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Abstract

Here, we report the synthesis, structure-activity relationship studies, enzyme inhibition, antiviral 

activity and X-ray crystallographic studies of 5-chloropyridinyl indole carboxylate derivatives 

as a potent class of SARS-CoV-2 chymotrypsin-like protease inhibitors. Compound 1 exhibited 

SARS-CoV-2 3CLpro inhibitory IC50 value of 250 nM and antiviral EC50 value of 2.8 μM in 

VeroE6 cells. Remdesivir, an RNA-dependent RNA polymerase inhibitor has shown antiviral 

EC50 value of 1.2 μM in the same assay. Compound 1 showed comparable antiviral activity with 

remdesivir in immunocytochemistry assays. Compound 7d with N-allyl derivative showed the 

most potent enzyme inhibitory IC50 value of 73 nM. To obtain molecular insight into the binding 

*corresponding author: Department of Chemistry and Department of Medicinal Chemistry Purdue University, 560 Oval Drive, West 
Lafayette, IN 47907, Phone: (765)-494-5323, akghosh@purdue.edu. 

ASSOCIATED CONTENT
Supporting Information. The Supporting Information is available free of charge on the ACS Publication website at http://
pubs.acs.org.
Full NMR spectroscopic data for all final compounds
X-ray structural data for inhibitors 2-bound SARS-CoV-2 3CLpro, 7b-bound SARS-CoV 3CLpro, and 9d-bound SARS-CoV-2 
3CLpro
Molecular formula strings and some data (CSV)

PDB ID Codes. Inhibitors 2-bound SARS-CoV-2 3CLpro, 7b-SARS-CoV 3CLpro, and 9d-bound SARS-CoV-2 3CLpro X-ray 
structures are: 7RBZ, 7RC1, and 7RC0, respectively. Authors will release the atomic coordinates upon article publication.
†The PDB accession codes for X-ray structures of inhibitors 2-bound SARS-CoV-2 3CLpro, 7b-SARS-CoV 3CLpro, and 9d-bound 
SARS-CoV-2 3CLpro are: 7RBZ, 7RC1, and 7RC0, respectively.

HHS Public Access
Author manuscript
J Med Chem. Author manuscript; available in PMC 2023 September 19.

Published in final edited form as:
J Med Chem. 2021 October 14; 64(19): 14702–14714. doi:10.1021/acs.jmedchem.1c01214.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org/
http://pubs.acs.org/


properties of these molecules, we have determined X-ray crystal structures of compounds 2-bound 

SARS-CoV-2 3CLpro, 7b-bound SARS-CoV 3CLpro, and 9d-bound SARS-CoV-2–3CLpro and 

compared their binding properties.
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INTRODUCTION

The human coronavirus disease 2019 (COVID-19), is an infectious disease caused by 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a newly discovered 

coronavirus.1,2 The disease first originated in Wuhan, China and then spread rapidly around 

the world. The outbreak escalated into an ongoing pandemic, leading to a catastrophic public 

health crisis and incredible uncertainty around the globe.3,4 As of July 5, 2021, more than 

185 million patients were infected with COVID-19 and there were more than 4 million 

deaths worldwide.5 Currently, there is no specific efficacious drug treatment available for 

COVID-19, except remdesivir, which has been granted an emergency-use authorization.6,7 

Research suggests remdesivir may provide only modest benefit to patients with COVID-19 

infection.8,9 While current large-scale vaccination efforts are showing benefits, the hope that 

COVID-19 will be under control with ‘herd immunity’ is quite uncertain.10,11 Furthermore, 

there is no conclusive evidence yet that COVID-19 convalescent people with SARS-CoV-2 

antibodies are immune to reinfection.12,13 Therefore, it is an urgent priority to develop 

potent antiviral drugs that can effectively mitigate the lethal consequences of cytokine storm 

in COVID-19 patients.

SARS-CoV-2 RNA genome sequence provided an excellent starting point for drug discovery 

and development of effective therapeutics against COVID-19.14,15 SARS-CoV-2 belongs 

to a family of beta coronaviruses, including SARS-CoV and MERS-CoV, responsible 

for outbreaks of SARS and MERS in 2003 and 2012, respectively.16,17 SARS-CoV-2 

genome has overall 80% nucleotide identity with SARS-CoV and the main proteases of 

these viruses feature more than 90% amino acid sequence identity.18,19 Earlier medicinal 
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chemistry efforts for the control of SARS-CoV and MERS-CoV infections have laid 

important early groundwork for design, synthesis and development of small molecule lead 

inhibitors of the main proteases, mainly chymotrypsin-like protease (3CLpro and Mpro) and 

papain-like protease (PLpro).20–22 Both of these proteases are essential for viral replication 

and transcription of the genome, and they represent very important targets for developing 

antiviral therapeutics against COVID-19. The structure, activity, and active sites of these 

proteases have been elucidated.23 Early and recent drug development efforts, including 

development of covalent and noncovalent inhibitors of these proteases have been recently 

reviewed.23,24 Among small molecule drug development targets for treatment of COVID-19, 

there is considerable interest and activity in SARS-CoV-2 3CLpro inhibitors.23–25 Recently, 

we have reported that combination of a peptidomimetic SARS-CoV-2 3CLpro inhibitor with 

remdesivir exhibits synergism against SARS-CoV-2.26 Oral or intraperitoneal administration 

of dipeptidyl 3CLpro inhibitors have been shown to reduce lung viral loads and lung lesions 

in a transgenic mouse model of SARS-CoV-2 infection.27 A small molecule inhibitor of 

SARS-CoV-2 3CLpro has been reported as entering into phase I clinical trials.28

In our continuing efforts towards the treatment of SARS-CoV and SARS-CoV-2, we 

have developed a variety of potent peptidomimetic and nonpeptide-derived small molecule 

protease inhibitors.26,29–34 The SARS-CoV and SARS-CoV-2 3CLpro active sites possess 

a catalytic dyad where Cys145 acts as a nucleophile and His41 acts as the general 

acid-base. We and others have reported a series of covalent 3CLpro inhibitors against 

SARS-CoV and SARS-CoV-2 where the mode of inhibition involves acylation of the 

active site cysteine, forming a covalent bond with the inhibitor.35–38 In particular, ester 

derivatives of 5-chloropyridin-3-ol with various indole carboxylic acids (compounds 1, 2, 

Figure 1) displayed potent 3CLpro inhibitory activity and exerted potent antiviral activity 

against SARS-CoV and SARS-CoV-2 in VeroE6 cell-based assays.26,29 Keto-benzothiazole 

derivative 3 exhibited potent enzyme inhibitory and antiviral activity.26 Remdesivir (4), 

an RNA-dependent RNA-polymerase inhibitor, displayed comparable antiviral activity of 

inhibitors 1 and 2.6,26 We have further investigated various indole carboxylic acid-derived 

inhibitors. It appears that the position of the carboxylic acids, as well as substituents on the 

indole ring, are important to SARS-CoV-2 3CLpro inhibitory potency and antiviral activity. 

Presumably, the indole carboxylate scaffold plays a key role in binding to the 3CLpro active 

site. For an understanding of active-site interactions, we determined X-ray crystal structures 

of inhibitor-bound SARS-CoV-2 and SARS-CoV-1 3CLpro. Herein, we report the design, 

synthesis, structure-activity studies, enzyme inhibition studies, antiviral activity, and X-ray 

structural studies of 3-chloropyridinyl ester-derived SARS-CoV-2 3CLpro inhibitors.

