)-2,3-difluorophenyl)ethynyl)-4-methylpyridin-2-amine (11)

Compound 11 was prepared by following the general procedure for the Sonogashira cross-
coupling reaction starting from bromo compound 30 (833 mg, 3.15 mmol), alkyne 38 (500
mg, 3.78 mmol), PdCl,dppf (129 mg, 0.16 mmol), EtsN (1.76 mL, 12.6 mmol), and Cul
(60.0 mg, 0.315 mmol). Compound 11 was isolated as a deep brown solid (1.01 g, 3.22
mmol, 82%). 1H NMR (500 MHz, CD30D): 6 7.26 — 7.16 (m, 2 H), 6.73 (s, 1 H), 6.43 (s,
1 H), 2.77 (dd, J= 9.5, 6.4 Hz, 2 H), 2.56 (dd, /=9.5, 6.4 Hz, 2 H), 2.29 (s, 6 H), 2.22

(s, 3 H). 13C NMR (126 MHz, CD30D): 6 161.1, 151.5 (dd, Jo.g = 247.0 12.6 Hz), 150.9,
150.5 (dd, Jog = 252.0, 13.9 Hz), 140.3, 138.6 (dd, Jo.F = 6.3, 5.0 Hz), 129.6 (d, Jor = 3.8
Hz), 119.5 (d, Jog = 17.6 Hz), 114.0 (d, Jor = 12.6 Hz), 111.1, 95.5 (d, Jor = 3.8 Hz), 80.6
(d, Jog = 5.0 Hz), 61.5, 45.3, 33.5, 20.8. HRMS (ESI) Calcd for C1gHogF2N3 [(M+H)*]:
316.1620, found: 316.1623.

4-chloro-6-((5-(2-(Dimethylamino)ethyl)-2,3-difluorophenyl)ethynyl)pyridin-2-amine (12)
Compound 12 was prepared by following the general procedure for the Sonogashira cross-
coupling reaction starting from bromo compound 30 (656 mg, 2.48 mmol), alkyne 45 (455
mg, 2.98 mmol), Pd(PPhs)4 (86 mg, 0.075 mmol), EtzN (1.39 mL, 9.94 mmol), and Cul
(47.3 mg, 0.248 mmol). Compound 12 was isolated as a deep brown solid (142 mg, 0.423
mmol, 65%). 1H NMR (500 MHz, CD30D): 6 7.32 — 7.23 (m, 2 H), 6.87 (d, /= 1.7 Hz,

1 H), 6.63 (d, J= 1.7 Hz, 1 H), 2.82 (dd, J= 9.3, 6.6 Hz, 2 H), 2.67 (dd, /= 9.4, 6.4 Hz,

2 H), 2.37 (s, 6 H). 13C NMR (126 MHz, CD30D): 6 161.9, 151.5 (dd, Jor = 248.2, 12.6
Hz), 150.7 (dd, Jor = 252.0, 13.9 Hz), 146.0, 142.2, 138.4 (dd, Jo.F = 6.3, 5.0 Hz), 129.8
(d, Jor = 3.8 Hz), 120.0 (d, Jo.F = 17.6 Hz), 117.6, 113.6 (dd, JoF = 11.3, 1.3 Hz), 109.9,
94.4 (d, Jop = 3.8 Hz), 81.7 (d, Jor = 3.8 Hz), 61.3, 45.2, 33.2. HRMS (ESI) Calcd for
C17H17CIFoN3 [(M+H)*]: 336.1074, found: 336.1085.

(E)-6-(5-((Dimethylamino)methyl)-2,3-difluorostyryl)-4-methylpyridin-2-amine (13)

Compound 13 was prepared by following the general procedure for the reduction of alkyne
to olefin starting from alkyne 10 (40 mg, 0.133 mmol) and LiAlH4 (15 mg, 0.40 mmol).
Compound 13 was isolated as a deep yellow solid (10 mg, 0.033 mmol, 25%). 1H NMR
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(500 MHz, CD30D): 6 7.56 (d, J= 16.2 Hz, 1 H), 7.44 (dt, J= 6.1, 1.8 Hz, 1 H), 7.19-7.11
(m, 2 H), 6.65 (d, /= 1.2 Hz, 1 H), 6.36 (t, /= 1.1 Hz, 1 H), 3.47 (s, 2 H), 2.27 (s, 6 H),
2.24 (s, 3 H). 13C NMR (126 MHz, CD30D): 6 161.0, 153.8, 151.9 (dd, JoF = 247.0, 13.9
Hz), 150.9, 148.9 (dd, Jof = 250.7, 12.6 Hz), 136.1 (t, Jor = 5.0 Hz), 133.1 (d, Jog =5.0
Hz), 124.3, 123.3 (t, Jor = 3.8 Hz), 117.9 (d, Jof = 17.6 Hz), 115.5, 110.2, 63.9, 45.2, 20.9.
HRMS (ESI) Calcd for C17HogF2N3 [(M+H)*]: 304.1620, found: 304.1625.

