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Ha T. Do†,¥, Heng-Yen Wang†,¥, Huiying Li§, Georges Chreifi§, Thomas L. Poulos§,*, and 
Richard B. Silverman†,*

†Department of Chemistry, Department of Molecular Biosciences, Chemistry of Life Processes 
Institute, Center for Molecular Innovation and Drug Discovery, Center for Developmental 
Therapeutics, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208-3113, 
United States

§Departments of Molecular Biology and Biochemistry, Pharmaceutical Sciences, and Chemistry, 
University of California, Irvine, California 92697-3900, United States

Abstract

Inhibition of neuronal nitric oxide synthase (nNOS) is a promising therapeutic approach to treat 

neurodegenerative diseases. Recently, we have achieved considerable progress in improving the 

potency and isoform selectivity of human nNOS inhibitors bearing a 2-aminopyridine scaffold. 

However, these inhibitors still suffered from too low cell membrane permeability to enter into 

CNS drug development. We report herein our studies to improve permeability of nNOS inhibitors 

as measured by both PAMPA-BBB and Caco-2 assays. The most permeable compound (12) in this 

study still preserves excellent potency with human nNOS (Ki = 26 nM) and very high selectivity 

over other NOS isoforms, especially human eNOS (hnNOS/heNOS = 2799, the highest hnNOS/

heNOS ratio we have obtained to date). X-ray crystallographic analysis reveals that 12 adopts a 

similar binding mode in both rat and human nNOS, in which the 2-aminopyridine and the 

fluorobenzene linker form crucial hydrogen bonds with glutamate and tyrosine residues, 

respectively.
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INTRODUCTION

Nitric oxide (NO) is a unique cell signaling molecule involving in many physiological 

functions including neurotransmission, vasodilation, smooth muscle relaxation, vascular 

regulation, and immune response.1–3 NO is generated in cells by a family of enzymes called 

nitric oxide synthase (NOS), which catalyzes the oxidation of L-arginine (L-Arg) to L-

citrulline. Three different isoforms of NOS have been found in mammals, of which two 

isoforms, neuronal NOS (nNOS) and endothelial NOS (eNOS), are constitutively expressed 

in relation to the calcium levels in cells, while the third one, inducible NOS (iNOS), is 

expressed in response to cell inflammation.4 These isoforms are distributed in various tissues 

and responsible for different physiological functions: nNOS is mainly localized in the 

nervous system and is involved in neuronal communication; eNOS is found in the 

endothelium and participates in regulation of vascular pressure and vasodilation; and iNOS 

is located in macrophages and is essential for the innate immune system.5

Although NO possesses many essential functions in cells, its overproduction has been 

implicated in various pathological disorders.6–9 In the central nervous system (CNS), excess 

NO produced by nNOS has been linked to diverse neuronal disorders, such as Parkinson’s 

disease, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis, ischemic 

stroke, and migraines.6, 10, 11 At high concentrations, NO causes excessive nitration and/or 

nitrosylation of proteins, leading to their degradation and misfolding.12 Moreover, 

overproduced NO can also react with superoxide anion to form a highly reactive oxidant, 

peroxynitrite, which causes DNA damage, lipid peroxidation, and mitochondria dysfunction, 

and therefore triggers neuronal apoptosis or necrosis.13 These processes lead to synaptic 

damage and neurotransmission impairment, which are commonly observed in symptoms of 

neurodegenerative diseases.14 Consequently, limiting NO overproduction through the 

inhibition of nNOS is a potential therapeutic approach for the treatment of neuronal 

disorders.

NOS isoforms exist as homodimers, in which each monomer consists of one N-terminal 

oxygenase domain and one C-terminal reductase domain connected to each other by a 

calmodulin binding region. The former domain contains a non-catalytic zinc, tetra-

hydrobiopterin (H4B), and a heme-containing catalytic active site that binds the substrate, L-

Arg. The latter domain, the C-terminal reductase, employs nicotinamide adenine 
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dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), and flavin 

mononucleotide (FMN) to shuttle electrons to the iron center of the heme cofactor in the 

catalytic active site, where L-Arg gets oxidized to L-citrulline and releases NO.4 Because of 

the high similarity in the structure of the active sites of the three NOS isoforms and the 

diverse involvement of NO signaling in many cellular physiological functions, selective 

inhibition of nNOS over eNOS and iNOS to develop a new therapeutic with minimal side 

effects for neurodegenerative diseases is a critical challenge.15 Moreover, the presence of the 

blood-brain barrier (BBB) formed by endothelial cells with tight junctions creates an 

additional challenge for CNS drug development, as it greatly limits the delivery of drugs into 

the brain.16

Nevertheless, a large number of compounds with good potency and high selectivity for 

inhibiting nNOS over eNOS and iNOS have been reported. Most of them are designed to 

compete with L-Arg binding at the active site of the enzyme.17 These inhibitors, however, 

still suffer from low membrane permeability and poor ability to cross the BBB as a result of 

their high basicity and/or polarity. In the past few years our group has pursued various 

medicinal chemistry approaches to improve the pharmacokinetic values of nNOS inhibitors, 

such as incorporating intramolecular hydrogen bonds (1),18 converting to prodrugs (2),19 

modulating the amine basicity (3),20 and replacing an essential pharmacophore, such as 

replacement of the 2-aminopyridine with a 2-imidazolylpyrimidine (4)21 or 2-

aminoquinoline (5)22 (Figure 1). Although some pharmacokinetic improvement has been 

achieved, these approaches can result in a diminution in activity, especially for human 

nNOS, the ultimate target for neurodegenerative diseases, and in the selectivity over human 

eNOS.

Recently, we reported a series of nNOS inhibitors containing a 2-aminopyridine anchor 

attached to a pyridine ring linker and an amine tail (6, Figure 1).23 Compared to other nNOS 

inhibitors, 6 is considerably easier to synthesize and possesses excellent potency toward rat 

and human nNOS (Ki (rnNOS) = 16 nM; Ki (hnNOS) = 13 nM) as well as high selectivity 

over iNOS and heNOS (n/i = 116 and hn/he = 1831). Additionally, pharmacokinetic studies 

revealed that this compound displayed very poor CYPs inhibition, little human microsome 

metabolism, and only 20% human plasma protein binding. Nevertheless, 6 expresses little 

Caco-2 permeability, an indication of poor predicted permeation through the BBB, thereby 

rendering low therapeutic value.

Our further investigations, reported herein, have been focused on improving the permeability 

of 6 while retaining its excellent potency and selectivity. In previous reports,23, 24 we 

demonstrated that the 2-aminopyridine moiety was crucial for the key interactions of nNOS 

inhibitors with Glu-592 and Glu-597 in the active site of rnNOS and hnNOS, respectively. 

Hence, structural modifications have been focused on the middle ring linker and the amine 

tail. First, the middle pyridine linker was replaced by other aromatic rings. Various linker 

moieties (7–10) were chosen to explore the activity as well as enhance the lipophilicity. 

Second, methylation of the secondary amine (11–14) was carried out in a strategy to 

improve the permeability by reduction in the number of H-bond donors. Third, reduction of 

the number of rotatable bonds within the molecule was investigated by incorporating biaryl 

linkers bearing an amino tail at both meta- (16) and para- (17) positions as well as 
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modulation of the basicity of the amino tail group in molecules containing these rigid linkers 

(15). Finally, introduction of lipophilic moieties to the biaryl linkers (18–19) was employed 

to maximize the lipophilicity of the modified compounds. All compounds were then 

investigated for their nNOS inhibition and selectivity over eNOS and iNOS. Analogues with 

high potency and selectivity were further examined in a parallel artificial membrane 

permeability for blood brain barrier (PAMPA-BBB) assay for their permeability and in a 

Caco-2 assay for their P-glycoprotein (P-gp) substrate liability.

RESULT AND DISCUSSION

Chemistry

To replace the pyridine linker in 6 by other aromatic rings, different benzylic bromide 

compounds (21a–d), which are commercially available, were substituted with lithiated 

pyrrolyl-4,6-dimethylpyridine (20) to generate intermediates 22a–d (Scheme 1).

The generated intermediates (22a–c) were then coupled with either N-Boc-N-methyl-

propargylamine (23a) or 3-dimethylamino-1-propyne (23b) via Sonagashira cross-coupling 

to afford alkynes carrying Boc-protected secondary amine (24a–c) or tertiary amine (26a–c), 

respectively. A sequence of Boc deprotection, alkyne reduction, and pyrrole deprotection of 

24a–c provided desired compounds 7–9. In a similar pathway of alkyne reduction and 

pyrrole deprotection, compounds 11–13 were obtained from 26a–c (Scheme 2).

It was desirable to synthesize compounds 10 and 14, containing a cyanophenyl linker, since 

our previous studies showed that incorporation of a cyano group into potential molecules 

helps improve their nNOS activity and selectivity, especially with human nNOS.22, 24 

Intermediate 27, containing a cyanophenyl linker, was synthesized from bromophenyl 

precursor 22d by treatment with CuCN in DMF at 150 °C. Sonogashira coupling was then 

performed on 27 to install the amine tails. Unlike the synthetic route for 7–9 and 11–13, 

pyrrole deprotection in the synthesis of target compounds 10 and 14 was performed before 

alkyne reduction to avoid overreduction of the pyrrole ring by Pd/C, H2 (Scheme 3).

The syntheses of compounds containing pyridine-based biaryl linkers were started with 

construction of the biaryl moiety using Suzuki coupling of 30 with different boronic acids 

(31a–c) as shown in Scheme 4. Two assessments were investigated in this modification with 

pyridine-based biaryl linkers. First, the boronic acid of Boc-protected aniline 31a was used 

to modulate the basicity of the tail amino group. Reduction of the pKa not only improves the 

permeability of the resulting compound but also reduces its P-gp substrate liability.25 

Second, compounds in which the amino group is connected to the pyridine-based biaryl 

linkers via one extended methylene group at both meta- or para- positions were synthesized 

to evaluate the effect of these connectivities on the biological activity and selectivity of the 

resulting inhibitors. Boc-deprotection of 32a obtained from the aforementioned Suzuki 

reactions yielded intermediate 33a, while reductive amination of 32b–c with the N-

methylamine hydrochloride salt generated 33b–c. Pyrrole deprotection of the three 

intermediates (33a–c) afforded the final desired products (15–17, Scheme 4).
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To maximize the possible increase in cell membrane permeability, a new set of compounds 

that contains both lipophilicity and rigidity enhancement were synthesized. These 

compounds were designed to consist of a biaryl linker containing a fluorophenyl ring. 

Following a similar synthetic route used for analogues 15–17, compounds 18 and 19 were 

successfully constructed using 22b in place of intermediate 30 (Scheme 4).

Biological activity

The hemoglobin NO capture assay26 was used to determine the inhibitory constants (Ki) of 

synthesized compounds 7–19. First, these compounds were tested against rat nNOS and 

murine iNOS to evaluate their inhibitory activity and isoform selectivity. On the basis of the 

screening results, the compounds with high potency and selectivity were further assayed 

against human nNOS and human eNOS. The Ki and the selectivity values of 7–19, as well as 

those of compound 6 for comparison, are summarized in Table 1. The selectivity for nNOS 

over iNOS (n/i) was obtained by comparing Ki values of rat nNOS and murine iNOS on 

account of the ease of expression and purification of these enzymes. For selectivity against 

nNOS over eNOS, Ki values obtained from human nNOS and human eNOS were used 

(hn/he) to achieve structure-activity relationships (SAR) closer to the human system. 

Additionally, a cross comparison of compound activities against nNOS of different species 

(human vs. rat, hn/rn) was also evaluated because this is valuable information in evaluating 

translation from preclinical to clinical studies.