Results and Discussion

The general synthesis of various 3-chloropyridinyl ester-derived SARS-CoV-2 3CLpro 

inhibitors is shown in Scheme 1. Inhibitors 1–2, 7a-m were synthesized by esterification of 

respective carboxylic acids. The majority of the requisite carboxylic acids are commercially 

available and a few modified derivatives were readily prepared. Carboxylic acids 5a-l and 

5-chloro-3-pyridinol were esterified using EDC in the presence of DMAP in CH2Cl2 at 23 

°C for 12 h. The resulting esters were purified by silica gel chromatography to provide 

air stable ester derivatives in good to excellent yields (60–80%). Similarly, commercially 
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available 3,4-dihydro-2H-benzo[b][1,4]oxazine-8-carboxylic acid 5m was converted to 

ester derivative 7m. The structures of the various 3-chloropyridinyl esters are shown 

in Table 1. The synthesis of active ester derivatives 9a-f, containing methyl-substituted 

3-chloropyridinol was achieved by reaction of indole-4-carboxylic acid 5j and 5n with 

the respective commercially available substituted pyridinol derivatives 8a-f with EDC in 

the presence of DMAP under similar conditions as stated above. The synthesis of ester 

derivatives 7a, 7b, 7d, and 7e, is shown in Scheme 2. Commercially available methyl-1H-

indole-5-carboxylate 10 was saponified with 1M LiOH in aqueous THF solution at 23 °C 

for 30 min. The resulting acid was esterified with 5-chloro-3-pyridinol 6 to provide ester 

derivative 7a. For the synthesis of ester 7b, methyl ester 10 was treated with NaH in THF at 

23 °C for 1 h. After this period, 3-nitrophenylsulfonyl chloride was added and the resulting 

mixture was stirred for 23 h to provide sulfonamide derivative 11.39 Saponification of ester 

11 with aqueous LiOH provided the corresponding carboxylic acid which was converted to 

3-chloro-pyridinyl ester 7b as described above.

For synthesis of active esters 7d, and 7e, commercially available methyl-1H-indole-4-

carboxylate 12 was treated with NaH in THF at 0 °C to 23 °C for 1 h. Then, allyl bromide 

was added and the resulting reaction was stirred for 12 h at 23 °C to provide monoallyl 

derivative 13 and diallyl derivative 14 as a 7.5:1 mixture.40 These isomers were separated by 

silica gel chromatography. The respective ester was saponified with 1N NaOH in EtOH at 85 

°C for 3 h to provide the corresponding acid. The resulting carboxylic acid derivatives were 

esterified as described above to provide esters 7d and 7e in good yields.

Our SARS-CoV-2 3CLpro inhibition assays of active ester derivatives were carried out 

using the authentic SARS-CoV-2 3CLpro enzyme that would be genenerated during 

viral replication, i.e no additional amino acids on the N- or C-termini. The details of 

expression and purification of fully active SARS-CoV-2 3CLpro construct have been 

published recently.41 Inhibitory activity (IC50 values) of compounds were assessed using 

a continuous fluorescence assay and the FRET-based substrate UIVT3 (HiLyte Fluor488
™-

ESATLQSGLRKAK-QXL520
™-NH2) (Anaspec, Fremont, CA) as described previously.31,42

We resynthesized and assessed activity of 4-chloropyridinyl indole-4-carboxylate 1, which 

was previously identified by us as a potent and irreversible inhibitor of SARS-CoV (IC50 

= 30 nM; antiviral EC50 = 6.9 μM in VeroE6 cells).35 The structure and activity of various 

new compounds are shown in Tables 1 and 2. Compound 1 exhibited SARS-CoV-2 3CLpro 

enzyme IC50 value of 250 nM. Compound 1 also displayed potent antiviral activity which 

was assessed using quantitative VeroE6 cell-based assay with RNA-qPCR.The details of the 

assay have been published recently.29

Compound 1 displayed an EC50 value of 2.8 μM. The high ratio of antiviral EC50 and 

enzyme IC50 may be due to expression of the efflux transporter P-glycoprotein in VeroE6 

cells. Such discrepencies have been documented recently.43,44 This compound exhibited 

cytotoxicity (CC50) value >100 μM. Remdesivir (4), a nucleotide derivative that reportedly 

blocks the infectivity of SARS-CoV-2 by inhibiting viral RNA-dependent RNA polymerase 

(RdRp), was also assayed in the same assay to compare antiviral activity. Remdesivir 

exhibited antiviral EC50 value of 1.2 μM. Furthermore, we investigated antiviral activity 

Ghosh et al. Page 4

J Med Chem. Author manuscript; available in PMC 2023 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of compound 1 and remdesivir at 1, 10, and 100 μM to assess if these compounds exert 

antiviral activity without significant cytostatic or cytotoxic effects. As reported recently, both 

compounds completely blocked the infectivity and cytopathic effect of SARS-CoV-2wk-521 

in VeroE6 cells.26,29

We then investigated the effect of various substitutions on the indole ring as well as on 

the chloropyridine ring of the ester. As can be seen, indoline derivative 2 showed only 

a slight reduction in inhibitory potency against SARS-CoV-2 3CLpro enzyme (IC50 = 

320 nM) compared to indole derivative 1. It displayed SARS-CoV 3CLpro inhibitory 

IC50 value of 190 nM. Also, it showed a 5-fold reduction in antiviral activity (EC50 

= 15 μM) compared to 1. Substitution of chloropyridinyl ester at the 5-position of the 

indole ring provided derivative 7a (entry 3) which displayed a comparable IC50 value to 

compounds 1 and 2 but it was significantly less potent than 1 or 2 against the virus (EC50 

= 43.7 μM). Compound 7a exhibited comparable SARS-CoV 3CLpro activity (IC50 = 405 

nM). Incorporation of a 3-nitro sulfonamide functionality on the indole nitrogen provided 

compound 7b. This compound showed improvement in SARS-CoV-2 3CLpro inhibitory 

activity (entry 4). Substitution of chloropyridinyl ester at the 4-position of indole ring 

resulted compound 7c. Interestingly, it showed reduction in enzyme inhibitory activity, 

but showed an antiviral EC50 value of 8 μM (entry 5). Both compounds 7b and 7c were 

less potent against SARS-CoV 3CLpro (IC50 185 nM and 253 nM, respectively). We then 

examined the structure-activity relationships associated with compound 1. Incorporation of 

N-allyl substituent resulted in compound 7d which exhibited over 5-fold improvement in 

inhibitory potency over 1. However, compound 7d displayed an antiviral EC50 value of 15 

μM, a nearly 5-fold reduction over compound 1 (entry 6). The bis-allyl derivative 7e showed 

a 5-fold reduction in enzyme inhibitory activity but had a slight improvement in antiviral 

activity over 7d (entry 7).

We further investigated the effect of methyl substitution on the indole ring in an attempt 

to facilitate the bioactive conformation of the pyridyl ester. Accordingly, incorporation of 

methyl group on the indole at positions 3, 5, 6 resulted in compounds 7f, 7g, and 7h, 

respectively (entries 8–10). Inhibitor 7g with 5-methyl indole resulted in significant loss of 

SARS-CoV-2 3CLpro inhibitory activity and this compound did not exhibit any appreciable 

antiviral activity (EC50 >100 μM). Compound 7h containing 6-methyl indole showed a 

slight reduction in enzyme inhibitory activity, however, this compound maintained potent 

antiviral activity (EC50 = 3.1 μM), comparable to inhibitor 1 (entry 10). The incorporation of 

the methyl group at position 5 on the indole ring most likely disrupts or reduces the available 

angle of attack of the Cys145 nucleophile on the ester group thereby reducing its potency.45

Incorporation of fluorine at position 6 provided inhibitor 7i with loss of enzyme inhibitory 

and antiviral activity. We then investigated the effect of incorporation of heteroatoms and the 

importance of the 5-membered pyrrole ring on indole. Compound 7j with a benzoimidazole 

aromatic heterocyclic group showed an enzyme IC50 value of 340 nM, but no appreciable 

antiviral activity (entry 12). Further incorporation of a 2-methyl group on compound 7j 
provided derivative 7k which displayed an enzyme IC50 value of 490 nM and antiviral EC50 

value of 57 μM (entry 13). Compound 7l with a benzooxazole heterocyclic group showed 
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a reduction in potency (entry 14). Compound 7m with a dihydrobenzooxazine heterocycle 

exhibited good enzyme inhibitory activity, however, antiviral activity was also poor (EC50 

>100 μM).

