
Subscriber access provided by IDAHO STATE UNIV

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

5-Aryl-1,3,4-oxadiazol-2-ylthioalkanoic Acids: A Highly Potent
New Class of Inhibitors of Rho/Myocardin-Related Transcription

Factor (MRTF)/Serum Reponse Factor (SRF)-Mediated Gene
Transcription as Potential Antifibrotic Agents for Scleroderma

Dylan Kahl, Kim M Hutchings, Erika Mathes Lisabeth, Andrew Haak, Jeffrey R Leipprandt,
Thomas S. Dexheimer, Dinesh Khanna, Pei-Suen Tsou, Phillip L Campbell, David
A. Fox, Bo Wen, Duxin Sun, Marc Bailie, Richard R. Neubig, and Scott D Larsen

J. Med. Chem., Just Accepted Manuscript • DOI: 10.1021/acs.jmedchem.8b01772 • Publication Date (Web): 05 Apr 2019

Downloaded from http://pubs.acs.org on April 5, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1

5-Aryl-1,3,4-oxadiazol-2-ylthioalkanoic Acids: A Highly Potent New Class of 

Inhibitors of Rho/Myocardin-Related Transcription Factor (MRTF)/Serum 

Reponse Factor (SRF)-Mediated Gene Transcription as Potential 

Antifibrotic Agents for Scleroderma

Dylan J. Kahla, Kim M. Hutchingsa, Erika Mathes Lisabethd, Andrew J. Haakd, Jeffrey R. 

Leipprandtd, Thomas Dexheimerd, Dinesh Khannac, Pei-Suen Tsouc, Phillip L. Campbellc, David 

A. Foxc, Bo Wenb, Duxin Sunb, Marc Bailiee, Richard R. Neubigd and Scott D. Larsena*

aVahlteich Medicinal Chemistry Core, bUM Pharmcokinetics Core, College of Pharmacy, 

University of Michigan, Ann Arbor, Michigan 48109, 

cDepartment of Internal Medicine, Division of Rheumatology and Clinical Autoimmunity Center 

of Excellence, University of Michigan Medical Center, Ann Arbor, Michigan 48109, 

dDepartment of Pharmacology and Toxicology, Michigan State University, East Lansing, 

Michigan 48824

Page 1 of 111

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



2

eMichigan State University In Vivo Facility, East Lansing, Michigan 48824

Abstract:

Through a phenotypic high throughput screen (HTS) using a serum response 

element luciferase (SRE.L) promoter, we identified a novel 5-aryl-1,3,4-oxadiazol-2-

ylthiopropionic acid lead inhibitor of Rho/MRTF/SRF-mediated gene transcription with 

good potency (IC50 = 180 nM). We were able to rapidly improve the cellular potency by 

5 orders of magnitude guided by sharply defined and synergistic SAR. The remarkable 

potency and depth of the SAR, as well as the relatively low molecular weight of the 

series, suggests, but does not prove, that binding to the unknown molecular target may 
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be occurring through a covalent mechanism. The series nevertheless has no 

observable cytotoxicity up to 100 M. Ensuing pharmacokinetic optimization resulted in 

the development of two potent and orally bioavailable anti-fibrotic agents that were 

capable of dose-dependently reducing connective tissue growth factor (CTGF) gene 

expression in vitro as well as significantly reducing the development of bleomycin-

induced dermal fibrosis in mice in vivo.

Introduction:

Scleroderma is a chronic connective tissue disease that is characterized by 

thickening and fibrosis of dermal epithelial tissue and vascular abnormalities. It has 

been designated as an orphan disease, and, while the exact number affected is 

unknown, estimates suggest ~100,000-300,000 individuals have some form of 

scleroderma in the U.S.1 There are two classifications of the disease: localized and 

systemic.2 Localized scleroderma does not involve internal organs, but systemic 

sclerosis (SSc) is associated with pathology in multiple organs including skin, 

gastrointestinal tract, lungs, kidneys, heart, etc.3-4 The incidence of SSc in the U.S. is 9–

46 cases per million per year, and roughly 50% of these individuals have a highly 
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4

aggressive form: diffuse systemic sclerosis (dSSc).1, 5 Patients suffering with dSSc have 

a higher risk of developing fibrosis within the internal organs, greatly increasing the 

patient’s mortality risk.2, 5 Current treatments are limited to immunosuppressants and 

anti-inflammatories that only address the symptoms rather than the underlying causes 

of the disease.2, 5 Currently in the U.S., the only FDA-approved antifibrotics are 

pirfenidone and nintedanib for the treatment of idiopathic pulmonary fibrosis (IPF).3, 6

Although the etiology of fibrosis is unknown, the activation of fibroblasts and their 

transition to myofibroblasts are key characteristics of the fibrotic process (Figure 1).7-8 

Myofibroblasts produce excess extracellular matrix (ECM) components (e.g. collagen 

and fibronectin) and stress fibers, e.g. α-smooth muscle actin (α-SMA).8-9 Many of these 

components undergo cross-linking and maturation, resulting in a highly stable matrix 

that accounts for epithelial tissue stiffness.10 Dysregulation of ECM homeostasis is 

thought to contribute to mortality associated with SSc.1 

There are several known cell surface receptors involved in the fibrotic process, 

including various integrins, GPCRs, and growth factor receptors that activate the 

production of ECM components (Figure 1).9, 11-13 These surface receptors, such as 
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5

those for transforming growth factor β (TGFβ), connective tissue growth factor (CTGF), 

and lysophosphatidic acid (LPA), activate intracellular signaling through a common 

mediator (Rho GTPase), which leads to activation of Rho-associated protein kinase 

(ROCK).11, 14-18 Activation of ROCK induces the polymerization of globular (G)-actin to 

filamentous (F)-actin, which releases, and thereby promotes, the nuclear localization of 

myocardin-related transcription factor (MRTF).14 In the nucleus, MRTF binds to the 

serum response factor (SRF) on serum response elements (SREs). Binding of 

MRTF/SRF to these promoter regions of DNA activates expression of multiple genes 

associated with the fibrotic process, including: COL1A1, CTGF, and ACTA2.9, 14, 16 
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6

Figure 1: The fibroblast-to-myofibroblast transition is tightly regulated by Rho/MRTF/SRF 

signaling. Both soluble and mechanical stimuli promote MRTF nuclear translocation in 

fibroblasts. In the resting state, actin is not polymerized, and MRTF is bound to G-actin and 

sequestered into the cytoplasm. When stress fibers form in response to these stimuli, G-actin 

polymerizes into F-actin and MRTF is released. This allows MRTF to translocate into the 

nucleus via binding to importins followed by MRTF/importin/nuclear pore complex (NPC) 

formation. The MRTF/SRF coactivator complex increases ECM and pro-fibrotic gene 

expression, contributing to the fibroblast-to-myofibroblast transition.
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While Rho/MRTF/SRF signaling plays an important role in normal wound healing, 

over-stimulation or dysregulation of this pathway can lead to pathological fibrosis as well 

as increased cancer cell migration and metastasis.7, 19-22 Several attempts to target 

some of the aforementioned surface receptors for this signaling pathway have been 

made (e.g. STX-100 for integrins, AM152 for LPA receptors, and LY2157299 for TGFβ 

receptors); unfortunately, therapeutics exploiting these targets have not been 

successfully developed for fibrotic diseases to date.19 As an alternative approach, a 

MRTF-A knockout mouse model has demonstrated reduced fibrosis and scarring in 

heart, lung, dermal, and vascular fibrosis in response to decreased collagen production 

and tissue stiffness.23 The development of an inhibitor that blocks the Rho/MRTF/SRF 

transcription pathway downstream of surface receptors, which in principle could block 

multiple extracellular inputs, is a promising new approach toward the treatment of SSc 

and other fibrotic diseases.
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Figure 2: Original hit (CCG-1423) from SRE.L HTS and series development to CCG-257081. 

New chemotype hit 1 from expanded SRE.L HTS of Rho/MRTF/SRF-pathway.

We have previously reported the development and execution of a SRE promoter-driven 

luciferase (SRE.L) HTS for inhibitors of the Rho/MRTF/SRF pathway.19 Although SRF 

responds to at least two different co-activator mechanisms, Rho/MRTF and Ras/Ternary 

Complex Factor (TCF), this SRE.L luciferase assay is selective for MRTF as the TCF 

sites in the promoter have been eliminated.24 This led to the discovery of CCG-1423, 

which we subsequently optimized to CCG-203971, CCG-222740, and CCG-257081—

modestly potent inhibitors that are active in multiple animal models of fibrosis.19, 22, 25-32 
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An expanded HTS of 80,000 compounds produced a second, more potent class of 

Rho/MRTF/SRF inhibitors based on the confirmed hit (3-((5-(m-tolyl)-1,3,4-oxadiazol-2-

yl)thio)propanoic acid 1 (SRE.L IC50 = 180 nM, Figure 2). The ensuing SAR of this class 

proved to be remarkably deep (over 5 orders of magnitude range of activity), suggesting 

that the currently unknown biological target has a very well-defined binding site. 

Furthermore, we report indirect evidence (from the SAR) that suggests engagement 

with the unknown target may be covalent; nevertheless, the series appears to have very 

low cytotoxicity (no impact on cell viability up to 100 µM). Herein, we report the 

synthesis, biological activity, pharmacokinetic profile, and initial in vivo efficacy of this 

structurally distinct new series of Rho/MRTF/SRF-mediated gene transcription 

inhibitors.
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Chemistry

Scheme 1. General Synthesis of 5-Aryl-1,3,4-oxadiazol-2-ylthioalkanoic Acidsa
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N
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S (CH2)2 CONHCH3

aReagents and conditions: (a) H2SO4/MeOH, 85 °C 6 h. (b) H4N2•H2O, 85 °C 14 h. (c) 

KOH/H2O/EtOH, CS2, 95 °C 16 h. (d) 1N HCl workup (e) acetone, K2CO3, Br-(CH2)n-CO2R’, 25 

°C, 5-24 h. (f) DCM, TFA, 25 °C 3 h. (g) 1M NaOH, THF, 25 °C 16 h. (h) oxalyl chloride, DMF, 

CH2Cl2, 25 °C, 2 h. (i) MeNH2 in EtOH, 25 °C, 16 h.

The general synthesis of new 5-aryl-1,3,4-oxadiazol-2-ylthioalkanoic acids and 

derivatives is summarized in Scheme 1. Various aromatic benzoic acids (2) were 

converted to their respective methyl esters under standard Fischer esterification 

conditions, and then converted to the corresponding hydrazides (3) by refluxing in 
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11

MeOH with excess hydrazine hydrate.  Refluxing 3 and carbon disulfide in EtOH under 

basic conditions, followed by acidic workup, generated 2-mercapto-5-aryl-1,3,4-

oxadiazoles (4). S-alkylation with either methyl, ethyl, or t-butyl -bromoalkanoates 

provided the thioether esters (5-7). Hydrolysis of the esters was accomplished with 

either trifluoroacetic acid (t-butyl esters) or sodium hydroxide (methyl and ethyl esters) 

to give final carboxylic acids 8 (Table 1). The tert-butyl esters became the preferred 

precursor when n = 2 because basic hydrolysis of the methyl ester intermediates 

resulted in competing retro-Michael elimination to regenerate the 1, 3, 4-oxadiazole-2-

thiols 4.  Amide 9 was prepared by conversion of the corresponding acid 8 to the acid 

chloride with oxalyl chloride in DMF/CH2Cl2 at room temperature, followed by treatment 

with methylamine.

Scheme 2. Synthesis of Thioalkanoate-modified Analogs 11 and 13a
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f

aReagents and conditions: (a) K3PO4, CS2, H2O, 106 °C, 2 h. (b) propylene oxide, 25 °C, 16 h. 

(c) DMF, K2CO3, Br-(CH2)3-CO2tBu, 90 °C, 1 h. (d) DCM, TFA, 25 °C, 1 h. (e) POCl3, 

bromoacetic acid, 106 °C, 16 h. (f) 2-mercaptoacetic acid, acetone, K2CO3, 25 °C,  2 h.

The syntheses of 4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)oxy)butanoic 

acid (11) and 2-(((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)methyl)thio)acetic acid 

(13) were accomplished starting with common intermediate 3j. Intermediate 10 was 

produced through the cyclization/rearrangement of 3j with propylene oxide.33 O-

alkylation with t-butyl 4-bromobutyrate followed by acidic hydrolysis with trifluoroacetic 

acid provided carboxylic acid 11. Alternatively, subjecting 3j to bromoacetic acid and 
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POCl3 afforded intermediate 12.34 Basic S-alkylation with potassium carbonate and 2-

mercaptoacetic acid produced carboxylic acid 13.

Scheme 3. Synthetic Route to Generate Thiobutanoate Analogs 19a-ia

CO2H
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N
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15a X = 3-bromo
15b X = 4-bromo
15c X = 5-bromo

X
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N
N
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G Cl
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CO2Me

Cl
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CO2Me

ClHO
16

19a-i

a,b

c, d e, f

g or h

j, k

l
m or n

17a G = 4-vinyl
17b G = 4-propyl
17c G = 4-isopropyl
17d G = 4-1-fluoroisopropyl
17e G = 3-cyclopropyl
17f G = 4-cyclopropyl
17g G = 5-cyclopropyl
17h G = 4-O-cyclopropyl
17i G = 4-O-oxetanyl

17a' G = 4-ethyl

i

aReagents and conditions: (a) LDA (2 eq.), THF, 0 °C, 10 min, then ethyl iodide, 0 °C, 1 h. (b) 

MeOH, H2SO4, 85 °C, 16 h. (c) iPrMgCl, THF, -20 °C for 1.5 h, then acetone, 25 °C for 1.5 h. (d) 

DAST, DCM, -78 °C to 25 °C 2 h. (e) MeOH, H2SO4, 85 °C, 16 h. (f) Pd(II)OAc2Cl2, K3PO4, 

P(Cy)3, cyclopropyl boronic acid, toluene, H2O, 100 °C, 3 h. (g) bromocyclopropane, Cs2CO3, 
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DMA, 155 °C, 24 h then MeOH, H2SO4, 85 °C, 16 h. (h) 3-bromooxetane, Cs2CO3, DMSO, 105 

°C, 8 h. (i) 2-nitrobenzene-1-sulfonyl chloride, H2N4•H2O, MeCN, 0 °C to 25 °C, 16 h. (j) 

H4N2•H2O, MeOH, 85 °C, 16 h. (k) KOH/H2O/EtOH, CS2, 95 °C, 16 h., followed by HCl workup 

(l) 4-bromo-butanoate ester, K2CO3, acetone, 25 °C, 16 h. (m) 1M NaOH, THF, 25 °C, 1 h. (n) 

TFA, DCM, 25 °C, 1 h.

Next, alkyl, fluorinated alkyl, cycloalkyl, alkoxy, and cycloalkoxy derivatives were 

synthesized as shown in Scheme 3. Routes to obtain vinyl and isopropyl methyl esters 

17a and 17c were performed as previously described.35-36 Alkyl methyl ester 17b was 

synthesized by alkylating 3k with two equivalents of LDA and ethyl iodide, followed by 

esterification. 4-(1-fluoro)-isopropyl methyl ester 17d was synthesized from 14 by 

Grignard reaction with acetone followed by fluorination of the tertiary alcohol with 

diethylaminosulfur trifluoride (DAST). Suzuki coupling of commercially available 15a-c 

with cyclopropyl boronic acid afforded cycloalkyl methyl esters 17e-g. 4-alkoxy aryl 

derivatives were formed by O-alkylation of commercially available phenol 16 using 

cesium carbonate and either DMA or DMSO (17h and 17i, respectively). Reduction of 

vinyl intermediate 17a with 2-nitrobenzene-1-sulfonyl chloride and hydrazine hydrate 
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resulted in ethyl intermediate 17a’. Using chemistry analogous to Scheme 1, the aryl 

methyl esters 17a’ and 17b-i were converted to respective hydrazides, 5-aryl-2-

mercapto-1,3,4-oxadiazoles (18a-i), thioethers, and final carboxylic acids (19a-i) (Table 

3).

Scheme 4: Synthetic Route to Generate Thiobutanoic Acid Sulfone Analog 21 a

 

N
N

O
SH

Cl Cl

a
N

N
O

SO2Me

Cl Cl

N
N

O
S

Cl Cl

COOH

4j 20 8q 21

b or c
d e

3

N
N

O
S

Cl Cl

COOH
3

O
O

aReagents and conditions: (a) MeI, Et3N, THF, 25 °C, 2 hr (b) (NH4)6Mo7O24, H2O2, EtOH, 25 °C, 

2 hr (c) mCPBA, DCM, 25 °C, 2 hr (d) 4-mercaptobutanoic acid, K2CO3, acetone, 25 °C, 1 hr, 

(e) mCPBA, DCM, 25 °C, 2 hr.

Sulfone 21 was prepared as shown in Scheme 4, which also includes an 

alternative synthetic route for 8q. 1,3,4-oxadiazole thioether 4j was converted to 

electrophilic sulfone 20 in two steps. First, thiol 4j was methylated with methyl iodide 
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and triethylamine. This thioether intermediate was oxidized to 20 using either mCPBA or 

ammonium molybdate tetrahydrate and hydrogen peroxide.37 Nucleophilic displacement 

of sulfone 20 using 4-mercaptobutanoic acid efficiently produced thiobutanoic acid 8q, 

which was subsequently oxidized to thiobutanoic acid sulfone analog 21 using mCPBA.

Results and Discussion

25: SRE.L IC50 > 100,000 nM

N

NH

O

S
CO2H

26: SRE.L IC50 > 100,000 nM

N

N S
CO2H

27: SRE.L IC50 > 100,000 nM

1: Ar = 3-Me-Ph: SRE.L IC50 = 180 nM
22: Ar = 3-pyr: SRE.L IC50 = 87,000 nM
23: Ar = 4-pyr: SRE.L IC50 > 100,000 nM
24: Ar = 2-Me-3-furanyl: SRE.L IC50 > 100,000 nM

Ar N
N

O
S

CO2H

N
N

N
S

CO2H

MeO
N

N
O

S O

O

28: SRE.L IC50 > 100,000 nM

Figure 3. Preliminary SAR investigating the importance of the heterocycle and carboxylic acid. 

SRE.L activity (mean of n = 3, SEM < 10%). 

We began our SAR investigation by probing the importance of the phenyl-

substituted oxadiazole ring system and the carboxylic acid with commercially available 
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compounds (Figure 3). Pyridyl (22 and 23) and furanyl (24) substituted oxadiazole 

analogs led to complete loss in activity. Attempts to replace the oxadiazole core with 

other heterocycles (25-27) were similarly unsuccessful. Replacement of the carboxylic 

acid with an acetal isostere (28) also abolished activity. Based on these strongly 

negative results, we focused our initial synthetic SAR effort on 5-aryl-1,3,4-oxadiazaole-

2-thioalkanoic acids.

