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ABSTRACT:

Dysferlinopathies, which are muscular diseases caused by mutations in dysferlin gene, remain 

serious medical problems due to the lack of therapeutic agents. Herein, we report the design, 

synthesis, and structure-activity relationships of a 2,6-disubstituted-3H-imidazo[4,5-b]pyridine 

series, which was identified from the phenotypic screening of chemicals that increase the level of 

dysferlin in myocytes differentiated from patient-derived induced pluripotent stem cells (iPSCs). 

Optimization studies with cell-based phenotypic assay led to the identification of a highly potent 

compound 19 with dysferlin elevation effects at double-digit nanomolar concentrations. In 

addition, the molecular target of our chemical series was identified as tubulin, through a tubulin 

polymerization assay and a competitive binding assay using a photoaffinity labeling probe.
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Key words: small molecule, phenotypic screening, induced pluripotent stem cells (iPSCs), 

dysferlinopathy, dysferlin (DYSF), tubulin, photoaffinity labeling (PAL) probe, target identification
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INTRODUCTION

Cell-based phenotypic screening is an attractive drug discovery approach because it does not 

require an established biological knowledge of molecular targets, and it leads to the discovery of 

novel druggable targets and therapeutic agents.1, 2 In particular, phenotypic screening using 

patient-derived induced pluripotent stem cells (iPSCs) is expected to be one of the most 

disease-relevant evaluation systems.3-6 Dysferlinopathies are autosomal recessive muscular 

disorders that are caused by mutations in the dysferlin gene.7, 8 Dysferlin is dominantly expressed 

in skeletal or cardiac muscles and plays an essential role in the repair of damaged and disrupted 

plasma membranes.9-11 The loss or reduction of dysferlin results in the weakening of muscles as 

the muscle membrane is not restored sufficiently. Dysferlinopathies are clinically categorized 

into at least three phenotypes based on the initial pattern of muscle weakness: limb girdle 

muscular dystrophy 2B (LGMD2B), Miyoshi myopathy (MM), and distal myopathy with anterior 

tibial onset (DMAT). Currently, there is no effective treatment for dysferlinopathies; therefore, 

the development of novel therapeutic agents is highly desired.

Many types of dysferlin mutations have been reported, and it is evident that dysferlin level in 

human fibroblasts with the c.2997G>T (p.W999C) missense mutation is much lower than that in 

normal human fibroblasts.12 Additionally, treatment with a proteasomal inhibitor, MG-132, 

increased the level of p.W999C mutated dysferlin protein, and the membrane blebbing level was 
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also restored depending on the increase in the level of mutated dysferlin. Therefore, it is 

suggested that p.W999C mutated dysferlin protein possesses membrane resealing function. 

Indeed, a clinical study reported that patients with the homozygous c.2997G>T mutation had late 

onset of dysferlinopathies relative to those with the heterozygous c.2997G>T mutation.13 These 

observations indicate that an increase in the level of p.W999C mutated dysferlin protein could 

alleviate the symptoms of dysferlinopathies. Moreover, we previously developed a rapid, 

efficient, and reproducible method to differentiate iPSCs into mature myocytes, and we 

demonstrated its application in a disease model of MM.14 This method enabled us to establish an 

assay system to screen chemicals that could increase the dysferlin level in myocytes 

differentiated from MM patient-derived iPSCs.15 The pilot screening of 622 commercially 

available compounds identified nocodazole, a tubulin inhibitor, as a hit compound, which was 

found to restore membrane resealing function. 

Following the pilot screening, we carried out a more extensive high-throughput screening of 

small molecules to find more potent and drug-like compounds. From a screen of structurally 

diverse and drug-like small molecules (ca. 6400), we identified 

2,6-disubstituted-3H-imidazo[4,5-b]pyridine 1 as a hit compound, which showed dysferlin 

elevation effects in a dose-dependent manner. Compound 1 and its derivatives were originally 

derived in Takeda’s legacy project, where these compounds exhibited the growth inhibition of 
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HER2-positive cell lines such as SK-BR-3 and BT-474; however, their molecular target remains 

unknown.16 In the present study, we describe the structure-activity relationships (SAR) of 

2,6-disubstituted-3H-imidazo[4,5-b]pyridines and our efforts on the target deconvolution of our 

chemical series.

RESULTS AND DISCUSSION

In the dysferlin elevation assay,15 the threshold value for detecting an increase in the dysferlin 

level was set as median + 3 standard deviations of vehicle controls, which converged to slightly 

less than 1.5-fold relative to the median value of vehicle controls. Therefore, we defined the 

indicator of potency, EC150, as a compound concentration at which the dysferlin level is increased 

by 1.5-fold. As a result of the high throughput screening, we identified a hit compound 1, which 

exhibited an EC150 value of 5.9 μM and acceptable physicochemical properties such as solubility 

and membrane permeability. As our assay was a cell-based phenotypic screening, it is noteworthy 

that compound 1 did not show any cytotoxic effect on HepG2 cells even at 100 μM. Thus, we 

executed SAR studies in order to understand which features are crucial for cellular activity and 

identify highly potent compounds. The SAR information is also required for target identification 

approaches such as chemical proteomics or correlation analysis with target-based assay results17, 

18; for example, it is crucial for the preparation of chemical probes to clarify which part of the 
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6

compound turns toward the solvent region to attach a linker motif without disrupting the potency. 

In developing the cell-based SAR using the dysferlin elevation assay, the structure of compound 

1 was divided into three structural units: 1) C-2 substituents on imidazopyridine; 2) C-6 aryl 

groups on imidazopyridine; 3) imidazopyridine core scaffold. We carried out systematic 

modifications of each structural unit and evaluated the effects on the dysferlin level.

N

N

N
H

O
Compound 1
Cellular activity: EC150 = 5.9 µM
Permeability: 332 nm/sec
Solubility: 6.4 µg/mL
Cytotoxicity: IC50 >100 µM

C2
C6

Figure 1. Structure of hit compound 1.

First, the effects of C-2 substituents on cellular activity were investigated. Replacing the 

phenethyl group at C-2 with a phenyl (2) or benzyl (3) group resulted in the loss of cellular 

activity. To confirm the tolerability of substitution on the terminal phenyl ring, a chlorine atom 

was introduced into the ortho-, meta- and para-position, respectively. Among these, 

para-substituted 6 showed a potency comparable to 1, whereas ortho- (4) or meta- (5) substituted 

compounds showed reduced potency. The para-substitution was tolerated, and hence, a variety of 

para-substitution was explored. Consequently, a fluorophenethyl group (9) increased potency by 
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approximately 6-fold compared to hit compound 1. In contrast, an electron donating methyl (7) or 

methoxy group (8) and an electron withdrawing trifluoromethyl (10) or cyano group (11) resulted 

in a loss in potency, suggesting the size limitations of the binding pocket around the terminal 

phenyl ring.

 With the potent compound 9 in hand, we explored the aryl group at C-6. While replacing the 

furan ring with a benzene ring (12) hardly affected cellular activity, compound 13 containing a 

thiophene ring exhibited an approximately 7-fold increase in potency as compared to 9. The 

addition of a methyl group into the 3-position of the thiophene ring (14) was tolerated; however, 

the substitution at the 4 or 5-position (15 or 16) resulted in a reduction of cellular activity. As in 

compound 17, the ether-linked C-2 group resulted in an approximately 2-fold increase in potency 

compared to the corresponding carbon-linked analogue 13. Surprisingly, the elimination of the 

fluorine atom on the phenyl ring of compound 17 slightly enhanced the potency as in compound 

18. In addition, it should be noted that compound 18 exhibited no cytotoxic effect as with the 

case of hit compound 1. Given that the 3-position methyl group on the thiophene ring was 

tolerated as in 14, a bulkier isopropyl group was introduced into the thiophene ring of compound 

18, which led to an approximately 3-fold increase in potency (19).

Table 1. Structure-Activity Relationships of C-2 and C-6 Groups
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N

N

N
H

R
Ar

Compound R Ar EC150 (M)a

1
O

5.9 (3.3–10)

2
O

>10

3
O

>10

4 Cl
O

>10

5 Cl
O

>10

6
Cl O

4.3 (2.4–7.6)

7
Me O

>10

8
MeO O

>10

9
F O

1.0 (0.45–2.3)

10
F3C O

>10
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11
NC O

>10

12
F

1.3 (0.51–3.2)

13
F S

0.15 (0.064–0.33)

14
F

S

Me
0.11 (0.080–0.25)

15
F

S

Me
1.9 (0.75–5.0)

16
F S

Me 6.3 (1.5–26)

17
OF S

0.067 (0.037–0.12)

18
O S

0.039 (0.017–0.087)

19
O

S

Me

Me 0.012 (0.0058–0.023)

a n = 8, 95 % confidence intervals shown in parentheses.

Next, we investigated the role of the imidazopyridine core in cellular activity. 

Oxazolo[4,5-b]pyridines 20 and 21 exhibited a considerable loss in potency, indicating that the 
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10

NH group of the imidazole ring might contribute to cellular activity by the formation of a 

hydrogen bond with the target protein. Similarly, upon the removal of the nitrogen atom of the 

pyridine ring, the resultant benzimidazole 22 did not exhibit a dysferlin elevation effect even at 

10 μM. Furthermore, the introduction of a methyl group adjacent to the pyridine nitrogen resulted 

in the loss of cellular activity as in 23. These results implied that the pyridine nitrogen possibly 

made a hydrogen bond with the target protein, thereby contributing to cellular activity. In 

contrast, the introduction of a methyl group at the 7-position of imidazopyridine ring was 

relatively tolerated, as in 24. As a result, 3H-imidazo[4,5-b]pyridine was found to be the optimal 

core structure for cellular activity.

Table 2. Structure-Activity Relationships of the Center Ring

SHet
F

Compound Het EC150 (M)a

13

N

N

N
H

0.15 (0.064–0.33)

20

N

N

O

>10

21

N

O

N

>10

Page 10 of 65

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

22 N

N
H

>10

23

N

N

N
H Me

>10

24

N

N

N
H

Me 0.37 (0.17–0.82)

a n = 8, 95 % confidence intervals shown in parentheses.