(E)-6-(5-(2-(Dimethylamino)ethyl)-2,3-difluorostyryl)-4-methylpyridin-2-amine (14)

Compound 14 was prepared by following the general procedure for the reduction of alkyne
to olefin starting from alkyne 11 (24 mg, 0.076 mmol), and LiAlIH4 (3.5 mg, 0.091 mmol).
Compound 14 was isolated as a yellow solid (6 mg, 0.019 mmol, 25%). 1H NMR (500
MHz, CD30D): § 7.53 (d, /= 16.2 Hz, 1 H), 7.38 - 7.29 (m, 1 H), 7.13 (d, /= 16.2 Hz, 1
H), 7.07 (ddd, J=11.0, 7.3, 2.1 Hz, 1 H), 6.65 (s, 1 H), 6.36 (s, 1 H), 2.80 (dd, /= 9.8, 6.4
Hz, 2 H), 2.60 (dd, J=9.9, 6.3 Hz, 2 H), 2.32 (s, 6 H), 2.24 (s, 3 H). 13C NMR (126 MHz,
CD30D): § 161.0, 153.9, 151.9 (dd, Jog = 245.7, 12.6 Hz), 150.9, 148.3 (dd, Jo.f = 249.5,
13.9 Hz), 138.1 (dd, Jof = 6.3, 5.0 Hz), 132.9 (d, Jof = 6.3 Hz), 128.1 (d, JoF = 8.8 Hz),
123.6,123.5, 117.4 (d, Jo = 17.6 Hz), 115.4, 110.1, 61.8, 45.4, 33.9, 20.9. HRMS (ESI)
Calcd for C1gH2oF,N3 [(M+H)*]: 318.1776, found: 318.1780.

6-(5-((Dimethylamino)methyl)-2,3-difluorophenethyl)-4-methylpyridin-2-amine (15)

Compound 15 was prepared by following the general procedure for the hydrogenation
reaction starting from 41 (232 g, 0.627 mmol), Pd/C (60 mg, 25 % of the weight of the
substrate), and a hydrogen balloon. Compound 15 was isolated as a pale-yellow solid (190
mg, 0.501 mmol, 81%). 1H NMR (500 MHz, CD30D): & 7.44 — 7.42 (m, 2 H), 6.66 (s, 1
H), 6.61 (s, 1 H), 4.31 (s, 2 H), 3.17 (dd, J= 8.8, 6.5 Hz, 2 H), 3.08 (dd, /= 8.7, 6.5 Hz,

2 H), 2.85 (s, 6 H), 2.33 (s, 3 H). 13C NMR (126 MHz, CD30D): 6 158.7, 156.1, 151.6
(dd, Jo.p = 249.5, 13.9 Hz), 151.0 (dd, Jog = 250.7, 13.9 Hz), 149.5, 131.4 (d, Jo.r = 12.6
Hz), 130.0 (t, JoF = 3.8 Hz), 128.1 (dd, Jo.F = 6.3, 5.0 Hz), 119.6 (d, Jo.r = 18.9 Hz),
115.0, 111.0, 60.8, 43.0, 33.9, 28.7, 21.9. HRMS (ESI) Calcd for C17H2,F,N3 [(M+H)*]:
306.1776, found: 306.1790.

6-(5-(2-(Dimethylamino)ethyl)-2,3-difluorophenethyl)pyridin-2-amine dihydrochloride (16).

Compound 16 was prepared by following the general procedure for the hydrogenation
reaction starting from 12 (259 mg, 0.77 mmol), Pd/C (78 mg, 30% of the weight of the
substrate) and a hydrogen balloon. Compound 16 was isolated as a white solid (188 mg,
0.616 mmol, 80%). 'H NMR (500 MHz, CD30D): § 7.82 (dd, J= 8.9, 7.1 Hz, 1H), 7.18
(t, J= 8.2 Hz, 2H), 6.89 (d, /= 8.9 Hz, 1H), 6.69 (d, /= 7.1 Hz, 1H), 3.44 — 3.36 (m,