In the first series of compounds, modified by replacing the middle pyridine linker with other 

aromatic rings (7–10), modification caused effects on both potency and selectivity. 

Particularly, when phenyl or fluorophenyl linkers were employed in place of pyridine, the 

potencies with rat nNOS and human nNOS of the resulting compounds (7 and 8, 

respectively) are slightly decreased compared to those of 6. When the aromatic linkers 

contain a bulkier and more electron withdrawing group, i.e., trifluoromethyl- (9) or cyano- 

(10) groups, the resulting compounds display a dramatic drop in the inhibitory activity over 

nNOS in both species. This result suggests a different effect from the modification of the 

middle aromatic ring compared to what we observed previously for the other 

pharmacophores, such as a 2-aminoquinoline anchoring head with an amine tail or a 2-

aminopyridine with a diamine tail;22, 24 in both cases incorporation of a nitrile on the middle 

phenyl ring generally resulted in improvement in both potency and selectivity. This trend, 

however, does not consistently occur in the current scaffold of nNOS inhibitors, which 

consists of a 2-aminopyridine anchoring head and a middle aromatic ring with a long amine 

tail.

X-ray crystal structures of these inhibitors bound to NOS were determined to reveal the 

structural basis for these new observations. It has been shown that23 the middle pyridine ring 

of 6 can establish an upward binding mode with the nitrogen atom forming a H-bond to a 

Tyr residue (Tyr-562 in rnNOS and Tyr-567 in hnNOS). Once the middle pyridine is 

replaced by a phenyl ring in 7 this H-bonding capability is removed. As shown in the 

structure of rnNOS-7 (Figure S1A), while the anchoring 2-aminopyridine can still make 

bifurcated H-bonds with Glu-592, the middle phenyl ring bends back on to the heme, and 

the long amine tail does not make any favorable contacts with the protein. A similar situation 
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is also observed in the hnNOS-7 structure (Figure S1B). As the result of these changes in the 

interactions with nNOS, the nNOS inhibitory potency of 7 drops by 3- to 4-fold compared to 

those of 6 (Table 1).

The upward binding mode of the middle aromatic ring is reestablished when the phenyl ring 

is replaced by a fluorophenyl ring. The crystal structures of 8 bound to both rnNOS and 

hnNOS (Figures 3A and 3B, respectively) clearly show the H-bond from the fluorine atom 

to Tyr-562 (rnNOS, 2.7 Å) or Tyr-567 (hnNOS, 2.5 Å). In addition, the tail amine moiety 

can also H-bond (2.6 – 2.8 Å) with the water molecule bridging between the heme 

propionate A and H4B. The “3-points” H-bonding interactions (i.e., head, middle, and tail) 

shown with compound 8 are similar to what were seen for 6, although the binding affinity of 

8 to both nNOS enzymes is 3- to 5-fold weaker than that of 6, possibly the result of the 

nonpolar nature of the fluorophenyl ring in 8 versus the polar pyridine ring in 6.

Compound 8 also retains good isoform selectivity compared to lead compound 6 (6, n/i = 

118, hn/he = 1761; 8, n/i = 113, hn/he = 610). The structure of heNOS-8 (Figure 3C) 

indicates that while the 2-aminopyridine group can still H-bond with Glu-361, the middle 

fluorophenyl ring and the tail amine show a high degree of uncertainty with incomplete 

electron densities. The ethylene linker between the 2-aminopyridine and the middle phenyl 

ring is not pointing upward as seen in the structures of 8 bound to nNOS (Figure 3A and 

3B). As a result, the fluorophenyl ring no longer H-bonds with Tyr331. Moreover, the 

disordered tail amine does not make any H-bond with protein or water. All together, the lack 

of these interactions could be responsible for the low inhibition of this compound against 

heNOS, which results in its high hn/he ratio.

The ratio of activity between hnNOS and rnNOS of 7–10 (hn/rn) was also determined to 

evaluate the potential translation of these inhibitors from preclinical data to a clinical study. 

This ratio was aimed to be as close to 1.0 as possible so that there will be little to no 

significant difference in the amount of inhibitors used in rat and human dosage. The primary 

sequence of human nNOS and rat nNOS is more than 93% identical, and the nNOS active 

site is quite conserved between these two species.24 The difference between them that is 

relevant to inhibitor binding in a peripheral pocket is that the nonpolar Leu337 residue in 

rnNOS is replaced by a bulkier and polar His342 residue in hnNOS. Compounds 7–10, 

which contain a non-bulky alkylamino tail were designed not to reach into this pocket, 

therefore resulting in a close-to-1.0 hn/rn ratio. As shown in Table 1, although 7–10 
displayed slightly lower inhibition to human nNOS than rat nNOS, their hn/rn ratio is still 

less than 2.0, especially, 7 and 8, the two favorably potent and selective compounds.

Our second approach to improve the permeability of 6, in which the secondary amino tail of 

7–10 was replaced by a tertiary amino tail to reduce the number of hydrogen bond donors in 

the lead molecule, gave the next series of compounds (11–14). In the previous study,23 the 

H-bonds of the secondary amino tail group of 6 with a bridging water molecule interacting 

with both the heme and H4B moieties of nNOS, was proposed to account for the 

improvement in potency of 6 with hnNOS. Hence, the conversion of the secondary amine in 

the tail of 7–10 to a tertiary amine in the corresponding analogues (11–14) may potentially 

diminish the hnNOS inhibitory activity of these resulting compounds. However, we found 
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that the secondary-to-tertiary amine conversion had little effect on the inhibition activity of 

11–14 compared to those of 7–10. In fact, 12 is more potent with both rat and human nNOS 

than its secondary amine analogue (8) with Ki values close to those of lead compound 6. 

Moreover, 12 displays a remarkable improvement in isoform selectivity surpassing those of 

6, especially over heNOS (hn/he = 2799). Additionally, 12 also has a favorable hn/rn ratio 

(1.2). X-ray crystal structures of 12 bound to rnNOS, hnNOS and heNOS are shown in 

Figure 4.

Similar to lead compound 6 and its secondary amine analogue 7, compound 12 retains the 

upward binding mode in both rnNOS (Figure 4A) and hnNOS (Figure 4B) with its 

fluorophenyl ring forming a H-bond with a Tyr residue (Tyr562 in rnNOS or Tyr567 in 

hnNOS). The tertiary amine can still approach the bridging water molecule between heme 

propionate A and H4B. The only difference from 7 is that the tertiary amino group of 12 is 

now a H-bond acceptor instead of the donor of 7. This bridging water is not visible in the 

hnNOS-12 structure because of the moderate data resolution (2.45 Å), but is supposed to be 

there, interacting with the tertiary amino group of 12.

Compared to 8 and 6, 12 exhibited a much greater improvement in the selectivity for hnNOS 

over heNOS (4.5 times more than 8 and 1.6 times more than 6). The X-ray structure of 12 
bound to heNOS (Figure 4C) reveals that the fluorophenyl linker adopts a bent-over binding 

mode with the ring pressing against the heme moiety, which is different from the structure of 

the heNOS-8 complex, in which the middle ring is flipped over 180° with the fluorine atom 

pointing toward Asn366. The tertiary amino group is not making H-bond or other favorable 

contacts with the protein, resulting in a 2-fold weaker potency than 8. Therefore, compound 

12 becomes the most selective inhibitor in the series with hn/he = 2799.

As the Ki values listed in Table 1 indicate that a trifluoromethylphenyl (9 and 13) or a 

benzonitrile (10 and 14) as the middle ring leads to poor inhibitors, we attempted to look for 

the underlying reasons in crystal structures. We did not obtain decent data for rnNOS-9 but 

data for both rnNOS-13 (Figure S2A) and hnNOS-13 (Figure S2B) allowed us to model the 

inhibitor in the active site. The 2-aminopyridine group H-bonds with Glu-592 (rnNOS) or 

Glu-597 (hnNOS), and the ethylene linker connected to the middle aromatic ring also bends 

upward as that observed in the rnNOS-12 structure. However, because of the bulky 

trifluoromethyl group, the phenyl ring itself cannot go upward; instead, the trifluoromethyl 

group fits into a pocket between Glu-592 and Arg-596 in rnNOS, making non-bonded 

interactions with the two side chains. The long amine tail is highly flexible with weak 

density, approaching heme propionate D but without forming a H-bond. Losing H-bonds 

from the middle ring and the tail amine in 13 (or 9) are likely the reasons behind their poor 

binding.

Using a benzonitrile ring as the middle aromatic linker had some success in the 2-

aminoquinoline-22 and the 2-aminopyridine-24 containing inhibitors in the past, but it 

showed the opposite effects with compounds 10 or 14 here. We were able to obtain the 

structures of rnNOS-10 (Figure 5A) and hnNOS-10 (Figure 5B). In these structures, the 

benzonitrile ring position in 10 is similar to that found for the fluorophenyl ring in 8 with the 

cyano group protruding next to Asp-597 (rnNOS) or Asp-602 (hnNOS) at a distance of 2.9 – 
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3.0 Å. This interaction cannot be a H-bond unless the Asp residue is protonated. The tail 

amino group is flexible but managed to make a H-bond with the bridging water near the 

H4B. Given the poor inhibitory potency, the close contacts involving the cyano group may 

even be considered as unfavorable clashes.

Why would a middle benzonitrile ring make 2-aminoquinoline compounds better 

inhibitors22 but not the 2-aminopyridine analogues described here? The bulkier 2-

aminoquinoline group actually pushes the middle benzonitrile ring to a position that allows 

the cyano group to fit into a narrow cleft between Met-570 and Tyr-706 in rnNOS (Figure 

S3A). In addition, the cyano group H-bonds with a structural water molecule in the cleft, 

which is in turn H-bonds with the protein backbone. In this way, the benzonitrile moiety of 

those 2-aminoquinoline compounds is tightly sequestered in the protein cleft, giving high 

potency. In the case of the 2-aminopyridine compound with a diamino tail24 the middle 

benzonitrile ring points in an opposite direction, close to Ser-477 in rnNOS (Figure S3B). 

That direction is restrained by the diamine, which tightly interacts with the heme propionate 

A. As a result of 3-point H-bonds – from head, middle, and tail – a very potent inhibitor is 

obtained. Therefore, whether or not a functional group can make favorable contacts (often 

H-bonds) determines if this group contributes positively to the potency of the inhibitor.

The next modification in our study was to increase the rigidity, and therefore potentially 

enhance cell membrane permeability, of the modified analogues. Compounds 15–17, 

containing a pyridine-based biaryl linker, were then synthesized. To maintain a similar 

distance of the amino tail group to the pyridine ring (via four bonds as found in 6), 15 was 

prepared with a methylaniline in the tail. As such, the basicity of the tail amino group was 

also modulated (pKa of 15 = 4.29 predicted by ChemAxon software, https://

www.chemaxon.com/). The assay with rnNOS showed that the reduction in the basicity of 

the tail amino group drastically reduced the nNOS inhibition of 15, which is 100 times less 

potent than 6. No crystal structures were determined with nNOS for compound 15 because 

of its poor binding affinity.

To increase the basicity of the amino tail, we prepared 16, which has almost the same 

constitution as 15, but with a methylene group extending between the amino group and the 

aromatic biaryl linker. The nNOS inhibitory activity of analogue 16 (predicted pKa = 9.49 

for the tail amine) was restored and was comparable to 7 and 8 (Table 1). Crystal structures 

of rnNOS-16 (Figure 5A) and hnNOS-16 (Figure 5B) reveal a similar upward binding mode 

of 6, in which the middle pyridine ring H-bonds with Tyr562 (rnNOS) or Tyr567 (hnNOS). 

One distinction exists in the tail amino group: in rnNOS the amino group makes a H-bond 

with a water molecule bridging between heme propionate A and H4B, whereas in hnNOS 

the amino group displaces the water molecule and directly H-bonds with both the heme 

propionate and H4B.