We then examined the importance of the 5-chloropyridinyl ester in compound 1. The 

structure and activity of various derivatives are shown in Table 2. As shown, we examined 

the importance of ester over its amide derivative. The 5-chloropyridyl indole carboxamide 

derivative 9a did not exhibit any appreciable enzyme inhibitory or antiviral activity. We 

also prepared a 3-chlorophenyl indole derivative 9b but this compound did not exhibit any 

activity either, showing the importance of the pyridinyl ester functionality (entries 1 and 

2). We then incorporated a methyl group on the pyridine ring to examine the effect of 

the alkyl group on potency. Substitution of 2-methyl, 4-methyl, or 6-methyl group resulted 

in compounds 9c, 9d, and 9e. Interestingly, 2-methyl substitution provided inhibitor 9c 
with no appreciable activity (entry 3). Substitutions at 4 and 6-postions also resulted in 

significant reductions in potency (entries 4 and 5). Benzimidazole derivative 9f with a 6-

methyl-5-chloropyridynyl ester showed a significant reduction in protease inhibitory activity 

compared to its desmethyl derivative 7j in Table 1 (entry 6).

As mentioned earlier, our antiviral activity assays were performed using the quantitative 

RNA-qPCR assay in VeroE6 cells.26,29 In the present study, in order to confirm and 

corroborate the anti-SARS-CoV-2 activity (EC50, μM) shown in Tables 1 and 2, which often 

fails to differentiate the actual antiviral activity from the misleading and distractive reduction 

in RNA copy numbers caused by the cytostatic effect or cytotoxicity of test compounds, 

we have employed immunocytochemistry, which allows us to examine the antiviral activity 

of test compounds at cellular level. In the immunocytochemistry, the IgG fraction isolated 

from a COVID-19-convalescent patient, who had high titer SARS-CoV-2-binding IgG,46 

and a green fluorescence-conjugated goat polyclonal anti-human-IgG-Alexa Fluor 488 Fab 

fragment were employed as the primary and secondary antibodies, respectively, together 

with Texas Red-X dye-conjugated Phalloidin and DAPI for visualization of F-actin and cell 

nuclei, respectively.26, 29 As shown in Figure 2, when VeroE6 cells were cultured alone, 

robust cellular cytoskeleton filamentous actin (F-actin) was seen as mesh-like structures in 

red and a number of nuclei (in blue) were identified, signifying that those VeroE6 cells were 

healthy and replicating (top left in Figure 2). However, when VeroE6 cells were exposed to 

SARS-CoV-2wk-521 and cultured in the absence of test compound, the F-actin structure was 

lost and a number of cells had been infected and destroyed by the virus and stained in green 

(top right in Figure 2). In contrast, when the SARS-CoV-2wk-521-exposed VeroE6 cells were 

cultured in the presence of 10 μM Compounds 1 and 2, there was significant reduction in 

the number of SARS-CoV-2wk-521-infected cells and there were essentially no infected cells 

when the cells were cultured in the presence of 100 μM of each compound. Remdesivir, the 

only FDA-approved antiviral therapeutic as of writing, also significantly reduced the number 

of infected cells at 10 and 100 μM, while there was viral breakthrough in the culture with 10 

μM. Of particular note, among various active esters examined, compound 1 exerted potent 

antiviral activity (EC50 = 2.8 μM) and significantly reduced the infectivity, replication, and 

cytopathic effect of SARS-CoV-2 without significant toxicity.
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The mechanism of inhibition of SARS protease has been studied by us and others 

previously.35,36,47 Indole chloropyridinyl ester 1 covalently modifies SARS-CoV-2 3CLpro 

forming a thioester bond with the catalytic Cys145 and indole carbonyl group. The presence 

of the covalent bond was verified by electrospray ionization, quadruple time-of-flight mass 

spectrometry (ESI-QTOF/MS). The proposed inhibition of SARS-CoV-2 3CLpro is shown 

in Figure 3. As shown, the catalytic dyad of 3CLpro, His41 and Cys145, is involved in 

the nucleophilic attack on the 5-chloropyridinyl ester of inhibitor 1 to form a tetrahedral 

intermediate 13 which then expels the chloropyridinyl group and forms a covalent bond with 

Cys145 of SARS-CoV-2 3CLpro. In essence, 5-chloropyridinyl indole ester acylated Cys145 

in the active site. In mouse hepatitis virus (MHV) coronavirus 3CLpro, this thioester bond 

can be slowly hydrolyzed by bulk water releasing active enzyme, and the rates of release are 

affected by drug-resistant mutants.48

To obtain further molecular insight into the inhibition of SARS-CoV-2 3CLpro by the active 

esters, we determined the X-ray structures of SARS-CoV-2 3CLpro bound with inhibitor 

2 and 9d at 1.65 Å resolution. Also, we determined the X-ray structure of SARS-CoV 

3CLpro in complex with inhibitor 7b at 1.63 Å resolution. The X-ray data collection 

and refinement statistics for all three complexes are summarized in Table S1 (Please see 

Supporting Information). The electron density maps for the reaction product of inhibitor 2 
and SARS-CoV-2 3CLpro and inhibitor 9d and SARS-CoV-2 3CLpro are shown in Figures 

4 and 5, respectively. As can be seen, Cys145 is covalently attached to the indoline carbonyl 

group of 2 and indole carbonyl group of 9d in the S1 pocket. It is important to note that after 

X-ray structural refinement that included occupancy refinement of the ligand and His41, 

the thioester intermediate of compound 9d was bound at 80% occupancy along with His41 

at about 80% occupancy in one conformation (inhibitor bound) and about 20% occupancy 

which represents the unbound structure. This is important because His41 needs to rotate 

out of the way to form an interaction with the indole group. Also important is that in 

this conformation, the carbonyl group is more protected from solvent keeping it stable 

from hydrolysis and this is observable in the maps. The indole ring forms π-π stacking 

with the shifted imidazole ring of His41 in both structures. There is approximately 3.5 Å 

distance between the His41 imidazole ring and phenyl ring of structure 2 and indole of 

structure 9d. Other key residues such as Asn142, Met165, Glu166, and Gln189 are within 

the hydrophobic pocket surrounding these rings in both structures.

We have also determined the X-ray structure of SARS-CoV 3CLpro bound with inhibitor 

7b at 1.63 Å resolution. The electron density map for the reaction product of inhibitor 7b 
and SARS-CoV 3CLpro is shown in Figure 6. The structure is very similar to compound 

9d-bound SARS-CoV-2 3CLpro structure. The indole ring of 7b also forms π-π stacking 

with the shifted imidazole ring of His41 and the distance between the His41 imidazole 

ring and indole ring is about 3.5 Å. We compared the interactions of 7b-bound SARS-

CoV 3CLpro with compound 9d-bound SARS-CoV-2 3CLpro structure. The superimposed 

structures are shown in Figure 7. As can be seen, the inhibitors overlapped nicely. The 

3-nitrobenzenesulfonamide of compound 7b is positioned between the Gln189 and Gln192 

after reaction with the cysteine. The structures of the proteins SARS-CoV 3CLpro and 
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SARS-CoV-2 3Clpro have excellent overlap in many areas, particularly in the active sites of 

these enzymes.