2H), 3.18 — 3.02 (m, 6H), 2.96 (s, 6H). 13C NMR (126 MHz, CD;0D): 6 156.3, 151.6 (dd,
JoF = 247.6, 13.4 Hz), 150.1, 149.2 (dd, Jo.F = 245.6, 13.0 Hz), 145.7, 134.5 (dd, JoF =
6.2, 4.5 Hz), 130.4 (d, Jog = 12.7 Hz), 127.4 (d, Jo.r = 3.3 Hz), 117.3 (d, JoF = 17.9 Hz),
113.1,112.2,59.3, 43.7, 34.1, 30.9, 28.8. HRMS (ESI) Calcd for C17H,,FoN3 [(M+H)*]:
306.1776, found: 306.1783.
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6-(5-(2-(dimethylamino)ethyl)-2,3-difluorophenethyl)-4-methylpyridin-2-amine
dihydrochloride (17)

Compound 17 was prepared by following the general procedure for the hydrogenation
reaction starting from 11 (0.70 g, 2.22 mmol), Pd/C (140 mg, 20% of the weight of the
substrate), and a hydrogen balloon. Compound 17 was isolated as a brown oil (0.57 g, 1.78
mmol, 80%). 1H NMR (500 MHz, CDCls): 6 6.94 (ddd, J=11.2, 7.3, 2.2 Hz, 1H), 6.77 (dt,
J=6.0, 1.8 Hz, 1H), 6.25 (s, 1H), 6.23 (s, 1H), 2.99 — 2.95 (m, 2 H), 2.80 — 2.77 (m, 2 H),
2.71-2.67 (m, 2 H), 2.50 — 2.46 (m, 2 H), 2.29 (s, 6H), 2.14 (s, 3H). 13C NMR (126 MHz,
CDClg): 6 160.7, 159.0, 151.5 (dd, J=245.7, 13.9 Hz), 151.0, 148.6 (dd, /= 244.4,12.6
Hz), 137.4 (dd, J= 6.3, 3.8 Hz), 131.8 (d, /= 13.9 Hz), 126.9 (t, /= 3.8 Hz), 116.0 (d, J=
17.6 Hz), 114.6, 108.1, 61.9, 45.3, 38.7, 33.7, 30.0 (t, /= 1.9 Hz), 21.0. HRMS (ESI) Calcd
for C1gH24FoN3 [(M+H)*]: 320.1933, found: 320.1943.

6-(5-(2-(Dimethylamino)ethyl)-2,3-difluorophenethyl)-4-methoxypyridin-2-amine
dihydrochloride (18).

Compound 18 was prepared by following the reported procedure with a slight
modification.>” A solution of 52 (0.13 g, 0.30 mmol) in 95% H,SO, (10 mL) was stirred

at 80 °C for 1 h under an argon atmosphere. The dark solution was poured into ice

and neutralized to pH 14 using NaOH pellets. The organic fraction was separated from

the aqueous phase. The aqueous phase was further extracted with DCM (3 x 50 mL).

The combined organic layers were washed with brine, dried over Na,SOy, filtered, and
concentrated under reduced pressure. The crude product was further purified by flash
column chromatography, eluting with hexane:EtOAc (50:50, v:v) for 10 min to remove
any nonpolar residue then followed by the solvent mixture DCM:CH3OH:Et3N, 70:20:10,
v:v for another 15 min to afford 18 as a pale-yellow solid (62 mg, 0.185 mmol, 62%). 1H
NMR (500 MHz, CD30D): 6 7.19 — 7.15 (m, 2 H), 6.33 (d, /= 2.1 Hz, 1 H), 6.26 (d, /=
1.6 Hz, 1 H), 3.92 (s, 3 H), 3.42 - 3.35 (m, 2 H), 3.12 - 2.99 (m, 6 H), 2.95 (s, 6 H). 13C
NMR (126 MHz, CD30D): 6 172.6, 157.9, 151.6 (dd, Jor = 247.7, 13.4 Hz), 151.3, 149.2
(dd, Jog = 245.8, 13.0 Hz), 134.5 (dd, Jog = 6.1, 4.4 HZ), 130.4 (d, Jog = 12.6 Hz), 127 .4,
117.3 (d, Jog =17.8 Hz), 105.1, 91.6, 59.4, 57.4, 43.7, 34.0, 30.9, 28.7. HRMS (ESI) Calcd
for C1gH4FoN30 [(M+H)*]: 336.1882, found: 336.1882.