 Furthermore, we sought to elucidate the plausible target of the chemical series. We previously 

reported that the tubulin inhibitors, nocodazole and colchicine19, increased the level of dysferlin 

in our dysferlin elevation assay.15 Accordingly, we proposed that the cellular activity of the 

2,6-disubstituted-3H-imidazo[4,5-b]pyridine series would be mediated by the inhibition of 

tubulin polymerization. The inhibitory effects of several analogues on tubulin polymerization 

were evaluated in HepG2 cells to determine if they are correlated with dysferlin elevation effects 

on iPSC-derived myocytes (for the structure of measured compounds, see Table S1, Supporting 

Information). As hypothesized, the correlation plot suggests that the inhibition of tubulin 

polymerization caused the elevation of dysferlin in the chemical series (Figure 2). It is worth 

noting that the compound series did not exhibit inhibitory activities against kinases through 

competitive binding assays, although 3H-imidazo[4,5-b]pyridine is a typical hinge binder. 
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(Figure S1, Supporting Information)
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Figure 2. Correlation plot of pEC150 with tubulin depolymerization pMEC. MEC, minimal effective 

concentration; R, correlation coefficient. The EC150 value of compounds described as square or triangle is 

>10 μM. The MEC value of compounds described as circle or square is <0.080 μM or >50 μM, 

respectively.

 Encouraged by these results, we performed docking studies in order to further elucidate the 

binding modes of the chemical series with tubulin molecules. It is reported that nocodazole binds 

to the interface of alpha/beta-tubulin hetero dimers, which is known as the colchicine binding 

site.20 Nocodazole contains an imidazole ring, which is an essential moiety for cellular activity in 

our chemical series, and hence, we thought nocodazole and our chemical series might bind to the 

R² = 0.86
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common binding site (Figure 3a). We conducted the docking calculation for compound 19 based 

on the X-ray co-crystal structure of nocodazole with tubulin (PDB code: 5CA1) (Figure 3b-c). 

Our docking analysis suggested that the NH-group of the imidazole ring made a hydrogen bond 

with the back bone oxygen atom of Val236 of beta-tubulin. The loss in potency of 

oxazolo[4,5-b]pyridines 20 and 21 should be attributed to the absence of this interaction. In 

addition, the nitrogen atom of the pyridine ring formed a water-mediated hydrogen bond with 

Gly235 and Cys239 of beta-tubulin. In the X-ray co-crystal structure of nocodazole, the water 

molecule tightly binds to Gly235 and Cys239, and the water-mediated interaction is formed by 

the carbonyl group on the thiophene ring (Figure 3d).20 These results are consistent with the 

observation that benzimidazole 22 without the nitrogen atom had a considerable loss in potency. 

The isopropyl group on the thiophene ring occupies the hydrophobic region consisting of 

Leu246, Leu253, Asn256, and Met257 of beta-tubulin. This hydrophobic interaction is 

considered to contribute to the high potency of compound 19. Generally, our docking model 

explains the SAR of the chemical series.

(a)
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N

N

N
H

O

S

Me

Me

N

N
H

HN
O

O O

S

Compound 19
EC150 = 0.012 µM

Nocodazole
EC150 = 1.0 µM

(b)                                         (c)

(d)                                         (e)

Figure 3. (a) Structure and cellular activity of nocodazole and compound 19. (b) Docking model of 19 

with an alpha/beta-tubulin hetero dimer. Compound 19 is light blue, alpha-tubulin is black, and 

beta-tubulin is grey. (c) The binding site of 19. Residues that form hydrogen bonds or hydrophobic 
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15

interactions with 19 are shown as sticks and are labeled. (d) X-ray co-crystal of nocodazole with tubulin 

(PDB code: 5CA1). Residues that form hydrogen bonds with the ligand are shown as sticks and are 

labeled. (e) Surface of residues within 4.0 Å of 19.

Our docking model was found to be consistent with SAR, and hence, we tried to confirm the 

direct binding between our compounds and tubulins using a photoaffinity labeling (PAL) probe, 

which covalently binds to its target protein after ultraviolet irradiation.21 Our docking model 

indicated that there was a long and narrow cavity exposed to the solvent region around the 3- and 

4-positions of the thiophene ring, suggesting that a chemical probe linker could be attached 

without disrupting the binding affinity to tubulins (Figure 3e). Thus, we introduced a linker motif 

into the thiophene ring of compound 18 and evaluated its effect on the level of dysferlin. First, an 

amide group was introduced because it is synthetically feasible to extend various linker parts by 

amide coupling. Unlike in the case of the methyl or isopropyl group, a methylamide group at the 

3-position of the thiophene ring resulted in a considerable loss of cellular activity (25). In 

contrast, compound 26 containing a methylamide group at the 4-position sustained high potency. 

Furthermore, a 2-(2-methoxyethoxy)ethylamide group was also tolerated, as in compound 27, 

suggesting that the terminal alkoxy chain should turn toward the solvent region. Based on these 

results, we synthesized a PAL probe 28, containing a photo-reactive diazirine group and an 
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alkyne tag, which exhibited cellular activity at submicromolar concentrations.

Table 3. Preparation of PAL probe 28

N

N

N
H

R

O

Compound R EC150 (M)a

18
S

0.039 (0.017–0.087)

25

S

O

NH >10

26

S

O
NH 0.11 (0.038–0.31)

27

S

O
NH

O
O 0.40 (0.096–1.7)

28

S

O
NH

N
N 0.37 (0.20–0.69)

a n = 8, 95 % confidence intervals shown in parentheses.
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With probe 28 and purified tubulins, a competitive binding assay was carried out. Commercially 

available porcine brain tubulins were incubated with 28 after pre-incubation with or without 

competitive compounds, followed by ultraviolet irradiation for crosslinking between 28 and 

tubulins. Subsequently, the crosslinked tubulins were labeled with a fluorescent dye, 

tetramethylrhodamine (TAMRA), by alkyne-azide click-reaction. The tubulins were separated by 

SDS-PAGE, and the images for fluorescently labeled tubulins and total tubulins were captured 

(Figure 4). The fluorescently labeled tubulins were clearly observed without competitive 

compounds, suggesting that probe 28 was effectively bound to the tubulins. In addition, the same 

fluorescent band was not detected in the case where the porcine brain tubulins were pre-incubated 

with compound 18 (EC150 = 0.039 μM) before the treatment with 28, whereas pre-incubation with 

compound 21 (EC150 > 10 μM) hardly affected the fluorescent labeling. Furthermore, competitive 

inhibition was observed when the porcine tubulins were pre-treated with colchicine binding site 

inhibitors such as colchicine and nocodazole. In contrast, pre-incubation with vinblastine and 

paclitaxel, which are known to bind to other biding sites19, did not inhibit the binding of probe 

28. These results demonstrated that our chemical series increased the dysferlin level because of 

tubulin depolymerization caused by direct binding to the colchicine binding site of tubulins.
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Figure 4. Image of SDS-PAGE for PAL probe-labeled tubulins. The tubulins were labeled with PAL 

probe 28 after pre-incubation with non-labeled active or inactive compound (compound 18 or 21, 

respectively) or known tubulin binders. PAL probe 28, which has an acetylene group, was probed with 

TAMRA-azide by click reaction. (a) The samples were analyzed by SDS-PAGE, and the fluorescence 

images were captured to detect the PAL-probe-labeled tubulins. (b) Subsequently, the gel was stained with 
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Coomassie brilliant blue to visualize the total tubulin. (c) Structure and cellular activity of nocodazole and 

vinblastine.

CONCLUSIONS

In summary, we investigated the SAR of a 2,6-disubstituted-3H-imidazo[4,5-b]pyridine series 

using a cell-based phenotypic screening in myocytes differentiated from MM patient-derived 

iPSCs to identify compound 19, which exhibited dysferlin elevation effects at double-digit 

nanomolar concentrations. The cellular activity of this chemical series correlated with their 

inhibitory activity on tubulin polymerization. The competitive binding assay using purified 

tubulins demonstrated that PAL probe 28 covalently bound to tubulins and it was competitively 

inhibited by the active compound 18 or the colchicine binding site inhibitors, colchicine and 

nocodazole. These observations indicated that 2,6-disubstituted-3H-imidazo[4,5-b]pyridines 

increased the level of dysferlin through the inhibition of tubulin polymerization, mediated by 

direct binding of the compounds to the colchicine binding site of tubulins. These results are 

consistent with our previous work, where we demonstrated that nocodazole increased dysferlin 

protein levels and improved the membrane resealing function. Considering that misfolded 

proteins are transported along microtubules to form autophagosome in autophagy system, it is 

suggested that the upregulation of dysferlin should be attributed to the blockage of the 
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microtubule-dependent autophagy which might contribute to degradation of mutated dysferlin 

protein. Indeed, upon the treatment of nocodazole, the accumulation of p62 and LC3 II were 

observed, which indicated disruption of autophagy.15 Further investigation for the elucidation of 

the detailed mechanism of action is underway. On the other hand, due to potential adverse effects 

of microtubule disruption, such as cell cycle arrest, further optimization of the chemical series 

was discontinued.22 However, we strongly believe that compound 19 can be used as a tool 

compound to elucidate the detailed mechanism of action. Thus, it can contribute to the discovery 

of druggable molecular targets and ultimately novel therapeutic agents for dysferlinopathies.

CHEMISTRY

The synthesis of compound 17 is outlined in Scheme 1. Commercially available 

5-bromo-2,3-diamino-pyridine was coupled with 2-(4-fluorophenoxy)acetic acid in the presence 

of 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) 

and N,N-diisopropylethylamine (DIPEA), followed by intramolecular condensation in the acidic 

conditions to afford imidazopyridine intermediate 29. The intermediate 29 was converted to 

compound 17 by Suzuki-Miyaura coupling with thiophen-2-ylboronic acid. Compounds 1-19 and 

22-25 were prepared in a manner similar to Scheme 1.
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Scheme 1. Synthesis of compound 17a

N

H2N

H2N

Br a

17

N

BrN

N
H

29

b

OF N

N

N
H

OF

S

aReagents and conditions: (a) (i) HATU, DIPEA, 2-(4-fluorophenoxy)acetic acid, DMF; (ii) AcOH, 

reflux, 70 % (2 steps); (b) Pd(Amphos)Cl2, Na2CO3, thiophen-2-ylboronic acid, DME, water, microwave 

120 °C, 17 %.

Compound 21 was prepared according to Scheme 2. Commercially available 

3-(4-fluorophenyl)propanoic acid was converted to carboxamide 30, and the following 

dehydration afforded the corresponding nitrile 31. Compound 31 was reacted with methanol 

under acidic conditions to give orthoester 32, followed by condensation with 

aminohydroxypridine 33 prepared from commercially available 2-amino-5-bromopyridin-3-ol via 

Suzuki-Miyaura coupling to afford compound 21. Compound 20, a regioisomer of 21, was 

prepared in a manner similar to Scheme 2.