Table 1.  SRE.L Activity of 5-Aryl-1,3,4-Oxadiazole-2-thiopropionic acids

R3

R2
R1

N
N

O
S

CO2H

R4

Cmpd R1 R2 R3 R4

SRE.L 
IC50

(nM)a, 

b

8a H H H H 3,500

8b H H Cl H 340

8c H H Me H 34

8d H H OMe H 160

8e H Cl H H 1,500
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1 H Me H H 180

8f H OMe H H 3,600

8g Cl H H H 25

8h Me H H H 6,300

8i OMe H H H 3,100

8j Cl H Cl H 4 (2c)

8k Cl H Me H 1.5

8l Cl H OMe H 2.6

8m Cl Me Me H 0.02c

8n Cl H Me Me 0.23c

8o Cl H Cl Me 0.32c

aInhibition of Gα12-stimulated SRE.L activity (mean of n = 3, SEM < 10%) in PC3 cells unless 

otherwise noted. bCell viability and proliferation assay with WST-1 < 5% inhibition up to 100 M 

inhibitor (mean of n = 3, SEM < 10%). cSRE.L assay performed in HEK293T cells (mean of n = 

3, SEM < 10%). 

We started by systematically investigating prototype electron donating (methoxy), 

withdrawing (chloro) and alkyl (methyl) groups at each of the three aryl positions (8a-i, 

Table 1). Remarkably, this revealed an over 250-fold span of potency over just these 

first 9 analogs; SRE.L IC50s ranged from 6300 nM (8h) to 25 nM (8g). Within this small 

initial group we observed several clear activity cliffs, including 2-Cl 8g (25 nM) vs 3-Cl 

8e (1500 nM) and 4-Me 8c (34 nM) vs 3-Me 1 (180 nM) vs 2-Me 8h (6300 nM). We 

Page 18 of 111

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



19

were then interested to see if the individual optimum substitutions would be synergistic. 

From the data in Table 1, it is clear that, among the four substituents investigated at R1, 

Cl is optimum. We thus combined this substitution with all three non-H substituents at 

R3 (8j-l) and observed a significant increase in potency in each case; all three of these 

analogs had single digit nM SRE.L activities. Despite these significant improvements in 

SRE.L activity, all analogs tested did not affect cell proliferation/viability up to 100 µM as 

measured by WST-1, highlighting the series lack of acute cytotoxicity even at high 

concentrations. For comparison, the clinically approved antifibrotics pirfenidone and 

nintedanib were tested in the SRE.L assay. Pirfenidone was inactive up to a 

concentration of 100 M, above which it was cytotoxic (as determined by CellTiter-

FluorTM). Nintedanib had an IC50 of 1.3 M, but showed some cytotoxicity at 10 uM and 

an IC50 of under 30 M.

It should be noted that the phenotypic screening SRE.L assay was originally 

designed as a HTS for cancer therapeutics, and it was developed using PC-3 cells.19 

However, to improve the throughput of the assay, the transfected cell line was switched 

to HEK-293T cells. To ensure equivalency in SRE.L potency from one cell line to the 
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other, various analogs were tested under both assay conditions (e.g. 8j, 8q, and 19f). 

We did not observe any notable difference in activity between the two transfected cell 

lines, so the assay was permanently switched to HEK-293T cells. 

We were able to improve activity even further with trisubstituted analogs (8m-o) 

that combined the best R1, R3-disubstitution analogs (8j & 8k) with the best R2/R4 

substituent (Me). This resulted in our first sub-nanomolar analogs with SRE.L potency 

as high as IC50 = 20 pM (8m). These extremely tight and potent SAR trends suggest 

that these inhibitors likely interact with a very well-defined binding site on the unknown 

molecular target. 

Table 2.  Carboxylic Acid Sidechain SAR.

N
N

O

ClCl

S Z
G

Compd Z G
SRE.L 

IC50

(nM)a, b

MLM T1/2 
(min)d

8j (CH2)2 CO2H 4 (2c) >60

6 (CH2)2 CO2Et 2.6 -

9 (CH2)2 CONHCH3 >100,000 -
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8p CH2 CO2H >100,000 -

8q (CH2)3 CO2H 1.8 (0.84c) >60

8r (CH2)4 CO2H 43 -
aInhibition of Gα12-stimulated SRE.L (mean of n = 3, SEM < 10%) in PC3 cells. bCell viability 

and proliferation assay with WST-1 < 5% inhibition up to 100 M inhibitor (mean of n = 3, SEM 

< 10%) up to 100 M inhibitor. cSRE.L assay performed in HEK293T cells (mean of n = 3, SEM 

< 10%). dHalf-life in mouse liver microsomes.

We then focused on elucidating how the propionic acid sidechain modulated 

activity (Table 2). Replacing the carboxylic acid functionality with neutral methyl amide 

(9) was unsuccessful; however, ethyl ester 6 maintained activity, likely due to facile 

hydrolysis by non-specific esterases in the cells. This is consistent with the lack of 

activity of neutral acetal 28 (Figure 3), suggesting that the acid functionality is crucial for 

target engagement. To determine the optimal carbon chain length between the 

oxadiazole and the carboxylic acid, analogs bearing linkers from one to four methylenes 

were synthesized (8p-r). We found that the optimal carbon chain length was three (8q), 

and that activity was completely lost when there was only one carbon separating the 
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oxadiazole and carboxylic acid (8p). This steep SAR is further evidence of the 

importance of the carboxylic acid group and its position relative to the oxadiazole ring. A 

three-carbon chain was used for all subsequent analogs.

Target-NuH

NuH = SH, OH, NH2
8j
MW = 319
ClogP = 2.25
SRE.L IC50 = 2 nM

13
CLogP: 1.83
SRE.L IC50 = 11,500 nM

11
CLogP: 2.53
SRE.L IC50 > 100,000 nM

29
CLogP: 1.81
SRE.L IC50 > 100,000 nM

N
N

O
S

CO2H

Cl Cl

N
N

O
Nu Target

Cl Cl

N
N

O

S
CO2H

Cl Cl

N
N

O
O

Cl Cl

CO2H

N
N

O

CO2H

Cl ClCl Cl

N
N

O
S

CO2H

O
O

21
ClogP: 1.50
SRE.L IC50 > 100,000 nM

Figure 4. Hypothetical reaction of 8j with a target nucleophile, and close structural analogs 

designed to be less (11, 13 and 29) or more (21) susceptible to attack by cellular nucleophiles. 

Indicated below each structure is SRE.L activity (HEK293T cells, mean of n = 3, SEM < 10%). 
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Based on our unsuccessful attempts to replace the oxadiazole core with similar 

heterocycles (Figure 3), the steep SAR of the series with regard to both aryl substitution 

and alkanoic acid chain length, and (3) the reported ability of 5-methylsulfonyl-1,3,4-

oxadiazole probes to ligate cellular nucleophiles37-39, we hypothesized that the 

oxadiazole thioether core might be covalently engaging with a binding site nucleophile 

as illustrated in Figure 4. We therefore carefully selected analogs (11, 13, 29) that are 

structurally very similar to 8j but predicted to be much less capable of reacting with 

nucleophiles (Figure 4). In support of our hypothesis, we saw an almost complete loss 

in activity upon replacement of the S with O or CH2 (11, 29) or migration of the S away 

from the heterocyclic core (13). Conversely, activity was lost when the system was 

made more susceptible to nucleophilic attack by oxidizing the sulfide of 8q to the 

corresponding sulfone (21). Although the inactivity of the sulfone could be explained by 

simple poor cell permeability (due to lower ClogP) or rapid reaction with abundant 

cellular nucleophiles, this particular result certainly suggests that oxidation of our sulfide 

inhibitors in cellulo to irreversibly-binding sulfones is not occurring. Furthermore, it has 

been reported that a non-covalent 2-benzylthio-1,3,4-oxadiazole inhibitor of glycogen 
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synthase kinase-3β can markedly lose potency with simple changes to the thiomethyl 

linker analogous to what we made.40 Overall, therefore, our SAR does not prove or 

disprove a covalent mode of binding of our compounds. Confirmation will require careful 

proteome labeling studies, which are underway and will be reported in due course.
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Table 3. SRE.L Activity of 5-Aryl-1,3,4-Oxadiazole-2-thiobutanoic Acids.

R3 R1

N
N

O
S

CO2H

R2

R4

Cmpd R1 R2 R3 R4
SRE.L IC50 

(nM)a, b

MLM 
T1/2 

(min)b

8q Cl H Cl H 0.84 >60

8s Cl H Me H 0.1c 28

8t Cl H MeO H 2 -

19a Cl H Et H 0.0007 -

19b Cl H Pr H <0.0001 -

19c Cl H i-Pr H 0.0007 -

8u H H CF3 H 46 -

8v CF3 H H H 10,000 -

8w Cl H CF3 H 0.06 >60

19d Cl H CF(CH3)2 H 0.5 -

8x Cl H Br H 0.07 -

8y Cl H Ph H 25 -

19e Cl cPr H H 0.019 -

19f Cl H c-Pr H
0.001 

(0.0012c)
47

19g Cl H H cPr 20 -

19h Cl H O-cyclopropyl H 1.3 >60

19i Cl H O-oxetanyl H 370 -
aInhibition of Gα12-stimulated SRE.L activity (mean of n = 3, SEM < 10%) in HEK cells. bCell 

viability and proliferation assay with WST-1 < 5% inhibition up to 100 M inhibitor (mean of n = 
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3, SEM < 10%). cSRE.L data generated with transfected PC-3 cells (mean of n = 3, SEM < 

10%). dHalf-life in mouse liver microsomes.

Finally, we investigated the SAR on the aryl ring of the butanoic acid analog 8q 

(Table 3). As shown previously in Table 1, incorporation of a small alkyl or alkoxy group 

at R2/4 or R3 led to marked improvements in potency with the propionic acid series. We 

therefore explored expanding the size of the alkyl group and, anticipating the potential 

for metabolic oxidation of the aromatic methyl group, included small cycloalkyl groups, 

fluoroalkyl groups, and small cycloalkoxy groups that we expected to be less prone to 

metabolic oxidation. Consistent with what we previously observed, replacement of the 

4-Cl group of butanoic acid 8q with Me led to a significant improvement in potency (8s). 

Larger alkyl butanoic acids (19a-c, 19f) achieved even greater potency, approaching the 

limit of what our SRE.L assay can accurately determine (< 0.1 pM). While the CF3 

analogs 8u,v,w all maintained activity comparable to their corresponding methyl analogs 

8c,h,s, the larger fluoro containing derivative, 1-fluoroisopropyl 19d, was less potent 

than its alkyl comparator 19c, suggesting a possible size limit at R3. Interestingly, 
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replacement of the 4-Cl of 8q with 4-Br (8x) led to a 10-fold improvement in activity, 

consistent with the greater potency observed when increasing the size of the 4-methyl 

group to small alkyls. Additional evidence for the size limitation at R3 was provided by 

the 4-Ph analog 8y. Incorporation of oxygen (e.g. 8t, 19h and 19i) also did not afford the 

same levels of activity as the corresponding aliphatic analogs, perhaps due to 

decreased permeability. The narrow SAR we had been observing was once again 

evident when the cyclopropyl at R3 of 19f was migrated to the R2 (19e) or R4 (19g) 

positions, leading to significant reductions in SRE.L activity. Finally, with regard to in 

vitro metabolic stability (as determined by half-life in the presence of mouse liver 

microsomes (MLM T½)), replacement of the Cl at R3 of 8q with more potent Me (8s) was 

detrimental as expected, but further replacement of the Me with c-Pr (19f) returned a 

measure of metabolic stability while improving potency 100-fold.

Page 27 of 111

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



28

Table 4. Physical and Pharmacokinetic Parameters for Selected Rho/MRTF/SRF 
Inhibitors.

Compound
SRE. 
L IC50 
(nM)

Solubility
(uM)

MLM T½ 
(min)c

Route, 
Dose 

(mg/kg)

T ½
(hr)

AUC
(hr*ng/

mL)

Cl
(mL/min/

kg)

Cmax 
(ng/mL)

F
%

IV, 15 2.0 47350 5.3 88550 -
8j 4 682a >60

PO, 30 2.0 63170 - 34050 67

IV, 10 1.4 10716 15.5 35650 -
8q 1.8 841a >60

PO, 20 1.2 11140 - 23150 52

IV, 3 1.7 3255 15.4 8140 -

PO, 3 1.6 361 - 397 11

PO, 10 1.8 1826 - 1433 17

19f
(CCG-232964)

0.001 >1000b 47

PO, 30 2.2 9496 - 10053 29
aThermodynamic solubility analysis was performed by Analiza Inc. using quantitative nitrogen 

detection. (www.analiza.com). bEquilibrium solubility in PBS at 25 oC. cHalf-life in mouse liver 

microsomes. PK parameters were estimated using non-compartmental analysis with 

Phoenix/WINONLIN.

IV and PO PK analyses were performed on representative analogs 8j, 8q, and 

19f (Table 4). Propionic acid 8j demonstrated good oral bioavailability (67%) and a 

moderate half-life (2 h).  Rather surprisingly, the corresponding butanoic acid 8q, 

despite apparently similar metabolic stability in vitro, had inferior in vivo PK, with a 

clearance rate almost 3-fold higher than 8j and lower oral bioavailability. Butanoic acid 
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19f also had a higher in vivo clearance rate, suggesting that the longer alkanoic acid 

moiety is a primary site of metabolism. It is interesting to note, however, that plasma 

exposure of 19f was not linear with oral dose, increasing from 11% bioavailability at 3 

mg/kg to 29% at 30 mg/kg, suggesting some saturation of first pass clearance.

Figure 6: 8j and 19f inhibit LPA induced CTGF gene expression.  Primary dermal fibroblasts 

from healthy donors were pre-treated with varying concentrations of 8j (CCG-58150) and 19f 

(CCG-232964) for (A) 48 h or (B) 72 h and stimulated with 1 µM LPA for 1 h.  CTGF mRNA 

levels were measured by qPCR.  Results are expressed as the mean ± SEM.  *p<0.05, 

**p<0.01 vs DMSO control using One-way ANOVA; n>3. 

To assess direct effects on pro-fibrotic gene expression, primary human dermal 

fibroblasts were pre-treated with 8j (CCG-58150) or 19f (CCG-232964) for 48 or 72 h 
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(Figure 6). After the pre-incubation, cells were stimulated with LPA—a direct activator or 

the Rho pathway through Gα12/1341—for 1 h. Interestingly, after 48 h, neither 8j nor 19f 

had any significant effect on CTGF gene expression; however, after 72 h, both inhibitors 

dose-dependently reduced CTGF gene expression, with 19f being ~100x more potent 

than 8j. Under the same assay conditions, nintedanib inhibited CTGF expression at 10-6 

M (45% of DMSO control) but not below, and was cytotoxic at 10-5 M. Pirfenidone did 

not significantly inhibit CTGF expression even at a concentration of 10-5 M (91% 

control).  
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Figure 7: 5-Aryl-1,3,4-oxadiazol-2-ylthioalkanoic Acids Prevent Bleomycin-Induced Dermal 

Fibrosis. Mice treated with inhibitors displayed significantly reduced skin thickness and collagen 

content as compared to vehicle control. (A) Masson’s trichrome stained skin sections from PBS 

(left panel), Bleomycin + Vehicle control (middle panel), and Bleomycin +10 mg/kg 8j (right 

panel).  N=10 per group (B) Quantification of A, by measuring the distance between the 

subcutaneous fat and the epidermis. *, p<0.05 by using One-way ANOVA (C) Masson’s 

trichrome stained skin sections for PBS (left panel), Bleomycin+Vehicle (middle left panel), 
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Bleomycin +3 mg/kg 19f (middle right panel) or Bleomcyin +10 mg/kg 19f (right panel). N=7 per 

group (D) Quantification of C. ****, p<0.0001, using One-way ANOVA.  (E) Quantification of 

collagen content by hydroxyproline measurement.  ****, p<0.0001, using One-way ANOVA.

We selected a mouse model of dermal fibrosis that entails inhibition of dermal 

thickening induced by bleomycin as our preliminary measure of in vivo efficacy of 8j 

(CCG-58150) and 19f (CCG-232964). This model has been well-described in the 

literature29, 42-43, and histopathological examination of fibrotic lung and dermal tissue 

induced by bleomycin treatment in mice reveals a high level of similarity to fibrotic 

disease progression in humans.44 The protocol entails daily intracutaneous injections of 

bleomycin with concurrent treatment by drug or vehicle for 14 days. At the end of the 

dosing period, the mice are sacrificed and sections of skin at the injection site are 

excised and analyzed for dermal thickness and hydroxyproline—a major component of 

collagen and an accepted biomarker for collagen content.45 

Based on the high Cmax achieved in the mouse PK study for 8j (30 mg/kg PO 

dosing (107 M) relative to the SRE.L IC50 (4 nM)), we selected three lower doses for 8j 

(0.1, 1 and 10 mg/kg/day) by oral gavage during bleomycin treatment. 8j was able to 
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dose-dependently reduce both measures of bleomycin-induced fibrotic effects (dermal 

thickness and hydroxyproline content), having significant effects at 10 mg/kg vs 

bleomycin/vehicle control (Figure 7A and 7B). In a subsequent study, two doses were 

selected for the more potent but less bioavailable compound 19f (3 and 10 mg/kg PO). 

The lower dose was calculated based on the single dose oral PK data (Table 4) to 

achieve comparable plasma AUC: SRE.L IC50 ratio as the efficacious 10 mg/kg dose of 

8j. At the conclusion of this study, 19f significantly reduced bleomycin-induced dermal 

fibrosis at both doses, indicating that it is at least 3-fold more potent than 8j in vivo 

(Figure 7C-E). By way of comparison, nintedanib has been reported by the Distler lab to 

be effective at preventing bleomycin-induced dermal thickness in mice at a minimum 

dose of 30 mg/kg/day,46 suggesting that our compounds are significantly more potent in 

this assay.  To our knowledge, pirfenidone has not been tested in this assay for 

prevention of dermal fibrosis, but has been reported to attenuate bleomycin-induced 

lung fibrosis in mice at a dose of 300 mg/kg.47

Conclusion:
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In conclusion, we have developed a novel and highly potent series of inhibitors of 

Rho/MRTF/SRF-mediated gene transcription. The hit 1 was discovered during our 

previously reported phenotypic HTS utilizing a SRE.L expression readout. We 

systematically explored modifications to the heterocyclic core, the aromatic ring at C-5, 

and the alkanoic acid sidechain. During this process we observed extremely tight SAR 

and multiple activity cliffs.  We ultimately achieved an astonishing 150,000-fold 

improvement in SRE.L activity while progressing from hit 1 (SRE.L IC50 = 180 nM) to 

lead 19f (SRE.L IC50 = 0.001 nM). Based on the structural similarity of our chemical 

series to previously reported in vivo probes that can label proteins, it is possible that the 

extreme potency we have achieved is due to the availability of a covalent mode of 

binding to the unknown molecular target. Our SAR in part supports that hypothesis by 

showing that simple modification of the potentially reactive thio group largely abolishes 

activity, but confirmation will require further work to unambiguously demonstrate 

labeling of cellular proteins. Despite their extraordinarily high potency at inhibiting 

SRE.L driven gene expression, the compounds have very low acute cytotoxicity up to 

100 μM, as measured by WST-1 cell proliferation.
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Selected SRE.L inhibitors 8j and 19f were able to reduce expression of the pro-

fibrotic gene CTGF in LPA-stimulated human fibroblasts. In improving the series’ 

activity, we were also able to generate probes with acceptable PK profiles for in vivo 

studies. The potent and dose-dependent anti-fibrotic effects displayed by both 8j (CCG-

58150) and 19f (CCG-232964) introduce orally efficacious 5-aryl-1,3,4-oxadiazol-2-

ylthioalkanoic acid Rho/MRTF/SRF-mediate gene transcription inhibitors as potential 

therapeutics for fibrotic diseases. As part of further development of these inhibitors, 

identification of the biological target(s) will be key and is under active investigation.