4-(5-(2-(Dimethylamino)ethyl)-2,3-difluorophenethyl)-6-methylpyrimidin-2-amine

dihydrochloride (19).
Compound 19 was prepared by following the general procedure for the hydrogenation
reaction starting from 57 (76 mg, 0.24 mmol), Pd/C (23 mg, 30% of the weight of the
substrate), and a hydrogen balloon. Compound 19 was isolated as a yellow-viscous oil (63
mg, 0.197 mmol, 82%). 1H NMR (500 MHz, CD30D): & 7.16 (ddt, /= 12.5, 5.4, 2.3 Hz,
2H), 6.84 (s, 1H), 3.42 - 3.34 (m, 2H), 3.18 — 3.11 (m, 2H), 3.11 — 3.01 (m, 4H), 2.95 (s,
6H), 2.49 (s, 3H). 13C NMR (126 MHz, CD30D): 6 157.5 (2xC), 151.7 (dd, Jo.p = 247.5,
13.3 Hz), 149.2 (dd, Jof = 245.7, 12.8 Hz), 134.4 (d, Jop = 4.3 Hz), 134.3 (d, Jop = 4.6
Hz), 131.1 (d, Jo = 12.7 Hz), 127.3 (1, Jor = 3.2 Hz), 117.1 (d, JoF = 17.9 Hz), 111.0,
59.3, 43.6, 37.5, 30.9, 27.5, 20.9. HRMS (ESI) Calcd for C17H,3FoN,4 [(M+H)*]: 321.1885,
found: 321.1891.
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6-(5-(2-Aminoethyl)-2,3-difluorophenethyl)-4-methylpyridin-2-amine dihydrochloride (20)

Compound 20 was prepared by following the general procedure for the hydrogenation
reaction starting from 39 (210 mg, 0.73 mmol), Pd/C (63 mg, 30% of the weight of the
substrate), and a hydrogen balloon. Compound 20 was isolated as an off-white solid (150
mg, 0.52 mmol, 70%). 1H NMR (500 MHz, CD30D): 6 7.16 — 7.11 (m, 2 H), 6.71 (s, 1 H),
6.60 (s, 1 H), 3.21 - 3.15 (m, 2 H), 3.14 - 3.10 (m, 2 H), 3.06 — 3.02 (m, 2 H), 2.98 — 2.94
(m, 2 H), 2.34 (s, 3 H).13C NMR (126 MHz, CD30D): 6 159.0, 155.8, 151.6 (dd, J= 247.0,
12.6 Hz), 149.2, 149.1 (dd, J=245.7, 12.6 Hz), 135.1 (dd, /= 6.3, 3.8 Hz), 130.5 (d, J=
12.6 Hz), 127.3 (t, /= 3.2 Hz), 117.2 (d, /= 17.6 Hz), 115.0, 111.1, 41.6, 34.0, 33.6, 28.9,
21.9. HRMS (ESI) Calcd for C1gHogFoN3 [(M+H)*]: 292.1620, found: 292.1623.

6-(5-(2-(Diethylamino)ethyl)-2,3-difluorophenethyl)-4-methylpyridin-2-amine
dihydrochloride (21)

Compound 21 was prepared by following the general procedure for the hydrogenation
reaction starting from 40 (161 mg, 0.47 mmol), Pd/C (48 mg, 30% of the weight of the
substrate), and a hydrogen balloon. Compound 21 was isolated as a pale-yellow solid (134
mg, 0.39 mmol, 82%). IH NMR (500 MHz, CDCl5): 6.82 (ddd, /= 10.9, 7.2, 2.2 Hz, 1 H),
6.72 (dt, /=6.0, 1.8 Hz, 1 H), 6.30 (s, 1 H), 6.16 (s, 1 H), 4.38 (bs, 2 H), 3.01 - 2.97 (m, 2
H), 2.87 - 2.76 (m, 2 H), 2.66 — 2.53 (m, 8 H), 2.17 (s, 3 H), 1.04 (t, J= 7.2 Hz, 6 H). 13C
NMR (126 MHz, CDCls3): § 159.0, 158.4, 150.3 (dd, J=248.2, 13.9 Hz), 149.3, 147.4 (dd,
J=244.4,12.6 Hz), 136.7 (dd, J= 6.3, 5.0 Hz), 130.8 (d, /= 13.9 Hz), 125.5 (t, /= 3.8 Hz),
115.0 (d, J= 17.6 Hz), 114.6, 106.7, 54.7, 47.0, 38.3, 32.9, 29.2, 21.0, 11.9. hRMS (ESI)
Calcd for CogHogFoN3 [(M+H)*]: 348.2246, found: 348.2249.

6-(2,3-Difluoro-5-(2-(4-methylpiperazin-1-yl)ethyl)phenethyl)-4-methylpyridin-2-amine
dihydrochloride (22).