Scheme 2. Synthesis of compound 21a
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F OH

O a

F NH2

O b

F
N

c

F

OMe

OMe
OMe

N

HO

H2N

Br

N

O

N

S

F

21

32

d

N

HO

H2N

S
e

33

30 31

aReagents and conditions: (a) (i) (COCl)2, DMF (cat), CHCl3; (ii) NH3, CHCl3, 0 °C-RT, 76 % (2 steps); 

(b) trifluoroacetic anhydride, 90 %; (c) (i) HCl gas, MeOH, Et2O, 0 °C-4 °C; (ii) MeOH, hexane; (d) 

PdCl2(PPh3)2, Na2CO3, thiophen-2-ylboronic acid, 1,4-dioxane, water, 110 °C, 59 %; (e) AcOH, toluene, 

reflux, 73 %.

The synthesis of PAL probe 28 is outlined in Scheme 3. The intermediate 34 was prepared 

according to Scheme 1, and then hydrolyzed to give carboxylic acid 35. Compound 28 was 

obtained through amide coupling between carboxylic acid 35 and 

2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine. Compound 26 and 27 were prepared in a 

manner similar to Scheme 3.

Scheme 3. Synthesis of compound 28a
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N

N

N
H

34

a

O

S

OMe
O

N

N

N
H

35

O

S

OH
O

b

N

N

N
H

28

O

S

NH
O

N
N

 aReagents and conditions: (a) NaOH aq., MeOH, THF, 86 %; (b) HATU, DIPEA, 

2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine, DMF, 65 %.

EXPERIMENTAL SECTION

General Chemistry Information. 

1H NMR spectra were recorded on Bruker AVANCE-300, 400, or 500 (300, 400, or 500 MHz). 

Chemical shifts are given in parts per million (ppm) with tetramethylsilane as an internal 

standard. Abbreviations used are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet, dd = doublet of doublets, td = triplet of doublets, brs = broad singlet. Coupling 

constants (J values) are given in hertz (Hz). The acidic protons were not frequently observed in 

1H NMR spectra. Low-resolution mass spectra (MS) were acquired using an Agilent LC/MS 

system (Agilent1200SL/Agilent6130MS) or Shimadzu UFLC/MS (Prominence UFLC high 

pressure gradient system/LCMS-2020) operating in an electrosprayionization mode (ESI+). The 

column used was an L-column 2 ODS (3.0 mm × 50 mm I.D., 3 μm, CERI) with a temperature of 

40 °C and a flow rate of 1.2 or 1.5 mL/min. Condition 1: Mobile phases A and B under an acidic 
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condition were 0.05% TFA in water and 0.05% TFA in MeCN, respectively. The ratio of mobile 

phase B was increased linearly from 5 to 90% over 0.9 min, 90% over the next 1.1 min. 

Condition 2: Mobile phases A and B under a neutral condition were a mixture of 5 mM AcONH4 

and MeCN (9/1, v/v) and a mixture of 5 mM AcONH4 and MeCN (1/9, v/v), respectively. The 

ratio of mobile phase B was increased linearly from 5 to 90% over 0.9 min, 90% over the next 

1.1 min. Chemical intermediates were characterized by 1H NMR and/or mass spectral data. 

Unless otherwise stated, the purities of synthesized compounds for biological testing were >95% 

determined by analytical HPLC. (The purities of 15, S4, and S6 were 94.9%, 91.9%, and 90.2%, 

respectively.) Analytical HPLC were carried out using Corona CAD (Charged Aerosol Detector) 

or photo diode array detector. The column was a Capcell Pak C18AQ (50 mm × 3.0 mm I.D., 

Shiseido, Japan) or L-column 2 ODS (30 mm × 2.0 mm I.D., CERI, Japan) with a temperature of 

50 °C and a flow rate of 0.5 mL/min. Mobile phases A and B under a neutral condition were a 

mixture of 50 mM AcONH4, water, and MeCN (1:8:1, v/v/v) and a mixture of 50 mM AcONH4 

and MeCN (1:9, v/v), respectively. The ratio of mobile phase B was increased linearly from 5 to 

95% over 3 min, 95% over the next 1 min. Mobile phases A and B under an acidic condition 

were a mixture of 0.2% formic acid in 10 mM ammonium formate and 0.2% formic acid in 

MeCN, respectively. The ratio of mobile phase B was increased linearly from 14 to 86% over 3 

min, 86% over the next 1 min. Reaction progress was determined by thin layer chromatography 
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(TLC) analysis on Merck Kieselgel 60 F254 plates or Fuji Silysia NH plates. Chromatographic 

purification was carried out on silica gel columns (Merck Kieselgel 60, 70−230 mesh or 230−400 

mesh, Merck; Chromatorex NH-DM 1020, 100−200 mesh, Fuji Silysia Chemical; Inject column 

and Universal column, YAMAZEN, http://yamazenusa.com/products/columns/; or Purif-Pack Si 

or NH, Shoko Scientific, http://shoko-sc.co.jp/english2/). Preparative HPLC was performed on a 

Gilson Preparative HPLC System using a YMC-Actus Triart C18 column (150 mm × 20 mm 

I.D., 5 μm, YMC). Condition 1: Mobile phases A and B under an acidic condition were 0.1% 

TFA in water and 0.1% TFA in MeCN, respectively. Condition 2: Mobile phases A and B under 

a neutral condition were 10 mM ammonium bicarbonate and MeCN, respectively. The ratio of 

mobile phase B was increased linearly in 5-10 min. All commercially available solvents and 

reagents were used without further purification. Yields were not optimized.

6-(Furan-2-yl)-2-phenethyl-3H-imidazo[4,5-b]pyridine (1). A mixture of 

6-bromo-2-phenethyl-3H-imidazo[4,5-b]pyridine (36) (150 mg, 0.497 mmol), 

2-(tributylstannyl)furan (0.18 M DMF solution, 5.0 mL), PdCl2(PPh3)2 (17 mg, 0.024 mmol) was 

stirred at 80 °C under Ar for 18 h. The mixture was poured into water at room temperature and 

extracted with EtOAc-THF. The organic layer was separated, washed with water and brine, dried 
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over MgSO4, and concentrated in vacuo. The residue was purified by column chromatography 

(silica gel, eluted with 50% EtOAc in chloroform) to give 1 (72 mg, 50%) as a white solid. 1H 

NMR (300 MHz, DMSO-d6) δ 3.10-3.20 (4H, m), 6.62 (1H, td, J = 3.3, 1.8 Hz), 7.02 (1H, dd, J = 

8.3, 3.3 Hz), 7.15-7.22 (1H, m), 7.24-7.30 (4H, m), 7.78 (1H, dd, J = 4.2, 1.2 Hz), 8.00-8.18 (1H, 

m), 8.60-8.74 (1H, m), 12.56-13.01 (1H, m). MS m/z: 290.1 [M + H]+. HPLC purity 96.0%.

6-(Furan-2-yl)-2-phenyl-3H-imidazo[4,5-b]pyridine (2). Compound 2 was prepared from 

6-bromo-2-phenyl-3H-imidazo[4,5-b]pyridine (37) in a manner similar to that described for the 

synthesis of 1 and obtained (57% yield) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 6.65 

(1H, dd, J = 3.4, 1.9 Hz), 7.07-7.10 (1H, m), 7.53-7.63 (3H, m), 7.81 (1H, dd, J = 1.8, 0.7 Hz), 

8.19-8.28 (3H, m), 8.77 (1H, d, J = 2.0 Hz). MS m/z: 262.1 [M + H]+. HPLC purity 99.2%.

2-Benzyl-6-(furan-2-yl)-3H-imidazo[4,5-b]pyridine (3). Compound 3 was prepared from 

2-benzyl-6-bromo-3H-imidazo[4,5-b]pyridine (38) in a manner similar to that described for the 

synthesis of 1 and obtained (82% yield) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 4.21 

(2H, s), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.01 (1H, dd, J = 3.4, 0.7 Hz), 7.22-7.38 (5H, m), 7.78 

(1H, dd, J = 1.8, 0.7 Hz), 8.11 (1H, brs), 8.68 (1H, d, J = 1.8 Hz), 12.70-13.04 (1H, m). MS m/z: 

276.1 [M + H]+. HPLC purity 99.4%.
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2-(2-Chlorophenethyl)-6-(furan-2-yl)-3H-imidazo[4,5-b]pyridine (4). A mixture of 

6-bromo-2-(2-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (39) (200 mg, 0.594 mmol), 

furan-2-ylboronic acid (100 mg, 0.894 mmol), Pd(PPh3)4 (60 mg, 0.052 mmol), 2 M Na2CO3 aq. 

(1.8 mL) in toluene (4 mL), THF (1 mL) and DMF (2 mL) was stirred at 110 °C under Ar for 12 

h. The mixture was poured into water at room temperature and extracted with EtOAc. The 

organic layer was separated, washed with water and brine, dried over MgSO4, and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, eluted with 33% - 

100% EtOAc in hexane) to give 4 (90 mg, 47%) as a white solid. 1H NMR (300 MHz, DMSO-d6) 

δ 3.13-3.29 (4H, m), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.02 (1H, dd, J = 3.4, 0.7 Hz), 7.22-7.47 (4H, 

m), 7.78 (1H, dd, J = 1.8, 0.7 Hz), 8.12 (1H, d, J = 1.9 Hz), 8.68 (1H, d, J = 2.0 Hz), 12.74-12.96 

(1H, m). MS m/z: 324.1 [M + H]+. HPLC purity 98.7%.

2-(3-Chlorophenethyl)-6-(furan-2-yl)-3H-imidazo[4,5-b]pyridine (5). Compound 5 was 

prepared from 6-bromo-2-(3-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (40) in a manner 

similar to that described for the synthesis of 4 and obtained (17% yield) as a pale yellow solid. 1H 

NMR (300 MHz, DMSO-d6) δ 3.17 (4H, s), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.02 (1H, dd, J = 3.4, 

0.7 Hz), 7.21-7.38 (4H, m), 7.78 (1H, dd, J = 1.8, 0.7 Hz), 8.11 (1H, d, J = 1.7 Hz), 8.67 (1H, d, J 

= 2.0 Hz), 12.59-13.00 (1H, brs). MS m/z: 324.2 [M + H]+. HPLC purity 97.7%.
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2-(4-Chlorophenethyl)-6-(furan-2-yl)-3H-imidazo[4,5-b]pyridine (6). Compound 6 was 

prepared from 6-bromo-2-(4-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (41) in a manner 

similar to that described for the synthesis of 4 and obtained (28% yield) as a pale yellow solid. 1H 

NMR (300 MHz, DMSO-d6) δ 3.15 (4H, s), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.02 (1H, d, J = 3.0 

Hz), 7.26-7.36 (4H, m), 7.78 (1H, d, J = 1.2 Hz), 8.14 (1H, brs), 8.66 (1H, brs), 12.51-13.02 (1H, 

m). MS m/z: 324.1 [M + H]+. HPLC purity 98.7%.