Experimental Section:

SRE.L Luciferase:

For luciferase assays using PC3 cells, 20,000 cells/well were plated in a 96- well plate 

in 10% FBS+DMEM.  The next day, cells were transfected with 56 ng of SRE.L 

Luciferase reporter and 2 ng/well of either Gα12 Q231L or pcDNA using Lipofectamine 

2000 (Life Technologies) and Opti-MEM (Gibco).  After 4 h of transfection, media was 

changed to 0.5% FBS+DMEM and cells were treated with compounds or DMSO control 
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overnight. The next day, viability was measured using WST-1 (Roche) and absorbance 

was read at 450 nm. After viability was measured, cells were lysed, and luciferase was 

measured using the Luciferase Assay System (Promega).

For luciferase assays in HEK293T cells, see Hutchings et al.25

qPCR for LPA-stimulated Expression of CTGF:

LPA stimulation 

Primary dermal fibroblasts isolated from healthy donors were cultured in DMEM 

containing 10% FBS and 1% Pen/Strep. Prior to LPA stimulation, cells were seeded in 

0.5% FBS containing DMEM and pre-treated with compounds or DMSO control for 48 

or 72 h. After the pre-treatment, LPA (1-Oleoyl Lysophosphatidic Acid, Cayman 

Chemical, Cat #10010093) was added at a final concentration of 10 µM for 1 h in 

DMEM containing 0.5% FBS and 1% Pen/Strep. After LPA stimulation, cells were lysed 

in iScript RT-qPCR lysis buffer (Biorad, Hercules CA, Cat #170-8898). Cells used for 

experiments were passaged no more than 8 times.

qPCR
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For qPCR analysis, the iTaq Universal SYBR Green One Step Kit was used (BioRad, 

Hercules, CA Cat #172-5151) following the manufacturer’s instructions. 1 µL of template 

lysate was added to the RT-qPCR master mix. Primers used were: CTGF Forward 5’-

CAGAGTGGAGCGCCTGTT -3’, CTGF Reverse 5’- TTGTCCGCGAGGTGAGAC-3’, 

GAPDH forward 5’ GAAGGTGAAGGTCGGAGTCA and GAPDH reverse 5’-

TTGAGGTCAATGAAGGGGTC-3’. Fold differences were calculated using the ΔΔCt 

method with GAPDH as a reference. PCR products were analyzed on a 1% agarose 

gel.

Metabolic Stability in Mouse Liver Microsomes:

The metabolic stability was assessed using CD-1 mouse liver microsomes. One 

micromolar of each compound was incubated with 0.5 mg/mL microsomes and 1.7 mM 

cofactor NADPH in 0.1 M phosphate buffer (pH = 7.4) containing 3.3 mM MgCl2 at 37 

°C. The DMSO concentration was less than 0.1% in the final incubation system. At 0, 5, 

10, 15, 30, 45, and 60 min of incubation, 40 µL of reaction mixture were taken out, and 

the reaction is quenched by adding 3-fold excess of cold acetonitrile containing 100 

ng/mL of internal standard for quantification. The collected fractions were centrifuged at 
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15000 rpm for 10 min to collect the supernatant for LC−MS/ MS analysis, from which 

the amount of compound remaining was determined. The natural log of the amount of 

compound remaining was plotted against time to determine the disappearance rate and 

the half-life of tested compounds.

Pharmacokinetic Studies in Mice:

All animal experiments in this study were approved by the University of Michigan 

Committee on Use and Care of Animals and Unit for Laboratory Animal Medicine. The 

abbreviated pharmacokinetics for 8j, 8q, and 19f were determined in female CD-1 mice 

following intravenous (iv) and/or orally (po). Compound was dissolved in the vehicle 

containing 15% (v/v) DMSO, 15% (v/v) PEG-400, and 70% (v/v) PBS. Four blood 

samples (50 μL) were collected over 7 h (at 0.5h, 2h, 4h, and 7h), centrifuged at 3500 

rpm for 10 min, and plasma was frozen at -80˚C for later analysis. Plasma 

concentrations of the compounds were determined by the LC−MS/MS method 

developed and validated for this study. The LC−MS/MS method consisted of a 

Shimadzu HPLC system, and chromatographic separation of tested compound which 

was achieved using a Waters Xbridge-C18 column (5 cm × 2.1 mm, 3.5 μm). An AB 
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Sciex QTrap 4500 mass spectrometer equipped with an electrospray ionization source 

(ABI-Sciex, Toronto, Canada) in the positive-ion multiple reaction monitoring (MRM) 

mode was used for detection. All pharmacokinetic parameters were calculated by non-

compartmental methods using WinNonlin, version 3.2 (Pharsight Corporation, Mountain 

View, CA, USA).

Bleomycin-Induced Antifibrotic Effects in Mice—CCG-58150 (8j):

During intradermal injections and gavage of test substance mice were anesthetized 

using isoflurane. The back was shaved and the injection site (~1cm2) cleaned with three 

alternating passes of chlorhexidine and warm, sterile saline or water. The periphery of 

the injection site was circled using a sharpie marker as a visual aid. Bleomycin was 

dissolved in sterile PBS at a concentration of 1mg/ml, sterile filtered, and frozen in 

aliquots appropriately sized for the daily injections prior to the start of the dosing period. 

100μl of bleomycin or PBS (Vehicle 1) was administered to anesthetized mice by 

intradermal injection using a 0.5cc TB syringe with a 27G needle. Following bleomycin 

or vehicle administration, test substance (8j, CCG-58150) or Vehicle 2 (20% 

DMSO/30% PEG/50% PBS) was administered by oral gavage at 10μL/gram of body 
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weight. Mice received daily clinical observations, injections of vehicle/bleomycin and 

oral vehicle/test substance for 14 days. Mice were weighed weekly and were 

euthanized on Day 15. The bleomycin injection site was visually assessed, and 

apparent fibrosis was graded as Not Detectable (0), Mild Fibrosis (1), Moderate Fibrosis 

(2) or Severe Fibrosis (3), based on the appearance of lesion. A terminal blood sample 

was collected for determination of serum chemistry values. The liver was collected and 

fixed in neutral buffered formalin, slides prepared and stained with Hematoxolin and 

eosin (H&E). The skin at the injection site was excised to contain a few mm of normal 

skin around the perimeter of the fibrotic skin. A small section (~5x2mm) of the fibrotic 

skin was collected using a scalpel, placed in a microfuge tube, snap frozen in liquid 

nitrogen, and stored at -80°C for future evaluation by the sponsor. The remaining tissue 

was pinned flat and fixed in 10% buffered formalin at room temperature. After fixation 

for at least 24 h, the skin was cut into 1-2mm wide strips and embedded in paraffin with 

the tissue cross section facing up and all strips oriented in the same direction in the 

cassette. Slides were prepared and stained with H& E and Masson’s trichrome. All 

slides and frozen tissue were sent to the Sponsor at study completion.
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Bleomycin-Induced Antifibrotic Effects in Mice—CCG-232964 (19f):

C57BL/6J mice were ordered from Jackson labs for delivery at 15-16 weeks of age. 

Mice were preconditioned with supplemental chow for two weeks prior to start of 

experiment. Mice were randomized by weight into four groups (vehicle, 19f (3 mg/kg), 

19f (10 mg/kg), PBS). Each group consisted of two cages with four mice per cage. Drug 

stock solutions were aliquoted and stored at 4 °C for the duration of the study. Aliquots 

were warmed to 37 °C and briefly vortexed prior to filling the gavage syringes. Vehicle 

and 19f groups received daily bleomycin injections (0.1mL, ID) each afternoon in a 

defined area of shaved dorsal skin.  PBS control group received daily injections (0.1mL, 

ID) of PBS in the afternoon. Mice were anesthetized with ketamine/xylazine for ID 

injections. 19f (3 or 10 mg/kg) and the vehicle (20% DMSO/50% PEG-400/30% PBS) 

were administered (po) in the morning by the University of Michigan’s Unit for 

Laboratory Animal Medicine In-Vivo Animal Core. Mice were weighed daily to determine 

gavage dosage volume. Mice were euthanized after fourteen days of treatment by CO2 

inhalation/thoracotomy. Skin from the defined area was excised for biochemical and 

histological analysis. A portion of the skin was fixed in neutral buffered formalin (10%), 
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washed in 70% ethanol, and paraffin embedded for Masson's trichrome histological 

staining. Another portion of the skin was snap frozen for hydroxyproline measurement.

Fixed skin was paraffin embedded and sectioned at the University of Michigan 

Comprehensive Cancer Center Histology Core. Skin sections were stained with 

Masson’s trichrome (Sigma-Aldrich). Stained sections were analyzed with an Olympus 

BX51\DP72 microscope. Dermal thickness was determined by measuring the maximal 

distance between the epidermal-dermal junction and the dermal-subcutaneous fat 

junction. Three measurements were averaged from each skin section. The 

measurement was performed using the measurement tool in the cellSens imaging 

software package (Olympus).

Skin sections were weighed and hydrolyzed in 6M HCl at 120 °C for three h. Hydrolyzed 

skin supernatant and hydroxyproline standards (Sigma-Aldrich) were transferred to a 

microplate and dried at 60 °C. Samples and standards were oxidized with Chloramine T 

oxidation buffer for 5 minutes at room temperature. 4-(Dimethylamino) benzaldehyde 

was added to the wells and incubated at 60 °C until the standard was well defined. 
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Absorbance was measured at 560 nm using a Synergy HT microplate reader (BioTek 

Instruments). Hydroxyproline values were normalized to tissue weight.

Chemistry: 

All reagents were used without further purification as received from commercial sources 

unless noted otherwise. 1H NMR and 13C NMR spectra were taken in DMSO-d6, MeOD-

d4, or CDCl3 at room temperature on Varian Inova 400 MHz or Varian Inova 500 MHz 

instruments. Reported chemical shifts for the 1H NMR and 13C NMR spectra were 

recorded in parts per million (ppm) on the δ scale from an internal standard of residual 

tetramethylsilane (0 ppm). Mass spectrometry data were obtained on either a 

Micromass LCT or Agilent Q-TOF. An Agilent 1100 series HPLC with an Agilent Zorbax 

Eclipse Plus−C18 column (3.5 μM, 4.6 x 100 mm) was used to determine purity of 

biologically tested compounds. All tested compounds were determined to be >95% pure 

using a 6-minute gradient of 10-90% acetonitrile in water followed by a 2-minute hold at 

90% acetonitrile at a flow rate of 1 mL/min with detection at 254 nm. Purification was 

accomplished using silica gel 40-63µm 60Å for column chromatography. Purification of 

some final compounds required Waters semipreparative HPLC with a Vydac protein and 
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peptide C18 reverse phase column, using a linear gradient of 0% solvent B (0.1% TFA 

in acetonitrile) in solvent A (0.1% TFA in water) to 100% solvent B in solvent A at a rate 

1% per minute and monitoring UV absorbance at 230 nm.

Method A: General Procedure for Fisher Esterification of Aryl Carbocyclic Acids

The appropriate aryl acid (1.0 eq) was dissolved in MeOH (2-4 mL/1 mmol), and 98% 

sulfuric acid (1 eq) was added. The mixture was heated to reflux 4-16 h. The reaction 

solution was cooled to room temperature and concentrated in vacuo. The resulting 

crude residue was dissolved in a sat. NaHCO3 (aq) solution and extracted with DCM. The 

combined organic layers were washed with brine, dried over MgSO4 and concentrated 

to afford the desired ester. Yields: 50%-100%

Method B: General Procedure for Hydrazine Coupling of Aryl Methyl Carboxylates

In a round-bottomed flask, the starting aryl ester (1.0 eq) was dissolved in MeOH (2-4 

mL/mmol), and hydrazine hydrate (10 eq) was added. The solution was heated to reflux 

(85 °C) for overnight. The reaction was cooled to 25 °C and concentrated in vacuo. The 

residue was taken up in DCM, partitioned between water, and the product was 
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extracted with DCM (3x 20 mL). The combined organic layers were washed with brine, 

dried with MgSO4, and concentrated in vacuo to obtain white crystals. Yields: 70-100%

Method C: General Procedure for 1, 3, 4-oxadiazole-thiol Cyclization of Aryl Hydrazides

In a round-bottomed flask, the appropriate aryl hydrazide (1eq) was dissolved in a 0.1 M 

solution of KOH (1 eq) in EtOH (2-4 mL/mol)/H2O (10 eq) and placed under nitrogen.  

Carbon disulfide (1 eq) was added and the reaction was heated to reflux (95 °C) 

overnight.  Upon completion, most of the EtOH was evaporated in vacuo and the 

residue was cooled to 0 °C.  The product was acidified to pH 1 with 1 N HCl, and the 

subsequent white precipitate was filtered and dried under vacuum. Yields: 50-90%

Method D: General Procedure for Alkyl Bromide Coupling of 1,3,4-Oxadiazole-2-Thiols

The starting thiol (1 eq), acetone (2-4 mL/1 mmol), and potassium carbonate (1.3 eq) 

were combined in a round-bottomed flask. The alkyl bromide (1.3 eq mmol) was added 

to the solution and the reaction was stirred under nitrogen at 25 °C overnight.  The 

crude mixture was concentrated in vacuo, and the residue was partitioned between 

DCM and water.  The product was extracted with DCM (3x 15 mL), washed with brine 

(30 mL), dried with MgSO4, and concentrated in vacuo. The oil was subjected to silica 
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gel chromatography eluting with 30-80% EtOAc: Hex. The fractions containing product 

were concentrated; and, after sitting overnight, some of the subsequent oils produced 

white solid. Yields: 50-95%

Method E: General Procedure for Acidic Ester Hydrolysis of t-Butyl Esters

In a round-bottomed flask the appropriate t-butyl ester (1 eq) was dissolved in DCM (2-4 

mL/1 mmol).  Trifluoroacetic acid (25 eq) was added and reaction was stirred under 

nitrogen at 25 °C for 3 h. The crude mixture was concentrated in vacuo and then 

dissolved in a minimal amount of EtOAc. The product was triturated out with Hex, and 

the subsequent white precipitate was filtered and dried under vacuum. Yields: 20-90%

Method F: General Procedure for Basic Ester Hydrolysis of Methyl Esters

In a round-bottomed flask, the starting methyl ester (1 eq) was dissolved in THF (1-2 

mL/1 mmol).  1 M NaOH (1-2 mL/1 mmol) was added to the solution and the reaction 

was stirred at 25 °C for 3 h. The THF was evaporated in vacuo, and then the aqueous 

layer was acidified with 1 N HCl (7 mL). The product was extracted with EtOAc (3x 15 

mL), washed with brine (3x 10 mL), dried with MgSO4, and concentrated in vacuo. The 
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residue was dissolved in minimal EtOAc and the product was triturated with Hex, 

producing a white precipitate that was filtered and dried under vacuum. Yields: 50-90%

Method G: General Procedure for Suzuki Cross Coupling of Aryl Bromides

The appropriate aryl bromide (1 eq) was dissolved in toluene (2-4 mL/1 mmol) and 

degassed under inert atmosphere. H2O (10 eq), potassium phosphate dibasic (3.5 eq), 

cyclopropyl boronic acid (1.2 eq), tricyclohexylphosphine (0.1 eq), and palladium (II) 

acetate (0.15 eq) were added. The mixture was heated at reflux (100 °C) for 3 hr under 

N2. The mixture was cooled to 25 °C and H2O was added.  The product was extracted 

with EtOAc (3 x 15 mL), washed with brine (2 x 15 mL), dried with MgSO4, and 

concentrated in vacuo. The yellow residue was subjected to silica gel chromatography 

eluting with 2.5% EtOAc: 97.5% Hex. Yields: 70-95%

2-chloro-4-methylbenzohydrazide (3k)

Method B starting from methyl 2-chloro-4-methylbenzoate (2k’, 1.0 g) gave 2-chloro-4-

methylbenzohydrazide as white powder (0.79 g, 73%); 1H NMR (400 MHz, CDCl3) δ 

7.63 (s, 1H) 7.55 (d, J = 7.9 Hz, 1H) 7.22 (d, J = 1.6 Hz, 1H) 7.12 (dd, J = 7.9, 1.6 Hz, 

1H) 4.14 (br. s., 2H) 2.36 (s, 3H); HPLC Ret: 3.95 min.
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2-chloro-4-methoxybenzohydrazide (3l)

Method A followed by Method B starting from 2-chloro-4-methoxybenzoic acid (2l) gave 

2-chloro-4-methoxybenzohydrazide as off-white solid (2-steps, 886 mg, 82%); 1H NMR 

(500 MHz, DMSO-d6) δ 9.43 (t, J=4.1 Hz, 1H), 7.31 (d, J=8.6 Hz, 1H), 7.04 (d, J=2.5 Hz, 

1H), 6.92 (dd, J=8.5, 2.5 Hz, 1H), 4.43 (d, J=4.2 Hz, 2H),3.78 (s, 3H); 13C NMR (100 

MHz, DMSO-d6) δ 166.0, 160.9, 132.0, 130.7, 128.1, 115.4, 113.3, 56.2; MS (ESI+) 

m/z: 200.9 [M+H]+; HPLC Ret: 4.33 min.

2-chloro-3,4-dimethylbenzohydrazide (3m)

Method A followed by Method B starting from 2-chloro-3,4-dimethylbenzoic acid (2m, 

0.25 g) gave 2-chloro-3,4-dimethylbenzohydrazide as white solid (2-steps, 0.27 g, 

100%); 1H NMR (500 MHz, DMSO-d6) δ 9.42 (br. s., 1H) 7.16 (d, J = 7.7 Hz, 1H) 7.07 

(d, J = 7.7 Hz, 1H) 4.43 (br. s., 2H) 2.32 (s, 3H) 2.29 (s, 3H); HRMS (ESI+) m/z: 

199.0633 [M+H]+ (expected 199.0638); HPLC Ret: 4.33 min.

2-chloro-4,5-dimethylbenzohydrazide (3n)

Method A followed by Method B starting from 2-chloro-4,5-dimethylbenzoic acid (2n, 

0.25 g) gave 2-chloro-4,5-dimethylbenzohydrazide as white solid (2-steps, 0.24 g, 90%); 
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1H NMR (500 MHz, DMSO-d6) δ 9.43 (br. s., 1H) 7.26 (s, 1H) 7.16 (s, 1H) 4.44 (br. s., 

2H) 2.23 (s, 3H) 2.19 (s, 3H); HRMS (ESI+) m/z: 199.0635 [M+H]+ (expected 199.0638); 

HPLC Ret: 4.41 min.