Compound 22 was prepared by following the general procedure for the hydrogenation
reaction starting from 41 (232 mg, 0.63 mmol), Pd/C (70 mg, 30% of the weight of the
substrate), and a hydrogen balloon. Compound 22 was isolated as a yellow solid (190 mg,
0.51 mmol, 81%). H NMR (500 MHz, CD30D): 6 6.93 (ddd, /= 11.3, 7.3, 2.2 Hz, 1 H),
6.75 (dt, /= 6.0, 1.8 Hz, 1 H), 6.24 (s, 1 H), 6.22 (s, 1 H), 2.99 — 2.94 (m, 2 H), 2.80 — 2.76
(m, 2 H), 2.71 - 2.67 (m, 2 H), 2.67 — 2.30 (m, 10 H), 2.29 (s, 3 H), 2.14 (s, 3 H). 13C NMR
(126 MHz, CD30D): & 160.8, 159.0, 151.4 (dd, J=245.7, 13.9 Hz), 151.0, 148.5 (dd, J=
243.2,12.6 Hz), 137.7 (dd, /= 6.3, 3.8 Hz), 131.7 (d, J=12.6 Hz), 126.9 (t, /= 3.8 Hz),
116.0 (d, /= 16.4 Hz), 114.7, 108.1, 61.0, 55.6, 53.6, 46.0, 38.7, 33.2, 30.0, 21.0. HRMS
(ESI) Calcd for Co1HagFoN4 [(M+H)*]: 375.2355, found: 375.2358.

4-(Difluoromethyl)-6-(5-(2-(dimethylamino)ethyl)-2,3-difluorophenethyl)pyridin-2-amine
dihydrochloride (23)

Compound 23 was prepared by following the reported procedure with a slight
modification.>® To a DCM (2 mL) solution of 63 (63 mg, 0.133 mmol) was added
concentrated trifluoroacetic acid (2 mL) at room temperature, and the resulting mixture
was heated to 80 °C for 8 h with stirring. After completion of the reaction, the mixture was
concentrated under reduced pressure. The crude product was dissolved in EtOAc (10 mL)
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and neutralized with aqueous NaOH (2 M) until pH = 9. The organic phase was separated
from aqueous phase. The aqueous phase was further extracted twice with EtOAc (2 x 50
mL). The combined organic layer was washed with brine (30 mL), dried over Na;SOy,
filtered, and concentrated under reduced pressure using a rotary evaporator to afford 23 as a
brown solid (40 mg, 0.113 mmol, 85%). 1H NMR (500 MHz, CDCl5): & 6.84 (ddd, /= 10.8,
7.2,2.2Hz,1H),6.71 (dt, /= 6.0, 1.8 Hz, 1 H), 6.53 (s, 1 H), 6.45 (t, /= 56.0 Hz, 1 H),
6.44 (s, 1 H), 4.58 (s, 2 H), 3.04 —3.01 (m, 2 H), 2.94 - 2.90 (m, 2 H), 2.69 — 2.66 (m, 2

H), 2.48 — 2.45 (m, 2 H), 2.28 (s, 6 H). 13C NMR (126 MHz, CDCls): 6 160.8, 158.6, 150.4
(dd, Jop = 247.4,13.3 Hz), 147.5 (dd, Jo = 244.9, 12.7 Hz), 1445 (t, JoF = 22.8 Hz),
136.3 (t, Jog = 5.0 Hz), 130.4 (d, Jor = 12.7 Hz), 125.4 (t, JoF = 3.2 Hz), 115.1 (d, JoF =
17.1 Hz), 113.4 (t, JoF = 240.9 Hz), 109.2 (t, Jog = 5.6 Hz), 102.4 (t, Jor = 6.5 HZ), 61.2,
455, 38.4, 33.6, 28.9 (t, JoF = 2.3 Hz). HRMS (ESI) Calcd for C1gH2oF4N3 [(M+H)™]:
356.1744, found: 356.1752.

6-(5-(2-(Dimethylamino)ethyl)-2,3-difluorophenethyl)-4-(trifluoromethyl)pyridin-2-amine (24)