6-(Furan-2-yl)-2-(4-methylphenethyl)-3H-imidazo[4,5-b]pyridine (7). Compound 7 was 

prepared from 6-bromo-2-(4-methylphenethyl)-3H-imidazo[4,5-b]pyridine (42) in a manner 

similar to that described for the synthesis of 4 and obtained (63% yield) as a white solid. 1H 

NMR (300 MHz, DMSO-d6) δ 2.24 (3H, s), 3.11 (4H, brs), 6.58-6.66 (1H, m), 6.98-7.19 (5H, m), 

7.78 (1H, s), 7.99-8.21 (1H, m), 8.59-8.76 (1H, m), 12.50-13.13 (1H, m). MS m/z: 304.3 [M + 

H]+. HPLC purity 100.0%.

6-(Furan-2-yl)-2-(4-methoxyphenethyl)-3H-imidazo[4,5-b]pyridine (8). Compound 8 was 

prepared from 6-bromo-2-(4-methoxyphenethyl)-3H-imidazo[4,5-b]pyridine (43) in a manner 

similar to that described for the synthesis of 4 and obtained (28% yield) as a white solid. 1H 

NMR (300 MHz, DMSO-d6) δ 3.02-3.16 (4H, m), 3.70 (3H, s), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 

6.80-6.87 (2H, m), 7.02 (1H, d, J = 4.1 Hz), 7.14-7.21 (2H, m), 7.78 (1H, dd, J = 1.8, 0.7 Hz), 
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8.10 (1H, d, J = 1.8 Hz), 8.66 (1H, d, J = 2.0 Hz), 12.40-13.06 (1H, m). MS m/z: 320.2 [M + H]+. 

HPLC purity 99.2%.

2-(4-Fluorophenethyl)-6-(furan-2-yl)-3H-imidazo[4,5-b]pyridine (9). Compound 9 was 

prepared from 6-bromo-2-(4-fluorophenethyl)-3H-imidazo[4,5-b]pyridine (44) in a manner 

similar to that described for the synthesis of 4 and obtained (51% yield) as a white solid. 1H 

NMR (300 MHz, DMSO-d6) δ 3.14 (4H, s), 6.62 (1H, dd, J = 3.3, 1.8 Hz), 6.99-7.14 (3H, m), 

7.25-7.34 (2H, m), 7.78 (1H, s), 7.99-8.20 (1H, m), 8.60-8.75 (1H, m), 12.52-13.01 (1H, m). MS 

m/z: 308.1 [M + H]+. HPLC purity 96.9%.

6-(Furan-2-yl)-2-(4-(trifluoromethyl)phenethyl)-3H-imidazo[4,5-b]pyridine (10). Compound 

10 was prepared from 6-bromo-2-(4-(trifluoromethyl)phenethyl)-3H-imidazo[4,5-b]pyridine (45) 

in a manner similar to that described for the synthesis of 4 and obtained (48% yield) as a white 

solid. 1H NMR (300 MHz, DMSO-d6) δ 3.19-3.26 (4H, m), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.02 

(1H, dd, J = 3.4, 0.7 Hz), 7.50 (2H, d, J = 7.9 Hz), 7.65 (2H, d, J = 8.0 Hz), 7.78 (1H, dd, J = 1.8, 

0.7 Hz), 8.11 (1H, d, J = 2.0 Hz), 8.67 (1H, d, J = 2.0 Hz). MS m/z: 358.3 [M + H]+. HPLC 

purity 99.0%.

4-(2-(6-(Furan-2-yl)-3H-imidazo[4,5-b]pyridin-2-yl)ethyl)benzonitrile (11). Compound 11 

was prepared from 4-(2-(6-bromo-3H-imidazo[4,5-b]pyridin-2-yl)ethyl)benzonitrile (46) in a 
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manner similar to that described for the synthesis of 4 and obtained (19% yield) as a white solid. 

1H NMR (300 MHz, DMSO-d6) δ 3.16-3.28 (4H, m), 6.62 (1H, dd, J = 3.4, 1.8 Hz), 7.02 (1H, 

dd, J = 3.4, 0.7 Hz), 7.46-7.51 (2H, m), 7.72-7.79 (3H, m), 8.11 (1H, d, J = 1.9 Hz), 8.67 (1H, d, 

J = 2.0 Hz), 12.82 (1H, brs). MS m/z: 315.2 [M + H]+. HPLC purity 99.2%.

2-(4-Fluorophenethyl)-6-phenyl-3H-imidazo[4,5-b]pyridine (12). Compound 12 was prepared 

from 44 and phenylboronic acid in a manner similar to that described for the synthesis of 4 and 

obtained (35% yield) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 3.16 (4H, s), 7.06-7.15 

(2H, m), 7.26-7.34 (2H, m), 7.35-7.42 (1H, m), 7.46-7.53 (2H, m), 7.69-7.76 (2H, m), 8.11 (1H, 

d, J = 2.1 Hz), 8.56 (1H, d, J = 2.1 Hz). MS m/z: 318.0 [M + H]+. HPLC purity 98.6%.

2-(4-Fluorophenethyl)-6-(thiophen-2-yl)-3H-imidazo[4,5-b]pyridine (13). Compound 13 was 

prepared from 44 in a manner similar to that described for the synthesis of 17 and obtained (29% 

yield) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 3.15 (4H, s), 7.02-7.13 (2H, m), 

7.15-7.20 (1H, m), 7.24-7.36 (2H, m), 7.51-7.62 (2H, m), 8.10 (1H, brs), 8.58 (1H, brs), 

12.18-13.11 (1H, brs). MS m/z: 324.1 [M + H]+. HPLC purity 99.8%.

2-(4-Fluorophenethyl)-6-(3-methylthiophen-2-yl)-3H-imidazo[4,5-b]pyridine (14). 

Compound 14 was prepared from 44 and (3-methylthiophen-2-yl)boronic acid in a manner 

similar to that described for the synthesis of 17 and obtained (19% yield) as a white solid. 1H 
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NMR (300 MHz, DMSO-d6) δ 2.28 (3H, s), 3.15 (4H, s), 7.02-7.14 (3H, m), 7.26-7.34 (2H, m), 

7.50 (1H, d, J = 5.1 Hz), 7.91 (1H, d, J = 2.1 Hz), 8.33 (1H, d, J = 2.1 Hz). MS m/z: 338.1 [M + 

H]+. HPLC purity 100.0%. 

2-(4-Fluorophenethyl)-6-(4-methylthiophen-2-yl)-3H-imidazo[4,5-b]pyridine (15). 

Compound 15 was prepared from 44 and (4-methylthiophen-2-yl)boronic acid in a manner 

similar to that described for the synthesis of 17 and obtained (10% yield) as a pale yellow solid. 

1H NMR (300 MHz, DMSO-d6) δ 2.25 (3H, d, J = 0.8 Hz), 3.14 (4H, s), 7.05-7.14 (3H, m), 

7.25-7.33 (2H, m), 7.38 (1H, d, J = 1.2 Hz), 8.03 (1H, d, J = 2.1 Hz), 8.53 (1H, d, J = 2.1 Hz), 

12.66-12.90 (1H, brs). MS m/z: 338.1 [M + H]+. HPLC purity 94.9%.

2-(4-Fluorophenethyl)-6-(5-methylthiophen-2-yl)-3H-imidazo[4,5-b]pyridine (16). 

Compound 16 was prepared from 44 and (5-methylthiophen-2-yl)boronic acid in a manner 

similar to that described for the synthesis of 17 and obtained (29% yield) as a pale yellow solid. 

1H NMR (300 MHz, CD3OD) δ 2.53 (3H, d, J = 0.9 Hz), 3.14-3.27 (4H, m), 6.77-6.84 (1H, m), 

6.94-7.03 (2H, m), 7.19-7.28 (3H, m), 8.01 (1H, brs), 8.55 (1H, s). MS m/z: 338.1 [M + H]+. 

HPLC purity 97.5%.

2-((4-Fluorophenoxy)methyl)-6-(thiophen-2-yl)-3H-imidazo[4,5-b]pyridine (17). A mixture 

of 29 (50 mg, 0.16 mmol), thiophen-2-ylboronic acid (26 mg, 0.20 mmol), Pd(Amphos)Cl2 (11 
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mg, 0.016 mmol), Na2CO3 (82 mg, 0.78 mmol), DME (1.25 mL) and water (0.25 mL) was heated 

at 120 °C for 2 h under microwave irradiation. The mixture was poured into water at room 

temperature and extracted with EtOAc. The organic layer was separated, dried over MgSO4, and 

concentrated in vacuo. The residue was purified by column chromatography (NH silica gel, 

eluted with 50% - 80% EtOAc in hexane) to give the crude product as a white solid. This solid 

was dissolved in DMSO and purified by preparative HPLC under a neutral condition to give 17 

(8.7 mg, 17%) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 5.34 (2H, s), 7.09-7.20 (5H, 

m), 7.56-7.61 (2H, m), 8.16 (1H, d, J = 2.1 Hz), 8.67 (1H, d, J = 2.1 Hz). MS m/z: 326.1 [M + 

H]+. HPLC purity 99.2%.

2-(Phenoxymethyl)-6-(thiophen-2-yl)-3H-imidazo[4,5-b]pyridine (18). Compound 18 was 

prepared from 6-bromo-2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridine (47) in a manner similar 

to that described for the synthesis of 17 and obtained (42% yield) as a brown solid. 1H NMR (300 

MHz, DMSO-d6) δ 5.31-5.40 (2H, m), 6.95-7.02 (1H, m), 7.07-7.13 (2H, m), 7.18 (1H, dd, J = 

5.1, 3.7 Hz), 7.28-7.37 (2H, m), 7.59 (2H, td, J = 4.0, 1.2 Hz), 8.17 (1H, brs), 8.68 (1H, d, J = 2.1 

Hz), 13.23 (1H, brs). MS m/z: 308.2 [M + H]+. HPLC purity 98.6%.

6-(3-Isopropylthiophen-2-yl)-2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridine (19). To a 

solution of 47 (500 mg, 1.65 mmol), bis(pinacolato)diboron (1.25 g, 4.95 mmol) and potassium 
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acetate (970 mg, 9.90 mmol) in DMF (15 mL) was added PdCl2(dppf) (134 mg, 0.183 mmol) at 

room temperature. The mixture was heated at 110 °C for 1 h under microwave irradiation. The 

mixture was filtered through a celite bed and washed with EtOAc. The filtrate was poured into 

water. The organic layer was separated, dried over Na2SO4, and concentrated in vacuo to give 

2-(phenoxymethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3H-imidazo[4,5-b]pyridine 

(800 mg, crude) as a black semi-solid. This product was subjected to the next reaction without 

further purification. MS m/z: 270.21 [M + H]+.