To determine the impact of different connectivity to the inhibitor-enzyme interactions, the 

position of the (methylamino)methylene group relative to the pyridine ring was also changed 

from meta- for 16 to para- for 17. As shown in Figure 6, 17 binds to hnNOS in an upward 

mode with its middle pyridine H-bonded to Tyr567; however, in rnNOS the middle pyridine 

bends back to interact with heme propionate D. In both cases, the tail amino group in 17 can 
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no longer interact with either heme propionate or H4B because of its para-position from the 

pyridine ring. The potency of 17 is slightly poorer than that of 16 as a result of the lack of 

this tail interaction.

Knowing the structure of 16 and 17, we can comment on why 15 is a much poorer inhibitor. 

The tail amino group in 15 is in an aniline, thus having lower basicity. More importantly, the 

rigidity and short arm of this amino group keep it from reaching out to the H4B site water 

molecule.

To obtain analogues with increased cell membrane, and therefore BBB permeability, we also 

assessed a combined modification in which both molecular rigidity (as found for 15–17) and 

lipophilicity (as found for 7–10) were employed to give 18–19. The chemical structures of 

18 and 19 are almost identical to 16 and 17, respectively, except for the fact that the 

pyridine-based biaryl linker is replaced by a fluorophenyl-based biaryl linker. Biological 

assays revealed that 18 retains excellent inhibitory activity against nNOS (18, Ki (rnNOS) = 

44 nM, Ki (hnNOS) = 83 nM) while there is a marked drop in activity for 19 (Ki (rnNOS) = 

185 nM, Ki (hnNOS) = 362 nM). This trend seems to be consistent with biaryl-linker 

analogues in which compounds with the (methylamino)methylene group at the meta-
position (16, 18) gave greater potency than those with a para-substituted 

(methylamino)methylene (17, 19). Additionally, there is no significant change in nNOS 

inhibition between two meta-analogues, while the fluorophenyl-containing analogue (18) 

displays more than 2-fold higher selectivity for hnNOS over heNOS (16, hn/he = 106; 18, 

hn/he = 234).

Two different binding modes were observed for 18 bound to rnNOS and hnNOS. The middle 

fluorophenyl ring of 18 bends back against the heme in rnNOS, as shown in Figure 7A, 

while its tail amino group still reaches to the water molecule bridging between heme 

propionate A and the H4B. In contrast, the fluorophenyl ring of 18 in the hnNOS structure 

(Figure 7B) turns upward making a H-bond with Tyr567, while the tail amino group folds 

back to make a H-bond with the H4B site water molecule. Either binding mode can achieve 

fairly good potency with nNOS. An attempt at getting a heNOS-18 structure was made. The 

binding mode was found similar to that shown in rnNOS; that is, the middle fluorophenyl 

ring bends back against the heme. However, in heNOS the tail phenyl ring and amino group 

are more disordered without making any favorable contacts with the protein or the water 

molecule, which also prevented the refinement completion. In reference to the structures of 

rnNOS-17 and hnNOS-17 (Figure 6), it is easy to understand why 19 is a poor inhibitor. The 

para-position of the middle fluorophenyl ring makes the tail amino group impossible to 

reach the H4B site water molecule no matter which binding mode 19 might adopt in nNOS.

Permeability

Compounds 7, 12, 16, and 18, with high potency and selectivity for nNOS, were selected for 

a permeability study. The in-vitro permeability of selected compounds was measured using 

the parallel artificial membrane permeability for blood brain barrier (PAMPA-BBB) assay.28 

Additionally, the efflux ratio (ER) was determined with a Caco-2 assay to evaluate their P-

gp liability. The PAMPA-BBB assay was firstly developed by Di et. al.28 and has been 
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reported to be one of the most efficient and low-cost assays to evaluate the BBB permeation 

of CNS candidates at the early stage of development.16, 29, 30 In this assay, porcine brain 

lipid is used as an artificial membrane to predict the passive permeability of tested 

compounds. Since the BBB has a tight junction between endothelial cells, transcellular 

passive diffusion is the major pathway for CNS drugs to enter the brain.25 Five commercial 

drugs (Table 2) were used as standard compounds to establish and validate our in-house 

assay. Two drugs, verapamil and theophylline, were also used as positive and negative 

controls, respectively, during each permeability test of the selected nNOS inhibitors (see 

Experimental Section for details). Compared to reported values in the literature (Table 2),28 

the effective permeability (Pe) values of commercial drugs obtained under our conditions are 

slightly higher. Therefore, a higher cutoff to classify a compound as CNS (+) or CNS (−) 

was used. If Pe of a compound is larger than 4.0 × 10−6 cm/s (compared to a 2.0 × 10−6 cm/s 

cutoff value in Di’s report),28 the compound was predicted to have good potential ability to 

cross the BBB. Table 2 summarizes Pe values of five commercial-drug standards and our 

selected nNOS inhibitors (7, 12, 16, and 18). The results reveal that all the selected nNOS 

inhibitors exhibit a predicted CNS (+) with Pe values up to 17.4 × 10−6 cm/s. Compound 16 
(Pe = 5.56 × 10−6 cm/s), with a pyridine-based biaryl linker, displays the lowest permeability 

among the selected compounds, indicating that the presence of the pyridine ring 

significantly hinders the permeability of nNOS inhibitors, which is consistent with the little-

to-no permeability found for lead compound 6 in the Caco-2 assay.

Replacement of the pyridine linker by a fluorobenzene ring in nNOS inhibitors was found to 

greatly help increase the Pe value. For example, 18, containing a fluorophenyl-based biaryl 

linker, exhibits a 3-fold higher Pe (17.41 × 10−6 cm/s) than that of 16 with a pyridine-based 

biaryl linker (16, Pe = 5.56 × 10−6 cm/s). Compound 12, with a fluorophenyl linker and a 

tertiary amino tail, exhibits a Pe of ca. 1.5-fold higher than that of 7, which contains a phenyl 

ring linker and a secondary amino tail.

The PAMPA-BBB assay also supports combining molecular rigidity and lipophilicity to 

obtain greater permeability. While retaining excellent potency and selectivity, compound 18 
exhibits a comparable Pe to that of the commercial CNS drugs verapamil and desipramine.

Finally, the efflux ratio (ER) of the four selected analogs was determined using a Caco-2 

assay to evaluate their P-gp substrate liability. Efflux transporters contribute significantly to 

limiting the brain penetration of drugs; P-glycoprotein (P-gp) and breast cancer resistant 

protein (BCRP) are the two most important ATP-driven efflux transporters at the BBB, of 

which P-gp has a larger substrate specificity and therefore higher impact than BCRP.16 The 

bidirectional Caco-2 assay is commonly used to identify the P-gp liability of a drug,31 in 

which the permeability of a compound is measured by its ability to cross a monolayer of 

colon cells with expressed P-gp from two directions, either from apical to basal (A→B) or 

from basal to apical (B→A) wells. The efflux ratio (ER) is the ratio of the apparent 

permeability (Papp) of B→A over A→B. The higher the ER a compound has, the less 

potential to penetrate the BBB. Papp and ER of the selected nNOS inhibitors (7, 12, 16, and 

18) and control compounds are shown in Table 3. The results indicate that the four selected 

analogues all exhibit better permeability than 6. Compound 16, which has a low Pe value in 

the PAMPA-BBB assay (Pe = 5.56 × 10−6 cm/s), also displays the lowest permeability 
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among the series in the Caco-2 assay with the highest efflux ratio, indicating that this biaryl 

containing pyridine compound is not only a poor penetrant but also a very strong P-gp 

substrate. The Caco-2 results again confirm that replacement of the pyridine ring by a 

fluorobenzene ring significantly increases permeability. Specifically, 18 displays an ER less 

than one-sixth that of 16, although it still displays a high ER with only 28% recovery in the 

A→B direction. This result also suggests that compound 18 is retained in the lipid layer of 

colon cells, which is possibly the result of its high lipophilicity. Obtaining the optimal 

lipophilicity is key in CNS drug development to deliver drugs into the brain; compounds 

with insufficient lipophilicity will suffer from poor penetration, while compounds with 

excessive lipophilicity will have increased risks of toxicity and instability, as well as 

retention in the cell membrane, preventing it from crossing the BBB.25, 32 Of the four 

selected compounds, 12 exhibits the lowest ER (5.9) with high recovery percentage in both 

directions. This compound also expresses a favorable permeability in the PAMPA-BBB 

assay (Table 2). Although its ER value is still out of the therapeutic range for CNS drugs 

(usually ER < 3),33 there has been significant improvement in the permeability as 

demonstrated by both PAMPA-BBB and Caco-2 assays compared to lead compound 6. The 

insights from these modifications help to understand further the structure-activity 

relationship and cell permeability of nNOS inhibitors.

CONCLUSION

We have designed and synthesized a new series of potent and selective human nNOS 

inhibitors based on the 2-aminopyridine scaffold aimed at improving their cell membrane 

permeability, and therefore increasing their ability to cross the BBB. Different strategies, 

involving replacing the polar and basic middle pyridine linker, reducing the number of 

hydrogen bond donors, and increasing the rigidity of the molecular skeletons, have been 

used. We discovered that the combination of exchanging the middle pyridine linker with a 

more lipophilic fluorobenzene linker and the use of a tertiary amine in place of a secondary 

amine resulted in compound 12, which not only retains excellent inhibition for human nNOS 

(Ki = 26 nM) and a tremendous selectivity over human eNOS (hn/he = 2799, which is the 

highest selectivity ratio we have obtained to date) but also increases the permeability of the 

compound compared to lead compound 6. X-ray diffraction analysis of 12 bound to rat and 

human nNOS reveals that the fluorine atom of the fluorobenzene linker forms a H-bonds 

with Tyr-567 in hnNOS and Tyr-562 in rnNOS, which mimics what was previously observed 

for the nitrogen of the pyridine linker in compound 6. However, introducing many aromatic 

rings in 18 resulted in excessive lipophilicity, which caused retention in the cell membrane. 

These results serve as the basis for further exploration of the properties of these potent and 

selective nNOS inhibitors.

EXPERIMENTAL SECTION

Chemistry

General Procedures—All reagents were purchased from Sigma-Aldrich and used 

without further purification. Compound 20, 23a, and 30 were prepared according to our 

previous report.23 Arylbromides 21a–d are commercially available. Alkyne 23b and boronic 
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acids 31a–c were also obtained from commercial sources. Anhydrous solvents (THF, 

CH2Cl2, DMF) were purified before use by passing through a column composed of activated 

alumina and a supported copper redox catalyst. Thin layer chromatography (TLC) was 

performed on silica gel 60 F254 pre-coated plates (0.25 mm) from Silicycle, and 

components were visualized by ultraviolet light (254 nm) and/or KMnO4 or ninhydrin 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 μm, 60 Å). 1H and 13C NMR spectra were recorded on a Bruker Avance-III NMR 

spectrometer at 500 MHz and 126 MHz, respectively, in CDCl3 or CD3OD. Chemical shifts 

were reported in ppm, multiplicities are indicated by s = singlet, d = doublet, t = triplet, q = 

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

broad resonance. Coupling constants ‘J’ were reported in Hz. High resolution mass spectral 

data were obtained on an Agilent 6210 LC-TOF spectrometer in the positive ion mode using 

electrospray ionization with an Agilent G1312A HPLC pump and an Agilent G1367B 

autoinjector at the Integrated Molecular Structure Education and Research Center 

(IMSERC), Northwestern University. The purity of compounds was tested by using a 

reserved-phase analytical Agilent Infinity 1260 HPLC with an Agilent Poroshell 120 EC-

C18 column, detecting with UV absorbance at 254 nm. All compounds undergoing 

biological tested had >95% purity. The preparations of Sonagashira coupling products, 

Suzuki coupling products, and final compounds are described below, while the synthesis of 

intermediates 22c–d is presented in the Supporting Information.