Compound 24 was prepared by following the typical procedure for the hydrogenation
reaction starting from 69 (84 mg, 0.23 mmol), Pd/C (25 mg, 30% of the weight of the
substrate) and a hydrogen balloon. Compound 24 was isolated as an off-white solid (36 mg,
0.096 mmol, 42%). 1H NMR (500 MHz, CDCl5): 6 6.96 (ddd, J=11.2, 7.2, 2.1 Hz, 1 H),
6.79 (dt, /=6.1, 1.8 Hz, 1 H), 6.61 (s, 1 H), 6.49 (s, 1 H), 3.12 - 2.96 (m, 2 H), 2.91 (dd, J=
8.5, 6.6 Hz, 2 H), 2.72 (dd, /= 10.2, 6.2 Hz, 2 H), 2.58 (dd, J=10.2, 6.1 Hz, 2 H), 2.37 (s, 6
H). 13C NMR (126 MHz, CDCl3): 6 161.9, 161.4, 151.5 (dd, /= 246.4, 13.3 Hz), 148.7 (dd,
J=243.9, 12.8 Hz), 141.3 (q, J= 32.8 Hz), 137.1 (dd, J=243.9, 12.8 Hz 5.6, 4.8 Hz), 131.5
(d, J=12.8 Hz), 126.9 (t, J= 3.2 Hz), 124.6 (q, J= 272.7 Hz), 116.2 (d, /= 17.4 Hz), 107.6
(9, /=3.3Hz), 103.2 (q, /= 4.1 Hz), 61.6, 45.1, 38.9, 33.4, 29.6 (t, /= 2.3 Hz). HRMS
(ESI) Calcd for C1gH1FsN3 [(M+H)*]: 374.1650, found: 374.1662.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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L33;/

Figure 3.
Compound 16 (A, Protein Data Bank (PDB) code: 8FG9) or 17 (B, PDB code: 8FGA)

bound in the active site of rnNOS. In this figure and all the following figures where crystal
structures are reported, important hydrogen-bonds or other noncovalent bonds are depicted
with dashed lines. Coloring of the backbone carbon atoms in rnNOS is green. The atomic
color scheme for other atom types is: blue for nitrogen, red for oxygen, yellow-orange

for sulfur, light-cyan for fluorine. The two heme propionates are labeled as A and D. The
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electron density displayed around the inhibitor is the Fo-Fc omit difference map contoured
at 3.0 o calculated with the Polder routine in PHENIX.
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Figure 4.
Compound 16 (A, alternative inhibitor conformations, gray and light-pink, PDB code:

8FGF) or 17 (B, PDB code: 8FGG) bound to the active site of hnNOS. Coloring of the
backbone carbon atoms in hnNOS is cyan.
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Figure 5.
Compound 16 (A, PDB code: 8FGN) or 17 (B, PDB code: 8FGO) bound to the active site of

heNOS. Coloring of the backbone carbon atoms in heNOS is yellow.
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Figure 6.
Compound 18 bound to the active site of rnNOS (A, PDB code: 8FGV), hnNOS (B, PDB

code: 8FGH), heNOS (C, PDB code: 8FGP).
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Figure 7.
Compound 19 bound to the active site of rnNOS (A, PDB code: 8FGB), hnNOS (B, PDB

code: 8FGI), and heNOS (C, PDB code: 8FGQ).
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Figure 8.
Compound 20 bound to the active site of rnNOS (A, PDB code: 8FGC), hnNOS (B, PDB

code: 8FGJ), and heNOS (C, PDB code: 8FGR).
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Figure 9.
Compound 21 bound to the active site of rnNOS (A, PDB code: 8FGD), hnNOS (B, PDB

code: 8FGK), and heNOS (C, PDB code: 8FGS).
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Figure 10.
Compound 22 bound to the active site of hnNOS (A, PDB code: 8FGL) and heNOS (B,

PDB code: 8FGT).
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Figure 11.
Compound 23 bound to the active site of rnNOS (A, PDB code: 8FGE), hnNOS (B, PDB

code: 8FGM), and heNOS (C, PDB code: 8FGU). In panel B, to show the support for an
upward binding of 23, the omit map has been contoured at both 3.0 o (salmon) and 2.0 o
(pale cyan).
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Scheme 1.2

Synthetic route to 10, 11, 13-15, 17, and 20-22

4Reagents and conditions: (a) BH3*SMe,, THF, 0 °C to 25 °C, 24 h; (b) CBry, PPhg,
0°Cto 25 °C, 28 h, DCM; (c) KCN, (mBu)4NBr, DCM:H,0 (1:1) (0.18 M), 24 h; (d)
BH3*SMe,, THF, 0 °C to 25 °C, 30 h; (e) paraformaldehyde, NaBH(OAc)3, CH3CO,H, 80
°C, 24 h; (f) acetaldehyde, NaBH3(CN), CH30H, 80 °C, 24 h; (g) DMSO, (COCIl),, DCM,
—78 °C, 30 min, and then 26, =78 °C, 30 min, and then EtgN, —=78 °C to 25 °C, 2 h; (h)
CH30CH,PPh3Cl, rBuLi, 0 °C, 30 min, and then 32, 0 - 25 °C, 2 h; (i) TMSCI, KI, CH3CN
(0.05 M), 25 °C, 1 h (j) 1-methylpiperazine, NaBH3CN, CH3CO,H, 80 °C, 1 h, 98%; (k)
ethynyltrimethylsilane, Pd(PPh3)4, Cul, Et3N, 120 °C, CH3CN (0.12 M), 24 h; (1) K,COg,
CH30H:H,0 (20:1), 25 °C, 1 h; (m) 29-31, 35, and 42, PdCl,(dppf) or Pd(PPh3),, Cul,
EtsN, 120 °C, CH3CN (0.12 M), 12-24 h; (n) Pd/C, Hy, CH30H, 25 °C, 24 h; (0) LiAlHyg4,
THF, 40 °C, 5 h; (p) (CH3),NH, Et,0, 25 °C, 8 h; (q) HCI, CH30H, 0 °C-25 °C.
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Scheme 2.2
Synthetic route to 12 and 16