To a solution of the crude product (798 mg, 2.27 mmol) and Na2CO3 (547 mg, 5.17 mmol) in 

1,4-dioxane (6 mL) and water (2 mL) were added 2-bromo-3-isopropylthiophene (212 mg, 1.03 

mmol), Pd(Amphos)Cl2 (73 mg, 0.10 mmol) at room temperature. The mixture was heated at 100 

°C for 2 h under microwave irradiation. The mixture was filtered through a celite bed and washed 

with EtOAc. The organic layer was separated, washed with water and brine, dried over Na2SO4, 

and concentrated in vacuo to give the crude product. The crude product was purified by column 

chromatography (silica gel, eluted with 30% EtOAc in petroleum ether), followed by preparative 

HPLC under a neutral condition to give 19 (16 mg, 3%, overall yield on 2-steps) as an off white 

solid. 1H NMR (500 MHz, DMSO-d6) δ 1.19 (6H, d, J = 6.71 Hz), 3.02-3.05 (1H, m), 5.35 (2H, 

s), 6.99 (1H, t, J = 7.3 Hz), 7.10 (2H, d, J = 7.9 Hz), 7.20 (1H, d, J = 5.2 Hz), 7.30-7.33 (2H, m), 
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7.53 (1H, d, J = 5.5 Hz), 7.89 (1H, d, J = 2.1 Hz), 8.30 (1H, d, J = 1.8 Hz), 13.34 (1H, brs). MS 

m/z: 350.31 [M + H]+. HPLC purity 95.7%.

2-(4-Fluorophenethyl)-6-(thiophen-2-yl)oxazolo[5,4-b]pyridine (20). To a solution of 

3-amino-5-bromopyridin-2-ol (500 mg, 2.65 mmol) in toluene (10 mL) and acetic acid (10 mL) 

was added 32 (3.02 g, 13.3 mmol) and the mixture was refluxed for 12 h. After cooling to room 

temperature, the mixture was concentrated under reduced pressure and the residue was purified 

by column chromatography (silica gel, eluted with 0% - 10% EtOAc in hexane) to give 

6-bromo-2-(4-fluorophenethyl)oxazolo[5,4-b]pyridine (115 mg, 14%) as an off white solid. 1H 

NMR (400 MHz, CDCl3) δ 3.10-3.30 (4H, m), 6.97 (2H, t, J = 8.6 Hz), 7.16-7.21(2H, m), 8.08 

(1H, d, J = 2.1 Hz), 8.36 (1H, d, J = 2.1 Hz). MS m/z: 320.94 [M + H]+.

A mixture of 6-bromo-2-(4-fluorophenethyl)oxazolo[5,4-b]pyridine (61 mg, 0.19 mmol), 

thiophen-2-ylboronic acid (37 mg, 0.29  mmol) and Na2CO3 (50 mg, 0.48 mmol) in 1,4-dioxane 

(5 mL) and water (1 mL) was degassed with argon for 10 min. To the resulting mixture was 

added PdCl2(PPh3)2 (14 mg, 0.019 mmol) and heated at 110 °C for 1 h. The mixture was filtered 

through a celite bed and the filtrate was concentrated under reduced pressure. The residue was 

purified by column chromatography (silica gel, eluted with 0% - 15% EtOAc in hexane) to give 

20 (45 mg, 74%) as a yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 3.16 (2H, t, J = 7.6 Hz), 
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3.28-3.33 (2H, m), 7.11 (2H, t, J = 8.9 Hz), 7.18-7.21 (1H, m), 7.30-7.36 (2H, m), 7.62-7.67 (2H, 

m), 8.42 (1H, d, J = 2.1 Hz), 8.62 (1H, d, J = 2.0 Hz). MS m/z: 325.3 [M + H]+. HPLC purity 

96.0%.

2-(4-Fluorophenethyl)-6-(thiophen-2-yl)oxazolo[4,5-b]pyridine (21). To a solution of 33 (121 

mg, 0.629 mmol) in toluene (2 mL) and AcOH (2 mL) was added 32 (428 mg, 1.87 mmol) and 

the mixture was refluxed for 5 h. After cooling to room temperature, the mixture was 

concentrated under reduced pressure and the residue was purified by column chromatography 

(silica gel, eluted with 0% - 30% EtOAc in hexane) to give 21 (150 mg, 73%) as an off white 

solid. 1H NMR (400 MHz, DMSO-d6) δ 3.17 (2H, t, J = 7.6 Hz), 3.28-3.37 (2H, m), 7.11 (2H, t, J 

= 8.8 Hz), 7.18-7.23 (1H, m), 7.31-7.37 (2H, m), 7.65-7.70 (2H, m), 8.44 (1H, d, J = 1.9 Hz), 

8.79 (1H, d, J = 1.9 Hz). MS m/z: 325.2 [M + H]+. HPLC purity 98.9%.

2-(4-Fluorophenethyl)-5-(thiophen-2-yl)-1H-benzo[d]imidazole (22). Compound 22 was 

prepared from 5-bromo-2-(4-fluorophenethyl)-1H-benzo[d]imidazole (48) in a manner similar to 

that described for the synthesis of 17 and obtained (50% yield) as a white solid. 1H NMR (300 

MHz, DMSO-d6) δ 3.11 (4H, s), 7.05-7.15 (3H, m), 7.25-7.33 (2H, m), 7.39-7.52 (4H, m), 7.71 

(1H, brs), 12.32 (1H, brs). MS m/z: 323.1 [M + H]+. HPLC purity 97.3%.
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2-(4-Fluorophenethyl)-5-methyl-6-(thiophen-2-yl)-3H-imidazo[4,5-b]pyridine (23). A 

solution of 6-bromo-2-(4-fluorophenethyl)-5-methyl-3H-imidazo[4,5-b]pyridine (49) (150 mg, 

0.449 mmol) and thiophen-2-ylboronic acid (86 mg, 0.67 mmol) in 1,4-dioxane (8 mL) and water 

(2 mL) was degassed with argon for 10 min. To the mixture were added PdCl2(PPh3)2 (31.5 mg, 

0.0449 mmol) and Na2CO3 (119 mg, 1.12 mmol). The resulting mixture was heated at 110°C for 

16 h. After cooling to room temperature, the mixture was filtered through a celite bed. The filtrate 

was concentrated in vacuo and the residue was purified by column chromatography (silica gel, 

eluted with 15% - 20% EtOAc in hexane) to give 23 (40 mg, 26%) as a white solid. 1H NMR 

(400 MHz, DMSO-d6) δ 2.58 (3H, s), 3.14 (4H, s), 7.05 (2H, t, J = 8.7 Hz), 7.10-7.20 (2H, m), 

7.25-7.40 (2H, m), 7.56 (1H, s), 7.79 (1H, s), 12.41 (1H, brs). MS m/z: 338.0 [M + H]+. HPLC 

purity 99.3%.

2-(4-Fluorophenethyl)-7-methyl-6-(thiophen-2-yl)-3H-imidazo[4,5-b]pyridine (24). 

Compound 24 was prepared from 

6-bromo-2-(4-fluorophenethyl)-7-methyl-3H-imidazo[4,5-b]pyridine (50) in a manner similar to 

that described for the synthesis of 17 and obtained (34% yield) as a white solid. 1H NMR (300 

MHz, DMSO-d6) δ 2.58 (3H, s), 3.14 (4H, s), 7.06-7.15 (2H, m), 7.17-7.24 (2H, m), 7.27-7.35 
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(2H, m), 7.65 (1H, dd, J = 5.1, 1.3 Hz), 8.25 (1H, s), 12.66-12.92 (1H, m). MS m/z: 338.1 [M + 

H]+. HPLC purity 99.4%.

N-Methyl-2-(2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridin-6-yl)thiophene-3-carboxamide 

(25). To a solution of 47 (1.8 g, 5.9 mmol) in dichloromethane (20 mL) was added DIPEA (2.1 

mL, 12 mmol) and 2-(chloromethoxy)ethyltrimethylsilane (1.3 mL, 7.1 mmol) at 0 °C. The 

mixture was stirred at 25 °C for 12 h. The mixture was diluted with dichloromethane and washed 

with water and brine. The organic layer was separated, dried over Na2SO4, and concentrated in 

vacuo to give 

6-bromo-2-(phenoxymethyl)-3-((2-(trimethylsilyl)ethoxy)methyl)-3H-imidazo[4,5-b]pyridine 

(1.7 g, 66%) as a yellow oil. MS m/z: 434.1 [M + H]+.

A mixture of 

6-bromo-2-(phenoxymethyl)-3-((2-(trimethylsilyl)ethoxy)methyl)-3H-imidazo[4,5-b]pyridine 

(1.5 g, 3.5 mmol), bis(pinacolato)diboron (1.1 g, 4.1 mmol), potassium acetate (1.0 g, 10 mmol) 

and PdCl2(dppf) (253 mg, 0.345 mmol) in 1,4-dioxane (15 mL) was stirred at 90 °C under N2 for 

8 h. The mixture was concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, eluted with 5% - 20% EtOAc in petroleum ether) to give 
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2-(phenoxymethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-((2-(trimethylsilyl)ethoxy)

methyl)-3H-imidazo[4,5-b]pyridine (1.5 g, 90%) as a yellow solid. MS m/z: 482.1 [M + H]+.

To a solution of 

2-(phenoxymethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-((2-(trimethylsilyl)ethoxy)

methyl)-3H-imidazo[4,5-b]pyridine (100 mg, 0.208 mmol) and 

2-bromo-N-methyl-thiophene-3-carboxamide (46 mg, 0.21 mmol) in water (1 mL) and 

1,4-dioxane (5 mL) were added potassium carbonate (72 mg, 0.52 mmol) and PdCl2(dppf) (15 

mg, 0.021 mmol) at room temperature. The mixture was stirred at 90 °C under N2 for 8 h. The 

mixture was poured into water at room temperature and extracted with EtOAc.  The organic 

layer was separated, washed with brine, dried over Na2SO4, and concentrated in vacuo. The 

residue was purified by column chromatography (silica gel, 5% - 30% EtOAc in petroleum ether) 

to give 

N-methyl-2-(2-(phenoxymethyl)-3-((2-(trimethylsilyl)ethoxy)methyl)-3H-imidazo[4,5-b]pyridin-

6-yl)thiophene-3-carboxamide (75 mg, 73% yield) as a yellow solid. MS m/z: 495.1 [M + H]+.