2,4-dichloro-5-methylbenzohydrazide (3o)

Method A followed by Method B starting from 2,4-dichloro-5-methylbenzoic acid (2o, 

0.09 g) gave 2,4-dichloro-5-methylbenzohydrazide as white solid (2-steps, 0.07 g, 72%); 

1H NMR (500 MHz, DMSO-d6) δ 9.56 (br. s., 1H) 7.63 (s, 1H) 7.40 (s, 1H) 4.49 (br. s., 

2H) 2.32 (s, 3H); HRMS (ESI+) m/z: 219.0087 [M+H]+ (expected 219.0092); HPLC Ret: 

4.74 min.

2-(trifluoromethyl)benzohydrazide (3v)

Method B starting from methyl 2-(trifluoromethyl)benzoate (2v’, 0.5 g) gave 2-

(trifluoromethyl)benzohydrazide as white solid (0.38 g, 76%); 1H NMR (500 MHz, 

CDCl3) δ 7.73 (dd, J = 7.7, 1.3 Hz, 1H) 7.65-7.48 (m, 3H) 6.98 (br. s, 1H) 4.12 (br. s, 

2H); HRMS (ESI+) m/z: 205.0585 [M+H]+ (expected 205.0589); HPLC Ret: 3.25 min.

2-chloro-4-(trifluoromethyl)benzohydrazide (3w)
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Method B starting from methyl 2-chloro-4-(trifluoromethyl)benzoate (2w’, 0.5 g) gave 2-

chloro-4-(trifluoromethyl)benzohydrazide as white solid (0.48 g, 98%); 1H NMR (500 

MHz, CDCl3) δ 7.75 (d, J = 8.1 Hz, 1H) 7.70 (d, J = 1.7 Hz, 1H) 7.60 (dd, J = 8.0, 1.7 

Hz, 1H) 7.50 (br. s., 1H) 3.94 (br. s., 2H); MS (ESI+) m/z: 239.0 [M+H]+; HPLC Ret: 4.48 

min.

4-bromo-2-chlorobenzohydrazide (3x)

Method B starting from methyl 4-bromo-2-chlorobenzoate (2x’, 0.5 g) gave 4-bromo-2-

chlorobenzohydrazide as white solid (0.46 g, 97%); 1H NMR (400 MHz, DMSO-d6) δ 

7.42 (d, J = 8.2 Hz, 1H) 7.31 (s, 1H) 7.19 (dd, J = 8.2, 1.9 Hz, 1H); MS (ESI+) m/z: 

249.0 [M+H]+; HPLC Ret: 4.48 min.

3-chloro-[1, 1’-biphenyl]-4-carbohydrazide (3y)

Method B starting from methyl 3-chloro-[1, 1’-biphenyl]-4-carboxylate (2x’, 0.42 g) gave 

3-chloro-[1, 1’-biphenyl]-4-carbohydrazide as white solid (0.36 g, 94%); 1H NMR (500 

MHz, DMSO-d6) δ 9.62 (d, J = 26.9 Hz, 1H) 7.87-7.61 (m, 3H) 7.57-7.34 (m, 5H) 4.53 

(d, J = 24.8 Hz, 2H); MS (ESI+) m/z: 247.0 [M+H]+; HPLC Ret: 5.36 min.

5-(2-chloro-4-methylphenyl)-1,3,4-oxadiaole-2-thiol (4k)
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Method C starting from 2-chloro-4-methylbenzohydrazide (3k, 0.3 g) gave 5-(2-chloro-4-

methylphenyl)-1,3,4-oxadiaole-2-thiol as white powder (0.29 g, 77%); 1H NMR (400 

MHz, DMSO-d6) δ 7.80 (d, J = 8.0 Hz, 1H) 7.55 (s, 1H) 7.37 (d, J = 8.1 Hz, 1H) 2.39 (s, 

3H); HPLC Ret: 6.70 min.

5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazole-2-thiol (4l)

Method C starting from 2-chloro-4-methoxybenzohydrazide (886 mg, 3l) gave 5-(2-

chloro-4-methoxyphenyl)-1,3,4-oxadiazole-2-thiol as white solid (912 mg, 85%); 1H 

NMR (500 MHz, DMSO-d6) δ 7.80 (d, J=8.8 Hz, 1H), 7.24 (d, J=2.5 Hz, 1H), 7.09 (dd, 

J=8.8, 2.5 Hz, 1H), 3.85 (s, 3H); MS (ESI+) m/z: 242.9 [M+H]+;  HPLC Ret: 6.30 min.

5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazole-2-thiol (4m)

Method C starting from 2-chloro-3,4-dimethylbenzohydrazide (3m, 0.27 g) gave 5-(2-

chloro-3,4-dimethylphenyl)-1,3,4-oxadiazole-2-thiol as white solid (0.28 g, 86%); 1H 

NMR (500 MHz, CDCl3) δ 10.71 (br. s., 1H) 7.62 (d, J = 7.7 Hz, 1H) 7.21 (d, J = 8.0 Hz, 

1H) 2.41 (br. s., 6H); HRMS (ESI+) m/z: 241.0192 [M+H]+ (expected 241.0202);  HPLC 

Ret: 6.97 min.

5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazole-2-thiol (4n)
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Method C starting from 2-chloro-4,5-dimethylbenzohydrazide (3n, 0.24 g) gave 5-(2-

chloro-4,5-dimethylphenyl)-1,3,4-oxadiazole-2-thiol as white solild (0.22 g, 76%); 1H 

NMR (500 MHz, CDCl3) δ 11.03 (br. s., 1H) 7.69 (s, 1H) 7.32 (s, 1H) 2.32 (br. s., 6H); 

MS (ESI+) m/z: 241.0194 [M+H]+ (expected 241.0202);  HPLC Ret: 7.00 min.

5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazole-2-thiol (4o)

Method C starting from 2,4-dichloro-5-methylbenzohydrazide (3o, 0.07 g) gave 5-(2,4-

dichloro-5-methylphenyl)-1,3,4-oxadiazole-2-thiol as yellow solid (0.07 g, 85%); 1H NMR 

(500 MHz, CDCl3) δ 10.30 (br. s., 1H) 7.80 (s, 1H) 7.57 (s, 1H) 2.42 (s, 3H); HRMS 

(ESI+) m/z: 260.9656 [M+H]+ (expected 260.9656);  HPLC Ret: 7.23 min.

5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol (4u)

Method C starting from 4-(trifluoromethyl)benzohydrazide (3u, 0.25 g) gave 5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol as white solid (0.26 g, 86%); 1H NMR 

(500 MHz, CDCl3) δ 10.66 (br. s, 1H) 8.07 (d, J = 8.1 Hz, 2H) 7.79 (d, J = 8.1 Hz, 2H); 

HRMS (ESI-) m/z: 244.9999 [M-H]- (expected 244.9996) HPLC Ret: 6.92 min.

5-(2-(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol (4v)
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Method C starting from 2-(trifluoromethyl)benzohydrazide (3v, 0.38 g) gave 5-(2-

(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol as white powder (0.41 g, 90%); 1H NMR 

(500 MHz, CDCl3) δ 10.64 (br. s, 1H) 7.98-7.85 (m, 2H) 7.77-7.70 (m, 2H);  HPLC Ret: 

6.49 min.

5-(2-chloro-4-((trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol (4w)

Method C starting from 2-chloro-4-(trifluoromethyl)benzohydrazide (3w, 0.48 g) gave 5-

(2-chloro-4-((trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol as white powder (0.26 g, 

59%); 1H NMR (500 MHz, DMSO-d6) δ 8.16-8.09 (m, 2H) 7.95-7.89 (m, 1H); MS (ESI+) 

m/z: 280.1 [M+H]+;  HPLC Ret: 7.14 min.

5-(4-bromo-2-chlorophenyl)-1,3,4-oxadiazole-2-thiol (4x)

Method C starting from 4-bromo-2-chlorobenzohydrazide (3x, 0.46 g) gave 5-(4-bromo-

2-chlorophenyl)-1,3,4-oxadiazole-2-thiol as white solid (0.37 g, 81%); 1H NMR (400 

MHz, DMSO-d6) δ 7.99 (d, J = 8.2 Hz, 1H) 7.84-7.72 (m, 2H); MS (ESI+) m/z: 292.9 

[M+Na]+;  HPLC Ret: 7.06 min.

5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazole-2-thiol (4y)
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Method C starting from 3-chloro-[1, 1’-biphenyl]-4-carbohydrazide (3y, 0.36 g) gave 5-

(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazole-2-thiol as white solid (0.29 g, 88%); 1H 

NMR (400 MHz, DMSO-d6) δ 8.02-7.93 (m, 2H) 7.80-7.72 (m, 3H) 7.53-7.40 (m, 3H); 

MS (ESI+) m/z: 289.0 [M+H]+;  HPLC Ret: 7.69 min.

methyl-4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (5q)

Method D starting from 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole-2-thiol (4j, 0.2 g) gave 

methyl-4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as colorless oil 

(0.19 g, 66%); 1H NMR (400 MHz, DMSO-d6) δ 8.00 (d, J = 8.5 Hz, 1H) 7.92 (d, J = 2.1 

Hz, 1H) 7.66 (dd, J = 8.5, 2.1 Hz, 1H) 3.60 (s, 3H) 3.35 (t, J = 7.4 Hz, 2H) 2.50 (t, J = 

7.4 Hz, 2H) 2.12-1.97 (m, 2H); HRMS (ESI+) m/z: 368.9836 [M+Na]+ (expected 

368.9843); HPLC Ret: 7.94 min.

methyl 5-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)pentanoate (5r)

Method D starting from 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole-2-thiol (4j, 0.27 g) gave 

methyl 5-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)pentanoate as white solid 

(330 g, 82%); 1H NMR (400 MHz, DMSO-d6) δ 7.97 (d, J=8.4 Hz, 1H), 7.90 (J=2.1 Hz, 

1H), 7.64 (dd, J=8.5, 2.1 Hz, 1H), 3.55 (s, 3H), 3.30 (t, J=7.3 Hz, 2H), 2.35 (t, J=7.3 Hz, 
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2H), 1.84-1.72 (m, 2H), 1.79-1.63 (m, 2H); MS (ESI+) m/z: 382.9 [M+Na]+; HPLC Ret: 

7.95 min.

methyl 4-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (5s)

Method D starting from 5-(2-chloro-4-methyl)-1,3,4-oxadiazole-2-thiol (4k, 0.02 g, 0.10 

mmol) gave methyl 4-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate 

(0.02 g, 70%); 1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 8.0 Hz, 1H) 7.36 (d, J = 1.2 Hz, 

1H) 7.18 (dd, J = 8.0, 1.2 Hz, 1H) 3.69 (s, 3H) 3.36 (t, J = 7.1 Hz, 2H) 2.53 (t, J = 7.2 

Hz, 2H) 2.41 (s, 3H) 2.22 (p, J = 7.2 Hz, 2H); HRMS (ESI+) m/z: 349.0403 [M+Na]+ 

(expected 349.0390); HPLC Ret: 7.62 min.

methyl 4-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (5t)

Method D starting from 5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazole-2-thiol (4l, 0.1 g) 

gave methyl 4-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as 

colorless oil (0.12 g, 82%); 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.8 Hz, 1H) 7.05 

(dd, J = 2.5 Hz, 1H) 6.92 (dd, J = 8.8, 2.5 Hz, 1H) 3.87 (s, 3H) 3.69 (s, 3H) 3.35 (t, J = 

7.1 Hz, 2H) 2.53 (t, J = 7.2 Hz, 2H) 2.20 (p, J = 7.2 Hz, 2H); HRMS (ESI+) m/z: 

343.0525 [M+H]+ (expected 343.0519); HPLC Ret: 7.31 min.
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methyl 4-((5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (5u)

Method D starting from 5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol (4u, 0.075 

g) gave methyl 4-((5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as 

white solid (0.09 g, 87%); 1H NMR (500 MHz, CDCl3) δ 8.14 (d, J = 8.2 Hz, 2H) 7.77 (d, 

J = 8.2 Hz, 2H) 3.70 (s, 3H) 3.39 (t, J = 7.2 Hz, 2H) 2.54 (t, J = 7.1 Hz, 2H) 2.22 (p, J = 

7.1 Hz, 2H); HRMS (ESI+) m/z: 347.0674 [M+H]+ (expected 347.0677); HPLC Ret: 7.75 

min.

methyl 4-((5-(2-chloro-4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate 

(5w)

Method D starting from 5-(2-chloro-4-((trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol 

(4w, 0.1 g) gave methyl 4-((5-(2-chloro-4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as colorless oil (0.05 g, 47%); HPLC Ret: 7.98 min.

Methyl 4-((5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazol-2-yl)thio)butanoate (5y)

Method D starting from 5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazole-2-thiol (4y, 

0.1 g) gave methyl 4-((5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazol-2-

yl)thio)butanoate as white solid (0.08 g, 75%); 1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 
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8.2 Hz, 1H) 7.77 (d, J = 1.8 Hz, 1H) 7.64-7.58 (m, 3H) 7.52-7.39 (m, 3H) 3.70 (s, 3H) 

3.38 (t, J = 7.1 Hz, 2H) 2.54 (t, J = 7.2 Hz, 2H) 2.22 (p, J = 7.2 Hz, 2H); MS (ESI+) m/z: 

389.0 [M+H]+; HPLC Ret: 8.00 min.

Ethyl 3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (6)

Method D starting from 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole-2-thiol (4j, 1.2 g) gave 

Ethyl 3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate as white solid (1.6 

g, 91%); 1H NMR (400 MHz, DMSO-d6) δ 7.97 (d, J=8.5 Hz, 1H), 7.90 (d, J=2.1 Hz, 1H), 

7.64 (dd, J=8.5, 2.1 Hz, 1H), 4.08 (q, J=7.1 Hz, 2H), 3.48 (t, J=6.8 Hz, 2H), 2.90 (t, 

J=6.8 Hz, 2H), 1.17 (t, J=7.1 Hz, 3H); MS (ESI+) m/z: 346.8 [M +H]+; HPLC Ret: 7.95 

min; 98% pure.

tert-butyl 3-((5-(o-tolyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7h)

Method D starting from 5-(2-methylphenyl)-1,3,4-oxadiazole-2-thiol (4h) gave tert-butyl 

3-((5-(o-tolyl)-1,3,4-oxadiazol-2-yl)thio)propanoate as colorless oil (313 mg, 94%); 1H 

NMR (400 MHz, CDCl3) δ 7.87 (dd, J=7.9, 1.4 Hz, 1H), 7.40 (td, J=7.5, 1.4 Hz, 1H), 

7.36-7.27 (m, 2H), 3.50 (t, J=6.8 Hz, 2H), 2.87 (t, J=6.8 Hz, 2H), 2.69 (s, 3H), 1.46 (s, 

9H).
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tert-butyl 3-((5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7i)

Method D starting from 5-(2-methoxyphenyl)-1,3,4-oxadiazole-2-thiol (4i) gave tert-butyl 

3-((5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate as colorless oil (310 mg, 

96%); 1H NMR (400 MHz, CDCl3) δ 7.77 (dd, J=7.9, 1.8 Hz) , 7.39 (ddd, J=8.9, 7.5, 1.8 

Hz, 1H), 6.95 (dd, J=8.3, 6.2 Hz, 2H), 3.85 (s, 3H), 3.39 (t, J=6.9 Hz, 2H), 2.78 (t, J=6.9 

Hz, 2H), 1.38 (s, 9H); 13C NMR (100 MHz, DMSO-d6) δ 170.3, 164.5, 163.6, 157.6, 

133.0, 130.0, 120.6, 112.6, 111.9, 81.2, 55.9, 35.3, 28.0, 27.5; MS (ESI+) m/z: 337.1 

[M+H]+.

tert-butyl-3-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7k)

Method D starting from 5-(2-chloro-4-methyl)-1,3,4-oxadiazole-2-thiol (4k, 0.25 g) gave 

tert-butyl-3-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate as white 

solid (0.27 g, 70%); 1H NMR (400 MHz, DMSO-d6) δ 7.86 (d, J = 8.1 Hz, 1H) 7.56 (d, J 

= 1.5 Hz, 1H) 7.37 (d, J = 8.2 Hz, 1H) 3.45 (t, J = 6.8 Hz, 2H) 2.82 (t, J = 6.8 Hz, 2H) 

2.40 (s, 3H) 1.41 (s, 9H); MS (ESI+) m/z: 354.0 [M+H]+; HPLC Ret: 8.66 min.

tert-butyl 3-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7l)
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Method D starting from 5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazole-2-thiol (250 mg, 

4l) gave tert-butyl 3-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate as colorless oil (276 mg, 90%); 1H NMR (400 MHz, DMSO-d6) δ 7.87 

(dd, J=8.8, 2.5 Hz, 1H), 7.26 (d, J=2.5 Hz, 1H), 7.11 (dd, J=8.8, 2.6 Hz, 1H), 3.85 (s, 

3H), 3.42 (t, J=6.8 Hz, 2H), 2.79 (t, J=6.8 Hz, 2H), 1.39 (s, 9H).

tert-butyl 3-((5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7m)

Method D starting from 5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazole-2-thiol (4m, 

0.14 g) gave tert-butyl 3-((5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate as colorless oil (0.17 g, 80%); 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J 

= 7.9 Hz, 1H) 7.18 (d, J = 7.9 Hz, 1H) 3.49 (t, J = 6.8 Hz, 2H) 3.42 (s, 3H) 2.86 (t, J = 

6.9 Hz, 2H) 2.38 (s, 3H) 1.47 (s, 9H); HRMS (ESI+) m/z: 369.1035 [M+H]+ (expected 

369.1040); HPLC Ret: 7.63 min.

tert-butyl 3-((5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7n)

Method D starting from 5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazole-2-thiol (4n, 

0.11 g) gave tert-butyl 3-((5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate as colorless oil (0.13 g, 77%); 1H NMR (500 MHz, CDCl3) δ 7.71 (s, 
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1H) 7.30 (s, 1H) 3.49 (t, J = 6.9 Hz, 2H) 3.32 (s, 3H) 2.86 (t, J = 6.8 Hz, 2H) 2.28 (s, 3H) 

1.47 (s, 9H); HRMS (ESI+) m/z: 369.1034 [M+H]+ (expected 369.1040); HPLC Ret: 7.81 

min.

tert-butyl 3-((5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoate (7o)

Method D starting from 5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazole-2-thiol (4o, 

0.07 g) gave tert-butyl 3-((5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate as green oil (0.09 g, 82%); 1H NMR (500 MHz, CDCl3) δ 7.84 (s, 1H) 

7.55 (s, 1H) 3.51 (t, J = 6.8 Hz, 2H) 2.86 (t, J = 6.8 Hz, 2H) 2.42 (s, 3H) 1.47 (s, 9H); 

HRMS (ESI+) m/z: 389.0494 [M+H]+ (expected 389.0493); HPLC Ret: 8.95 min.

tert-butyl 4-((5-(2-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (7v)

Method D starting from 5-(2-(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thiol (4v, 0.1 g) 

gave tert-butyl 4-((5-(2-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as 

colorless oil (0.14 g, 88%); 1H NMR (500 MHz, CDCl3) δ 8.06-8.00 (m, 1H) 7.85 (dd, J = 

7.1, 1.9 Hz, 1H) 7.74-7.64 (m, 2H) 3.34 (t, J = 7.2 Hz, 2H) 2.43 (t, J = 7.2 Hz, 2H) 2.15 

(p, J = 7.2 Hz, 2H) 1.45 (s, 9H); HRMS (ESI+) m/z: 389.1173 [M+H]+ (expected 

389.1147); HPLC Ret: 8.46 min.
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t-butyl 4-((5-(4-bromo-2-chlorophenyl)-1,3,4-oxadiazole-2-yl)thio)butanoate (7x)

Method D starting from 5-(4-bromo-2-chlorophenyl)-1,3,4-oxadiazole-2-thiol (4x, 0.1 g) 

gave t-butyl 4-((5-(4-bromo-2-chlorophenyl)-1,3,4-oxadiazole-2-yl)thio)butanoate as 

colorless oil (0.12 g, 84%); 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.4 Hz, 1H) 7.73 

(d, J = 1.9 Hz, 1H) 7.54 (dd, J = 8.4, 1.9 Hz, 2H) 3.36 (t, J = 7.2 Hz, 2H) 2.43 (t, J = 7.2 

Hz, 2H) 2.16 (p, J = 7.2 Hz, 2H) 1.45 (s, 9H); MS (ESI+) m/z: 434.9 [M+H]+; HPLC Ret: 

9.22 min.