Conclusions

In summary, we have designed, synthesized, and evaluated a series of potent indole 

5-chloropyridinyl ester-derived SARS-CoV-2 3CLpro inhibitors for the treatment of 

COVID-19. A number of compounds exhibited low nanomolar 3CLpro inhibitory activity. 

The mode of inhibition involves nucleophilic attack of catalytic Cys145 on the inhibitor’s 

ester carbonyl group and forming a covalent bond between Cys145 and the carbonyl 

group of the active ester. Our SAR studies show that the position of the carboxylic 

acid on the indole ring is important for activity. A number of compounds show potent 

antiviral activity in VeroE6 cell-based assays with RNA-qPCR and immunocytochemistry 

assays. In particular, compounds 1 and 7h exhibited potent antiviral activity (EC50 ~ 3 

μM) comparable to compound 4 and FDA approved therapy, remdesivir. Furthermore, 

we demonstrate that the antiviral activity of compounds is not because of misleading 

cytostatic effects or cytotoxic effects, but due to an apparent destructive ‘antiviral effect.’ 

We determined high resolution X-ray structures of compound-bound to SARS-CoV 3CLpro 

and SARS-CoV-2 3CLpro enzymes. The structures revealed that catalytic Cys145 formed 

covalent bond with indole carbonyl group. Furthermore, the indole rings of inhibitors 

form π-π stacking interactions with the imidazole ring of the His41, a residue that must 

move substantially before, during and after reaction with the inhibitors. The present studies 

provided a number of lead compounds with potent antiviral activity. Our X-ray strutural 

studies offer important molecular insight into the active site interactions of these small 

molecules for further improvement of molcular features and activity. Further design and 

optimization are in progress in our laboratories.

Experimental Section.

General Methods.

All reactions were carried out under an argon atmosphere in either flame or oven-dried (120 

°C) glassware. All reagents and chemicals were purchased from commercial suppliers and 

used without further purification unless otherwise noted. Anhydrous solvents were obtained 

as follows: Dichloromethane from calcium hydride, diethyl ether and tetrahydrofuran 

from Na/Benzophenone, methanol and ethanol from activated magnesium under argon. 

All purification procedures were carried out with reagent grade solvents (purchased form 

VWR) in air. TLC analysis was conducted using glass-backed Thin-Layer Silica Gel 

Chromatography Plates (60 Å, 250 μm thickness, F-254 indicator). Column chromatography 

was performed using 230–400 mesh, 60 Å pore diameter silica gel. 1H, 13C NMR spectra 

were recorded at room temperature on a Bruker AV-III-400 and AV-III-800. Chemical shifts 

(δ values) are reported in parts per million, and are referenced to the deuterated residual 

solvent peak. NMR data is reported as: δ value (chemical shift, J-value (Hz), integration, 

where s = singlet, d = doublet, t = triplet, q = quartet, brs = broad singlet). LRMS and 

HRMS spectra were recorded at the Purdue University Department of Chemistry Mass 

Spectrometry Center. HPLC analysis was done an on Agilent 1260 series instrument using a 
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YMC Pack ODS-A column of 4.6 mm ID for analysis. The purity of all test compounds was 

determined by HPLC analysis to be ≥90% pure.

5-chloropyridin-3-yl 1H-indole-4-carboxylate (1): To a stirred solution of 

commercially available methyl-1H-indole-4-carboxylate 12 (100 mg, 0.57 mmol) in a 

mixture of ethanol (3 mL) and water (3 mL), sodium hydroxide (46 mg, 1.14 mmol) was 

added. The resulting reaction mixture was stirred at 85 °C for 3 h. After this period, the 

reaction mixture was concentrated under reduced pressure. The residue was cooled at 0 °C 

and the solution was acidified to pH 4.5 using 1 M aqueous HCl. The mixture was extracted 

with ethyl acetate. The organic layer was dried over anhydrous Na2SO4 and concentrated 

under reduced pressure to give carboxylic acid (100 mg).

To a stirred solution of above acid (100 mg, 0.57 mmol) in CH2Cl2 (3 mL), 5-

chloropyridin-3-ol (97 mg, 0.74 mmol), EDC (178 mg, 0.93 mmol) and DMAP (38 mg, 

0.3 mmol) were added. The resulting reaction mixture was stirred at 23 °C for 12 h. After 

this period, the reaction mixture was washed with saturated aqueous NaHCO3. The organic 

layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

residue. The residue was purified via silica gel column chromatography (40% ethyl acetate 

in hexanes) to afford the title ester 1 (110 mg, 71% in 2-steps) as an amorphous solid. 1H 

NMR (400 MHz, CDCl3) δ 8.73 (s, 1H), 8.56 – 8.48 (m, 2H), 8.10 (d, J = 7.6 Hz, 1H), 7.78 

– 7.67 (m, 2H), 7.42 (t, J = 2.9 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 7.27 – 7.19 (m, 1H); 13C 

NMR (100 MHz, CDCl3) δ 164.91, 147.68, 145.62, 141.61, 136.59, 131.73, 129.85, 127.91, 

127.11, 124.43, 121.17, 119.17, 117.32, 103.70.; LRMS-ESI (m/z): 273.0 [M+H]+. HRMS 

(ESI/LTQ) m/z. [M+H]+ calcd for C14H10ClN2O2 273.0425; found 273.0431.

5-chloropyridin-3-yl indoline-4-carboxylate (2): To a stirred solution of commercially 

available methyl-1H-indole-4-carboxylate 12 (100 mg, 0.57 mmol) in acetic acid (3 mL) at 

10 °C, sodium cyanoborohydride (130 mg, 2.85 mmol) was added. The resulting reaction 

mixture was allowed to warm to 23 °C and stirred at that temperature for 12 h. After this 

period, the reaction mixture was concentrated under reduced pressure. The residue was 

diluted with aqueous NaHCO3 solution. The mixture was extracted with ethyl acetate. The 

organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure 

to give crude indoline derivative. The product was purified by silica gel chromatography to 

give the corresponding indoline derivative (70 mg, 69%).

To a stirred solution of above indoline methyl ester (50 mg, 0.28 mmol) in a mixture 

of ethanol (1 mL) and water (1 mL), sodium hydroxide (23 mg, 0.56 mmol) was added. 

The resulting reaction mixture was stirred at 85 °C for 3 h. After this period, the reaction 

mixture was concentrated under reduced pressure. The residue was cooled at 0 °C and the 

solution was acidified to pH 4.5 using 1 M aqueous HCl. The mixture was extracted with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4 and concentrated under 

reduced pressure to give carboxylic acid (50 mg).

To a stirred soloution of indoline carboxylic acid (120 mg) in CH2Cl2 (3 mL), 5-

chloropyridin-3-ol (115 mg, 0.88 mmol), EDC (211 mg, 1.1 mmol) and DMAP (45 mg, 

0.5 mmol) were added. The resulting reaction mixture was stirred at 23 °C for 12 h. After 
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this period, the reaction mixture was washed with saturated aqueous NaHCO3. The organic 

layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

residue. The residue was purified via silica gel column chromatography (40% ethyl acetate 

in hexanes) to afford the title ester 2 (160 mg, 55% over 3-steps) as an amorphous solid. 1H 

NMR (400 MHz, CDCl3) δ 8.47 (dd, J = 19.6, 2.2 Hz, 2H), 7.66 (t, J = 2.2 Hz, 1H), 7.49 

(dd, J = 7.9, 1.0 Hz, 1H), 7.15 (t, J = 7.8 Hz, 1H), 6.87 (dd, J = 7.8, 1.0 Hz, 1H), 3.68 – 

3.62 (m, 2H), 3.45 (t, J = 8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 164.3, 145.7, 141.4, 

129.6, 127.7, 127.0, 124.4, 121.2, 120.5, 117.3, 114.3, 103.7, 46.8, 30.9; LRMS-ESI (m/z): 

275.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C14H12ClN2O2 275.0582; found 

275.0580.