General Procedure A: Sonagashira Cross Coupling: A microwave vial was charged with 

Pd(PPh3)4 (5 mol %), CuI (5 mol %), and aryl bromide 22a, 22b, 22c, or 27 (1 equiv.). The 

mixtures were diluted with triethylamine to form a 0.16 M solution followed by the addition 

of alkyne 23a or 23b (1.5–2 equiv.). The microwave vial was capped, and the reaction 

mixture was stirred at 90 °C for 20 h. The cap was removed, and the reaction mixture was 

diluted with ethyl acetate and filtered. The filtrate was washed with water, ammonium 

chloride, and brine, dried with Na2SO4, and concentrated under reduced pressure. The crude 

product mixture was purified by flash column chromatography to give 24a–24c, 26a–26c, 

28a, and 28c.

General Procedure B: Boc Deprotection, Alkyne Reduction, and Pyrrole 
Deprotection: Compounds 24a–24c (1 equiv.) were diluted with DCM to form a 0.1 M 

solution followed by addition of TFA (20% volume). The reaction mixture was allowed to 

stir at r.t. for 1 h. At this time, the crude product was concentrated under reduced pressure, 

diluted with CH2Cl2, and washed with sat. NaHCO3. The organic layer was dried over 

Na2SO4 and concentrated to give crude products 25a–25c. The crude product was used for 

further steps without purification. A scintillation vial was charged with 10% wt. Pd/C and 

crude product 25a–25c (1 equiv.). The mixtures were diluted with methanol to form a 0.1 M 

solution. The reaction mixture was stirred at r.t. for 20 h under a hydrogen balloon (1 atm). 

At this time, the crude product was filtered, and the filtrate was concentrated under reduced 

pressure to give a crude product. A microwave vial was charged with reduction crude 

product (1 equiv.) and NH2OH·HCl (3–4 equiv.). The mixtures were diluted with EtOH/

water (2:1) to form a 0.16 M solution. The microwave vial was then capped and the reaction 
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mixture was stirred at 100 °C for 20 h. The cap was removed, and the reaction mixture was 

concentrated under reduced pressure. The crude product mixture was purified by flash 

chromatography to give 7, 8, and 9.

General Procedure C: Alkyne Reduction and Pyrrole Deprotection: A scintillation vial 

was charged with 10% wt. Pd/C and 26a–26c (1 equiv.). The mixtures were diluted with 

methanol to form a 0.1 M solution. The reaction mixture was stirred at r.t. for 20 h under a 

hydrogen balloon (1 atm), then the crude product was filtered, and the filtrate was 

concentrated under reduced pressure. The crude product was subjected to 2,5-

dimethylpyrrole deprotection without purification. A microwave vial was charged with crude 

reduction products 26a–26c (1 equiv.) and NH2OH·HCl (3–4 equiv.). The mixtures were 

diluted with EtOH/water (2:1) to form a 0.16 M solution. The microwave vial was capped, 

and the reaction mixture was stirred at 100 °C for 20 h. The cap was removed, and the 

reaction mixture was concentrated under reduced pressure. The crude product mixture was 

purified by flash chromatography to give 11, 12, and 13.

General procedure D: Preparation of 32a–c and 34a–b (Suzuki cross-coupling): A 

microwave vial was charged with Pd(PPh3)4 (5 mol %), K2CO3 (2 equiv.), boronic acid 

31a–c (1.5 equiv.), and 30 (1 equiv.). The mixture was diluted with THF/water (4:1) to form 

a 0.2 M solution. The microwave vial was capped, and the reaction mixture was stirred at 

80 °C for 20 h. The cap was removed, and the reaction mixture was diluted with ethyl 

acetate. The crude product was filtered, the filtrate was dried over Na2SO4, and concentrated 

under reduced pressure to give reaction crude 32a–c and 34a–b.

General Procedure E: Preparation of 33b–c and 35a–b (Reductive amination): A 

scintillation vial was charged with N-methylamine hydrochloride salt (3 equiv.) and NaOAc 

(3 equiv.), and the mixtures were diluted with MeOH to form a 0.1 M solution. The resulting 

slurry was allowed to stir at 25 °C for 15 min. The slurry was then transferred to a 

scintillation vial charged with 1 equiv. of the crude product from the Suzuki cross-coupling 

(32b–c or 34a–b). The reaction mixtures were then allowed to stir at 25 °C for 1 h. At this 

time, Na2SO4 was added to the scintillation vial, and the mixture was filtered. The filtrate 

was cooled to 0 °C followed by addition of NaBH4 (3 equiv.). The reaction mixture was 

allowed to warm to r.t and stir for 1 h. The reaction was quenched with water, and the 

methanol was removed under reduced pressure. The aqueous mixture was extracted with 

DCM three times, and the organic layers were collected, dried over Na2SO4, and 

concentrated to give the crude product, which was purified by flash chromatography to give 

33b–c and 35a–b.

General Procedure F: Preparation of 15–19 (Pyrrole Deprotection): A microwave vial 

was charged with 33a–c or 35a–b (1 equiv.) and NH2OH·HCl (3–4 equiv.). The mixtures 

were diluted with EtOH/water (2:1) to form a 0.16 M solution. The microwave vial was 

capped, and the reaction mixture was stirred at 100 °C for 20 h. The cap was removed, and 

the reaction mixture was concentrated under reduced pressure. The crude product mixture 

was purified by flash chromatography to give 15–19.
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4-Methyl-6-(3-(3-(methylamino)propyl)phenethyl)pyridin-2-amine (7): Compound 7 was 

synthesized according to general procedure B using 24a (130.0 mg, 0.284 mmol), TFA (0.5 

ml), 10% wt. Pd/C (10.8 mg), and NH2OH·HCl (59.1 mg). 7 was isolated as a brown oil 

(55.5 mg, 69%) after flash column chromatography (MeOH: DCM 3:7). 1H NMR (500 

MHz, Methanol-d4): δ 7.20-7.18 (m, 2H), 7.10-7.08 (m, 2H), 6.71 (s, 1H), 6.59 (s, 1H), 

3.03-3.00 (m, 6H), 2.71-2.69 (m, 5H), 2.32 (s, 3H), 2.08-1.97 (m, 2H); 13C NMR (125 MHz, 

Methanol-d4): δ 157.6, 154.3, 148.6, 140.7, 140.0, 128.5, 128.4, 126.4, 126.3, 113.8, 109.5, 

48.8, 48.7, 34.5, 34.4, 32.1, 27.6, 20.9; HRMS ESI: calcd. For C18H26N3 [M+H]+, 

284.2121; found, 284.2121.

6-(3-Fluoro-5-(3-(methylamino)propyl)phenethyl)-4-methylpyridin-2-amine (8): 
Compound 8 was synthesized according to general procedure B using 24b (135.0 mg, 0.284 

mmol), TFA (0.58 ml), 10% wt. Pd/C (17.0 mg), and NH2OH·HCl (64.0 mg). 8 was isolated 

as a brown oil (74.5 mg, 87.07%) after flash column chromatography (MeOH: DCM= 

3:7). 1H NMR (500 MHz, Methanol-d4): δ 7.02 (s, 1H), 6.89-6.85 (m, 2H), 6.73 (s, 1H), 

6.62 (s, 1H), 3.04-3.01 (m, 6H), 2.73-2.70 (m, 5H), 2.33 (s, 3H), 2.06-2.00 (m, 2H); 13C 

NMR (125 MHz, Methanol-d4): δ 163.0 (d, JC-F = 243.0 Hz), 157.6, 154.4, 148.3, 143.4 (d, 

JC-F = 7.8 Hz), 142.6 (d, JC-F = 7.8 Hz), 124.2 (d, JC-F = 2.1 Hz), 113.7, 112.9 (d, JC-F = 

21.3 Hz), 112.8 (d, JC-F = 21.4 Hz), 109.5, 48.5, 34.1, 34.0, 32.4, 31.8, 27.3, 20.6; HRMS 

ESI: calcd. For C18H25FN3 [M+H]+, 302.2027; found, 302.2031.

4-Methyl-6-(3-(3-(methylamino)propyl)-5-(trifluoromethyl)phenethyl)pyridin-2-amine (9): 
Compound 9 was synthesized according to general procedure B using 24c (222 mg, 0.42 

mmol), TFA (0.8 ml), 10% wt. Pd/C (16.1 mg), and NH2OH·HCl (72 mg). 9 was isolated as 

a brown oil (80.2 mg, 54%) after flash column chromatography (MeOH: DCM 1:3). 1H 

NMR (500 MHz, Methanol-d4): δ 7.54 (s, 1H), 7.43 (s, 1H), 7.40 (s, 1H), 6.74 (s, 1H), 6.62 

(s, 1H), 3.16-3.12 (m, 2H), 3.09-3.06 (m, 4H), 2.83 (t, J = 8.0 Hz, 2H), 2.74 (s, 3H), 2.34 (s, 

3H), 2.11-2.05 (m, 2H); 13C NMR (125 MHz, Methanol-d4): δ 157.5, 154.5, 148.2, 142.3, 

141.3, 132.3, 130.6 (q, JC-F = 32.5 Hz), 124.3 (q, JC-F = 270 Hz), 122.9 (d, JC-F = 3 Hz), 

122.8 (d, JC-F = 3 Hz), 113.8, 109.6, 48.5, 34.1, 34.0, 32.4, 31.8, 27.3, 20.6. HRMS ESI: 

calcd. For C19H24F3N3 [M+H]+, 352.1995; found, 352.2011.

3-(2-(6-Amino-4-methylpyridin-2-yl)ethyl)-5-(3-(methylamino)propyl)benzonitrile (10): 
Compound 10 was synthesized by Boc deprotection of 28a followed by pyrrole-

deprotection, and alkyne-reduction. 10 (182.7 mg, 0.38 mmol) was diluted with DCM to 

form a 0.1 M solution followed by addition of TFA (20% volume). The reaction mixture was 

allowed to stir at r.t. for 1 h. At this time, the crude product was concentrated under reduced 

pressure, diluted with DCM, and washed with sat. NaHCO3. The organic layer was dried 

over MgSO4 and concentrated to give 28b. The crude product was used for further steps 

without purification. 28b was subjected to pyrrole deprotection according to general 

procedure B using NH2OH·HCl (82 mg) and EtOH/water (2/1, 2.1 mL). 29a was isolated as 

a light yellow oil (49.3 mg, 43%) after flash column chromatography (MeOH: DCM 1:3). A 

scintillation vial was charged with 10% wt. Pd/C (4.6 mg) and 29a (49.3 mg). The mixtures 

were diluted with methanol to form a 0.1 M solution. The reaction mixture was stirred at r.t. 

for 20 h under hydrogen gas, then filtered, and the filtrate was concentrated under reduced 

Do et al. Page 14

J Med Chem. Author manuscript; available in PMC 2018 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pressure to give 10. 1H NMR (500 MHz, Methanol-d4): δ 7.64 (s, 2H), 7.52 (s, 1H), 7.39 (s, 

1H), 6.71 (s, 1H), 6.61 (s, 1H), 3.08-3.01 (m, 8H), 2.79-2.73 (m, 2H), 2.71 (s, 3H), 2.32 (s, 

3H), 2.07-2.04 (m, 2H); 13C NMR (125 MHz, Methanol-d4): δ 157.5, 157.4, 154.5, 148.5, 

141.3, 140.6, 134.0, 132.0, 125.6, 125.5, 113.7, 109.5, 48.5, 34.3, 34.1, 32.4, 31.8, 27.3, 

20.6. HRMS ESI: calcd. For C19H24N4 [M+H]+, 309.2073; found, 309.2081.

6-(3-(3-(Dimethylamino)propyl)phenethyl)-4-methylpyridin-2-amine (11): Compound 11 
was synthesized according to general procedure C using 26a (89.4 mg, 0.2408 mmol), 10% 

wt. Pd/C (12.3 mg), and NH2OH·HCl (53.2 mg). 11 was isolated as a brown oil (57.9 mg, 

81%) after flash column chromatography (MeOH: DCM 3:7). 1H NMR (500 MHz, 

methanol-d4): δ 7.22 (t, J= 7.5 Hz, 1H), 7.19 (s, 1H), 7.12-7.08 (m, 2H), 6.68 (s, 1H), 6.59 

(s, 1H), 3.17-3.14 (m, 2H), 3.03-3.01 (m, 4H), 2.89 (s, 6H), 2.71-2.68 (m, 2H), 2.33 (s, 3H), 

2.09-2.03 (m, 2H); 13C NMR (125 MHz, methanol-d4): δ 157.6, 154.4, 148.7, 140.5, 140.0, 

128.5, 128.3, 126.4, 126.2, 113.7, 109.4, 57.2, 42.1, 34.4, 34.3, 31.9, 26.0, 20.6; HRMS ESI: 

calcd. For C19H28N3 [M+H]+, 298.2278; found, 298.2279.