3-((5-(o-tolyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8h)

Method E starting from tert-butyl 3-((5-(o-tolyl)-1,3,4-oxadiazol-2-yl)thio)propanoate 

(313 mg, 7h)  gave 3-((5-(o-tolyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid as off-white 

solid (248 mg, 96%); 1H NMR (400 MHz, DMSO-d6) δ 12.52 (s, 1H), 7.83 (dd, J=7.8, 1.5 

Hz, 1H), 7.47 (td, J=7.4, 1.5 Hz, 1H), 7.42-7.31 (m, 2H), 3.43 (t, J=6.8 Hz, 2H), 2.82 (t, 

J=6.8 Hz, 2H), 2.57 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 172.9, 165.7, 163.6, 

137.9, 132.1, 131.8, 129.1, 126.9, 122.7, 34.3, 27.9, 21.9; HRMS (ESI+) m/z: 265.0640 

[M+H]+ (expected 265.0647); HPLC Ret: 6.08 min; 97% pure.

3-((5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8i)
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Method E starting from tert-butyl 3-((5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (310 mg, 7i) gave 3-((5-(2-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoic acid as white solid (103 mg, 50%); 1H NMR (400 MHz, DMSO-d6) δ 

12.56 (s, 1H), 7.79 (dd, J=7.7, 1.8 Hz, 1H), 7.58 (ddd, J=8.9, 7.4, 1.8 Hz, 1H), 7.24 (d, 

J=8.4 Hz, 1H), 7.10 (t, J=7.5 Hz, 1H), 3.87 (s, 3H), 3.41 (t, J=6.8 Hz, 2H), 2.81 (t, J=6.8 

Hz, 2H); HRMS (ESI+) m/z: 281.0592 [M+H]+ (expected 281.0596); HPLC Ret: 5.37 

min; 99% pure.

3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8j)

2-(2,4-dichlorophenyl)-5-(methylsulfonyl)-1,3,4-oxadiazole (20, 0.05 g, 0.171 mmol) was 

dissolved in 2 mL acetone.  K2CO3 (0.028 g, 0.205 mmol) and 3-mercaptopropanoic 

acid (0.022 g, 0.018 mL, 0.205 mmol) were added and the mixture was stirred at 25 °C 

for 1 h.  The acetone was removed in vacuo and the remaining residue was partitioned 

between water (5 mL) and DCM (5 mL).  The product was extracted with DCM (3x 10 

mL), washed with brine (10 mL), dried with MgSO4, and concentrated in vacuo.  The 

residue was dissolved in minimal EtOAc and the product was triturated with Hex, 

producing a white precipitate that was filtered and dried under vacuum. Yield=51%. 1H 
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NMR (500 MHz, CDCl3) δ ppm 7.90 (d, J = 8.5 Hz, 1H) 7.57 (d, J = 2.0 Hz 1H) 7.39 (dd, 

J = 8.5, 2.1 Hz, 1H) 3.55 (t, J = 6.7 Hz, 2H) 3.05 (t, J = 6.7 Hz, 2H); MS (ESI+) m/z: 

318.9 [M+H]+; HPLC Ret: 6.64 min.

3-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8k)

Method E starting from t-butyl-3-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (7k, 0.27 g) gave 3-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoic acid as white powder (0.13 g, 57%); 1H NMR (400 MHz, DMSO-d6) δ 

12.45 (br. s., 1H) 7.85 (d, J = 8.0 Hz, 1H) 7.55 (s, 1H) 7.37 (d, J = 8.1 Hz, 1H) 3.46 (t, J 

= 6.8 Hz, 2H) 2.84 (t, J = 6.8 Hz, 2H) 2.40 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 

172.88, 164.42, 163.75, 144.35, 131.77, 131.26, 128.98, 119.78, 34.26, 27.99, 21.05; 

HRMS (ESI+) m/z: 321.0070 [M+Na]+ (expected 321.0077); HPLC Ret: 6.31 min; 98% 

pure.

3-((5-(2-Chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8l)

Method E starting from tert-butyl 3-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (7l) gave 3-((5-(2-Chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoic acid as white solid (130 mg, 75%); 1H NMR (400 MHz, DMSO-d6) δ 
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12.55 (s, 1H), 7.87 (d, J=8.8,1H),7.26 (d, J=2.5 Hz, 1H), 7.10 (dd, J=8.8, 2.6 Hz, 1H), 

3.85 (s, 3H), 3.42 (t, J=6.8 Hz, 2H), 2.81 (t, J=6.8 Hz, 2H); 13C NMR (100 MHz, DMSO-

d6) δ 172.9, 164.0, 163.7, 162.6, 133.3, 132.7, 116.6, 114.9, 114.6, 56.5, 34.3, 28.0; 

HRMS (ESI+) m/z: 315.0201 [M+H]+ (expected 315.0206); HPLC Ret: 5.91 min; 95% 

pure.

3-((5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8m)

Method E starting from tert-butyl 3-((5-(2-chloro-3,4-dimethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (7m, 0.17 g) gave 3-((5-(2-chloro-3,4-dimethylphenyl)-1,3,4-

oxadiazol-2-yl)thio)propanoic acid as white powder (0.11 g, 80%); 1H NMR (500 MHz, 

CDCl3) δ 10.59 (br. s., 1H) 7.60 (d, J = 7.9 Hz, 1H) 7.17 (d, J = 7.9 Hz, 1H) 3.53 (t, J = 

6.8 Hz, 2H) 3.32 (s, 3H) 3.04 (t, J = 6.8 Hz, 2H) 2.28 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 176.37, 165.02, 164.19, 142.27, 136.67, 133.15, 128.14, 120.93, 34.00, 26.99, 

21.37, 16.72; HRMS (ESI-) m/z: 311.0258 [M-H]- (expected 311.0257); HPLC Ret: 5.83 

min; 95% pure.

3-((5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8n)
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Method E starting from tert-butyl 3-((5-(2-chloro-4,5-dimethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (7n, 0.13 g) gave 3-((5-(2-chloro-4,5-dimethylphenyl)-1,3,4-

oxadiazol-2-yl)thio)propanoic acid as white powder (0.08 g, 75%); 1H NMR (500 MHz, 

CDCl3) δ 11.00 (br. s., 1H) 7.71 (s, 1H) 7.29 (s, 1H) 3.54 (t, J = 6.8 Hz, 2H) 3.32 (s, 3H) 

3.04 (t, J = 6.8 Hz, 2H) 2.28 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 176.49, 164.54, 

164.10, 142.24, 135.99, 131.95, 131.52, 129.77, 119.69, 33.99, 27.00, 19.70, 19.06; 

HRMS (ESI-) m/z: 311.0259 [M-H]- (expected 311.0257); HPLC Ret: 5.91 min; 99% 

pure.

3-((5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8o)

Method E starting from tert-butyl 3-((5-(2,4-dichloro-5-methylphenyl)-1,3,4-oxadiazol-2-

yl)thio)propanoate (7o, 0.09 g) gave 3-((5-(2,4-dichloro-5-methylphenyl)-1,3,4-

oxadiazol-2-yl)thio)propanoic acid as white powder (0.04 g, 65%); 1H NMR (500 MHz, 

CDCl3) δ 7.83 (s, 1H) 7.54 (s, 1H) 3.55 (t, J = 6.8 Hz, 2H) 3.04 (t, J = 6.8 Hz, 2H) 2.41 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 175.94, 164.62, 163.72, 138.29, 135.72, 132.36, 

131.31, 130.62, 129.34, 120.94, 33.84, 27.05, 19.46; HRMS (ESI-) m/z: 330.9710 [M-

H]- (expected 330.9711); HPLC Ret: 6.81 min; 95% pure.
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4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8q)

Method F starting from methyl-4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (5q, 0.19 g) gave 4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoic acid as white powder (0.06 g, 35%); 1H NMR (500 MHz, CDCl3) δ 12.21 

(br. s., 1H) 8.00 (d, J = 8.6 Hz, 1H) 7.93 (d, J = 2.1 Hz, 1H) 7.66 (dd, J = 8.6, 2.1 Hz, 

1H) 3.34 (t, J = 7.3 Hz, 2H) 2.40 (t, J = 7.3 Hz, 2H) 2.11-1.95 (m, 2H); 13C NMR (125 

MHz, CDCl3) δ 174.15, 164.95, 162.95, 137.54, 133.14, 132.75, 131.19, 128.64, 

121.70, 32.62, 31.96, 24.96; HRMS (ESI+) m/z: 354.9677 [M+Na]+ (expected 

354.9687); HPLC Ret: 6.82 min; 98% pure.

5-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)pentanoic acid (8r)

Modified Method F (product required silica gel column chromatography eluting with 2% 

MeOH: 98% DCM and semi-prep to obtain > 95% purity) starting from methyl 5-((5-(2,4-

dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)pentanoate (5r, 0.33 g) gave 5-((5-(2,4-

dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)pentanoic acid as white solid (109 mg, 34%); 

1H NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1H), 7.97 (d, J=8.5 Hz, 1H), 7.90 (d, J=2.1 

Hz, 1H),7.64, (dd, J=8.5, 2.1 Hz, 1H), 3.30 (t, J=7.3 Hz, 2H), 2.25 (t, J=7.3 Hz, 2H), 
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1.86-1.69 (m, 2H), 1.80-1.60 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 174.6, 165.1, 

162.9, 137.5, 133.1, 132.7, 131.2, 128.6, 121.7, 33.4, 32.2, 28.9, 23.8; MS (ESI-) m/z: 

345.0 [M-H]-; HPLC Ret: 7.01 min; 98% pure.

4-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8s)

Method F starting from methyl 4-((5-(2-chloro-4-methylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (0.15 g, 0.46 mmol) gave 4-((5-(2-chloro-4-methylphenyl)-1,3,4-

oxadiazol-2-yl)thio)butanoic acid (0.10 g, 69%); 1H NMR (500 MHz, CDCl3) δ 8.67 (br. 

s., 1H) 7.82 (d, J = 8.0 Hz, 1H) 7.35 (s, 1H) 7.19 (d, J = 7.9 Hz, 1H) 3.38 (t, J = 7.1 Hz, 

2H) 2.59 (t, J = 7.1 Hz, 2H) 2.40 (s, 3H) 2.21 (q, J = 7.1 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) δ 178.02, 164.39, 164.28, 143.42, 132.64, 131.68, 130.67, 127.96, 119.89, 

32.31, 31.60, 24.34, 21.24; HRMS (ESI+) m/z: 335.0244 [M+Na]+ (expected 335.0233); 

HPLC Ret: 6.53 min; 96% pure.

4-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8t)

Method F starting from methyl 4-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (5t, 0.1 g) gave 4-((5-(2-chloro-4-methoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoic acid as white solid (0.09 g, 94%); 1H NMR (500 MHz, CDCl3) δ 10.78 
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(br. s, 1H) 7.87 (d, J = 8.8 Hz, 1H) 7.04 (d, J = 2.5 Hz, 1H) 6.91 (dd, J = 8.8, 2.5 Hz, 1H) 

3.87 (s, 3H) 3.37 (t, J = 7.2 Hz, 2H) 2.59 (t, J = 7.1 Hz, 2H) 2.21 (p, J = 7.1 Hz, 2H); 13C 

NMR (125 MHz, CDCl3) δ 178.05, 164.18, 164.03, 162.21, 134.12, 131.96, 116.34, 

115.12, 113.38, 55.76, 32.32, 31.60, 24.34; HRMS (ESI+) m/z: 329.0386 [M+H]+ 

(expected 329.0363); HPLC Ret: 6.27 min; 99% pure.

4-((5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8u)

Method F starting from methyl 4-((5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (5u, 0.09 g) gave 4-((5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoic acid as white powder (0.06 g, 68%); 1H NMR (500 MHz, CDCl3) δ 10.41 

(br. s., 1H) 8.14 (d, J = 8.2 Hz, 2H) 7.77 (d, J = 8.2 Hz, 2H) 3.41 (t, J = 7.2 Hz, 2H) 2.60 

(t, J = 7.1 Hz, 2H) 2.22 (p, J = 7.1 Hz, 2H); 19F NMR (500 MHz, CDCl3) δ ppm -63.16 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 177.97, 165.00, 164.64, 133.41, 126.97, 126.13, 

124.59, 121.90, 32.22, 31.57, 24.22; HRMS (ESI+) m/z: 333.0352 [M+H]+ (expected 

333.0521); HPLC Ret: 6.76 min; 99% pure.

4-((5-(2-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8v)
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Modified Method E (product required column chromatography eluting with 45% EtOAc: 

55% Hex: 0.1% AcOH to obtain > 95% purity) starting from tert-butyl 4-((5-(2-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (7v, 0.13 g) gave 4-((5-(2-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as colorless oil (0.10 g, 

93%); 1H NMR (500 MHz, CDCl3) δ 10.45 (br. s, 1H) 8.07-8.00 (m, 1H) 7.85 (dd, J = 

7.1, 2.0 Hz, 1H) 7.75-7.65 (m, 2H) 3.37 (t, J = 7.2 Hz, 2H) 2.59 (t, J = 7.1 Hz, 2H) 2.21 

(p, J = 7.1 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 178.29, 165.45, 164.05, 132.18, 

131.65, 128.78, 127.06, 126.98, 124.19, 122.01, 32.28, 31.55, 24.34; HRMS (ESI+) 

m/z: 333.0547 [M+H]+ (expected 333.0521); HPLC Ret: 6.31 min; 97% pure.

4-((5-(2-chloro-4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8w)

Method F starting from methyl 4-((5-(2-chloro-4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-

2-yl)thio)butanoate (5w, 0.05 g) gave 4-((5-(2-chloro-4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)thio)butanoic acid as white powder (0.03 g, 81%); 1H NMR (500 MHz, 

CDCl3) δ 8.12 (d, J = 8.2 Hz, 1H) 7.82 (d, J = 1.6 Hz, 1H) 7.66 (dd, J = 8.3, 1.8 Hz, 1H) 

3.41 (t, J = 7.2 Hz, 2H) 2.60 (t, J = 7.1 Hz, 2H) 2.24 (p, J = 7.1 Hz, 2H); 19F NMR (500 

MHz, CDCl3) δ ppm -63.24 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 177.45, 165.54, 
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163.05, 133.60, 131.35, 128.38, 125.99, 123.94, 123.91, 32.16, 31.62, 24.28; HRMS 

(ESI+) m/z: 367.0022 [M+H]+ (expected 367.0131); HPLC Ret: 6.99 min; 97% pure.

4-((5-(4-bromo-2-chlorophenyl)-1,3, 4-oxadiazole-2-yl)thio)butanoic acid (8x)

Method E starting from t-butyl 4-((5-(4-bromo-2-chlorophenyl)-1,3,4-oxadiazole-2-

yl)thio)butanoate (7x 0.12 g) gave 4-((5-(4-bromo-2-chlorophenyl)-1,3, 4-oxadiazole-2-

yl)thio)butanoic acid as white solid (0.1 g, 94%); 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J 

= 8.4 Hz, 1H) 7.73 (d, J = 1.9 Hz, 1H) 7.54 (dd, J = 8.5, 1.9 Hz, 2H) 3.39 (t, J = 7.2 Hz, 

2H) 2.59 (t, J = 7.1 Hz, 2H) 2.22 (p, J = 7.1 Hz, 2H) 13C NMR (125 MHz, CDCl3) δ 

176.35, 164.99, 163.50, 134.00, 133.78, 131.66, 130.54, 126.15, 121.75, 32.23, 31.60, 

24.31; HRMS (ESI+) m/z: 376.9455 [M+H]+ (expected 376.9362); HPLC Ret: 6.91 min; 

95% pure.

4-((5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazol-2-yl)thio)butanoic acid (8y)

Method F starting from methyl 4-((5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-oxadiazol-2-

yl)thio)butanoate (5y, 0.08 g) gave 4-((5-(3-chloro-[1, 1’-biphenyl]-4-yl)-1, 3, 4-

oxadiazol-2-yl)thio)butanoic acid (0.05 g, 82%); 1H NMR (500 MHz, CDCl3) δ 8.03 (d, J 

= 8.1 Hz, 1H) 7.77 (d, J = 1.8 Hz, 1H) 7.63-7.60 (m, 3H) 7.52-7.39 (m, 3H) 3.40 (t, J = 
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7.2 Hz, 2H) 2.60 (t, J = 7.1 Hz, 2H) 2.24 (p, J = 7.1 Hz, 2H); 13C NMR (125 MHz, CDCl3) 

δ 177.29, 164.63, 164.11, 145.45, 138.32, 133.28, 131.16, 129.64, 129.10, 128.75, 

127.11, 125.64, 121.23, 32.16, 31.63, 24.37; HRMS (ESI+) m/z: 333.0489 [M+H]+ 

(expected 375.0570); HPLC Ret: 7.43 min; 98% pure.

3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)-N-methylpropanamide (9)

To a solution of 3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)propanoic acid (8j, 

200mg, 0.63 mmol) in dichloromethane (5 ml) was added oxalyl chloride (0.060 ml, 0.69 

mmol) followed by one drop of DMF.  After 2h, the reaction was concentrated and taken 

into the next step without further purification. 3-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-

2-yl)thio)propanoyl chloride was dissolved in 2mL of 33% methylamine in ethanol.  The 

reaction stirred overnight in a sealed tube.  The reaction was concentrated.  The crude 

reaction mixture was purified by column chromatography eluting with 50-80% 

ethylacetate in hexanes.  Isolated 69 mg of a white solid.  Yield=66%; 1H NMR (400 

MHz, DMSO-d6) δ 7.89 (d, J=8.5 Hz, 1H), 7.57 (d, J=2.0 Hz, 1H), 7.39 (dd, J=8.5, 2.0 

Hz, 1H), 5.65 (s, 1H), 3.57 (t, J=6.8 Hz, 2H), 2.82 (m, 5H); 13C NMR (100 MHz, DMSO-

d6) δ 170.4, 165.1, 162.9, 137.5, 133.1, 132.7, 131.2, 128.6, 121.7, 35.1, 28.7, 25.9; 
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HRMS (ESI+) m/z: 353.9838 [M+Na]+ (expected 353.9847); HPLC Ret: 6.20 min; 96% 

pure.