A mixture of 

N-methyl-2-(2-(phenoxymethyl)-3-((2-(trimethylsilyl)ethoxy)methyl)-3H-imidazo[4,5-b]pyridin-

6-yl)thiophene-3-carboxamide (70 mg, 0.14 mmol) in dichloromethane (3 mL) and TFA (1 mL) 
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was stirred at 25 °C for 12 h. The mixture was concentrated in vacuo. The residue was purified 

by preparative HPLC under an acidic condition to give 25 (26 mg, 50%) as a white solid. 1H 

NMR (400 MHz, DMSO-d6) δ 2.65 (3H, d, J = 4.8 Hz), 5.40 (2H, s), 6.99 (1H, t, J = 7.2 Hz), 

7.10 (2H, d, J = 8.0 Hz), 7.31-7.36 (3H, m), 7.65 (1H, d, J = 5.2 Hz), 8.03-8.07 (1H, m), 8.11 

(1H, d, J = 4.8 Hz), 8.43 (1H, d, J = 2.0 Hz). MS m/z: 365.1 [M + H]+. HPLC purity 98.6%.

N-Methyl-5-(2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridin-6-yl)thiophene-3-carboxamide 

(26). Compound 26 was prepared from methanamine in a manner similar to that described for the 

synthesis of 28 and obtained (57% yield) as a white solid. 1H NMR (300 MHz, DMSO-d6) δ 2.78 

(3H, d, J = 4.5 Hz), 5.36 (2H, s), 6.95-7.02 (1H, m), 7.08-7.13 (2H, m), 7.29-7.36 (2H, m), 7.89 

(1H, d, J = 1.4 Hz), 8.07 (1H, d, J = 1.4 Hz), 8.15 (1H, d, J = 2.1 Hz), 8.30 (1H, d, J = 4.4 Hz), 

8.65 (1H, d, J = 2.2 Hz). MS m/z: 365.2 [M + H]+. HPLC purity 98.8%.

N-(2-(2-Methoxyethoxy)ethyl)-5-(2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridin-6-yl)thiophe

ne-3-carboxamide (27). Compound 27 was prepared from 2-(2-methoxyethoxy)ethan-1-amine 

in a manner similar to that described for the synthesis of 28 and obtained (56% yield) as a white 

solid. 1H NMR (300 MHz, DMSO-d6) δ 3.24 (3H, s), 3.37-3.48 (4H, m), 3.51-3.58 (4H, m), 5.36 

(2H, s), 6.95-7.02 (1H, m), 7.07-7.14 (2H, m), 7.29-7.37 (2H, m), 7.93 (1H, d, J = 1.4 Hz), 8.12 
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(1H, d, J = 1.4 Hz), 8.16 (1H, d, J = 2.1 Hz), 8.40 (1H, t, J = 5.6 Hz), 8.65 (1H, d, J = 2.2 Hz), 

12.98-13.53 (1H, m). MS m/z: 453.3 [M + H]+. HPLC purity 95.2%.

N-(2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-5-(2-(phenoxymethyl)-3H-imidazo[4,5-b]pyr

idin-6-yl)thiophene-3-carboxamide (28). A mixture of 

2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (12 mg, 0.087 mmol), 35 (30 mg, 0.085 

mmol), HATU (39 mg, 0.10 mmol) and DIPEA (18 μL, 0.10 mmol) in DMF (0.6 mL) was stirred 

at room temperature for 1 h. The mixture was purified by column chromatography (NH silica gel, 

eluted with 0% - 15% MeOH in EtOAc) to give 28 (26 mg, 65%) as a white solid. 1H NMR (300 

MHz, DMSO-d6) δ 1.65 (4H, q, J = 7.3 Hz), 1.98-2.06 (2H, m), 2.85 (1H, t, J = 2.6 Hz), 

3.05-3.26 (2H, m), 5.38 (2H, s), 6.96-7.03 (1H, m), 7.08-7.14 (2H, m), 7.29-7.37 (2H, m), 7.91 

(1H, d, J = 1.3 Hz), 8.08-8.25 (2H, m), 8.36 (1H, t, J = 5.6 Hz), 8.68 (1H, d, J = 2.1 Hz), 

12.98-13.62 (1H, m). MS m/z: 471.2 [M + H]+. HPLC purity 99.2%.

6-Bromo-2-((4-fluorophenoxy)methyl)-3H-imidazo[4,5-b]pyridine (29). To a solution of 

5-bromopyridine-2,3-diamine (1.50 g, 7.98 mmol), HATU (3.34 g, 8.78 mmol) and DIPEA (1.53 

mL, 8.78 mmol) in DMF (8 mL) was added 2-(4-fluorophenoxy)acetic acid (1.36 g, 7.98 mmol) 

at room temperature. The mixture was stirred at room temperature for 1 h. The mixture was 

poured into water at room temperature and extracted with EtOAc. The organic layer was 
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separated, washed with water and brine, dried over MgSO4, and concentrated in vacuo. To the 

residue was added AcOH (10 mL) and the mixture was refluxed overnight. The mixture was 

quenched with sat. NaHCO3 aq. at room temperature. The precipitate was collected by filtration 

and washed with water and EtOAc to give 29 (1.8 g, 70%) as a pale purple solid. MS m/z: 322.0 

[M + H]+.

3-(4-Fluorophenyl)propanamide (30). To a stirred solution of 3-(4-fluorophenyl)propanoic acid 

(5.0 g, 30 mmol) in chloroform (20 mL) was added DMF (0.231 mL, 2.97 mmol) and oxalyl 

chloride (2.80 mL, 32.7 mmol) at room temperature. The mixture was stirred at room temperature 

for 2 h and concentrated in vacuo. The residue was dissolved in chloroform (50 mL), and NH3 

gas was passed through the solution at 0 °C for 30 min. The mixture was stirred at room 

temperature for 2 h and diluted with dichloromethane and water. The organic layer was 

separated, washed with brine, dried over Na2SO4, and concentrated under reduced pressure. The 

residue was purified by column chromatography (silica gel, eluted with 50% - 70% EtOAc in 

hexane) to give 30 (3.8 g, 76%) as white solid. 1H NMR (400 MHz, CDCl3) δ 2.49 (2H, t, J = 7.7 

Hz), 2.91-2.95 (2H, m), 5.30-5.55 (2H, m), 6.96 (2H, t, J = 8.6 Hz), 7.13-7.19 (2H, m). MS m/z: 

168.0 [M + H]+.
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3-(4-Fluorophenyl)propanenitrile (31). Compound 30 (2.5 g, 15 mmol) was dissolved in 

trifluoroacetic anhydride (8 mL) and the resulting mixture was stirred at room temperature 

overnight. The mixture was concentrated under reduced pressure and the residue was diluted with 

dichloromethane and 2N NaOH aq. The organic layer was separated, washed with water and 

brine, dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by 

column chromatography (silica gel, eluted with 0% - 20% EtOAc in hexane) to give 31 (2.0 g, 

90%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 2.60 (2H, t, J = 7.3 Hz), 2.93 (2H, t, J = 

7.3 Hz), 7.02 (2H, t, J = 8.6 Hz), 7.17-7.23 (2H, m).

1-Fluoro-4-(3,3,3-trimethoxypropyl)benzene (32). To a solution of 31 (6.5 g, 44 mmol) in 

anhydrous MeOH (2.12 mL) and anhydrous Et2O (30 mL) was bubbled HCl gas (freshly 

generated by adding conc. HCl to conc. H2SO4) at 0 °C for 1 h. The mixture was kept at 4 °C 

under Ar for 24 h. The mixture was concentrated, and to the residue were added anhydrous 

MeOH (5.30 mL) and hexane (70 mL). The resulting mixture was stirred at room temperature for 

48 h and precipitated ammonium chloride was removed by filtration. The filtrate was 

concentrated under reduced pressure to give a mixture of 32 and the corresponding methyl ester 

(7.0 g, crude mixture) as a colorless liquid. The mixture was used in the next step without further 

purification. 1H NMR (400 MHz, CDCl3) δ 1.96-2.05 (2H, m), 2.50-2.65 (2H, m), 3.25 (9H, s), 
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6.95 (2H, t, J = 8.6 Hz), 7.10-7.16 (2H, m). [Additional peaks of corresponding ester are also 

present and some peaks are merged with desired compound. Integration in 1H NMR showed ca. 

57% desired compound.]

2-Amino-5-(thiophen-2-yl)pyridin-3-ol (33). A mixture of 2-amino-5-bromopyridin-3-ol (200 

mg, 1.06 mmol), thiophen-2-ylboronic acid (203 mg, 1.59 mmol), PdCl2(PPh3)2 (74 mg, 0.10 

mmol) and Na2CO3 (561 mg, 5.29 mmol) in 1,4-dioxane (5 mL) and water (1 mL) was stirred at 

110 °C under Ar overnight. After cooling to room temperature, the mixture was filtered through a 

celite bed. The filtrate was concentrated under reduced pressure and the residue was purified by 

column chromatography (silica gel, eluted with 0% - 5% MeOH in dichloromethane) to give 33 

(120 mg, 59%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 5.71 (2H, brs), 7.04-7.08 (2H, 

m), 7.20-7.25 (1H, m), 7.35-7.42 (1H, m), 7.76 (1H, d, J = 1.8 Hz), 9.73 (1H, s). MS m/z: 191.0 

[M - H]-.

Methyl 5-(2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridin-6-yl)thiophene-3-carboxylate (34). 

Compound 34 was prepared from 47 and methyl 

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carboxylate in a manner similar to 

that described for the synthesis of 17 and obtained (42% yield) as a brown solid. MS m/z: 366.1 

[M + H]+.
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5-(2-(Phenoxymethyl)-3H-imidazo[4,5-b]pyridin-6-yl)thiophene-3-carboxylic acid (35). To a 

solution of 34 (700 mg, 1.92 mmol) in THF (20 mL) and MeOH (10 mL) was added 2N NaOH 

aq. (3 mL) at 60 °C. The mixture was stirred at 60 °C for 1 h. The mixture was neutralized with 

2N HCl aq. at room temperature and diluted with water. The resulting solid was collected by 

filtration and washed with water to give 35 (580 mg, 86 %) as a pale yellow solid. MS m/z: 352.1 

[M + H]+.

6-Bromo-2-phenethyl-3H-imidazo[4,5-b]pyridine (36). A mixture of 

5-bromopyridine-2,3-diamine (1.09 g, 5.80 mmol) and 3-phenylpropanoyl chloride (0.98 g, 5.8 

mmol) in diphenylether (0.5 mL) was stirred at 170 °C for 1.5 h. The mixture was diluted with a 

mixture of chloroform and methanol (10:1) and neutralized with 1N NaOH aq. at room 

temperature. The organic layer was separated, washed with water and brine, dried over MgSO4, 

and concentrated in vacuo. The residue was washed with diethyl ether to give 36 (1.33 g, 76%) as 

a white solid. MS m/z: 302.1 [M + H]+.