4Reagents and conditions: (a) Ethynyltrimethylsilane, Pd(PPh3)4, Cul, EtzN, 120 °C,
CH3CN (0.12 M), 8 h; (b) K»,CO3, CH30H:H,0 (20:1), 25 °C, 1 h; (c) 30, PdCl,(dppf),
Cul, Et3N, 120 °C, CH3CN (0.12 M), 24 h; (d) Pd/C, Hy, CH30H, 25 °C, 2 h; (e) HCI,
CH30H, 0 °C-25 °C.
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Scheme 3.2
Synthesis of 18

4Reagents and conditions: (a) (CH3)2S04, K,CO3, THF, 90 °C, 16 h; (b) PhCH,;NH,,
K,CO03,150 °C, DMF, 2 h; (c) ethynyltrimethylsilane, PdCl,(dppf), Cul, Et3N, 120 °C,
CH3CN (0.23 M), 12 h; (d) KoCO3, CH30H:H,0 (20:1), 0.1 M, 25 °C, 30 min; (e) 30,
PdCl,(dppf), Cul, Et3N, 120 °C, CH3CN (0.23 M), 16 h; (f) Pd/C, H,, CH30H, 80 °C, 2 h;
(9) Conc. H,S0Oy, 80 °C, 1 h; (h) HCI, CH30H, 0 °C-25 °C.
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Scheme 4.2
Synthesis of 19

4Reagents and conditions: (a) Ethynyltrimethylsilane, PdCl,(dppf), Cul, EtzN, 120 °C,
CH3CN (0.23 M), 16 h; (b) K,CO3, CH30H:H,0 (20:1), 0.1 M, 25 °C, 30 min; (c) TMSI,
CH3CN (0.17 M), 100 °C, 6 h; (d) 54, PdCI,(PPh3),, Cul, Et3N, 25 °C, CH3CN (0.23 M), 4
h; (e) Pd/C, Hy, CH30H, 25 °C, 2 h; (f) HCI, CH30H, 0 °C-25 °C.
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Scheme 5.2
Synthesis of 23

4Reagents and conditions: (a) 4-Methoxybenzylamine, K,COg3, KI, A-methyl-2-pyrrolidone,
150 °C, 8 h; (b) ethynyltrimethylsilane, PdCI,(PPh3),, Cul, PPhs, EtsN, 120 °C, CH3CN
(0.23 M), 12 h; (c) K,CO3, CH30H:H,0 (20:1), 0.1 M, 25 °C, 30 min; (d) 30, PdCl,(dppf),
Cul, Et3N, 120 °C, CH3CN (0.23 M), 24 h; (e) Pd/C, Hy, CH30H, 25 °C, 8 h; (f) TFA,
DCM, 80 °C, 8 h; (g) HCI, CH30H, 0 °C-25 °C.
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Scheme 6.2
Synthesis of 24

4Reagents and conditions: (a) 4-Methoxybenzylamine, K,COg3, KI, A-methyl-2-pyrrolidone,
150 °C, 8 h; (b) ethynyltrimethylsilane, PdCI,(PPhs),, Cul, PPhs, (CH3),NH:DMF (1:1), 0.3
M, 120 °C, microwave, 20 min; (c) TBAF, THF, 0-25 °C, 30 min; (d) 30, PdCl,(PPh3),, Cul,
(CH3)oNH:DMF (1:1), 0.3 M, 120 °C, microwave, 20 min; (e) TFA, DCM, 80-100 °C, 15
min; (f) Pd/C, H,, CH30H, 25 °C, 24 h; (g) HCI, CH30H, 0 °C-25 °C.
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Table 1.
List of K; values and selectivities of 10-24
Compound Ki (n\m)& Selectivity?