6-(3-(3-(Dimethylamino)propyl)-5-fluorophenethyl)-4-methylpyridin-2-amine (12): 
Compound 12 was synthesized according to general procedure C using 26b (189.5 mg, 

0.4869 mmol), 10% wt. Pd/C (20.1 mg), and NH2OH·HCl (94.1 mg). Compound 12 was 

isolated as a brown oil (118.6 mg, 77%) after flash column chromatography (MeOH: DCM 

3:7). 1H NMR (500 MHz, methanol-d4): δ 7.04 (s, 1H), 6.93 (d, J = 9.5 Hz, 2H), 6.71 (s, 

1H), 6.62 (s, 1H), 3.81 (dd, J= 8.0, 5.0 Hz, 2H), 3.04-3.02 (m, 4H), 2.91 (s, 6H), 2.71 (dd, J= 
8.0, 7.0 Hz, 2H), 2.33 (s, 3H), 2.11-2.04 (m, 2H); 13C NMR (125 MHz, methanol-d4): δ 
163.0 (d, JC-F = 243.0 Hz), 157.3, 154.4, 148.4, 143.3 (d, JC-F = 7.8 Hz), 142.7 (d, JC-F = 7.9 

Hz), 124.2 (d, JC-F = 2.1 Hz), 113.7, 113.0 (d, JC-F = 21.3 Hz), 112.9 (d, JC-F = 21.4 Hz), 

109.5, 57.0, 42.2, 34.1, 34.0, 31.7, 25.7, 20.6; HRMS ESI: calcd. For C19H27FN3 [M+H]+, 

316.2184; found, 316.2192.

6-(3-(3-(dimethylamino)propyl)-5-(trifluoromethyl)phenethyl)-4-methylpyridin-2-amine 
(13): Compound 13 was synthesized according to general procedure C using 26c (146 mg, 

0.3 mmol), 10% wt. Pd/C (16 mg), and NH2OH·HCl (63 mg). Compound 13 was isolated as 

a brown oil (128 mg, 85%) after flash column chromatography (MeOH: DCM 3:7). 1H 

NMR (500 MHz, methanol-d4): δ 7.56 (s, 1H), 7.46 (s, 1H), 7.41 (s, 1H), 6.74 (s, 1H), 6.64 

(s, 1H), 3.28 – 3.20 (m, 2H), 3.18 – 3.12 (m, 2H), 3.11 – 3.05 (m, 2H), 2.94 (s, 6H), 2.82 (t, 

J = 7.9 Hz, 2H), 2.35 (s, 3H), 2.18 – 2.08 (m, 2H).; 13C NMR (125 MHz, methanol-d4): δ 
157.6, 154.4, 148.2, 142.1, 141.4, 132.3l, 130.6 (q, J = 31.7 Hz), 124.0 (q, J = 271.6 Hz), 

123.1 (m, 2C), 113.8, 109.5, 57.0, 42.2, 34.1, 34.0, 31.7, 25.8, 20.6; HRMS ESI: calcd. For 

C20H26F3N3 [M+H]+, 366.2151; found, 366.2163.

3-(2-(6-amino-4-methylpyridin-2-yl)ethyl)-5-(3-(dimethylamino)propyl)benzonitrile (14): 
Compound 14 was synthesized from 28c by first removing 2,5-dimethylpyrrole protecting 

group using NH2OH.HCl in EtOH/H2O (2:1). Product 29b was then subjected to 

hydrogenation with 10% wt. Pd/C in MeOH (0.1 M). The reaction mixture was stirred at r.t. 

for 20 h under hydrogen gas. After that, the crude was filtered and the filtrate was 

concentrated under reduced pressure to give a crude 14 which was isolated as a brown oil 
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after flash column chromatography (MeOH: DCM 3:7). 1H NMR (500 MHz, methanol-d4): 

δ 7.61 (s, 1H), 7.60 (s, 1H), 7.28 (s, 1H), 6.35 (s, 1H), 6.32 (s, 1H), 3.04 – 2.98 (m, 2H), 

2.96 – 2.91 (m, 2H), 2.90 – 2.84 (m, 2H), 2.76 – 2.70 (m, 8H), 2.20 (s, 3H), 2.05 – 1.95 (m, 

2H).; 13C NMR (125 MHz, methanol-d4): δ 171.1, 158.9, 157.2, 150.4, 142.2, 141.1, 133.9, 

131.9, 125.3, 125.1, 113.3, 106.8, 57.5, 42.6, 38.4, 35.5, 32.1, 26.6, 19.7; HRMS ESI: calcd. 

For C20H26N4 [M+H]+, 323.2230; found, 323.2251.

4-Methyl-6-(2-(5-(3-(methylamino)phenyl)pyridin-3-yl)ethyl)pyridin-2-amine (15): 
Compound 15 was synthesized according to general procedure F using 33a (139 mg, 0.35 

mmol) and NH2OH·HCl (86 mg). 15 was isolated as a light-yellow oil (75.7 mg, 68%) after 

flash column chromatography (methanol: DCM 1:4). 1H NMR (500 MHz, methanol-d4): δ 
8.66 (s, 1H), 8.46 (s, 1H), 8.02 (s, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.89-6.87 (m, 2H), 6.71 (s, 

1H), 6.69 (d, J= 7.5 Hz, 1H), 6.62 (s, 1H), 3.18-3.15 (m, 2H), 3.10-3.07 (m, 2H), 2.82 (s, 

3H), 2.31 (s, 3H); 13C NMR (125 MHz, methanol-d4): δ 157.5, 154.5, 150.6, 148.0, 146.7, 

144.7, 138.1, 137.4, 136.2, 135.7, 129.5, 115.2, 113.8, 112.5, 110.6, 109.7, 33.8, 31.4, 29.5, 

20.6; HRMS ESI: calcd. For C20H23N4 [M+H]+, 319.1924; found, 319.1917.

4-Methyl-6-(2-(5-(3-((methylamino)methyl)phenyl)pyridin-3-yl)ethyl)pyridin-2-amine 
(16): Compound 16 was synthesized according to general procedure F using 33b (98.2 mg, 

0.24 mmol) and NH2OH·HCl (53 mg). 16 was isolated as a light-yellow oil (40.2 mg, 51%) 

after flash column chromatography (methanol: DCM 1:4). 1H NMR (500 MHz, methanol-

d4): δ 8.79 (s, 1H), 8.51 (s, 1H), 8.30 (s, 1H), 8.01 (s, 1H), 7.81 (t, J = 6.0 Hz, 1H), 7.61 (d, 

J= 6.0 Hz, 2H), 6.70 (s, 1H), 6.69 (s, 1H), 4.33 (s, 2H), 3.23-3.20 (m, 2H), 3.15-3.13 (m, 

2H), 2.79 (s, 3H), 2.34 (s, 3H); 13C NMR (125 MHz, methanol-d4): δ 157.7, 154.5, 147.9, 

147.1, 144.5, 137.5, 136.8, 136.5, 136.4, 132.4, 129.8, 129.7, 128.6, 127.9, 113.8, 109.7, 

52.0, 33.6, 31.9, 31.3, 20.6; HRMS ESI: calcd. For C21H25N4 [M+H]+, 333.2074; found, 

333.2081.

4-Methyl-6-(2-(5-(4-((methylamino)methyl)phenyl)pyridin-3-yl)ethyl)pyridin-2-amine 
(17): Compound 17 was synthesized according to general procedure F using 33c (109.7 mg, 

0.27 mmol) and NH2OH·HCl (59 mg). 17 was isolated as a light-yellow oil (85.2 mg, 95%) 

after flash column chromatography (methanol: DCM 1:3). 1H NMR (500 MHz, methanol-

d4): δ 8.70 (s, 1H), 8.46 (s, 1H), 8.12 (s, 1H), 7.80 (d, J= 8.0 Hz, 2H), 7.68 (d, J= 8.0 Hz, 

2H), 6.69 (s, 1H), 6.65 (s, 1H), 5.87 (s, 2H), 4.28 (s, 2H), 3.20-3.17 (m, 2H), 3.13-3.10 (m, 

2H), 2.77 (s, 3H), 2.33 (s, 3H); 13C NMR (125 MHz, methanol-d4): δ 157.5, 154.6, 148.1, 

147.9, 145.2, 138.2, 136.4, 136.1, 135.5, 131.4, 130.5, 127.6, 113.7, 109.6, 51.7, 33.7, 31.9, 

31.4, 20.5; HRMS ESI: calcd. For C21H25N4 [M+H]+, 333.2074; found, 333.2070.

6-(2-(5-Fluoro-3′-((methylamino)methyl)-[1,1′-biphenyl]-3-yl)ethyl)-4-methylpyridin-2-
amine (18): Compound 18 was synthesized according to general procedure F using 35a 
(141.9 mg, 0.33 mmol) and NH2OH·HCl (72 mg). 18 was isolated as a brown yellow oil 

(92.8 mg, 80%) after flash column chromatography (methanol: DCM 1:4). 1H NMR (500 

MHz, methanol-d4): δ 7.90 (s, 1H), 7.72 (d, J= 7.5 Hz, 1H), 7.57-7.50 (m, 3H), 7.30 (d, J= 

9.5 Hz, 1H), 7.05 (d, J= 9.5 Hz, 1H), 6.67 (s, 1H), 6.65 (s, 1H), 4.29 (s, 2H), 3.15-3.12 (m, 

2H), 3.11-3.08 (m, 2H), 2.77 (s, 3H), 2.33 (s, 3H); 13C NMR (125 MHz, methanol-d4): δ 
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163.4 (d, JC-F = 243.8 Hz), 157.7, 154.4, 148.3, 143.1 (d, JC-F = 7.5 Hz), 142.5 (d, JC-F = 8.8 

Hz), 140.5, 132.0, 129.5, 129.0, 128.4, 127.8, 123.0, 114.2 (d, JC-F = 21.3 Hz), 113.7, 111.5 

(d, JC-F = 22.5 Hz), 109.5, 52.1, 34.2, 34.0, 31.9, 20.6; HRMS ESI: calcd. For C22H25FN3 

[M+H]+, 350.2030; found, 350.2030.