5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-ol (10)

In a 50 mL round bottomed flask, 2,4-dichlorobenzohydrazide (3j, 0.5g, 2.44 mmol), 

K3PO4 (0.52, 2.44 mmol), and CS2 (0.19g, 0.15 mL, 2.44 mmol) were stirred in 10 mL of 

H2O for 10 min at 25 °C.  The reaction was then stirred at reflux (106 °C) for 2 hr and 

then cooled to 25 °C.  propylene oxide (0.14 g, 2.44 mmol, 0.17 mL) was added and the 

reaction was stirred at 25 °C for 16 h. The product was extracted with EtOAc (3x 15 

mL), washed with brine, dried with MgSO4, and the solvent was evaporated.  The 

residue was subjected to silica gel chromatography eluting with 20% EtOAc: 80% Hex. 

The fractions containing product were concentrated in vacuo to produce white solid. 

Yield=23% (2 steps); 1H NMR (500 MHz, CDCl3) δ 9.18 (br. s., 1H) 7.83-7.73 (m, 1H) 

7.57-7.55 (m, 1H) 7.41-7.38 (m, 1H); MS (ESI-) m/z: 228.9 [M-H]-; HPLC Ret: 6.39 min.

tert-butyl 4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)oxy)butanoate (10’)

5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-ol (10, 0.06 g, 0.251 mmol) was dissolved in 

DMF (2 mL).  K2CO3 (0.045 g, 0.33 mmol) and tert-butyl 4-bromobutanoate (0.07 g, 
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0.33 mmol, 0.06 mL) were added and the reaction was stirred at 90 °C for 1 h. The 

reaction was cooled to room temperature and the solvent was removed in vacuo. The 

residue was partitioned between H2O (10 mL) and DCM (10 mL), and the product was 

extracted with DCM (3x 10 mL), washed with brine, dried with MgSO4, and the solvents 

removed in vacuo. The oil was subjected to silica gel chromatography eluting with 10% 

EtOAc: 90% Hex. The fractions containing product were concentrated in vacuo to 

produce white solid. Yield=62%; 1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.5 Hz, 1H) 

7.54 (d, J = 2.1 Hz, 1H) 7.37 (dd, J = 8.5, 2.1 Hz, 1H) 3.88 (t, J = 6.8 Hz, 2H) 2.36 (t, J = 

7.3 Hz, 2H) 2.10 (p, J = 7.1 Hz, 2H) 1.45 (s, 9H); MS (ESI+) m/z: 396.9 [M+Na]+; HPLC 

Ret: 8.72 min.

4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)oxy)butanoic acid (11)

Modified Method E (crystallization not needed) starting from tert-butyl 4-((5-(2,4-

dichlorophenyl)-1,3,4-oxadiazol-2-yl)oxy)butanoate (10’, 0.06 g, 0.16 mmol) gave 4-((5-

(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)oxy)butanoic acid (0.04 g, 89%); 1H NMR (500 

MHz, CDCl3) δ 7.75 (d, J = 8.5 Hz, 1H) 7.59 (br. s., 1H) 7.54 (d, J = 2.1 Hz, 1H) 7.37 

(dd, J = 8.5, 2.1 Hz, 1H) 3.93 (t, J = 6.7 Hz, 2H) 2.53 (t, J = 7.2 Hz, 2H) 2.17 (p, J = 7.0 
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Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 177.90, 153.08, 150.84, 137.89, 133.40, 131.38, 

130.53, 127.56, 121.02, 45.15, 30.61, 23.22; HRMS (ESI+) m/z: 338.9912 [M+Na]+ 

(expected 338.9915); HPLC Ret: 6.52 min.

2-(bromomethyl)-5-(2,4-dichlorophenyl)-1,3,4-oxadiazole (12)

In a 100 mL round bottomed flask, 2,4-dichlorobenzohydrazide (3j, 0.5 g, 2.44 mmol) 

and bromoacetic acid (0.34 g, 2.44 mmol) were combined under inert atmosphere.  The 

reagents were dissolved in POCl3 (5.0 mL) and stirred at reflux (106 °C) for 16 h. The 

reaction was cooled to room temperature and poured over ice water (5 mL). The 

solution was neutralized to pH ~ 9 with NaHCO3 (20% to sat), causing a yellow 

precipitate to form.  The product was extracted with EtOAc (3x 25 mL), washed with 

brine, dried with MgSO4, and the solvents were evaporated in vacuo producing brown 

oil. The impurities were triturated with EtOAc:Hex (tan solid) and the mother liquor was 

evaporated to provide the desired product as white/tan solid.  Yield=49%.; 1H NMR (500 

MHz, CDCl3) δ 7.97 (d, J = 8.3, 1H) 7.60 (s, 1H) 7.42 (dd, J = 8.3, 2.2 Hz, 1H) 4.62 (s, 

2H); MS (ESI+) m/z: 359.9 [M+ MeOH+Na]+; HPLC Ret: 7.42 min.

2-(((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)methyl)thio)acetic acid (13)
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2-mercaptoacetic acid (0.13 g, 1.36 mmol, 0.10 mL) was dissolved in acetone (5 mL), 

and K2CO3 (0.19 g, 1.36 mmol) and 2-(bromomethyl)-5-(2,4-dichlorophenyl)-1,3,4-

oxadiazole (12, 0.35 g, 1.14 mmol) were added. The reaction was stirred at 25 °C for 24 

hr and then the solvent was removed in vacuo. The residue was diluted with H2O (2 mL) 

and acidified to pH ~ 1 with 1 N HCl (3 mL). The product was extracted with DCM (3x 15 

mL), washed with brine, dried with MgSO4, and the solvent was evaporated in vacuo.  

The residue was subjected to silica gel chromatography eluting with 5% MeOH: 95% 

DCM: 0.1% AcOH.  The fractions containing product were concentrated and the residue 

was crystalized with DCM. The product was filtered, producing white crystals.  

Yield=20%.; 1H NMR (400 MHz, DMSO-d6) δ 12.73 (br. s., 1 H) 7.96 (d, J = 8.4 Hz, 1H) 

7.89 (d, J = 2.1 Hz, 1H) 7.65 (dd, J = 8.5, 2.1 Hz, 1H) 4.62 (s, 2H) 3.46 (s, 2H); 13C 

NMR (101 MHz, DMSO-d6) δ 171.17, 165.24, 162.28, 137.57, 133.27, 132.91, 131.20, 

128.81, 121.93, 33.93, 24.95; HRMS (ESI+) m/z: 340.9524 [M+Na]+ (expected 

340.9530); HPLC Ret: 6.13 min.

methyl 2-chloro-4-(2-hydroxypropan-2-yl)benzoate (14’)
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In a 100 mL round-bottomed flask, methyl 2-chloro-4-iodobenzoate (14, 1.0 g, 3.4 

mmol) was dissolved in 10 mL THF and cooled to -20 °C. 2M iPrMgCl in THF (1.7 mL, 

3.4 mmol) was added dropwise and the reaction was stirred at -20 °C for 1.5 h. Acetone 

(0.29 g, 0.37 mL, 5.1 mmol) was then added and the reaction was stirred at 25 °C for 

1.5 h. The reaction was quenched with MeOH and then diluted with H2O. The product 

was extracted with EtOAc (3 x 15 mL), and the organic layers were combined, washed 

with brine, dried with MgSO4, and concentrated in vacuo. The subsequent oil was 

subjected to silica gel chromatography eluting with 30% EtOAc: 70% Hex. The fractions 

containing product were concentrated in vacuo to produce colorless oil. Yield=53%; 1H 

NMR (500 MHz, CDCl3) δ 7.81 (d, J = 8.2 Hz, 1H) 7.59 (d, J = 1.7 Hz, 1H) 7.41 (dd, J = 

8.2, 1.8 Hz, 1H) 3.93 (s, 3H) 1.58 (s, 6H); HPLC Ret: 6.09 min.

methyl 3-bromo-2-chlorobenzoate (15a’)

Method A starting from 3-bromo-2-chlorobenzoic acid (0.5 g) gave methyl 3-bromo-2-

chlorobenzoate as colorless oil (15a, 0.52 g, 98%); 1H NMR (500 MHz, CDCl3) δ 7.77 

(dd, J = 8.0, 0.8 Hz, 1H) 7.68 (dd, J = 7.7, 0.8, 1H) 7.19 (td, J = 7.9, 0.8 Hz, 1H) 3.94 (s, 

3H); HPLC Ret: 7.44 min.
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methyl 4-bromo-2-chlorobenzoate (15b’)

Method A starting from 4-bromo-2-chlorobenzoic acid (15b, 1.0 g) gave methyl 4-

bromo-2-chlorobenzoate as yellow oil (0.93 g, 87%); 1H NMR (400 MHz, CDCl3) δ 7.72 

(dd, J = 8.4, 1.1 Hz, 1H) 7.64 (s, 1H) 7.46 (dd, J = 8.4, 1.6 Hz, 1H) 3.93 (s, 3H); HPLC 

Ret: 7.71 min.

methyl 2-chloro-4-ethylbenzoate (17a’)

In a flamed dried 25 mL round bottomed flask, freshly prepared methyl 2-chloro-4-

vinylbenzoate (17a, 0.12 g, 0.59 mmol) as previously described36 and 2-nitrobenzene-1-

sulfonyl chloride (0.26 g, 1.19 mmol) were dissolved in 3 mL dry MeCN. The solution 

was cooled to 0 °C and hydrazine hydrate (0.08 g, 0.07 mL, 2.4 mmol) was slowly 

added. The reaction was warmed to 25 °C and stirred vigorously for 16 hr under N2. 

Upon completion, the reaction was quenched with water (15 mL) and the product was 

extracted with EtOAc (4 x 20 mL). The layers were combined, dried with MgSO4, and 

concentrated in vacuo. The yellow residue was subjected to silica gel chromatography 

eluting with 2.5% EtOAc: 97.5% Hex.  The fractions containing product were 

concentrated in vacuo to produce yellow oil. Yield=66%. 1H NMR (500 MHz, CDCl3) δ 
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ppm 7.78 (dd, J = 8.0, 1.0 Hz, 1H) 7.29 (d, J = 1.6 Hz, 1H) 7.13 (dd, J = 8.2, 1.3 Hz, 1H) 

3.92 (s, 3H) 2.66 (q, J = 7.6 Hz, 2H) 1.25 (t, J = 7.6 Hz, 3 Hz); HRMS (ESI+) m/z: 

199.0691 [M+H]+ (expected 199.0526); HPLC Ret: 7.73 min.

2-chloro-4-methylbenzohydrazide (17a’’)

Method B starting from methyl 2-chloro-4-ethylbenzoate (17a’, 0.08 g) gave 2-chloro-4-

ethylbenzohydrazide as white solid (0.075 g, 98%); 1H NMR (500 MHz, CDCl3) δ 7.61 

(dd, J = 7.9, 1.1 Hz, 1H) 7.45 (br. s, 1H) 7.26 (d, J = 1.1 Hz, 1H) 7.17 (dd, J = 8.4, 1.4 

Hz, 1H) 4.13 (br. s, 2H) 2.66 (q, J = 7.6 Hz, 2H) 1.24 (t, J = 7.6 Hz, 3H); HRMS (ESI+) 

m/z: 199.0633 [M+H]+ (expected 199.0638); HPLC Ret: 4.61 min.

methyl 2-chloro-4-propylbenzoate (17b)

In a flame dried 25 mL round-bottomed flask, 2-chloro-4-methylbenzoic acid (3k, 0.1 g, 

0.59 mmol) was dissolved in THF (1.0 mL). The solution was cooled to 0 °C and freshly 

prepared LDA (0.13 g, 1.2 mmol, 2.5 mL) was added. The reaction was stirred at 0 °C 

for 10 mins, and then ethyl iodide (0.14 g, 0.88 mmol, 0.07 mL) was added. After stirring 

at 0 °C for 1 h, the reaction was quenched with 1N HCl (10 mL). The product was 

extracted with EtOAc (3 x 20 mL), washed with brine, dried with MgSO4, and 
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concentrated in vacuo to produce white solid. HPLC Ret: 6.87 min. The subsequent oil 

was subjected to Method A to produce methyl 2-chloro-4-propylbenzoate as colorless 

oil (0.03 g, 25%, 2-steps) after silica gel chromatography eluting with 2% EtOAc: 98% 

Hex; 1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.0 Hz, 1H) 7.27 (d, J = 1.6 Hz, 1H) ) 

7.11 (dd, J = 8.1, 1.6 Hz, 1H) 3.92 (s, 3H) 2.59 (t, J = 7.4 Hz, 2H) 1.65 (h, J = 7.4 Hz, 

2H) 0.94 (t, J = 7.4 Hz, 3H); HPLC Ret: 8.22 min.

2-chloro-4-propylbenzohydrazide (17b’)

Method B starting from methyl 2-chloro-4-propylbenzoate (17b, 0.03 g) gave 2-chloro-4-

propylbenzohydrazide as white solid (0.03 g, quant.); HPLC Ret: 5.00 min.

methyl 2-chloro-4-(2-fluoropropan-2-yl)benzoate (17d)

In a flame dried 25-mL round bottomed flask, methyl 2-chloro-4-(2-hydroxypropan-2-

yl)benzoate (14’, 0.11 g, 0.48 mmol) was dissolved in DCM (2 mL) and cooled to -78 °C. 

DAST (0.08 g, 0.06 mL, 0.48 mmol) was added and the solution was stirred at 25 °C for 

2 h. The reaction was diluted with H2O and the product was extracted with DCM (3 x 20 

mL). The organic layers were combined, washed with brine (2 x 15 mL), dried with 

MgSO4, and concentrated in vacuo. The oil was subjected to silica gel chromatography 
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eluting with 2.5% EtOAc: 97.5% Hex to 5% EtOAc: 95% Hex. The fractions containing 

product were concentrated to produce colorless oil. Yield=51%; 1H NMR (500 MHz, 

CDCl3) δ 7.83 (d, J = 8.2 Hz, 1H) 7.47 (d, J = 1.7 Hz, 1H) 7.30 (dd, J = 8.2, 1.7 Hz, 1H) 

3.93 (s, 3H) 1.70 (d, J = 1.5 Hz, 3H) 1.65 (d, J = 1.5 Hz, 3H); 19F NMR (100 MHz, 

CDCl3) δ -139.4 (hept., 1H); HRMS (ESI+) m/z: 231.0583 [M+H]+ (expected 231.0588); 

HPLC Ret: 8.02 min.

2-chloro-4-(2-fluoropropan-2-yl)benzohydrazide (17d’)

Method B starting from methyl 2-chloro-4-(2-fluoropropan-2-yl)benzoate (17d, 0.25 g) 

gave 2-chloro-4-(2-fluoropropan-2-yl)benzohydrazide as white solid (0.24 g, 96%); 1H 

NMR (500 MHz, CDCl3) δ 7.67 (d, 8.1 Hz, 1H) 7.47-7.42 (m, 2H) 7.32 (dd, J = 8.1, 1.7 

Hz, 1H) 4.15 (d, J = 4.3 Hz, 2H) 1.69 (s, 3H) 1.65 (s, 3H); HRMS (ESI+) m/z: 231.0697 

[M+H]+ (expected 231.0700); HPLC Ret: 4.76 min.

methyl 2-chloro-3-cyclopropylbenzoate (17e)

Method G starting from methyl 3-bromo-2-chlorobenzoate (15a’, 0.52 g) gave methyl 2-

chloro-3-cyclopropylbenzoate as yellow oil (0.43 g, 97%); 1H NMR (500 MHz, CDCl3) δ 

7.51 (dd, J = 7.7, 1.7 Hz, 1H) 7.21 (t, J = 7.7 Hz, 1H) 7.10 (dd, J = 7.8, 1.6 Hz, 1H) 3.94 
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(s, 3H) 2.29-2.21 (m, 1H) 1.09-0.96 (m, 2H) 0.71-0.66 (m, 2H); HRMS (ESI+) m/z: 

211.0521 [M+H]+ (expected 211.0526); HPLC Ret: 7.31 min.

2-chloro-3-cyclopropylbenzohydrazide (17e’)

Method B starting from methyl 2-chloro-3-cyclopropylbenzoate (17e, 0.43 g) gave 2-

chloro-3-cyclopropylbenzohydrazide as white solid (0.41 g, 95%); 1H NMR (500 MHz, 

CDCl3) δ 7.33 (dd, J = 7.3, 1.4 Hz, 1H) 7.24 (t, J = 7.5 Hz, 1H) 7.06 (dd, J = 7.8, 1.6 Hz, 

1H) 4.14 (d, J = 4.2 Hz, 2H) 2.20 (tt, J = 8.6, 5.3 Hz, 1H) 1.09-0.96 (m, 2H) 0.74-0.63 

(m, 2H); HRMS (ESI+) m/z: 211.0641 [M+H]+ (expected 211.0638); HPLC Ret: 4.55 

min.

methyl 2-chloro-4-cyclopropylbenzoate (17f)

Method G starting from methyl 4-bromo-2-chlorobenzoate (15b’, 0.27 g) gave methyl 2-

chloro-4-cyclopropylbenzoate as yellow oil (0.18 g, 51%); 1H NMR (500 MHz, CDCl3) δ 

7.81-7.70 (m, 1H) 7.15-7.12 (m, 1H) 7.03-6.94 (m, 1H) 3.90 (s, 3H) 1.95-1.84 (m, 1H) 

1.11-1.00 (m, 2H) 0.81-0.70 (m, 2H); MS (ESI+) m/z: 211.0 [M+H]+; HPLC Ret: 7.29 

min.

2-chloro-4-cyclopropylbenzohydrazide (17f’)
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Method B starting from methyl 2-chloro-4-cyclopropylbenzoate (17f, 0.12 g) gave 2-

chloro-4-cyclopropylbenzohydrazide as white solid (0.10 g, 85%); 1H NMR (500 MHz, 

CDCl3) δ 7.63-7.52 (m, 1H) 7.09 (s, 1H) 7.02-7.00 (m, 1H) 4.12 (br. s., 2H) 1.93-1.84 

(m, 1H) 1.05 (dtd, J = 6.4, 4.8, 1.3 Hz, 2H) 0.74 (dtd, J = 6.4, 4.8, 1.3 Hz, 2H); MS 

(ESI+) m/z: 211.0 [M+H]+; HPLC Ret: 4.64 min.

methyl 2-chloro-5-cyclopropylbenzoate (17g)

Method G starting from methyl 5-bromo-2-chlorobenzoate (15c’, 0.5 g) gave methyl 2-

chloro-5-cyclopropylbenzoate as yellow oil (0.35 g, 83%); 1H NMR (500 MHz, CDCl3) δ 

7.51 (d, J = 1.6 Hz, 1H) 7.33 (d, J = 8.2 Hz, 1H) 7.11 (dd, J = 7.9, 1.5 Hz, 1H) 3.93 (s, 

3H) 1.93-1.86 (m, 1H) 1.05-0.98 (m, 2H) 0.73-0.68 (m, 2H); HRMS (ESI+) m/z: 

211.0521 [M+H]+ (expected 211.0526); HPLC Ret: 7.31 min.