6-Bromo-2-phenyl-3H-imidazo[4,5-b]pyridine (37). A mixture of P2O5 (1.70 g, 12.0 mmol) and 

methanesulfonic acid (6 mL) was stirred at 100 °C for 1 h. To the mixture were added 

5-bromopyridine-2,3-diamine (1.13 g, 6.00 mmol) and benzoic acid (0.73 g, 6.0 mmol). The 

mixture was stirred at 100 °C for 1 h. After cooling to room temperature, the mixture was poured 
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into 4N NaOH aq. (100 mL) at 0 °C and stirred at room temperature for 40 min. The mixture was 

neutralized with conc. HCl. The resulting solid was collected by filtration and washed with water 

and diethyl ether to give 37 (0.79 g, 48%) as a white solid. MS m/z: 273.8 [M + H]+.

2-Benzyl-6-bromo-3H-imidazo[4,5-b]pyridine (38). Compound 38 was prepared from 

2-phenylacetyl chloride in a manner similar to that described for the synthesis of 36 and obtained 

(71% yield) as a white solid. MS m/z: 288.1 [M + H]+.

6-Bromo-2-(2-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (39). A mixture of 

3-(2-chlorophenyl)propanoic acid (2.42 g, 13.1 mmol), 5-bromopyridine-2,3-diamine (2.44 g, 

13.0 mmol), POCl3 (60 mL) was stirred at 140 °C for 4 h. After cooling to room temperature, the 

mixture was concentrated in vacuo. The residue was poured into water, neutralized with 1N 

NaOH aq. and extracted with EtOAc. The organic layer was separated, washed with water and 

brine, dried over MgSO4, and concentrated in vacuo. The residue was washed with diisopropyl 

ether to give 39 (1.95 g, 45%) as a brown solid. MS m/z: 336.0 [M + H]+.

6-Bromo-2-(3-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (40). Compound 40 was prepared 

from 3-(3-chlorophenyl)propanoic acid in a manner similar to that described for the synthesis of 

39 and obtained (72% yield) as a brown solid. MS m/z: 336.0 [M + H]+.
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6-Bromo-2-(4-chlorophenethyl)-3H-imidazo[4,5-b]pyridine (41). Compound 41 was prepared 

from 3-(4-chlorophenyl)propanoic acid in a manner similar to that described for the synthesis of 

39 and obtained (20% yield) as a white solid. MS m/z: 336.0 [M + H]+.

6-Bromo-2-(4-methylphenethyl)-3H-imidazo[4,5-b]pyridine (42). Compound 42 was prepared 

from 3-(p-tolyl)propanoic acid in a manner similar to that described for the synthesis of 39 and 

obtained (35% yield) as a pale yellow solid. MS m/z: 316.0 [M + H]+.

6-Bromo-2-(4-methoxyphenethyl)-3H-imidazo[4,5-b]pyridine (43). To a mixture of 

3-(4-methoxyphenyl)propanoic acid (1.8 g, 10 mmol) in THF (30 mL) were added oxalyl 

chloride (1.1 mL, 12 mmol) and DMF (20 μL) at 4 °C. The mixture was stirred at room 

temperature for 1.5 h. The mixture was concentrated in vacuo and to the residue was added 

toluene. The solution was concentrated again to remove an excess amount of oxalyl chloride. To 

the residual oil was added 5-bromopyridine-2,3-diamine (1.7 g, 9.0 mmol) and stirred at 170 °C 

for 30 min. The mixture was suspended in MeOH and H2SO4 at room temperature and stirred at 

80 °C for 3 h. After cooling to room temperature, the mixture was concentrated in vacuo. The 

residue was poured into water, neutralized with sat. NaHCO3 aq. and extracted with EtOAc. The 

organic layer was separated, washed with water and brine, dried over MgSO4, and concentrated 
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in vacuo. The residue was purified by column chromatography (silica gel, 50% - 80% EtOAc in 

hexane) to give 43 (600 mg, 20%) as a white solid. MS m/z: 332.1 [M + H]+.

6-Bromo-2-(4-fluorophenethyl)-3H-imidazo[4,5-b]pyridine (44). Compound 44 was prepared 

from 3-(4-fluorophenyl)propanoic acid in a manner similar to that described for the synthesis of 

29 and obtained (65% yield) as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ 3.04-3.19 (4H, 

m), 7.00-7.15 (2H, m), 7.23-7.34 (2H, m), 8.16 (1H, d, J = 2.2 Hz), 8.33 (1H, d, J = 2.2 Hz), 

12.39-13.29 (1H, m). MS m/z: 320.9 [M + H]+.

6-Bromo-2-(4-(trifluoromethyl)phenethyl)-3H-imidazo[4,5-b]pyridine (45). Compound 45 

was prepared from 3-(4-(trifluoromethyl)phenyl)propanoic acid in a manner similar to that 

described for the synthesis of 39 and obtained (78% yield) as a brown solid. MS m/z: 370.0 [M + 

H]+.

4-(2-(6-Bromo-3H-imidazo[4,5-b]pyridin-2-yl)ethyl)benzonitrile (46). Compound 46 was 

prepared from 3-(4-cyanophenyl)propanoic acid in a manner similar to that described for the 

synthesis of 39 obtained (79% yield) as a pale yellow solid. MS m/z: 327.0 [M + H]+.

6-Bromo-2-(phenoxymethyl)-3H-imidazo[4,5-b]pyridine (47). Compound 47 was prepared 

from 2-phenoxyacetic acid in a manner similar to that described for the synthesis of 29 obtained 
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(65% yield) as a brown solid. 1H NMR (300 MHz, DMSO-d6) δ 5.28-5.43 (2H, m), 6.94-7.03 

(1H, m), 7.06-7.15 (2H, m), 7.26-7.39 (2H, m), 8.18-8.31 (1H, m), 8.37-8.50 (1H, m). MS m/z: 

304.0 [M + H]+.

5-Bromo-2-(4-fluorophenethyl)-1H-benzo[d]imidazole (48). Compound 48 was prepared from 

3-(4-fluorophenyl)propanoic acid and 4-bromobenzene-1,2-diamine in a manner similar to that 

described for the synthesis of 29 and obtained (60% yield) as a pale yellow solid. MS m/z: 319.0 

[M + H]+.

6-Bromo-2-(4-fluorophenethyl)-5-methyl-3H-imidazo[4,5-b]pyridine (49). Compound 49 was 

prepared from 3-(4-fluorophenyl)propanoic acid and 4-bromo-5-methylbenzene-1,2-diamine in a 

manner similar to that described for the synthesis of 29 and obtained (88% yield) as a pale yellow 

solid. 1H NMR (400 MHz, DMSO-d6) δ 2.61 (3H, s), 3.00-3.20 (4H, m), 7.08 (2H, t, J = 8.7 Hz), 

7.26 (2H, t, J = 5.8 Hz), 8.13 (1H, s), 12.87 (1H, brs).

6-Bromo-2-(4-fluorophenethyl)-7-methyl-3H-imidazo[4,5-b]pyridine (50). Compound 50 was 

prepared from 3-(4-fluorophenyl)propanoic acid and 4-bromo-3-methylbenzene-1,2-diamine in a 

manner similar to that described for the synthesis of 29 and obtained (36% yield) as a brown 

solid. MS m/z: 335.1 [M + H]+.
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Dysferlin Elevation Assay.

Cells and Reagents. Patient-derived iPSCs were established from dermal fibroblasts as previously 

described.23 The original dysferlinopathy patient has a compound hetero mutation with both 

c.2997 G>T (p. W999C) as missense mutation and c.1958 delG as nonsense mutation in dysferlin 

gene. Cells from a healthy sibling donor were also used as the normal control. Tet-MyoD1 vector 

was introduced into iPSCs according to previous methods14 and stably transfected clones were 

selected for further analysis. These cells were maintained as a feeder-free culture on iMatrix-511 

(Nippi. Inc.) in StemFit AK02N (Ajinomoto Healthy Supply Co., Inc.).24 Test compounds were 

dissolved in DMSO and added to culture medium at the final DMSO concentration of 0.1%. 

Antibodies used in immunostaining were as follows. Primary antibodies: rabbit anti-dysferlin 

monoclonal antibody (clone#JAI-1-49-3, Abcam plc.) and mouse anti-myosin heavy chain 

(MHC) monoclonal antibody (clone#MF20, R&D Systems). Secondary antibodies: Alexa Fluor 

488 conjugated goat anti-rabbit IgG and Alexa Fluor 647 conjugated goat anti-mouse IgG 

(Thermo Fisher Scientific).

Differentiation into myocyte by MyoD induction. The iPSCs were differentiated into myocyte by 

the inducible expression of MyoD1 as previously described.14,25 Briefly, cells were seeded on 
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matrigel (Corning Inc.) -coated CellCarrier-384 Ultra microplates (PerkinElmer Japan Co., Ltd.) 

with StemFit AK02N medium containing 10 μM ROCK inhibitor, Y-27632 (FUJIFILM Wako 

Pure Chemical Corporation) on "day 0". After 24 h, the medium was changed to Primate ES Cell 

Medium (REPROCELL Inc.) without basic fibroblast growth factor. After additional 24 h, 1 

μg/mL doxycycline (LKT Laboratories, Inc.) was added to the medium. On day 3, the medium 

was changed to alpha MEM (Nacalai Tesque Inc.) with 5% KnockOut Serum Replacement 

(Thermo Fisher Scientific), and 1 μg/mL doxycycline. The medium was changed every other day 

until the assay.

DYSF immunostaining. On day 7, each compound diluted in culture medium was added to the 

wells at final concentrations of 0.003 to 10 μM. After 24 h treatment, cells were fixed by adding 

4% paraformaldehyde (FUJIFILM Wako Pure Chemical Corporation) and incubated for 30 min. 

Cells were washed with PBS and blocked with 5% goat serum (Invitrogen Corp.) /0.4% 

TritonX-100 in PBS for 1 h at room temperature followed by the incubation with primary 

antibodies overnight at 4 °C. On the next day, cells were washed with PBS and incubated with 

secondary antibodies for 1 h at room temperature. Antibodies were diluted with PBS containing 

1% goat serum and 0.4% TritonX-100, and Hoechst 33342 (DOJINDO LABORATORIES) was 

added to secondary antibody solution for nuclear staining. Stained cells were imaged by Opera 
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Phenix imaging system (PerkinElmer Japan Co., Ltd.). Dysferlin expression levels in 

differentiated myocyte were determined as the fluorescence intensity of 488 nm in 

dysferlin/MHC double positive area using Harmony software (PerkinElmer Japan Co., Ltd.). 