6-(2-(5-Fluoro-4′-((methylamino)methyl)-[1,1′-biphenyl]-3-yl)ethyl)-4-methylpyridin-2-
amine (19): Compound 19 was synthesized according to general procedure F using 35b 
(127.5 mg, 0.30 mmol) and NH2OH·HCl (65 mg). 19 was isolated as a brown yellow oil (89 

mg, 85%) after flash column chromatography (methanol: DCM 1:4). 1H NMR (500 MHz, 

methanol-d4): δ 7.71 (d, J= 8.0 Hz, 2H), 7.62 (d, J= 8.0 Hz, 2H), 7.40 (s, 1H), 7.23 (d, J= 9.5 

Hz, 1H), 7.06 (d, J= 9.5 Hz, 1H), 6.68 (s, 1H), 6.62 (s, 1H), 4.26 (s, 2H), 3.14-3.11 (m, 2H), 

3.08-3.05 (m, 2H), 2.76 (s, 3H), 2.32 (s, 3H); 13C NMR (125 MHz, methanol-d4): δ 161.8 

(d, JC-F = 243.8 Hz), 156.1, 152.9, 146.7, 141.6 (d, JC-F = 7.5 Hz), 140.9 (d, JC-F = 8.8 Hz), 

139.2 (d, JC-F = 1.3 Hz), 129.4, 128.8, 125.9, 121.3 (d, JC-F = 2.5 Hz), 112.7 (d, JC-F = 21.3 

Hz), 112.2, 110.0 (d, JC-F = 22.5 Hz), 108.0, 50.3, 32.7, 32.5, 30.3, 19.1; HRMS ESI: calcd. 

For C22H25FN3 [M+H]+, 350.2030; found, 350.2030.

tert-Butyl-3-(3-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-
yl)ethyl)phenyl)prop-2-ynyl(methyl)carbamate (24a): Compound 24a was synthesized 

according to general procedure A using Pd(PPh3)4 (28.8 mg), CuI (4.7 mg), alkyne 23a 
(126.8 mg, 0.75 mmol), and 22a (184.3 mg, 0.50 mmol). 24a was isolated as a yellow oil 

(70.2 mg, 31%) after flash column chromatography (ethyl acetate: hexanes 1:4). 1H NMR 

(500 MHz, CDCl3): δ 7.24-7.21 (m, 2H), 7.17 (t, J = 7.5 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 

6.87 (s, 1H), 6.83 (s, 1H), 5.87 (s, 2H), 4.25 (brs, 2H), 3.05-3.02 (m, 4H), 2.95 (s, 3H), 2.34 

(s, 3H), 2.10 (s, 6H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 160.6, 155.3, 151.7, 

149.5, 141.6, 131.8, 129.4, 128.6, 128.5, 128.3, 122.8, 122.6, 120.2, 106.7, 84.4, 83.7, 80.1, 

39.5, 35.5, 33.5, 28.4, 28.3, 21.0, 13.2.

tert-Butyl-3-(3-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-
fluorophenyl)prop-2-ynyl(methyl)carbamate (24b): Compound 24b was synthesized 

according to general procedure A using Pd(PPh3)4 (28.8 mg), CuI (4.9 mg), alkyne 23a 
(125.6 mg), and 22b (193.1 mg, 0.50 mmol). 24b was isolated as a yellow oil (139.2 mg, 

60%) after flash column chromatography (ethyl acetate: hexanes 3:7). 1H NMR (500 MHz, 

CDCl3): δ 7.02 (s, 1H), 6.91 (d, J = 9.0 Hz, 1H), 6.88 (s, 1H), 6.84 (s, 1H), 6.81 (d, J = 9.5 

Hz, 1H), 5.86 (s, 2H), 4.24 (brs, 2H), 3.04-3.02 (m, 4H), 2.94 (s, 3H), 2.35 (s, 3H), 2.10 (s, 

6H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 162.4 (d, JC-F = 244.5 Hz), 160.1, 155.3, 

151.7, 149.6, 144.1 (d, JC-F = 7.5 Hz), 128.5, 127.8 (d, JC-F = 2.4 Hz), 124.4 (d, JC-F = 10.0 

Hz), 122.7, 120.3, 116.1 (d, JC-F = 22.9 Hz), 115.8 (d, JC-F = 21.0 Hz), 106.7, 85.4, 82.5 (d, 

JC-F = 3.4 Hz), 80.2, 39.0, 35.1, 35.0, 33.6, 28.4, 21.0, 13.2. MS ESI [M+Na]+ = 498.21.

tert-Butyl(3-(3-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-
(trifluoromethyl)phenyl)prop-2-yn-1-yl)(methyl)carbamate (24c): Compound 24c was 

synthesized according to general procedure A using Pd(PPh3)4 (29.1 mg), CuI (5.0 mg), 

alkyne 23a (131.0 mg), and 22c (198.1 mg, 0.50 mmol). 24c was isolated as a yellow oil 

(222 mg, 85%) after flash column chromatography (ethyl acetate: hexanes 1:4). 1H NMR 
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(500 MHz, CDCl3): δ 7.48 (s, 1H), 7.41 (s, 1H), 7.27 (s, 1H), 6.86 (s, 2H), 5.88 (s, 2H), 4.26 

(brs, 2H), 3.12-3.09 (m, 2H), 3.08-3.05 (m, 2H), 2.97 (s, 3H), 2.35 (s, 3H), 2.10 (s, 6H), 1.48 

(s, 9H); 13C NMR (125 MHz, CDCl3): δ 159.8, 155.3, 151.8, 149.7, 142.7, 135.0, 130.8 (q, 

JC-F = 32.5 Hz), 128.4, 126.2 (d, JC-F = 3.1 Hz), 125.1 (d, JC-F = 3.8 Hz), 123.8, 123.7 (q, 

JC-F = 271.3 Hz), 122.8, 120.4, 106.8, 86.1, 82.2, 80.2, 39.1, 35.1, 33.6, 28.4, 20.9, 13.2. MS 

ESI [M+Na]+ = 548.20

3-(3-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)phenyl)-N,N-
dimethylprop-2-yn-1-amine (26a): Compound 26a was synthesized according to general 

procedure A using Pd(PPh3)4 (28.8 mg), CuI (5.0 mg), alkyne 23b (128.9 mg), and 22a 
(184.4 mg, 0.50 mmol). 26a was isolated as a brown oil (89.4 mg, 48%) after flash column 

chromatography (ethyl acetate: hexanes 6:4). 1H NMR (500 MHz, CDCl3): δ 7.26-7.24 (m, 

2H), 7.17 (t, J = 7.5 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 6.87 (s, 1H), 6.84 (s, 1H), 5.87 (s, 

2H), 3.44 (s, 2H), 3.06-3.01 (m, 4H), 2.35 (s, 6H), 2.34 (s, 3H), 2.10 (s, 6H); 13C NMR (125 

MHz, CDCl3): δ 160.7, 151.7, 149.5, 141.6, 131.8, 129.3, 128.5, 128.4, 128.3, 123.2, 122.7, 

120.1, 106.7, 85.4, 84.4, 48.6, 44.3, 39.5, 35.5, 21.0, 13.2.

3-(3-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-fluorophenyl)-
N,N-dimethylprop-2-yn-1-amine (26b): Compound 26b was synthesized according to 

general procedure A using Pd(PPh3)4 (28.9 mg), CuI (5.1 mg), alkyne 23b (125.8 mg), and 

22b (193.0 mg, 0.50 mmol). 26b was isolated as a brown oil (189.5 mg, 97%) after flash 

column chromatography (Methanol: DCM 1:19). 1H NMR (500 MHz, CDCl3): δ 7.03 (s, 

1H), 6.93 (d, J = 9.0 Hz, 1H), 6.87 (s, 1H), 6.84 (s, 1H), 6.80 (d, J = 9.5 Hz, 1H), 5.87 (s, 

2H), 3.43 (s, 2H), 3.04-3.02 (m, 4H), 2.35 (s, 3H), 2.34 (s, 6H), 2.10 (s, 6H); 13C NMR (125 

MHz, CDCl3): δ 162.4 (d, JC-F = 244.4 Hz), 160.2, 151.8, 149.6, 144.1 (d, JC-F = 8.0 Hz), 

128.5, 127.8 (d, JC-F = 2.4 Hz), 124.7 (d, JC-F = 10.0 Hz), 122.7, 120.3, 116.1 (d, JC-F = 22.8 

Hz), 115.5 (d, JC-F = 21.0 Hz), 106.8, 85.4, 84.3 (d, JC-F = 3.4 Hz), 48.5, 44.3, 39.1, 35.1, 

21.0, 13.2. MS ESI [M+H]+ = 390.23

3-(3-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-
(trifluoromethyl)phenyl)-N,N-dimethylprop-2-yn-1-amine (26c): Compound 26c was 

synthesized according to general procedure A using Pd(PPh3)4 (28.8 mg), CuI (5 mg), 

alkyne 23b (128.9 mg), and 22c (218 mg, 0.50 mmol). 26c was isolated as a brown oil (132 

mg, 60%) after flash column chromatography (Methanol: DCM 1:19). 1H NMR (500 MHz, 

CDCl3): δ 7.32 (s, 1H), 7.24 (d, J = 1.5 Hz, 1H), 7.09 (d, J = 2.0 Hz, 1H), 6.68 (s, 1H), 6.67 

(s, 1H), 5.70 (s, 2H), 3.28 (s, 2H), 2.97 – 2.84 (m, 4H), 2.18 (s, 6H), 2.17 (s, 3H), 1.93 (s, 

6H); 13C NMR (125 MHz, CDCl3): δ δ 171.1, 159.9, 151.8, 149.6, 142.6, 134.9, 130.8 (q, 

JC-F = 32.3 Hz), 128.4, 126.2 (q, JC-F = 3.8 Hz), 124.85 (q, JC-F = 3.8 Hz), 124.8, 124.1, 

122.8, 120.4, 106.8, 86.1, 84.0, 48.5, 44.3, 39.1, 35.1, 20.9, 13.2.

tert-Butyl N-(3-(3-cyano-5-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-
yl)ethyl)phenyl)prop-2-yn-1-yl)(methyl)carbamate (28a): Compound 28a was synthesized 

according to general procedure A using Pd(PPh3)4 (28.8 mg), CuI (4.0 mg), alkyne 23a (112 

mg), and 27 (191 mg, 0.5 mmol). 28a was isolated as a brown oil (183.7 mg, 75%) after 

flash column chromatography (MeOH: DCM 1:19). 1H NMR (500 MHz, CDCl3): δ 7.47 (s, 
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1H), 7.42 (s, 1H), 7.33 (s, 1H), 6.86 (s, 1H), 6.85 (s, 1H), 5.86 (s, 2H), 4.24 (brs, 2H), 

3.08-3.02 (m, 4H), 2.93 (s, 3H), 2.34 (s, 3H), 2.08 (s, 6H), 1.46 (s, 9H); 13C NMR (125 

MHz, CDCl3): δ 159.5, 155.3, 151.8, 149.8, 143.2, 136.1, 132.7, 131.5, 128.4, 124.4, 122.7, 

120.5, 118.1, 112.7, 106.8, 87.1, 81.4, 80.3, 38.8, 34.8, 34.7, 33.7, 28.4, 20.9, 13.2. MS ESI 

[M+Na]+ = 505.21

3-(2-(6-(2,5-dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5-(3-
(dimethylamino)prop-1-yn-1-yl)benzonitrile (28c): Compound 28c was synthesized 

according to general procedure A using Pd(PPh3)4 (28.8 mg), CuI (4.0 mg), alkyne 23b 
(128.9 mg), and 27 (191 mg, 0.5 mmol). 28c was isolated as a brown oil (148 mg, 75%) 

after flash column chromatography (MeOH: DCM 1:19). 1H NMR (500 MHz, CDCl3): δ 1H 

NMR (500 MHz, Chloroform-d) δ 7.30 (s, 1H), 7.24 (s, 1H), 7.14 (s, 1H), 6.68 (s, 1H), 6.66 

(s, 1H), 5.67 (s, 2H), 3.24 (s, 2H), 2.93 – 2.80 (m, 4H), 2.16 (s, 3H), 2.14 (s, 6H), 1.89 (s, 

6H); 13C NMR (125 MHz, CDCl3): δ 159.6, 151.8, 149.8, 143.2, 136.1, 132.7, 131.3, 128.4, 

124.7, 122.7, 120.5, 118.2, 112.6, 106.8, 87.2, 83.2, 48.5, 44.3, 38.8, 34.7, 21.0, 13.2.