2-chloro-5-cyclopropylbenzohydrazide (17g’)

Method B starting from methyl 2-chloro-5-cyclopropylbenzoate (17g, 0.35 g) gave 2-

chloro-5-cyclopropylbenzohydrazide as white solid (0.33 g, 96%); 1H NMR (500 MHz, 

CDCl3) δ 7.41 (br. s., 1H) 7.36 (d, J = 2.3 Hz, 1H) 7.28 (dd, J = 8.3, 0.8 Hz, 1H) 7.08 
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(dd, J = 8.3, 2.3 Hz, 1H) 1.89 (tt, J = 8.6, 5.0 Hz, 1H) 1.08-0.94 (m, 2H) 0.76-0.64 (m, 

2H); HRMS (ESI+) m/z: 211.0646 [M+H]+ (expected 211.0638); HPLC Ret: 4.59 min.

methyl 2-chloro-4-cyclopropoxybenzoate (17h)

methyl 2-chloro-4-hydroxybenzoate (16, 0.25 g, 1.34 mmol) was dissolved in 2.0 mL 

DMA. Bromocyclopropane (0.54 g, 4.42 mmol) along with Cs2CO3 (1.4 g, 4.42 mmol) 

were added and the reaction was stirred at 155 °C for 24 h. The reaction was diluted 

with 10 mL H2O and washed with EtOAc (3x 10 mL). The aqueous layer was acidified to 

pH ~1 with 1N HCl and the product was extracted with EtOAc (3x 15 mL). The organic 

layers were combined, washed with brine (3x 10 mL), dried with MgSO4, and 

evaporated in vacuo. The subsequent oil was subjected to silica gel chromatography 

eluting with 45% EtOAc: 55% Hex: 0.1% AcOH. The fractions containing product were 

concentrated in vacuo to produce white solid. Yield=65%; 1H NMR (500 MHz, DMSO-

d6) δ 13.00 (br. s, 1H) 7.84 (d, 8.7 Hz, 1H) 7.20 (d, J = 2.5 Hz, 1H) 6.99 (dd, J = 8.8, 2.5 

Hz, 1H) 3.98 (tt, J = 6.1, 2.9 Hz, 1H) 0.87-0.79 (m, 2H) 0.70 (tdd, J = 5.9, 3.0, 1.5, 2H); 

MS (ESI+) m/z: 213.0 [M+H]+; HPLC Ret: 6.33 min. Method A starting from 2-chloro-4-

cyclopropoxybenzoic acid (0.3 g) gave methyl 2-chloro-4-cyclopropoxybenzoate as 
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colorless oil (17h, 0.21 g, 66%); 1H NMR (500 MHz, CDCl3) δ 7.86 (d, 8.5 Hz, 1H) 7.14 

(d, J = 2.5 Hz, 1H) 6.94 (dd, J = 8.8, 2.4 Hz, 1H) 3.90 (s, 3H) 3.77 (tt, J = 6.4, 3.0 Hz, 

1H) 0.88-0.75 (m, 4H); MS (ESI+) m/z: 226.1 [M+H]+; HPLC Ret: 7.67 min.

2-chloro-4-cyclopropoxybenzohydrazide (17h’)

Method B starting from methyl 2-chloro-4-cyclopropoxybenzoate (17h, 0.21 g) gave 2-

chloro-4-cyclopropoxybenzohydrazide as white solid (0.21 g, 98%); 1H NMR (500 MHz, 

CDCl3) δ 7.69 (d, 8.7 Hz, 1H) 7.54 (br. s, 1H) 7.09 (d, J = 2.4 Hz, 1H) 6.99 (dd, J = 8.7, 

2.4 Hz, 1H) 4.13 (br. s, 2H) 3.80-3.72 (m, 1H) 0.88-0.73 (m, 4H); HRMS (ESI+) m/z: 

227.0581 [M+H]+ (expected 227.0587); HPLC Ret: 4.57 min.

methyl 2-chloro-4-(oxetan-3-yloxy)benzoate (17i)

In a 50 mL round-bottomed flask, methyl 2-chloro-4-hydroxybenzoate (16, 0.3 g, 1.6 

mmol) was dissolved in 6 mL anhydrous DMSO. Cs2CO3 (0.68 g, 2.09 mmol) and 3-

bromooxetane (0.29 g, 0.17 mL, 2.09 mmol) were added and the reaction was heated at 

105 °C for 8 h. The reaction was cooled, diluted with H2O, and extracted with EtOAc (3 

x 20 mL). The organic layers were combined, washed with brine, and concentrated in 

vacuo. The yellow residue was subjected to silica gel chromatography eluting with 30% 
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EtOAc: 70% Hex.  The fractions containing product were concentrated in vacuo to 

produce yellow solid. Yield=70%.; 1H NMR (500 MHz, CDCl3) δ 7.87 (d, J = 8.7 Hz, 1H) 

6.76 (d, J = 2.5 Hz, 1H) 6.64 (dd, J = 8.8, 2.5 Hz, 1H) 5.28-5.20 (m, 2H) 5.02-4.95 (m, 

2H) 4.78-4.72 (m, 2H) 3.90 (s, 3H); HPLC Ret: 6.39 min.

2-chloro-4-(oxetan-3-yloxy)benzohydrazide (17i’)

Method B starting from methyl 2-chloro-4-(oxetan-3-yloxy)benzoate (17i, 0.27 g) gave 2-

chloro-4-(oxetan-3-yloxy)benzohydrazide as white solid (0.20 g, 72%); 1H NMR (500 

MHz, CDCl3) δ 7.69 (d, 8.7 Hz, 1H) 7.51 (br. s, 1H) 6.74 (d, J = 2.5 Hz, 1H) 6.67 (dd, J = 

8.7, 2.5 Hz, 1H) 5.22 (pd, 6.0, 1.0 Hz, 1H) 4.98 (t, J = 7.1 Hz, 2H) 4.74 (dd, J = 7.3, 5.1 

Hz, 2H) 4.12 (d, J = 4.1 Hz, 2H); HRMS (ESI+) m/z: 243.0533 [M+H]+ (expected 

243.0536); HPLC Ret: 3.10 min.

5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazole-2-thiol (18a)

Method C starting from 2-chloro-4-ethylbenzohydrazide (17a’’, 0.075 g) gave 5-(2-

chloro-4-ethylphenyl)-1,3,4-oxadiaole-2-thiol as white powder (0.08 g, 87%); 1H NMR 

(500 MHz, CDCl3) δ 10.44 (br. s, 1H) 7.83 (dd, J = 8.1, 1.5 Hz, 1H) 7.40 (d, J = 1.5 Hz, 
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1H) 7.25 (dd, J = 8.1, 1.3 Hz, 1H) 2.71 (q, J = 7.6 Hz, 2H) 1.28 (t, J = 7.6 Hz, 3H); HPLC 

Ret: 7.16 min.

tert-butyl 4-((5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18a’)

Method D starting from 5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazole-2-thiol (18a, 0.05 g) 

gave tert-butyl 4-((5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as 

colorless oil (0.07 g, 85%); 1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.0, 1.5 Hz, 1H) 

7.37 (d, J = 1.5 Hz, 1H) 7.22 (dd, J = 8.0, 1.6 Hz, 1H) 3.34 (t, J = 7.2 Hz, 2H) 2.70 (q, J 

= 7.6 Hz, 2H) 2.43 (t, J = 7.2 Hz, 2H) 2.15 (p, J = 7.2 Hz, 2H) 1.45 (s, 9H) 1.27 (t, J = 

7.6 Hz, 3H); HRMS (ESI+) m/z: 405.1009 [M+Na]+ (expected 405.1016); HPLC Ret: 

9.28 min.

5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazole-2-thiol (18b)

Modified Method C (post acidification, product was extracted with EtOAc (3 x 15 mL), 

washed with brine, dried with MgSO4, concentrated in vacuo) starting from 2-chloro-4-

propylbenzohydrazide (17b’, 0.03 g) gave 5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazole-

2-thiol as white solid (0.03 g, 71%); 1H NMR (500 MHz, CDCl3) δ 10.36 (br. s., 1H) 7.82 

(d, J = 8.1 Hz, 1H) 7.37 (d, J = 1.5 Hz, 1H) 7.26 (dd, J = 8.0, 1.5 Hz, 1H) 2.64 (t, J = 7.6 
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Hz, 2H) 1.66 (h, J = 7.4 Hz, 2H) 0.96 (t, J = 7.5 Hz, 3H); HRMS (ESI+) m/z: 255.0349 

[M+H]+ (expected 255.0359); HPLC Ret: 7.63 min.

tert-butyl 4-((5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18b’)

Method D starting from 5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazole-2-thiol (18b, 0.03 

g) gave tert-butyl 4-((5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as 

colorless oil (0.03 g, 62%); 1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.0, 1.3 Hz, 1H) 

7.27 (s, 1H) 7.20 (dd, J = 8.0, 1.5 Hz, 1H) 3.34 (t, J = 7.2 Hz, 2H) 2.63 (t, J = 7.6 Hz, 

2H) 2.43 (t, J = 7.3 Hz, 2H) 2.16 (p, J = 7.3 Hz, 2H) 1.68 (h, J = 7.5 Hz, 2H) 1.46 (s, 9H) 

0.96 (t, J = 7.5 Hz, 3H); HRMS (ESI+) m/z: 397.1359 [M+H]+ (expected 397.1353); 

HPLC Ret: 9.81 min.

5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazole-2-thiol (18c)

Method B starting from mixture of methyl 2-chloro-4-isopropylbenzoate (17c) and 

methyl-butyl 4-isopropylbenzoate (0.05 g) prepared as previously described35 gave the 

mixture of 2-chloro-4-isopropylbenzohydrazide and 4-isopropylbenzohydrazide as white 

solid (0.05 g, quant.) followed by modified Method C (post acidification, product was 

extracted with EtOAc (3 x 15 mL), washed with brine, dried with MgSO4, concentrated in 
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vacuo) gave 5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazole-2-thiol and 5-(4-

isopropylphenyl)-1,3,4-oxadiazole-2-thiol as yellow solid (0.04 g, 88%); 1H NMR (500 

MHz, CDCl3) δ 10.43 (br. s, 2H) 7.88-7.82 (m, 3H) 7.43-7.26 (m, 4H) 3.03-2.91 (m, 2H) 

1.29-1.25 (m, 12H); HRMS (ESI+) m/z: 255.0351 and 221.0749 [M+H]+ (expected 

255.0359 and 221.0749); HPLC Ret: 7.53 & 7.31 min.

tert-butyl 4-((5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18c’)

Method D starting from a mixture of 5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazole-2-

thiol (18c) and 5-(4-isopropylphenyl)-1,3,4-oxadiazole-2-thiol (0.04 g) gave the mixture 

of tert-butyl 4-((5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate and 

tert-butyl 4-((5-(4-isopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate as colorless oil 

(0.03 g, 60%); 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 8.3Hz, 2H) 7.86 (d, J = 8.0 Hz, 

0.5H) 7.41-7.32 (m, 2.5H) 7.25 (dd, J = 8.0, 1.6 Hz, 0.5H) 3.34 (t, J = 7.2 Hz, 3H) 3.02-

2.90 (m, 1.5H) 2.43 (t, J = 7.2 Hz, 3H) 2.15 (p, J = 7.2 Hz, 3H) 1.45 (s, 13.5H) 1.30-1.26 

(m, 9H); HRMS (ESI+) m/z: 397.1355 & 363.1757 [M+H]+ (expected 397.1353 and 

363.1742); HPLC Ret: 9.70 & 9.40 min.

5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazole-2-thiol (18d)

Page 88 of 111

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



89

Method C starting from 2-chloro-4-(2-fluoropropan-2-yl)benzohydrazide (17d’, 0.24 g) 

gave 5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazole-2-thiol as white solid 

(0.25 g, 88%); 1H NMR (500 MHz, CDCl3) δ 10.62 (br. s, 1H) 7.91 (d, 8.3 Hz, 1H) 7.59 

(d, J = 1.4 Hz, 1H) 7.41 (dd, J = 8.3, 1.4 Hz, 1H) 1.73 (d, J = 1.1 Hz, 3H) 1.68 (d, J = 1.1 

Hz, 3H); HRMS (ESI-) m/z: 271.0110 [M-H]- (expected 271.0108);  HPLC Ret: 7.15 min.

methyl 4-((5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (18d’)

Method D starting from 5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazole-2-

thiol (18d, 0.08 g) gave methyl 4-((5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-

oxadiazol-2-yl)thio)butanoate as colorless oil (0.09 g, 86%); 1H NMR (500 MHz, CDCl3) 

δ 7.94 (d, J = 8.2 Hz, 1H) 7.56 (d, J = 1.7 Hz, 1H) 7.38 (dd, J = 8.3, 1.8 Hz, 1H) 3.70 (s, 

3H) 3.37 (t, J = 7.1 Hz, 2H) 2.54 (t, J = 7.2 Hz, 2H) 2.22 (p, J = 7.2 Hz, 2H) 1.72 (s, 3H) 

1.68 (s, 3H); HRMS (ESI+) m/z: 373.0785 [M+H]+ (expected 373.0789); HPLC Ret: 7.96 

min.

5-(2-chloro-3-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18e)
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Method C starting from 2-chloro-3-cyclopropylbenzohydrazide (17e’, 0.2 g) gave 5-(2-

chloro-3-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol as yellow powder (0.13 g, 55%); 1H 

NMR (500 MHz, CDCl3) δ 10.56 (br. s., 1H) 7.69 (dd, J = 7.8, 1.6 Hz, 1H) 7.32 (t, J = 7.8 

Hz, 1H) 7.19 (dd, J = 7.8, 1.6 Hz, 1H) 2.27 (ddd, J = 13.9, 8.6, 5.4 Hz, 1H) 1.15-1.03 (m, 

2H) 0.77-0.65 (m, 2H); HRMS (ESI-) m/z: 251.0050 [M-H]- (expected 251.0046); HPLC 

Ret: 7.16 min.

tert-butyl 4-((5-(2-chloro-3-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18e’)

Method D starting from 5-(2-chloro-3-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18e, 

0.05 g) gave tert-butyl 4-((5-(2-chloro-3-cyclopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as colorless oil (0.06 g, 82%); 1H NMR (500 MHz, CDCl3) δ 7.69 (dd, J 

= 7.7, 1.6 Hz, 1H) 7.29 (t, J = 7.8 Hz, 1H) 7.15 (dd, J = 7.9, 1.6 Hz, 1H) 3.35 (t, J = 7.2 

Hz, 2H) 2.43 (t, J = 7.2 Hz, 2H) 2.26 (tt, J = 8.6, 5.4 Hz, 1H) 2.16 (p, J = 7.2 Hz, 2H) 

1.46 (s, 9H) 1.13-1.02 (m, 2H) 0.77-0.66 (m, 2H); HRMS (ESI+) m/z: 395.1208 [M+H]+ 

(expected 395.1196); HPLC Ret: 9.19 min.

5-(2-chloro-4-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18f)
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Method C starting from 2-chloro-4-cyclopropylbenzohydrazide (17f’, 0.1 g) gave 5-(2-

chloro-4-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol as yellow powder (0.08 g, 70%); 1H 

NMR (500 MHz, CDCl3) δ 10.53 (br. s., 1H) 7.81-7.73 (m, 1H) 7.23 (s, 1H) 7.08 (dd, J = 

8.2, 1.8 Hz, 1H) 1.96-1.91 (m, 1H) 1.12 (dt, J = 6.8, 4.8, Hz, 2H) 0.81 (dt, J = 6.8, 4.8, 

Hz, 2H); MS (ESI+) m/z: 253.0 [M+H]+;  HPLC Ret: 7.14 min.

methyl 4-((5-(2-chloro-4-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18f’)

Method D starting from 5-(2-chloro-4-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18f, 

0.08 g) gave methyl 4-((5-(2-chloro-4-cyclopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as white oil (0.07 g, 64%); 1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 

8.2 Hz, 1H) 7.19 (s, 1H) 7.05 (dd, J = 8.2, 1.7 Hz, 1H) 3.69 (s, 3H) 2.37 (t, J = 7.2 Hz, 

2H) 2.58 (t, J = 7.1 Hz, 2H) 2.20 (p, J = 7.2 Hz, 2H) 1.96-1.91 (tt, J = 8.4, 5.0 Hz, 1H) 

1.08 (dt, J = 6.9, 4.9 Hz, 2H) 0.78 (dt, J = 6.9, 4.9 Hz, 2H); HRMS (ESI+) m/z: 375.0540 

[M+Na]+ (expected 375.0546); HPLC Ret: 8.01 min.

5-(2-chloro-5-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18g)

Method C starting from 2-chloro-5-cyclopropylbenzohydrazide (17g’, 0.15 g) gave 5-(2-

chloro-5-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol as white solid (0.15 g, 81%); 1H 
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NMR (500 MHz, CDCl3) δ 10.58 (br. s., 1H) 7.59 (d, J = 2.3 Hz, 1H) 7.42 (d, J = 8.3 Hz, 

1H) 7.18 (dd, J = 8.4, 2.3 Hz, 1H) 1.94 (ddd, J = 13.4, 8.4, 5.1 Hz, 1H) 1.11-0.99 (m, 

2H) 0.79-0.68 (m, 2H); HRMS (ESI-) m/z: 251.0053 [M-H]- (expected 251.0046);  HPLC 

Ret: 7.19 min.

tert-butyl 4-((5-(2-chloro-5-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18g’)

Method D starting from 5-(2-chloro-5-cyclopropylphenyl)-1,3,4-oxadiazole-2-thiol (18g, 

0.05 g) gave tert-butyl 4-((5-(2-chloro-5-cyclopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as colorless oil (0.07 g, 90%); 1H NMR (500 MHz, CDCl3) δ 7.63 (d, J 

= 2.3 Hz, 1H) 7.39 (d, J = 8.4 Hz, 1H) 7.14 (dd, J = 8.3, 2.3 Hz, 1H) 3.35 (t, J = 7.2 Hz, 

2H) 2.43 (t, J = 7.2 Hz, 2H) 2.16 (p, J = 7.2 Hz, 2H) 1.93 (ddd, J = 13.5, 8.6, 5.1 Hz, 1H) 

1.45 (s, 9H) 1.07-0.98 (m, 2H) 0.75-0.64 (m, 2H); HRMS (ESI+) m/z: 395.1208 [M+H]+ 

(expected 395.1196); HPLC Ret: 9.21 min.