5-chloropyridin-3-yl 1H-indole-5-carboxylate (7a): To a stirred solution of 

methyl-1H-indole-5-carboxylate 10 (92 mg, 0.52 mmol), aqueous solution of 1 M lithium 

hydroxide (2 mL) and THF (0.5 mL) were added. The resulting reaction mixture was stirred 

at 23 °C for 24 h. After this period, solvent was evaporated under reduced pressure to give 

a residue. The residue was cooled at 0 °C and the solution was acidified to pH 3 using 10% 

citric acid. The mixture was extracted with ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to give carboxylic acid (5a).

To a stirred solution of above acid (69.5 mg, 0.4 mmol) in CH2Cl2 (3 mL), 5-

chloropyridin-3-ol (67 mg, 0.5 mmol), EDC (124 mg, 0.6 mmol) and DMAP (53 mg, 

0.4 mmol) were added. The resulting reaction mixture was stirred at 23 °C for 4 h. After 

this period, the reaction mixture was washed with saturated aqueous NaHCO3. The organic 

layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

residue. The residue was purified via silica gel column chromatography (30% ethyl acetate 

in hexanes) to afford the title ester 7a (55 mg, 47% in 2-steps) as an amorphous solid. 
1H NMR (400 MHz, CDCl3) δ 9.02 (s, 1H), 8.58 (dt, J = 1.6, 0.8 Hz, 1H), 8.50 (dd, J = 

5.1, 2.2 Hz, 2H), 8.01 (dd, J = 8.6, 1.7 Hz, 1H), 7.71 (t, J = 2.2 Hz, 1H), 7.45 (dt, J = 

8.6, 0.8 Hz, 1H), 7.31 (dd, J = 3.3, 2.3 Hz, 1H), 6.70 (ddd, J = 3.1, 2.0, 0.9 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) δ 165.42, 147.89, 145.44, 141.54, 139.09, 131.77, 129.88, 127.62, 

126.17, 124.88, 123.72, 119.45, 111.20, 104.09; LRMS-ESI (m/z): 273.0 [M+H]+. HRMS 

(ESI/LTQ) m/z. [M+H]+ calcd for C14H10ClN2O2 273.0425; found 273.0433.

5-chloropyridin-3-yl 1-((3-nitrophenyl)sulfonyl)-1H-indole-5-carboxylate 
(7b): To a stirred soloution of indole methyl ester 11 (200 mg, 1.1 mmol) in THF (5 mL), 

sodium hydride (41 mg, 60% suspension in oil, 1.7 mmol) was added. The resulting reaction 

mixture was stirred at 0 °C for 1 h. After this period, 3-nitrobenzenesulfonyl chloride (380 

mg, 1.7 mmol) was added and and the reaction mixture was warmed to 23 °C and stirred 

for 9 h. After completion of the reaction, the reaction mixture cooled to 0 °C and saturated 

aqueous NaCl was added. The reaction mixture was evaporated under reduced pressure 

to give a crude residue. The residue was extracted with ethyl acetate and washed with 

brine. The organic layer was dried over anhydrous Na2SO4 and concentrated under reduced 

pressure. The crude compound was purified via silica gel column chromatography (15% 

ethyl acetate in hexanes) to afford sulfonamide derivative 10. (170 mg, 41%). 1H NMR (400 

MHz, CDCl3) δ 8.72 – 8.70 (m, 1H), 8.40 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 8.27 (t, J = 1.2 
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Hz, 1H), 8.19 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 8.04 (s, 2H), 7.71 – 7.66 (m, 1H), 7.63 (d, J 

= 3.7 Hz, 1H), 6.80 (dd, J = 3.7, 0.6 Hz, 1H), 3.92 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ 166.74, 148.20, 139.68, 137.06, 131.96, 130.84, 130.61, 128.45, 127.11, 126.37, 126.13, 

123.96, 121.98, 112.98, 110.79, 52.15; LRMS-ESI (m/z): 391.2 [M+H]+.

To a stirred solution of above ester (63.6 mg, 0.18 mmol), aqueous 1M lithium hydroxide (2 

mL) and THF (0.5 mL) were added. The reaction mixture was stirred at 23 °C for 9 h. After 

completion of the reaction, the reaction mixture was concentrated under reduced pressure. 

The resulting mixture was cooled at 0 °C and acidified to pH 3 by using 10% citric acid. 

The mixture was extracted with ethyl acetate. The organic layer was dried over anhydrous 

Na2SO4 and concentrated under reduced pressure to provide crude acid which was used for 

the next reaction without further purification.

To a stirred soloution of above acid (24 mg, 0.07 mmol) in CH2Cl2 (3 mL), 5-

chloropyridin-3-ol (11 mg, 0.08 mmol), EDC (20 mg, 0.10 mmol) and DMAP (9 mg, 

0.07 mmol) were added. The resulting reaction mixture was stirred at 23 °C for 5 h. 

After completion of the reaction, the reaction mixture was washed with saturated aqueous 

NaHCO3. The organic layer was dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude compound was purified via silica gel column chromatography 

(30% ethyl acetate in hexanes) to afford the title ester 7b (20.4 mg, 64% from 10) as an 

amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.75 – 8.70 (m, 1H), 8.58 (dt, J = 1.6, 

0.8 Hz, 1H), 8.50 (t, J = 1.9 Hz, 3H), 8.02 (dd, J = 8.6, 1.7 Hz, 2H), 7.71 (t, J = 2.2 Hz, 

1H), 7.48 (dt, J = 8.6, 0.8 Hz, 2H), 7.33 (dd, J = 3.3, 2.3 Hz, 2H), 6.71 (ddd, J = 3.1, 

2.0, 1.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 165.30, 147.84, 145.50, 141.60, 141.57, 

138.99, 131.69, 129.79, 127.60, 126.12, 126.02, 125.00, 124.88, 123.85, 123.81, 119.63, 

111.13, 111.12, 104.22, 104.20; LRMS-ESI (m/z): 391.2 [M+H]+. HRMS (ESI/LTQ) m/z. 

[M+-NOS] calcd for C14H10ClN2O2 273.0425; found 273.0428.

5-chloropyridin-3-yl 4-methoxy-1H-indole-2-carboxylate (7c): Commercially 

available 4-methoxy-1H-indole-2-carboxylic acid (50 mg, 0.26 mmol) was esterified with 

5-chloropyridin-3-ol (41 mg, 0.31 mmol) by following the procedure for ester 7a to provide 

the title ester 7c (78 mg, 99%) as an amorphous solid.

1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 8.51 (dd, J = 4.9, 2.3 Hz, 2H), 7.72 (t, J 

= 2.1 Hz, 1H), 7.62 – 7.58 (m, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.03 (d, J = 8.3 Hz, 1H), 

6.54 (d, J = 7.8 Hz, 1H), 3.98 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.22, 154.75, 

147.07, 145.88, 141.26, 138.99, 131.74, 129.42, 127.65, 123.62, 119.00, 109.15, 104.76, 

99.97, 55.30; LRMS-ESI (m/z): 303.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for 

C15H12ClN2O3 303.0531; found 303.0538.