3-(5-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)pyridin-3-yl)-N-
methylaniline (33a): Compound 33a was prepared via Suzuki cross-coupling and Boc 

deprotection. 32a was synthesized according to general procedure D using Pd(PPh3)4 (24.1 

mg), K2CO3 (141 mg), boronic acid 31a (172.6 mg), and 30 (149 mg, 0.4 mmol). Reaction 

product 32a was diluted with DCM to form a 0.1 M solution followed by addition of TFA 

(20% volume). The reaction mixture was allowed to stir at r.t. for 1 h. At this time, the crude 

product was concentrated under reduced pressure, diluted with DCM, and washed with sat. 

NaHCO3. The organic layer was dried over Na2SO4 and concentrated to give crude product. 

33a was isolated as a light-yellow oil (139 mg, 70%) after flash column chromatography 

(methanol: DCM 1:19). 1H NMR (500 MHz, CDCl3): δ 8.65 (s, 1H), 8.37 (s, 1H), 7.25 (t, J 
= 7.5 Hz, 1H), 7.65 (s, 1H), 6.90 (s, 1H), 6.86 (s, 1H), 6.83 (d, J = 7.5 Hz, 1H), 6.71 (s, 1H), 

6.62 (d, J = 7.5 Hz, 1H), 5.88 (s, 2H), 3.94 (brs, 1H), 3.14-3.12 (m, 4H), 2.87 (s, 3H), 2.34 

(s, 3H), 2.10 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 160.1, 151.8, 149.9, 149.7, 148.3, 

146.0, 138.8, 136.9, 136.6, 134.7, 128.6, 128.5, 122.8, 120.4, 116.1, 112.2, 110.8, 106.8, 

39.2, 32.7, 30.7, 21.0, 13.3. MS ESI [M+Na]+ = 419.26.

1-(3-(5-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)pyridin-3-
yl)phenyl)-N-methylmethanamine (33b): Compound 33b was prepared via Suzuki cross-

coupling and reductive amination. 32b was synthesized according to general procedure D 

using Pd(PPh3)4 (29.1 mg), K2CO3 (143 mg), boronic acid 31b (112.6 mg), and 30 (185 mg, 

0.5 mmol). 33b was synthesized according to general procedure E using N-methylamine 

hydrochloride (103 mg), NaOAc (125 mg), 32b, and NaBH4 (116 mg). 33b was isolated as a 

light-yellow oil (98.2 mg, 48%) after flash column chromatography (methanol: DCM 1: 

9). 1H NMR (500 MHz, CDCl3): δ 8.65 (s, 1H), 8.36 (s, 1H), 7.66 (s, 1H), 7.51 (s, 1H), 7.40 

(d, J= 5.0 Hz, 2H), 7.34 (t, J = 5.0 Hz, 1H), 6.89 (s, 1H), 6.85 (s, 1H), 5.86 (s, 2H), 3.82 (s, 

2H), 3.13-3.12 (m, 4H), 2.47 (s, 3H), 2.34 (s, 3H), 2.08 (s, 6H); 13C NMR (125 MHz, 

CDCl3): δ 160.1, 151.8, 149.7, 148.6, 146.1, 140.1, 138.0, 136.6, 136.1, 134.6, 129.2, 128.4, 

128.1, 127.1, 126.0, 122.8, 120.4, 106.8, 55.6, 39.2, 35.7, 32.7, 21.0, 13.2.
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1-(4-(5-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)pyridin-3- 
yl)phenyl)-N-methylmethanamine (33c): Compound 33c was prepared via Suzuki cross-

coupling and reductive amination. 32c was synthesized according to general procedure D 

using Pd(PPh3)4 (29.3 mg), K2CO3 (142 mg), boronic acid 31c (111.6 mg), and 30 (188 mg, 

0.5 mmol). 33c was synthesized according to general procedure E using N-methylamine 

hydrochloride (105 mg), NaOAc (127 mg), 32c, and NaBH4 (119 mg). 33c was isolated as a 

light-yellow oil (109.7 mg, 53%) after flash column chromatography (methanol: DCM 1: 

9). 1H NMR (500 MHz, CDCl3): δ 8.64 (s, 1H), 8.37 (s, 1H), 7.62 (s, 1H), 7.46 (d, J= 8.0 

Hz, 2H), 7.40 (d, J= 8.0 Hz, 2H), 6.88 (s, 1H), 6.85 (s, 1H), 5.87 (s, 2H), 3.79 (s, 2H), 

3.13-3.11 (m, 4H), 2.46 (s, 3H), 2.33 (s, 3H), 2.09 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 
160.0, 151.8, 149.7, 148.5, 146.0, 139.9, 136.6, 136.5, 136.0, 134.4, 128.9, 128.4, 127.1, 

122.8, 120.3, 106.8, 55.5, 39.2, 35.9, 32.7, 21.0, 13.2.

1-(3′-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5′-fluoro-[1,1′-
biphenyl]-3-yl)-N-methylmethanamine (35a): Compound 35a was prepared via Suzuki 

cross-coupling and reductive amination. 34a was synthesized according to general procedure 

D using Pd(PPh3)4 (28.8 mg), K2CO3 (139 mg), boronic acid 31b (113.6 mg), and 30 (186 

mg, 0.5 mmol). 35a was synthesized according to general procedure E using N-methylamine 

hydrochloride (107 mg), NaOAc (131 mg), 34a, and NaBH4 (121 mg). 35a was isolated as a 

light-yellow oil (141.9 mg, 66%) after flash column chromatography (methanol: DCM 1: 

9). 1H NMR (500 MHz, CDCl3): δ 7.50 (s, 1H), 7.40 (d, J= 8.0 Hz, 1H), 7.37 (t, J= 7.5 Hz, 

1H), 7.32 (d, J= 8.0 Hz, 1H), 7.19 (s, 1H), 7.11 (d, J= 7.5 Hz, 1H), 6.92 (s, 1H), 6.86 (s, 1H), 

6.85 (d, J= 7.5 Hz, 1H), 5.88 (s, 2H), 3.81 (s, 2H), 3.12-3.11 (m, 4H), 2.48 (s, 3H), 2.36 (s, 

3H), 2.11 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 163.2 (d, JC-F = 242.3 Hz), 160.5, 151.8, 

149.6, 144.3 (d, JC-F = 7.5 Hz), 143.1 (d, JC-F = 8.8 Hz), 140.2 (d, JC-F = 2.5 Hz), 140.1, 

129.0, 128.5, 127.8, 127.0, 125.9, 123.1 (d, JC-F = 1.3 Hz), 122.7, 120.3, 114.1 (d, JC-F = 

21.3 Hz), 111.7 (d, JC-F = 22.5 Hz), 106.8, 55.8, 39.4, 35.8, 35.6, 21.0, 13.2.

1-(3′-(2-(6-(2,5-Dimethyl-1H-pyrrol-1-yl)-4-methylpyridin-2-yl)ethyl)-5′-fluoro-[1,1′-
biphenyl]-4-yl)-N-methylmethanamine (35b): Compound 35b was prepared via Suzuki 

cross-coupling and reductive amination. 34b was synthesized according to general procedure 

D using Pd(PPh3)4 (29.2 mg), K2CO3 (143 mg), boronic acid 31c (115.3 mg), and 30 (186 

mg, 0.5 mmol). 35b was synthesized according to general procedure E using N-methylamine 

hydrochloride (109 mg), NaOAc (135 mg), 34b, and NaBH4 (127 mg). 35b was isolated as a 

light-yellow oil (127.5 mg, 60%) after flash column chromatography (methanol: DCM 1: 

9). 1H NMR (500 MHz, CDCl3): δ 7.48 (d, J= 8.5 Hz, 2H), 7.40 (d, J= 8.5 Hz, 2H), 7.14 (s, 

1H), 7.07 (d, J= 9.5 Hz, 1H), 6.91 (s, 1H), 6.86 (s, 1H), 6.85 (d, J= 9.5 Hz, 1H), 5.88 (s, 2H), 

3.82 (s, 2H), 3.11-3.10 (m, 4H), 2.48 (s, 3H), 2.35 (s, 3H), 2.10 (s, 6H); 13C NMR (125 

MHz, CDCl3): δ 163.2 (d, JC-F = 242.5 Hz), 160.4, 151.8, 149.6, 144.3 (d, JC-F = 7.5 Hz), 

142.8 (d, JC-F = 7.5 Hz), 139.2 (d, JC-F = 2.5 Hz), 138.1, 129.1, 128.5, 127.2, 123.0 (d, JC-F 

= 1.3 Hz), 122.7, 120.3, 114.1 (d, JC-F = 21.3 Hz), 111.5 (d, JC-F = 21.3 Hz), 106.8, 55.0, 

39.4, 35.6, 35.3, 21.0, 13.2.
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NOS Enzyme Inhibition Assay

The NOS inhibitory activity of the studied compounds was measured by the hemoglobin 

(Hb) NO capture assay, in which NO production was monitored by a rapid oxidation of 

oxyHb to metHb by NO.26 Purified NOSs, including rat nNOS, human nNOS, murine 

macrophage iNOS, and human eNOS used in this study are recombinant enzymes. They are 

expressed in E. coli and purified as previously reported.34–37 The assay was done in 100 mM 

HEPES buffer with 10% glycerol (pH 7.4) at 37 °C in the presence of 10 μM L-Arg, 10 μM 

H4B, 100 μM NADPH, 0.83 mM CaCl2, 320 units/mL of calmodulin, and 3 μM human 

oxyhemoglobin. The concentration of L-Arg, 10 μM, was used as it is sufficient not to cause 

NOS uncoupling and is close to the Km values of all three NOS isoforms where competitive 

inhibitors can be detected effectively. In case of iNOS, CaCl2 and calmodulin were omitted 

and replaced by HEPES buffer since iNOS activation is calcium-independent. The assay was 

performed in 96-well plates using a Biotek Gen5™ microplate reader. The NOS enzymes 

and hemoglobin were dispensed automatically by the plate reader. NO production was 

kinetically monitored at 410 nm for 6 min. The inhibition constants (Ki) for all NOSs were 

calculated from the IC50 values of the dose–response curves using the Cheng–Prusoff 

equation: Ki = IC50/(1+[S]/Km)27 and Km (human nNOS: 1.6 μM; rat nNOS: 1.3 μM; 

murine iNOS: 8.2 μM; bovine eNOS: 1.7 μM; human eNOS: 3.9 μM).38 Dose–response 

curves were constructed from seven to nine test concentrations (200 μM–50 nM), and IC50 

values were calculated by nonlinear regression using GraphPad Prism software. The 

calculated standard deviations from dose-response curves of the assays were less than 10% 

with all NOSs. To confirm that the change in the absorbance of hemoglobin is caused by the 

released NO without any interference from possible binding between the 2-aminopyridine 

moiety in 6–19 and the heme in hemoglobin, a control experiment was performed by 

monitoring the UV-vis absorption of hemoglobin without and in the presence of compound 

12. The result (Figure S4) revealed that there is no change in either λmax or the absorbance 

intensity of the UV-vis spectrum of hemoglobin after the addition of 12, indicating that there 

is no interaction between these two species.