ratnNOS | human nNOS | human iNOS | humaneNOS | hn/rn | hn/hi | hn/he
10 « 2HCI 392 319 88711 7676 0.8 278 24
11« 2HCI 293 328 48844 18658 11 149 57
12 « 2HCI 1995 2417 65333 NT 1.2 27 NT
13« 2HCI 129 NT NT NT NT NT NT
14 « 2HCI 134 48 11893 14343 0.4 248 299
15« 2HCI 91 NT NT NT NT NT NT
16 « 2HCI 1108 1641 21116 61362 15 13 37
17 « 2HCI 15 19 2181 20423 13 115 1075
18 « 2HCI 75 55 4982 NT 0.7 91 NT
19 « 2HCI 6577 3833 39422 NT 0.6 10 NT
20« 2HCI 60 81 1724 77158 1.4 21 953
21« 2HCI 35 54 4212 46379 15 78 859
22« 2HCI 83 89 10440 12415 11 117 139
23« 2HCI 369 249 21476 NT 0.7 86 NT
24 « 2HCI 1313 2058 26316 68348 1.6 13 33

a . . .
Ki values were calculated from the 1C5( values of the corresponding dose-response curves using the Cheng—Prusoff equation. For each

Page 45

compound, 8 to 11 concentrations were tested, and the 1C5Q value was calculated from an average of at least two duplicates. All standard errors

were less than 10%.

Selectivity values were determined by calculating the ratios of respective Kij values. The ratio hn/rn is desired to be as close to 1.0 as possible to

avoid significant differences between rat and human dosages for clinical studies. For hn/hi and hn/he ratios, higher values are favorable.

NT = not tested.
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Table 2.

Effective permeability (£) of five commercial drugs®® and novel nNOS inhibitors in the PAMPA-BBB assay

Compounds | Reported P, (1078 cm s™)@ | Determined P, (1078 cm s )P | Prediction®
(%)-Verapamil 16 21.2+0.43 CNS (+)
Desipramine 12 22.8+0.93 CNS (+)
Chlorpromazine 6.5 10.8 + 0.64 CNS (+)
Dopamine 0.2 0.13+0.14 CNS (-)
Theophylline 0.12 0.1+0.02 CNS (-)
10 « 2HCI 26.8 +0.64 CNS (+)
11« 2HCI 15.7+£0.75 CNS (+)
12 « 2HCI 11.3+0.49 CNS (+)
16 « 2HCI 11.5+0.57 CNS (+)
17 « 2HCI 13.7 £ 0.64 CNS (+)
18« 2HCI 6.8 +0.67 CNS (+)
19 « 2HCI 11.7 +1.83 CNS (+)
20« 2HCI 12.6 £ 0.54 CNS (+)
21« 2HCI 17.6 £ 0.18 CNS (+)
22« 2HCI 10.4 +0.15 CNS (+)
23« 2HCI 16.0 + 1.54 CNS (+)
24 « 2HCI 17.3+0.57 CNS (+)

a . - .
Reported effective permeability (Pe) values from the literature.66

Effective permeability values were obtained in our in-house conditions. All assays were performed over 17 h at a concentration of 200 xM and
tested in a triplicate for each compound.

DCNS (+) = likely high BBB permeation. CNS (=) = likely low BBB permeation. Note that the “predictions” for the five literature-based
compounds listed have been experimentally tested.
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Table 3.

Caco-2 apparent permeability and efflux ratio (ER) of selected nNOS inhibitors and control compounds

Compound Apparent permeability (Papp, 107 cm s71)2 i ratio®
mean A—>B mean B—A

7+ 2HCI 9.2+0.3 54.2+17.6 5.9

9 2HCI 17.05 +0.08 13.71 +£0.07 0.8

17 « 2HCI 2492 +0.07 12.03 £ 0.09 0.48
Metoprolol? 37.18 20.39 0.55
Atenolol€ 0.39 0.58 1.47

Erythromycin? <0.17 13.39 >78.76

a . - . . .
All assays were performed over 2 h at a concentration of 10 £M. Apparent permeability was measured for each compound in duplicate using a

Caco-2 bidirectional permeability assay70
bHigh permeability control.
cLow permeability control.
a ..
High efflux control.

61Efflux ratio is defined as Papp (B — A)/Papp (A — BY); efflux ratio values >3 indicate that a compound may be a substrate for P-gp or other
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active transport systems.
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Table 4.

Metabolic stability of nNOS inhibitors in mouse and human liver microsomes

Half-life (ty,, min)
Compound
MLM HLM
Terfenadine - 15
Imipramine 9 -
9« 2HCI 16 > 60
17 « 2HCI 29 > 60
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