5-chloropyridin-3-yl 1-allyl-1H-indole-4-carboxylate (7d): 1-Allyl indole-4-

carboxylic acid (40 mg, 0.20 mmol) was esterified with 5-chloropyridin-3-ol (31 mg, 0.23 

mmol) by following the procedure for ester 7b to provide the title ester 7d (50 mg, 80%) as 

an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.52 (dd, J = 5.7, 2.2 Hz, 2H), 8.08 (dd, 

J = 7.6, 0.9 Hz, 1H), 7.74 (t, J = 2.2 Hz, 1H), 7.63 (dt, J = 8.2, 0.9 Hz, 1H), 7.36 – 7.28 (m, 

2H), 7.18 (dd, J = 3.1, 0.9 Hz, 1H), 6.01 (ddt, J = 17.1, 10.4, 5.3 Hz, 1H), 5.24 (dd, J = 10.3, 
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1.3 Hz, 1H), 5.07 (dd, J = 17.1, 1.1 Hz, 1H), 4.81 (d, J = 5.3 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) δ 164.81, 147.65, 145.63, 141.65, 136.83, 132.80, 131.64, 130.83, 129.75, 128.64, 

124.12, 120.74, 119.30, 117.59, 115.78, 102.51, 48.95; LRMS-ESI (m/z): 313.0 [M+H]+. 

HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C17H14ClN2O2 313.0738; found 313.0745.

5-chloropyridin-3-yl 1,3-diallyl-1H-indole-4-carboxylate (7e): 1,3-Diallyl indole-4-

carboxylic acid (20 mg, 0.1 mmol) was esterified with 5-chloropyridin-3-ol (13 mg, 0.1 

mmol) by following the procedure for ester 7b to provide the title ester 7e (27 mg, 96%) as 

an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.51 (s, 2H), 7.88 (dd, J = 7.5, 1.0 Hz, 

1H), 7.71 (t, J = 2.2 Hz, 1H), 7.57 (dd, J = 8.3, 1.0 Hz, 1H), 7.31 – 7.24 (m, 1H), 7.10 (d, 

J = 0.9 Hz, 1H), 6.12 – 5.93 (m, 2H), 5.22 (dt, J = 10.3, 1.4 Hz, 1H), 5.12 – 5.01 (m, 2H), 

4.93 (dd, J = 17.1, 1.9 Hz, 1H), 4.75 (dt, J = 5.3, 1.7 Hz, 2H), 3.70 (dq, J = 6.1, 1.4 Hz, 2H).; 
13C NMR (100 MHz, CDCl3) δ 165.17, 145.64, 141.60, 138.06, 137.85, 132.85, 131.68, 

129.84, 129.66, 125.52, 123.35, 123.20, 121.86, 120.36, 117.51, 115.07, 114.83, 113.82, 

48.72, 31.64; LRMS-ESI (m/z): 353.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for 

C20H18ClN2O2 353.10513; found 353.10442.

5-chloropyridin-3-yl 3-methyl-1H-indole-4-carboxylate (7f): Commercially 

available 3-methyl indole-4-carboxylic acid (20 mg, 0.11 mmol) was esterified with 5-

chloropyridin-3-ol (18 mg, 0.14 mmol) by following the procedure for ester 7b to provide 

the title ester 7f (30 mg, 92%) as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.51 

(t, J = 2.3 Hz, 2H), 8.37 (s, 1H), 7.92 (dd, J = 7.5, 1.0 Hz, 1H), 7.73 (t, J = 2.2 Hz, 1H), 

7.61 (dd, J = 8.1, 1.0 Hz, 1H), 7.29 – 7.23 (m, 1H), 7.16 (dt, J = 2.2, 1.1 Hz, 1H), 2.47 (d, 

J = 1.0 Hz, 3H).; 13C NMR (100 MHz, CDCl3) δ 165.23, 147.70, 145.64, 141.56, 137.87, 

131.77, 129.67, 125.97, 123.96, 121.34, 120.90, 120.73, 116.77, 112.62, 13.79; LRMS-ESI 

(m/z): 287.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C15H12ClN2O2 287.05818; 

found 287.05871.

5-chloropyridin-3-yl 5-methyl-1H-indole-4-carboxylate (7g): Commercially 

available 5-methyl indole 4-carboxylic acid (20 mg, 0.11 mmol) was esterified with 5-

chloropyridin-3-ol (18 mg, 0.14 mmol) by following the procedure for ester 7b to provide 

the title ester 7g (32 mg, 98%) as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.53 

(dd, J = 6.9, 2.2 Hz, 3H), 7.76 (t, J = 2.2 Hz, 1H), 7.52 (dd, J = 8.2, 0.9 Hz, 1H), 7.34 (dd, 

J = 3.2, 2.5 Hz, 1H), 7.15 (d, J = 8.3 Hz, 1H), 7.00 (ddd, J = 3.2, 2.1, 1.0 Hz, 1H), 2.75 

(s, 3H); 13C NMR (100 MHz, CDCl3) δ 165.69, 147.52, 145.64, 141.61, 134.93, 134.60, 

131.77, 129.84, 128.03, 126.30, 125.86, 118.54, 115.91, 103.81, 22.00; LRMS-ESI (m/z): 

287.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C15H12ClN2O2 287.05818; found 

287.05867.

5-chloropyridin-3-yl 6-methyl-1H-indole-4-carboxylate (7h): Commercially 

available 6-methyl-indole-4-carboxylic acid (25 mg, 0.14 mmol) was esterified with 5-

chloropyridin-3-ol (22 mg, 0.17 mmol) by following the procedure for ester 7b to provide 

the title ester 7h (34 mg, 83%) as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.52 

(dd, J = 7.0, 2.2 Hz, 3H), 7.93 (dd, J = 1.4, 0.7 Hz, 1H), 7.74 (t, J = 2.2 Hz, 1H), 7.49 (dt, J 

= 1.7, 0.9 Hz, 1H), 7.34 (dd, J = 3.2, 2.4 Hz, 1H), 7.14 (ddd, J = 3.1, 2.1, 1.0 Hz, 1H), 2.54 
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(s, 3H); 13C NMR (100 MHz, CDCl3) δ 164.99, 147.70, 145.60, 141.63, 137.07, 131.72, 

131.15, 129.83, 126.39, 125.90, 125.83, 118.76, 117.47, 103.45, 21.32; LRMS-ESI (m/z): 

287.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C15H12ClN2O2 287.05818; found 

287.05881.

5-chloropyridin-3-yl 6-fluoro-1H-indole-4-carboxylate (7i): Commercially available 

6-fluoro-indole-4-carboxylic acid (20 mg, 0.11 mmol) was esterified with 5-chloropyridin-3-

ol (17 mg, 0.13 mmol) by following the procedure for ester 7b to provide the title ester 7i 
(30 mg, 93%) as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.61 – 8.50 (m, 3H), 

7.83 (dd, J = 9.9, 2.3 Hz, 1H), 7.74 (t, J = 2.2 Hz, 1H), 7.44 – 7.39 (m, 2H), 7.19 (ddd, 

J = 3.2, 2.1, 0.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 159.61, 157.23, 145.86, 141.44, 

136.64, 129.70, 127.43, 124.87, 119.70, 112.34, 112.08, 103.97, 103.75, 103.71; LRMS-ESI 

(m/z): 291.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C14H9ClFN2O2 291.03311; 

found 291.03273.

5-chloropyridin-3-yl 1H-benzo[d]imidazole-4-carboxylate (7j): Commercially 

available 1-benzoimidazole-4-carboxylic acid (50 mg, 0.30 mmol) was esterified with 5-

chloropyridin-3-ol (60 mg, 0.5 mmol) by following the procedure for ester 7b to provide 

the title ester 7j (75 mg, 91%) as an amorphous solid. 1H NMR (400 MHz, MeOD) δ 8.47 

(dd, J = 5.0, 2.2 Hz, 2H), 8.19 (s, 1H), 8.13 (dd, J = 7.7, 1.0 Hz, 1H), 8.03 (dd, J = 8.0, 

1.0 Hz, 1H), 7.79 (t, J = 2.2 Hz, 1H), 7.43 – 7.37 (m, 2H); 13C NMR (100 MHz, MeOD) 

δ 163.62, 145.56, 142.81, 141.20, 132.04, 130.25, 130.21, 126.200, 126.17, 125.68, 122.00, 

121.89, 112.43; LRMS-ESI (m/z): 274.0.[M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for 

C13H9ClN3O2 274.03778; found 274.03732.