PAMPA-BBB Assay

BBB penetration was evaluated by the PAMPA-BBB assay, in which a porcine brain lipid 

was used as an artificial membrane.28, 39, 40 The five commercial drugs, phosphate buffer 

saline (PBS, 10 mM), DMSO (for biology), and dodecane (analytical standard) were 

purchased from Sigma Aldrich and Acros Organic. The porcine brain lipid (PBL) was 

obtained from Avanti Polar Lipids (100 mg, powder, Cat. # 141101P). The donor plate was a 

96-well filter plate with hydrophobic polyvinylidene fluoride (PVDF) membrane (pore size 

0.45 μm, non-sterile, Cat. # MAIPNTR10), and the acceptor plate was a 96-well transport 

receiver plate (Cat. # MATRNPS50), both from EDM Millipore Sigma. The 96-well UV 

plate with a flat bottom obtained from Greiner Bio-One was used for UV measurements 

(Cat. # 655801). Test compounds were first dissolved in DMSO to make a 10 mM stock 

solution. 20 μL of the stock solution was then diluted with 980 μL of 10 mM PBS buffer (pH 

= 7.5) to generate a final concentration of 200 μM (2% DMSO). The acceptor plate was 

filled with 250 μL of 10 mM PBS. The donor plate was first coated with 4 μL of PBL (20 

mg/mL in dodecane). 250 μL of a test compound (200 μM) was subsequently added to the 
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donor plate. The donor plate was then carefully placed on top of the acceptor plate to make a 

“sandwich”, which was incubated at 25 °C for 17 h in a saturated humidity atmosphere with 

an orbital agitation at 100 rpm. During this time, compounds diffuse from the donor plate to 

the acceptor plate. After incubation, 150 μL of test solution was taken from each well from 

both sides (donor and acceptor) and transferred to the UV plate for measurement. The 

concentration of a compound in each donor and acceptor well was determined by using a 

standard curve, which was built from its UV absorbance at λmax of various concentrations (1 

to 200 μM). Each compound was measured in triplicate. The effective permeability (Pe) was 

calculated using the following equation41: 

, where Pe is the effective permeability 

(cm/s), VA and VD are the volume of the acceptor and donor well (0.25 cm3), respectively, 

CA (t) is the concentration of the acceptor well at time t, CD (0), CD (t) is the concentration 

of the donor well at t0 and t, respectively, A is the filter well area (0.21 cm2). t is the 

incubation time (s). τss is the time to reach a steady state (usually very short compared to the 

incubation time). R is the retention membrane factor and was calculated using the following 

equation: . Pe was reported as an average of triplicate with a 

standard deviation.

Caco-2 Assay

The bidirectional Caco-2 assay was performed by Sai Life Sciences, Pune, India. Caco-2 

cells were first grown in Dulbecco’s Modified Eagles medium until they attained 85–90% 

confluence. The cells were then trypsinized and seeded into 24-well plates at a density of 0.6 

× 105 cells/insert. The plates were kept in a CO2 incubator at 37 °C for 21 days, and the 

medium was changed every alternative day. TEER instrument was used to validate the 

integrity of the monolayer. Wells with a TEER value above 230 ohms.cm2 were acceptable 

for the assay. Test compounds were dissolved in DMSO to make a 5 mM stock solution, 

which was further diluted 1000-fold in Hank’s Balanced Salt Solution (HBSS) buffer to 

obtain a final concentration of 5 μM (0.1% DMSO). Studied compounds were applied to 

either the apical (A → B direction) or the basal side (B → A direction). 50 μL of test 

compounds in the receiver compartment was taken at different time points (0, 15, 30, 60 and 

90 min) to measure the permeability of compounds. The concentration of test compounds at 

each time point was analyzed by LC-MS/MS. The apparent permeability (Papp) was 

calculated using the following equation: Papp = (dQ/dt)/C0.A, where dQ/dt is the linear slope 

of test compound concentration in the receiver chamber over time, C0 is the initial 

concentration of the compounds in the donor well, A is the filter well area (0.7 cm2). The 

efflux ratio is defined by the ratio of the apparent permeability of B → A over that of A → 
B. An ER value above 3 indicates that a compound is possibly a substrate of P-pg or other 

active efflux transporters.

Inhibitor Complex Crystal Preparation

The sitting drop vapor diffusion method was used to grow crystals at 4 °C for the heme 

domains of rat nNOS (8 mg/mL containing 20 mM histidine), the human nNOS K301R/

R354A/G357D mutant (10 mg/mL), and human eNOS (7 mg/mL). The crystal growth 

conditions were as described previously.22 Fresh crystals were first passed stepwise through 
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cryoprotectant solutions and then soaked with 5–10 mM inhibitor for 3–4 h at 4 °C before 

being flash cooled with liquid nitrogen and stored until data collection. The presence of an 

acetate ion near the heme active site in bovine eNOS caused interference in the binding 

mode of some inhibitors.42 The high concentration of magnesium acetate in the heNOS 

growth conditions may also introduce an acetate near the active site that may influence the 

binding mode of inhibitors. To avoid having this acetate in the structure, the magnesium 

acetate in the cryoprotectant solution was replaced with MgCl2.

X-ray Diffraction Data Collection, Data Processing, and Structural Refinement

The cryogenic (100 K) X-ray diffraction data were collected remotely at the Stanford 

Synchrotron Radiation Lightsource (SSRL) or Advanced Light Source (ALS) through the 

data collection control software Blu-Ice43 and a crystal-mounting robot. When a CCD 

detector was used, 100–125° of data were typically collected with 0.5° per frame. If a Pilatus 

pixel array detector was used, 140–160° of fine-sliced data were collected with a 0.2° per 

frame. Raw CCD data frames were indexed, integrated, and scaled using iMOSFLM,44 but 

the pixel array data were processed with XDS45 and scaled with Aimless.46 The binding of 

inhibitors was detected by initial difference Fourier maps calculated with REFMAC.47 The 

inhibitor molecules were then modeled in Coot48 and refined using REFMAC or PHENIX.49 

The crystal packing of the MgCl2 soaked heNOS crystals was changed slightly, resulting in 

a symmetry change from the orthorhombic P212121 reported previously36 to monoclinic 

P21, with a β angle only 0.6–0.7° off compared to the original 90°. Therefore, a molecular 

replacement calculation with PHASER-MR50 was needed to solve the structure. In the P21 

space group, there are two heNOS dimers in the asymmetric unit. Disordering in portions of 

inhibitors bound in the NOS active sites was often observed, sometimes resulting in poor 

density quality. However, partial structural features were usually still visible if the contour 

level of the sigmaA weighted 2m|Fo| − D|Fc| map was dropped to 0.5 σ, which afforded the 

building of reasonable models into the disordered regions. Water molecules were added in 

PHENIX and checked by Coot. The TLS51 protocol was implemented in the final stage of 

refinements with each subunit as one TLS group. The omit Fo − Fc density maps were 

calculated by removing inhibitor coordinates from the input PDB file before running one 

more round of TLS refinement in PHENIX (simulated annealing protocol with a 2000 K 

initial temperature). The resulting map coefficients DELFWT and PHDELWT were used to 

generate maps. For some recent structures, the Polder map facility in PHENIX was used to 

calculate the omit density map for the bound inhibitors.52 The refined structures were 

validated in Coot before deposition in the Protein Data Bank.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

NO nitric oxide

nNOS neuronal nitric oxide synthase

iNOS inducible nitric oxide synthase

eNOS endothelial nitric oxide synthase

hnNOS human neuronal nitric oxide synthase

heNOS human endothelial nitric oxide synthase

L-Arg L-Arginine

FAD flavin adenine dinucleotide

FMN flavin mononucleotide

NADPH reduced nicotinamide adenine dinucleotide phosphate

H4B (6R)-5,6,7,8-tetrahydrobiopterin

HEPES 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid

DNA deoxyribonucleic acid

WT wild type

PAMPA parallel artificial membrane permeability assay

BBB blood-brain barrier

CNS central nervous system

P-gp P-glycoprotein

ATP adenosine triphosphate

ER efflux ratio

Pe effective permeability

Papp apparent permeability
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Figure 1. 
Reported nNOS inhibitors with some improved pharmacokinetic properties
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Figure 2. 
Structural modification of lead compound 6 to improve its permeability
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Figure 3. 
Active site structure of 8 bound to rnNOS (A), hnNOS (B), and heNOS (C). For this and all 

following structural figures major H-bonds are depicted with dashed lines and distances are 

labeled in Å. The Fo − Fc omit electron density for the bound inhibitor is contoured at 2.5 σ. 

All of the structural figures were prepared with PyMol (www.pymol.org).
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Figure 4. 
Active site structures of 12 bound to rnNOS (A), hnNOS (B), and heNOS (C). The absence 

of the H4B site water in the hnNOS structure is likely the result of the moderate data 

resolution.
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Figure 5. 
Active site structures of 16 bound to rnNOS (A) and hnNOS (B).
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Figure 6. 
Active site structures of 17 bound to rnNOS (A) and hnNOS (B).
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Figure 7. 
Active site structures of 18 bound to rnNOS (A) and hnNOS (B). The electron density 

displayed here was calculated by the Polder map function in PHENIX and contoured at 3.5 

σ.
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Scheme 1. 
Reagents and conditions: Benzylic bromide 21a, 21b, 21c, or 21d, n-BuLi, THF, −78 °C to 

0 °C then −78 °C.
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Scheme 2. 
Reagents and conditions: (a) 23a or 23b, Pd(PPh3)4, CuI, TEA, 90 °C, 20 h; (b) 20% TFA in 

CH2Cl2, r.t., 1 h; (c) (i) Pd/C, H2, MeOH, r.t., 20 h, (ii) NH2OH•HCl, EtOH/H2O (2:1), 

100 °C, 20 h.
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Scheme 3. 
Reagents and conditions: (a) CuCN (1 equiv.), pyridine (1 equiv.), DMF, 150 °C; (b) 23a or 

23b, Pd(PPh3)4, CuI, TEA, 90 °C, 20 h; (c) 20% TFA in CH2Cl2, r.t., 1 h; (d) NH2OH.HCl, 

EtOH/H2O (2:1), 100 °C, 20 h; (e) Pd/C, H2, MeOH, r.t., 20 h.
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Scheme 4. 
Reagents and conditions: (a) boronic acid (31a, 31b or 31c), K2CO3, Pd(PPh3)4, THF/water 

(4/1), 80 °C, 20 h; (b) 20% TFA in CH2Cl2, r.t., 1 h; (c) (i) N-methylamine hydrochloride 

salt, NaOAc, MeOH, r.t, 15 min (ii) NaBH4, MeOH, 0 °C to r.t., 1 h; (d) NH2OH.HCl, 

EtOH/H2O (2:1), 100 °C, 20 h.
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Table 2

Effective permeability (Pe) of 5 commercial drugs and nNOS inhibitors in the PAMPA-BBB assaya

Compound LogDb Reported Pe (10−6 cm s−1)c Determined Pe (10−6 cm s−1)d Prediction

Verapamil 16 21.30 ± 1.50

Desipramine 12 20.52 ± 0.64

Chlorpromazine 6.5 8.04 ± 0.41

Dopamine 0.2 0.12 ± 0.011

Theophylline 0.12 0.15 ± 0.04

7 0.21 10.4 ± 0.75 CNS (+)

12 1.28 14.8 ± 0.69 CNS (+)

16 0.59 5.56 ± 0.18 CNS (+)

18 1.93 17.41 ± 0.50 CNS (+)

a
All assays were performed over 17 h at a concentration of 200 μM.

b
LogD values were predicted using ChemAxon software.

c
Effective permeability values from literature.28

d
Effective permeability values obtained in our in-house conditions.
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