5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazole-2-thiol (18h)

Method C starting from 2-chloro-4-cyclopropoxybenzohydrazide (17h’, 0.2 g) gave 5-(2-

chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazole-2-thiol as yellow solid (0.18 g, 78%); 1H 

NMR (500 MHz, CDCl3) δ 10.36 (br. s, 1H) 7.84 (d, 8.8 Hz, 1H) 7.24 (d, J = 2.5 Hz, 1H) 
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7.06 (dd, J = 8.8, 2.5 Hz, 1H) 3.85-3.77 (m, 1H) 0.92-0.79 (m, 4H); HRMS (ESI+) m/z: 

269.0149 [M+H]+ (expected 269.0152); HPLC Ret: 7.13 min.

methyl 4-((5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18h’)

Method D starting from 5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazole-2-thiol (18h, 

0.1 g) gave methyl 4-((5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as colorless oil (0.11 g, 78%); 1H NMR (500 MHz, CDCl3) δ 7.86 (d, 

8.8 Hz, 1H) 7.24 (d, J = 2.5 Hz, 1H) 7.04 (dd, J = 8.8, 2.5 Hz, 1H) 3.83-3.76 (m, 1H) 

3.69 (s, 3H) 3.35 (t, J = 7.2 Hz, 2H) 2.53 (t, J = 7.2 Hz, 2H) 2.20 (p, J = 7.2 Hz, 2H) 

0.90-0.78 (m, 4H); HRMS (ESI+) m/z: 369.0674 [M+H]+ (expected 369.0676); HPLC 

Ret: 7.94 min.

5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazole-2-thiol (18i)

Method C starting from 2-chloro-4-(oxetan-3-yloxy)benzohydrazide (17i’, 0.2 g) gave 5-

(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazole-2-thiol as white solid (0.19 g, 

81%); 1H NMR (500 MHz, CDCl3) δ 10.61 (br. s, 1H) 7.85 (d, 8.8 Hz, 1H) 6.87 (d, J = 

2.5 Hz, 1H) 6.74 (dd, J = 8.9, 2.6 Hz, 1H) 5.27 (pd, 6.0, 1.0 Hz, 1H) 5.02 (t, J = 7.1 Hz, 
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2H) 4.78 (dd, J = 7.3, 5.1 Hz, 2H); HRMS (ESI-) m/z: 282.9945 [M-H]- (expected 

282.9944);  HPLC Ret: 6.03 min.

methyl 4-((5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate 

(18i’)

Method D starting from 5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazole-2-thiol 

(18i, 0.08 g) gave methyl 4-((5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate as colorless oil (0.07 g, 70%); 1H NMR (500 MHz, CDCl3) δ 7.88 (d, 

8.8 Hz, 1H) 6.85 (d, J = 2.6 Hz, 1H) 6.73 (dd, J = 8.8, 2.6 Hz, 1H) 5.26 (pd, 6.0, 1.0 Hz, 

1H) 5.01 (t, J = 7.1 Hz, 2H) 4.77 (dd, J = 7.3, 5.1 Hz, 2H) 3.69 (s, 3H) 3.35 (t, J = 7.2 

Hz, 2H) 2.53 (t, J = 7.2 Hz, 2H) 2.20 (p, J = 7.2 Hz, 2H); HRMS (ESI+) m/z: 285.0621 

[M+H]+ (expected 385.0625); HPLC Ret: 6.03 min.

4-((5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19a)

Method E starting from tert-butyl 4-((5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (18a’, 0.07 g) gave 4-((5-(2-chloro-4-ethylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoic acid as white solid (0.05 g, 83%); 1H NMR (500 MHz, CDCl3) δ 9.52 (br. 

s, 1H) 7.85 (d, J = 8.0, 1H) 7.37 (d, J = 1.6 Hz, 1H) 7.22 (dd, J = 8.1, 1.6 Hz, 1H) 3.38 (t, 
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J = 7.1 Hz, 2H) 2.70 (q, J = 7.6 Hz, 2H) 2.59 (t, J = 7.1 Hz, 2H) 2.23 (p, J = 7.2 Hz, 2H) 

1.27 (t, J = 7.6 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 178.04, 164.39, 164.29, 149.58, 

132.76, 130.81, 130.54, 126.78, 120.06, 32.32, 31.60, 28.51, 24.34, 14.87; HRMS 

(ESI+) m/z: 349.0385 [M+Na]+ (expected 349.0390); HPLC Ret: 6.96 min; 98% pure.

4-((5-(2-chloro-4-propylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19b)

Modified Method E (product required silica gel column chromatography eluting with 2% 

MeOH: 98% DCM and semi-prep to obtain > 95% purity) starting from tert-butyl 4-((5-(2-

chloro-4-propylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18b’, 0.03 g) gave 4-((5-(2-

chloro-4-propylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as colorless oil (0.01 g, 

47%); 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.0, 1H) 7.35 (s, 1H) 7.20 (dd, J = 8.1, 

1.6 Hz, 1H) 3.38 (t, J = 7.2 Hz, 2H) 2.64-2.57 (m, 4H) 2.22 (p, J = 7.2 Hz, 2H) 1.68 (h, J 

= 7.4 Hz, 2H) 0.96 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 177.82, 164.39, 

164.31, 148.13, 132.68, 131.10, 131.06, 130.72, 127.35, 120.08, 37.52, 32.27, 31.59, 

24.35, 23.95, 13.65; HRMS (ESI+) m/z: 341.0738 [M+H]+ (expected 341.0727); HPLC 

Ret: 7.43 min; 97% pure.

4-((5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19c)
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Modified Method E (product required semi-prep to obtain > 95% purity) starting from a 

mixture of tert-butyl 4-((5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (19c’) and tert-butyl 4-((5-(4-isopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (0.03 g) gave 4-((5-(2-chloro-4-isopropylphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoic acid as white oil (0.01 g, 36%); 1H NMR (500 MHz, MeOH-d4) δ 7.86 (d, 

J = 8.1 Hz, 1H) 7.49 (d, J = 1.7 Hz, 1H) 7.38 (dd, J = 8.1, 1.7 Hz, 1H) 3.38 (t, J = 7.2 Hz, 

2H) 2.99 (hept, J = 7.0 Hz, 1H) 2.51 (t, J = 7.2 Hz, 2H) 2.14 (p, J = 7.2 Hz, 2H) 1.29 (d, 

J = 6.9 Hz, 6H); 13C NMR (125 MHz, MeOH-d4) δ 174.11, 165.07, 164.11, 154.83, 

132.45, 130.74, 128.88, 125.45, 119.83, 33.80, 31.86, 31.34, 24.65, 22.39; HRMS 

(ESI+) m/z: 341.0902 [M+H]+ (expected 341.0727); HPLC Ret: 7.32 min; 99% pure.

4-((5-(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid 

(19d)

Modified Method F (product required column chromatography eluting with 50% EtOAc: 

50% Hex: 0.1% AcOH to obtain > 95% purity) starting from methyl 4-((5-(2-chloro-4-(2-

fluoropropan-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18d’, 0.09 g) gave 4-((5-

(2-chloro-4-(2-fluoropropan-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as 

Page 96 of 111

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



97

colorless oil (0.06 g, 76%); 1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 8.2 Hz, 1H) 7.56 

(d, J = 1.7 Hz, 1H) 7.38 (dd, J = 8.3, 1.7 Hz, 1H) 3.39 (t, J = 7.1 Hz, 2H) 2.60 (t, J = 7.1 

Hz, 2H) 2.23 (p, J = 7.1 Hz, 2H) 1.72 (s, 3H) 1.68 (s, 3H); 19F NMR (100 MHz, CDCl3) δ 

-139.2 (hept., 1H); 13C NMR (125 MHz, CDCl3) δ 178.08, 164.73, 163.90, 150.88, 

133.03, 130.94, 126.80, 122.72, 121.58, 32.30, 31.60, 29.05, 28.85, 24.31; HRMS 

(ESI+) m/z: 359.0627 [M+H]+ (expected 359.0632); HPLC Ret: 6.95 min; 98% pure.

4-((5-(2-chloro-3-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19e)

Modified Method E (product required column chromatography eluting with  5% MeOH: 

95% DCM to obtain > 95% purity) starting from tert-butyl-4-((5-(2-chloro-3-

cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18e’, 0.06 g) gave 4-((5-(2-

chloro-3-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as white oil (0.02 g, 

39%); 1H NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 7.7, 1.6 Hz, 1H) 7.29 (t, J = 7.8 Hz, 

1H) 7.15 (dd, J = 7.8, 1.6 Hz, 1H) 3.39 (t, J = 7.2 Hz, 2H) 2.59 (t, J = 7.1 Hz, 2H) 2.31-

2.18 (m, 3H) 1.13-0.98 (m, 2H) 0.77-0.66 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 

175.45, 164.64, 143.05, 134.30, 129.45, 128.56, 126.72, 123.34, 109.99, 32.30, 31.60, 
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24.37, 14.02, 8.05; HRMS (ESI+) m/z: 339.0571 [M+H]+ (expected 339.0570); HPLC 

Ret: 6.94 min; 95% pure.

4-((5-(2-chloro-4-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19f)

Modified Method F (product required column chromatography eluting with 5% MeOH: 

95% DCM to obtain > 95% purity) starting from methyl-4-((5-(2-chloro-4-

cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18f’, 0.07 g) gave 4-((5-(2-

chloro-4-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as colorless oil (0.07 

g, 92%); 1H NMR (500 MHz, CDCl3) δ  8.11 (br. s., 1H) 7.81 (d, J = 8.2 Hz, 1H) 7.19 (s, 

1H) 7.05 (dd, J = 8.2, 1.7 Hz, 1H) 2.58 (t, J = 7.1 Hz, 2H) 2.37 (t, J = 7.2 Hz, 2H) 2.20 

(p, J = 7.2 Hz, 2H) 1.96-1.91 (tt, J = 8.4, 5.0 Hz, 1H) 1.08 (dt, J = 6.9, 4.9 Hz, 2H) 0.78 

(dt, J = 6.9, 4.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 177.84, 164.36, 164.26, 150.10, 

132.77, 130.66, 128.12, 124.27, 119.43, 32.36, 31.61, 24.37, 15.40, 10.41; HRMS 

(ESI+) m/z: 361.0383 [M+Na]+ (expected 361.0390); HPLC Ret: 6.93 min; 97% pure.

4-((5-(2-chloro-5-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19g)

Modified Method E (product required column chromatography eluting with  5% MeOH: 

95% DCM to obtain > 95% purity) starting from tert-butyl-4-((5-(2-chloro-5-
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cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoate (18g’, 0.07 g) gave 4-((5-(2-

chloro-5-cyclopropylphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as white oil (0.03 g, 

55%); 1H NMR (500 MHz, CDCl3) δ 8.90 (br. s, 1H) 7.63 (d, J = 2.2 Hz, 1H) 7.39 (d, J = 

8.3 Hz, 1H) 7.14 (dd, J = 8.4, 2.3 Hz, 1H) 3.38 (t, J = 7.1 Hz, 2H) 2.59 (t, J = 7.1 Hz, 2H) 

2.22 (p, J = 7.1 Hz, 2H) 1.93 (tt, J = 8.4, 5.0 Hz, 1H) 1.08-0.98 (m, 2H) 0.73 (dt, 6.8, 4.9 

Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 177.92, 164.64, 164.35, 143.59, 130.93, 129.86, 

129.51, 128.16, 122.37, 32.32, 31.62, 24.35, 14.89, 9.56; HRMS (ESI+) m/z: 339.0573 

[M+H]+ (expected 339.0570); HPLC Ret: 6.98 min; 97% pure.

4-((5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19h)

Method F starting from methyl 4-((5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-oxadiazol-2-

yl)thio)butanoate (18h’, 0.1 g) gave 4-((5-(2-chloro-4-cyclopropoxyphenyl)-1,3,4-

oxadiazol-2-yl)thio)butanoic acid as white powder (0.07 g, 75%); 1H NMR (500 MHz, 

CDCl3) δ 11.07 (br. s, 1H) 7.86 (d, J = 8.8 Hz, 1H) 7.22 (d, J = 2.4 Hz, 1H) 7.04 (dd, J = 

8.8, 2.5 Hz, 1H) 3.80 (tt, J = 6.2, 3.0 Hz, 1H) 3.37 (t, J = 7.1 Hz, 2H) 2.59 (t, J = 7.1 Hz, 

2H) 2.21 (p, J = 7.1 Hz, 2H) 0.92-0.77 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 177.72, 

164.22, 164.01, 133.99, 131.86, 131.78, 117.37, 115.47, 114.41, 51.62, 32.22, 31.60, 
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24.35, 6.28; HRMS (ESI+) m/z: 355.0555 [M+H]+ (expected 355.0519); HPLC Ret: 6.90 

min; 97% pure.

4-((5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (19i)

Method F starting from methyl 4-((5-(2-chloro-4-(oxetan-3-yloxy)phenyl)-1,3,4-

oxadiazol-2-yl)thio)butanoate (18i’, 0.07 g) gave 4-((5-(2-chloro-4-(oxetan-3-

yloxy)phenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid as white powder (0.05 g, 79%); 1H 

NMR (500 MHz, CDCl3) δ 7.88 (d, 8.8 Hz, 1H) 6.85 (d, J = 2.5 Hz, 1H) 6.73 (dd, J = 8.8, 

2.5 Hz, 1H) 5.27 (p, 6.0 Hz, 1H) 5.02 (t, J = 7.1 Hz, 2H) 4.78 (dd, J = 7.3, 5.1 Hz, 2H) 

3.37 (t, J = 7.1 Hz, 2H) 2.58 (t, J = 7.1 Hz, 2H) 2.21 (p, J = 7.1 Hz, 2H); 13C NMR (125 

MHz, CDCl3) δ 177.64, 164.26, 163.89, 159.11, 134.38, 132.27, 117.00, 116.16, 

113.67, 77.44, 70.69, 32.25, 31.60, 24.33; HRMS (ESI+) m/z: 371.0307 [M+H]+ 

(expected 371.0468); HPLC Ret: 5.85 min; 98% pure.

2-(2,4-dichlorophenyl)-5-(methylthio)-1,3,4-oxadiazole (20’)

 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole-2-thiol (4j, 0.25 g, 1.01 mmol) was dissolved in 

5 mL THF. Triethylamine (0.12 g, 0.17 mL, 1.21 mmol) and iodomethane (0.16 g, 0.07 

mL, 1.11 mmol) were added and the mixture was stirred at 25 °C for 2 h.  The reaction 
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was quenched with 5 mL H2O.  The product was extracted with EtOAc (3x, 15 mL), 

washed with brine (20 mL), dried with MgSO4, and concentrated in vacuo.  The residue 

was dissolved in minimal EtOAc and the product was triturated with Hex, producing a 

white precipitate that was filtered and dried under vacuum. Yield=81%. 1H NMR (400 

MHz, CDCl3)  ppm 7.91 (d, J = 8.5 Hz, 1H) 7.57 (d, J = 2.1 Hz, 1H) 7.39 (dd, J = 8.5, 𝛿

2.1 Hz, 1H) 2.79 (s, 3H); MS (ESI+) m/z: 260.9 [M+H]+; HPLC Ret: 7.57 min.

2-(2,4-dichlorophenyl)-5-(methylsulfonyl)-1,3,4-oxadiazole (20) 

Route 1: 2-(2,4-dichlorophenyl)-5-(methylthio)-1,3,4-oxadiazole (20’, 0.22 g, 0.823 

mmol) was dissolved in 5 mL EtOH and cooled to 0 °C. Ammonium molybdate 

tetrahydrate (0.20 g, 0.165 mmol) and hydrogen peroxide (0.28 g, 0.25 mL, 2.47 mmol) 

were added and stirred at 25 °C for 2 h.  The reaction was quenched with 10% sodium 

thiosulfate (10 mL). The product was extracted with EtOAc (3x, 15 mL), washed with 

brine (20 mL), dried with MgSO4, and concentrated in vacuo.  The yellow residue was 

subjected to silica gel chromatography eluting with 20% EtOAc: 80% Hex.  The fractions 

containing product were concentrated in vacuo to produce white solid. Yield=54%. 1H 
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NMR (400 MHz, CDCl3) δ ppm 8.02 (d, J = 8.5 Hz 1H) 7.64 (d, J = 2.0 Hz 1H) 7.47 (dd, 

J = 8.5, 2.0 Hz, 1H) 3.55 (s, 3H); MS (ESI+) m/z: 292.9 [M+H]+; HPLC Ret: 6.96 min.

Route 2: 2-(2,4-dichlorophenyl)-5-(methylthio)-1,3,4-oxadiazole (20’, 0.3 g, 1.15 mmol) 

was dissolved in 5 mL DCM.  mCPBA (0.57 g, 2.30 mmol) was added and the reaction 

was stirred at 25 °C for 2 h.  The solvent was evaporated, and the yellow residue was 

subjected to silica gel chromatography eluting with 20% EtOAc: 80% Hex.  The fractions 

containing product were concentrated in vacuo to produce white solid. Yield=64%.

4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)sulfonyl)butanoic acid (21). 

4-((5-(2,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl)thio)butanoic acid (8q, 0.05 g, 0.15 

mmol) was dissolved in 1 mL DCM.  70% mCPBA (0.08 g, 0.33 mmol) was added and 

the reaction was stirred at 25 °C for 4 h. The solvent was evaporated, and the yellow 

residue was subjected to silica gel chromatography eluting with 5% MeOH: 95% DCM.  

The fractions containing product were concentrated in vacuo to produce white solid. The 

solid was crystalized with EtOAc/Hex to produce white powder. Yield=58%. 1H NMR 

(500 MHz, DMSO-d6)  ppm 12.31 (br. s, 1H) 8.10 (d, J = 8.5 Hz, 1H) 8.00 (J = 2.0 Hz, 𝛿

1H) 7.74 (dd, J = 8.5, 2.1 Hz, 1H) 3.83 (t, J = 7.3 Hz, 2H) 2.43 (t, J = 7.3 Hz, 2H) 2.01 
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(p, J = 7.5 Hz, 2H); 13C NMR (126 MHz, DMSO-d6)  ppm 173.73, 164.02, 161.87, 𝛿

138.74, 133.93, 133.60, 131.45, 128.83, 120.84, 54.32, 31.71, 17.93; HRMS (ESI-) m/z: 

362.9609 [M-H]- (expected 362.9609); HPLC Ret: 6.56 min; 99% pure.

Supporting Information

Molecular  formula strings (CSV)
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Abbreviations Used: SSc, scleroderma; MRTF, myocardin-related transcription factor; 

SRF, serum response factor; SRE, serum response element; CTGF, connective tissue 

growth factor; LPA, lysophosphatidic acid; dSSc, diffuse scleroderma; IPF, idiopathic 

pulmonary fibrosis; ECM, extracellular matrix; α-SMA, α-smooth muscle actin; TGFβ, 

transforming growth factor β; ROCK, Rho-associated protein kinase; G, globular; F, 

Page 103 of 111

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



104

filamentous; NPC, nuclear pore complex; DAST, diethylaminosulfur trifluoride; mCPBA, 

m-chloroperoxybenzoic acid; DMEM, Dulbecco's Modified Eagle Medium.
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