5-chloropyridin-3-yl 2-methyl-1H-benzo[d]imidazole-4-carboxylate 
(7k): Commercially available 2-methyl-benzoimidazole-4-carboxylic acid (15 mg, 0.1 

mmol) was esterified with 5-chloropyridin-3-ol (13 mg, 0.1 mmol) by following the 

procedure for ester 7b to provide the title ester 7k (20 mg, 87%) as an amorphous solid. 1H 

NMR (400 MHz, CDCl3) δ 10.41 (s, 1H), 8.52 (dd, J = 8.0, 2.2 Hz, 2H), 8.01 (dd, J = 27.0, 

7.8 Hz, 2H), 7.68 (t, J = 2.2 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 2.69 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 164.19, 152.70, 147.07, 146.08, 141.37, 136.46, 135.13, 131.84, 129.54, 

125.39, 124.80, 121.80, 111.01, 14.95; LRMS-ESI (m/z): 288.0 [M+H]+. HRMS (ESI/LTQ) 

m/z. [M+H]+ calcd for C14H11ClN3O2 288.05343; found 288.05302.

5-chloropyridin-3-yl benzo[d]oxazole-7-carboxylate (7l): Commercially available 

benzoxazole-7-carboxylic acid (30.0 mg, 0.18 mmol) was esterified with 5-chloropyridin-3-

ol (29 mg, 0.22 mmol) by following the procedure for ester 7b to provide the title ester 7l 
(50 mg, 99%) as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 2.1 Hz, 

1H), 8.49 (d, J = 2.3 Hz, 1H), 8.43 (dd, J = 1.6, 0.7 Hz, 1H), 8.29 (s, 1H), 8.24 (dd, J = 8.4, 

1.6 Hz, 1H), 7.92 (dd, J = 8.4, 0.7 Hz, 1H), 7.70 (t, J = 2.2 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ 13C NMR (100 MHz, CDCl3) δ 163.65, 155.41, 149.64, 147.27, 146.09, 144.87, 

141.28, 131.76, 129.46, 126.88, 125.78, 120.78, 113.52; LRMS-ESI (m/z): 275.0 [M+H]+. 

HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C13H8ClN2O3 275.02180; found 275.02129.
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5-chloropyridin-3-yl 3,4-dihydro-2H-benzo[b][1,4]oxazine-8-carboxylate 
(7m): Commercially available 3,4-dihydro-benzoxazine-8-carboxylic acid (15 mg, 0.1 

mmol) was esterified with 5-chloropyridin-3-ol (13 mg, 0.1 mmol) by following the 

procedure for ester 7b to provide the title ester 7m (20 mg, 83%) as an amorphous solid. 

1H NMR (400 MHz, CDCl3) δ 8.45 (dd, J = 8.9, 2.2 Hz, 2H), 7.68 (t, J = 2.2 Hz, 1H), 

7.36 (dd, J = 7.1, 2.4 Hz, 1H), 6.87 – 6.77 (m, 2H), 4.38 (dd, J = 5.1, 3.7 Hz, 2H), 4.00 (s, 

1H), 3.55 – 3.41 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 163.13, 147.50, 145.53, 145.29, 

141.55, 134.61, 131.55, 129.73, 120.97, 120.45, 120.05, 116.90, 65.52, 40.10; LRMS-ESI 

(m/z): 291.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C14H12ClN2O3 291.05310; 

found 291.05275.

N-(5-chloropyridin-3-yl)-1H-indole-4-carboxamide (9a): Commercially available 

indole-4-carboxylic acid (50 mg, 0.31 mmol) was coupled with 5-chloro-3-aminopyridin 

(48 mg, 0.37 mmol) by following the procedure of EDC and DMAP for ester 7b to provide 

the title ester 9a (40 mg, 47%) as an amorphous solid. 1H NMR (400 MHz, MeOD) δ 8.81 

(d, J = 2.2 Hz, 1H), 8.47 (t, J = 2.2 Hz, 1H), 8.29 (d, J = 2.2 Hz, 1H), 7.66 – 7.54 (m, 

2H), 7.40 (d, J = 3.2 Hz, 1H), 7.23 (t, J = 7.8 Hz, 1H), 6.91 (dd, J = 3.2, 1.0 Hz, 1H); 13C 

NMR (100 MHz, DMSO) δ 167.81, 142.54, 140.14, 137.55, 136.96, 130.83, 127.56, 126.51, 

126.30, 125.88, 120.50, 119.68, 115.66, 102.00; LRMS-ESI (m/z): 272.0 [M+H]+. HRMS 

(ESI/LTQ) m/z. [M+H]+ calcd for C14H11ClN3O 272.0585; found 272.0591.

N-(3-chlorophenyl)-1H-indole-4-carboxamide (9b): Indole-4-carboxylic acid (20 mg, 

0.12 mmol) was coupled with 3-chloroaniline (19 mg, 0.15 mmol) by following the 

procedure of EDC and DMAP for ester 7b to provide the title amide derivative 9b (32 

mg, 95%) as an amorphous solid. 1H NMR (400 MHz, MeOD) δ 7.83 (t, J = 2.0 Hz, 1H), 

7.57 – 7.48 (m, 3H), 7.31 (d, J = 3.2 Hz, 1H), 7.25 (t, J = 8.1 Hz, 1H), 7.17 (dd, J = 8.1, 7.4 

Hz, 1H), 7.07 (ddd, J = 8.0, 2.1, 1.0 Hz, 1H), 6.86 (dd, J = 3.2, 1.0 Hz, 1H); 13C NMR (100 

MHz, MeOD) δ 169.09, 140.20, 136.91, 133.89, 129.55, 129.50, 126.05, 123.48, 120.15, 

120.11, 118.85, 118.72, 118.38, 114.46, 101.01; LRMS-ESI (m/z): 271.0 [M+H]+. HRMS 

(ESI/LTQ) m/z. [M+H]+ calcd for C15H12ClN2O 271.0633; found 271.0639.

5-chloro-2-methylpyridin-3-yl 1H-indole-4-carboxylate (9c): Indole-4-carboxylic 

acid (50 mg, 0.31 mmol) was esterified with 5-chloro-2-methyl-pyridin-3-ol (54 mg, 0.37 

mmol) by following the procedure for ester 7b to provide the title ester 9c (70.0 mg, 79%) 

as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.64 (s, 1H), 8.42 (d, J = 2.1 Hz, 

1H), 8.12 (d, J = 7.5 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.62 (d, J = 2.2 Hz, 1H), 7.43 (t, 

J = 2.9 Hz, 1H), 7.33 (t, J = 7.8 Hz, 1H), 7.24 (dd, J = 7.3, 4.5 Hz, 1H), 2.52 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 164.76, 150.04, 145.82, 145.01, 136.59, 130.05, 129.12, 127.94, 

127.02, 124.37, 121.23, 119.36, 117.20, 103.79, 19.14; LRMS-ESI (m/z): 287.0 [M+H]+. 

HRMS (ESI/LTQ) m/z. [M+H]+ calcd for C15H12ClN2O2 287.05818; found 287.05766

5-chloro-4-methylpyridin-3-yl 1H-indole-4-carboxylate (9d): Indole-4-carboxylic 

acid (50 mg, 0.31 mmol) was esterified with 5-chloro-4-methyl pyridin-3-ol (45 mg, 0.31 

mmol) by following the procedure for ester 7b to provide the title ester 9d (70 mg, 79%) 

as an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1H), 8.50 (s, 1H), 8.41 (s, 
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1H), 8.16 – 8.10 (m, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.42 (t, J = 2.9 Hz, 1H), 7.33 (t, J = 7.8 

Hz, 1H), 7.27 – 7.20 (m, 1H), 2.34 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 164.95, 146.95, 

146.11, 142.06, 138.82, 136.62, 132.83, 127.94, 127.07, 124.42, 121.21, 119.17, 117.25, 

103.76, 13.35; LRMS-ESI (m/z): 287.0 [M+H]+. HRMS (ESI/LTQ) m/z. [M+H]+ calcd for 

C15H12ClN2O2 287.05818; found 287.05774.