Statistical analysis. The EC150 value was defined as the concentration of the test compound 

required to produce 50% increase of dysferlin expression level. The signal value of the 100% 

control was obtained from the median value of DMSO treated wells. EC150 values were 

calculated with XLfit (IDBS, Guildford, UK) using 4 parameter logistic models.

Aqueous Solubility Assay. Small volumes of the compound DMSO solutions were added to the 

aqueous buffer (pH 6.8). After incubation, precipitates were separated from by filtration through 

a filter plate. The filtrates were analyzed for compound in solution by plate reader or HPLC 

analysis.

Parallel Artificial Membrane Permeability Assay. The donor wells were filled with 200 μL of 

PRISMA HT buffer (pH 7.4, Pion Inc.) containing 10 μmol/L test compound. The filter on the 

bottom of each acceptor well was coated with 4 μL of GIT-0 Lipid Solution (Pion Inc.) and filled 
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with 200 μL of Acceptor Sink Buffer (Pion Inc.). The acceptor filter plate was put on the donor 

plate and incubated for 3 hours at room temperature. After incubation, the amount of test 

compound in both the donor and acceptor wells was measured by LC/MS/MS.

Cytotoxicity Assay. HepG2 cells were cultured in DMEM high glucose medium (ThermoFisher 

Scientific, cat# 31053028) containing 2 mM L-glutamine, 1 mM sodium pyruvate, 5 mM 

HEPES, 10% (v/v) fetal bovine serum, 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin. The 

cells were seeded at 5000 cells/20 μL/well on 384-well plates (Greiner Bio-One, Frickenhausen, 

Germany) for nearly 24 h at 37 °C/5% CO2. Subsequently, 20 μL of the medium containing the 

test compounds were added to the plate, followed by 24 h of incubation at 37 °C/5% CO2. 

Subsequently, 20 μL of the Cell Titer Glo (Promega, Madison, WI) reagent was added to each 

well and the luminescence signal was measured using an EnVision plate reader. The signal values 

of the 0% and 100% inhibition controls were obtained from wells containing DMSO treated cells 

and the medium only, respectively. The percentage of inhibition was calculated using equation 

(1).

                       (1)LH

H T






100inhibition%
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, where T is the value of the wells containing test compounds, and μH and μL are the mean values 

of the 0% and 100% inhibition control wells, respectively. IC50 values were calculated by fitting a 

sigmoidal dose-response curve to the plot of the percentage of inhibition as a function of inhibitor 

concentration. Fittings were performed using XLfit software (IDBS, Guildford, UK).

Fluorescence Imaging of Tubulin Depolymerization. HepG2 cells were seeded at 7500 

cells/20 μL/well on clear bottom 384-well plates (Corning, Corning, NY) in assay medium 

(DMEM low glucose medium (Wako, Osaka, Japan) containing 10% FBS, 100 U mL−1 

penicillin, and 100 μg mL−1 streptomycin). After incubation for nearly 24 h at 37 °C/5% CO2, 5 

μL of the assay medium containing 5 fold concentration of test compounds was added to each 

well and the plate was further incubated for 24 h at 37 °C/5% CO2. To fix the cells, 25 μL of 4% 

paraformaldehyde phosphate buffer solution (Wako) was added into each well and the plate was 

incubated for 30 min at room temperature. After removing the medium, the cells were washed 

with PBS 3 times and 50 μL of PBS-T (PBS containing 1.5% (w/v) BSA and 0.1% (v/v) 

TritonX-100) was added to the plate for cell permeabilization and prevention of nonspecific 

antibody binding. After 1 h incubation at room temperature, the plate was washed with PBS 3 

times and the cells were incubated with 20 μL of PBS-T containing 250 fold diluted 
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anti-α-tubulin antibody (TU-02) (ref#, sc-8035, Santa Cruz Biotechnology, Dallas, TX) followed 

by overnight incubation at 4 °C. After removing the solution, the cells were washed with PBS 3 

times and 20 μL of 12.5 μM Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA) and 400 

fold diluted Alexa488-conjugated anti-mouse IgG antibody (ref#: A-11001, Thermo Fisher 

Scientific) in PBS-T containing was added to the plate. After 1 h incubation at room temperature, 

cells were washed 3 times and fluorescence images were obtained using an INCell Analyzer 6500 

(GE Healthcare UK Ltd., Amersham Place, England) with a 20X objective lens. The fluorescence 

images were quantified using INCell Developer (GE Healthcare UK Ltd). In order to normalize 

the number of remaining cells in each well, fluorescence signal of Alexa488 (corresponding to 

tubulin) was corrected with number of nucleus stained with Hoechst 33342. Signals for 100% 

and 0% tubulin inhibition were obtained from the wells in the presence and absence of 2 μM 

colchicine, respectively. Relative Alexa488 fluorescence intensity in the presence of each 

concentration of compounds was calculated by using equation (2). 

                       (2)LH

LT






 100intensity Relative

, where T is the value of the wells containing test compounds, and μH and μL are the mean values 

of the 0% and 100% inhibition control wells, respectively. The dose-response curve was fitted 

with equation (3) 
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                    (3))IClog]I(log[ 50101
100intensity Relative 

 n

, where IC50, [I], and n are half maximal inhibitory concentration, concentration of test 

compounds and Hill slope, respectively. Minimal effective concentration (MEC) of each 

compound was calculated as the concentration where relative intensity corresponded to 100-3SD 

of 0% inhibition control wells by using equation (3). All fits were performed using XLfit 

software. The structure, EC150 value, and MEC value of tested compounds are shown in Table 

S1, Supporting Information. 

Computational Methods and Modeling. The crystal structure of sus barbatus tubulin alpha 

chain/gallus gallus tubulin beta-2 chain dimer in complex with nocodazole (PDB code: 5CA1) 

was used as the template for docking. The identities of amino acids between human and sus 

barbatus for tubulin alpha chain and between human and gallus gallus for tubulin beta-2 chain are 

99.5% and 99.1%, respectively. In addition, as all the amino acids within 6 Å of nocodazole are 

conserved between human and sus barbatus or gallus gallus, docking models with the structure of 

sas barbatus alpha and gallus gallus beta-2 tubulin dimer can be used to the interactions between 

human tubulin dimer and its inhibitor. The protein structure for docking was prepared using 

Maestro version 11.6 protein preparation wizard[X1]. The docking simulation was performed 
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with Glide version 7.9 SP mode[X2]. The top conformation in GlideScore was selected as the 

docking model.

[X1] Schrödinger Release 2018-2, Maestro, version 11.6, Schrödinger, LLC, New York, NY, 

2018. [X2] Schrödinger Release 2018-2, Glide, version 7.9, Schrödinger, LLC, New York, NY, 

2018.

Competitive Binding Assay with PAL probe.

Materials and Method. Following materials were used for photoaffinity labeling of α/β-tubulin: 

Porcine Tubulin (> 99% pure, Cytoskeleton, #T240); TAMRA-Azide (Tetramethylrhodamine 

5-Carboxamido-(6-Azidohexanyl)), (Lifetechnologies, #T10182); 

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (Tokyo Chemical Industry, #T2993); 

tert-butanol (t-BuOH) (SIGMA, #360538); Copper (II) Sulfate (SIGMA, #451657); 

Tris(2-carboxyethyl)phosphine (TCEP) (SIGMA, #C4706); low protein binding 96 well plate 

(Sumitomo Bakelite co. ltd., Proteosave #MS-8296V); Perfect NT Gel, 7.5-15%, 28 well (DRC, 

#NTH-787HP). 
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Experimental Procedure. Twenty five μg/mL of tubulin in HEPES based isotonic buffer (20 mM 

HEPES, 140 mM NaCl, 10 mM KCl, 5% glycerol, pH 7.4), 196 μL, was mixed with 5 μL of 

DMSO or 1 - 10 mM compounds (compound 18, compound 21, nocodazole, vinblastine, 

colchicine, and paclitaxel) in DMSO for the competition study. The mixture was incubated for 30 

min at room temperature, followed by addition of 2 μL of 0.01 mM PAL probe 28, and incubated 

on ice for 15 min. The portion of this solution, 40 μL, was transferred to a low protein binding 96 

well plate and irradiated by UV cross linker with CL-1000L lamp, 365 nm, 8W (UVP, Inc., 

#CL-100), for 5 min at 4 °C. To the solution, 5 μL of 10% SDS, 1 μL of 5 mM TAMRA-Azide in 

DMSO, and 5 μL of catalyst mix for click-reaction (1.7 mM TBTA in 80% tert-butanol and 20% 

DMSO : 50 mM CuSO4: 50 mM TCEP = 3 : 1 : 1) were added and incubated for 1 h at room 

temperature: Catalyst mix was the prepared just before use. The obtained samples were mixed 

with Laemmli sample buffer including dithiothreitol (20 mM at the final concentration), and 

heated at 95 °C for 1 min, and 100 ng of tubulin for each condition was analyzed by SDS-PAGE 

(200 V, 50 min). The SDS-PAGE gel was scanned by Typhoon 9400 (Amersham Biosciences) to 

capture the image of PAL-probe-labeled tubulin, and stained by coomassie brilliant blue to 

observe the total tubulin, which were scanned by LAS4000 (Fujifilm).  
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SUPPORTING INFORMATION 

The Supporting Information is available free of charge on the ACS Publications website at DOI:.

The structure, EC150 value, and MEC value of compounds tested in the tubulin depolymerization 

assay; results of TR-FRET based competitive binding assays against 337 kinases (PDF)

Molecular formula strings. (CSV)
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ABBREVIATIONS USED: 

AcOH, acetic acid; AcONH4, ammonium acetate; BSA, bovine serum albumin; DIPEA, 

N,N-diisopropylethylamine; DMAT, distal myopathy with anterior tibial onset; DME, 

1,2-dimethoxyethane; DMF, dimethylformamide; DMSO-d6, deuterated dimethyl sulfoxide; 

EtOAc, ethyl acetate; HATU, 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate; iPSC, induced pluripotent stem cell; LGMD2B, limb girdle muscular 

dystrophy 2B; MeCN, acetonitrile; MEC, minimal effective concentration; MM, Miyoshi 

myopathy; PAL, photoaffinity labeling; PBS, phosphate buffered salts; Pd(Amphos)Cl2, 

bis(di-tert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(II); PdCl2(PPh3)2, 

bis(triphenylphosphine)dichloropalladium(II); PdCl2(dppf), 

[1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II); Pd(PPh3)4, 

tetrakis(triphenylphosphine)palladium(0); SAR, structure-activity relationships; TAMRA, 

tetramethylrhodamine; TFA, trifluoroacetic acid; THF, tetrahydrofuran.
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