5-chloro-6-methylpyridin-3-yl 1H-indole-4-carboxylate (9e): Indole-4-carboxylic 

acid (25 mg, 0.15 mmol) was esterified with 5-chloro-6-methyl-pyridin-3-ol (22 mg, 0.15 

mmol) by following the procedure for ester 7b to provide the title ester 9e (32 mg, 72%) as 

an amorphous solid. 1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H), 8.42 (d, J = 2.4 Hz, 1H), 

8.09 (dd, J = 7.6, 0.9 Hz, 1H), 7.72 – 7.67 (m, 2H), 7.41 (dd, J = 3.2, 2.5 Hz, 1H), 7.31 (t, 

J = 7.8 Hz, 1H), 7.23 (ddd, J = 3.2, 2.1, 1.0 Hz, 1H), 2.66 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 165.15, 153.13, 145.85, 140.65, 136.57, 130.76, 130.30, 127.87, 126.97, 124.38, 

121.18, 119.40, 117.15, 103.76, 22.12; LRMS-ESI (m/z): 287.0 [M+H]+. HRMS (ESI/LTQ) 

m/z. [M+H]+ calcd for C15H12ClN2O2 287.05818; found 287.05768.

5-chloro-6-methylpyridin-3-yl 1H-benzo[d]imidazole-4-carboxylate 
(9f): Commercially available benzoimidazole-4-carboxylic acid (20 mg, 0.12 mmol) was 

esterified with 5-chloro-6-methyl-pyridin-3-ol (21 mg, 0.15 mmol) by following the 

procedure for ester 7b to provide the title ester 9f (22 mg, 62%) as an amorphous solid. 

1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 2.4 Hz, 1H), 8.20 (s, 1H), 8.17 – 8.09 (m, 

3H), 7.64 (d, J = 2.4 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 2.65 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 164.21, 153.77, 145.21, 143.50, 141.95, 140.38, 133.61, 130.91, 129.98, 126.62, 

125.98, 122.11, 112.13, 22.11; LRMS-ESI (m/z): 288.0 [M+H]+. HRMS (ESI/LTQ) m/z. 

[M+H]+ calcd for C14H11ClN3O2 288.0534; found 288.0540.

Purification and Co-Crystallization of SARS-CoV-2 and SARS-CoV with inhibitors

SARS-CoV-2 with its authentic N- and C-termini was purified according to our recently 

published methods.25,38 Crystals grew at 4 °C from 3 μL droplets prepared by adding 1 μL 

of 110 μM SARS-CoV-2 3CLpro in 25 mM HEPES pH 7.50, 2.5 mM DTT, and 1% (v/v) 

DMSO containing inhibitor stocks to 2 μL of reservoir solution. Inhibitors were dissolved 

in DMSO and added to both crystallization droplets and cryo-protectant at concentrations 

of 400 μM for compound 2 (GRL-01720) and compound 9d (GRL-09120). The reservoir 

solution for the cocrystal complexes had constant concentrations of 3 mM DTT, 50 mM 

MES pH 6.0, 1% MPD, and varying concentrations of PEG-10,000 and KCl. The reservoir 

solution for compound 2 had a PEG-10,000 concentration of 22%, and a KCl concentration 

of 160 mM. The reservoir solution for compound 9d had a PEG-10,000 concentration of 

18% and a KCl concentration of 120 mM. 3 μL of a cryo-solution containing an equivalent 

concentration of inhibitor prepared in DMSO, 25 mM HEPES pH 7.50, and 30% MPD 

was added to the crystal droplets. Crystals were soaked in the resulting solution for 30 

minutes, then flash-frozen in liquid nitrogen in 0.05–0.2 μm nylon loops. SARS-CoV with 

its authentic N- and C-termini was purified according our previously published methods.48

The SARS-CoV 3Clpro-7b (GRL-686) inhibitor complex was crystallized using methods 

as previously described.49 Briefly, purified SARS-CoV 3CLpro was concentrated to 16 
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mg/mL in a buffer composed of 20 mM HEPES, pH 7.5, and 5 mM 2-mercaptoethanol. The 

enzyme was incubated on ice with a final concentration of 1 mM inhibitor. A 1:1 enzyme to 

crystallization solution ration was used, and the crystallization solution consisted of 14.5% 

PEG 20000, 50 mM MES, pH 6.0, 50 mM potassium chloride, and 1% MPD. Crystallization 

trials were set up at room temperature using the method of hanging drop vapor diffusion.

Data collection and structure refinement of SARS-CoV-2 3CLpro inhibitor complexes

X-ray diffraction data were collected on crystals of enzyme-inhibitor complexes using Life 

Sciences Collaborative Access Team (LS-CAT) beamlines 21-ID-F and 21-ID-G at the 

Argonne National Laboratory Advanced Photon Source, Argonne, Illinois, USA. X-ray data 

were indexed, integrated and scaled using the HKL2000 software package.50 The Phaser-

MR module in the PHENIX software suite was used for molecular replacement.51 The 

search model used for molecular replacement was PDB: 6WNP41 with ligands and solvent 

molecules removed. Inhibitor coordinates and restraints were generated using eLBOW 

(PHENIX).52 Manual modeling building was performed using WinCoot.53 Automated 

structural refinement was performed using the Refine module available in PHENIX. Near 

the end of refinement, TLS restraints were generated and used in refinement and were left 

in only if it made a significant impact on Rfree, i.e. better than a drop of 1%. Anisotropic 

B-factors for individual atoms were automatically added by Phenix if appropriate. The X-ray 

data collection and refinement statistics for each 3CLpro-inhibitor complex are summarized 

in Table 3 in the supporting information.

IC50 value determination.

IC50 values were determined for compounds that covalently inhibit SARS-CoV-2 3CLpro 

using our recently described assay25 and data fitting methods that were derived from our 

previous work on SARS-CoV 3CLpro and inhibition by chloropyridyl esters.34 The only 

differences were that pre-incubation of the enzyme with the compounds was 10 minutes 

instead of 20 minutes. In addition, the Morrison Equation was only used to determine the 

IC50 value when they were below 1 μM.

Supplementary Material

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

3CLpro 3-chymotrypsin-like protease

DCC dicyclohexylcarbodiimade

DMAP dimethylaminopyridine

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

F-actin filamentors actin

MERS-CoV Middle east respiratory syndrome coronavirus

MHV coronavirus Mouse Hepatitis Virus coronavirus

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
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Figure 1. 
Structures of SARS-CoV-2 3CLpro inhibitors 1–3 and RdRp inhibitor, remdesivir, 4.
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Figure 2. 
Inhibitors 1, 2 and remdesivir potently blocked the infectivity and cytopathic effect of 

SARS-CoV-2WK-521 in VeroE6 cells. VeroE6 cells were exposed to SARS-CoV-2WK-521 

at an MOI of 0.05 and cultured in the presence or absence of test compounds. After 

3 days, the cells were fixed with 4% paraformaldehyde and immunocytochemistry was 

conducted using the IgG fraction from serum of a COVID-19-convalescent patient, who had 

high-titer SARS-CoV-2-binding IgG,44 and a green fluorescence-conjugated goat polyclonal 

anti-human-IgG-Alexa Fluor 488 Fab fragment as the primary and secondary antibodies, 

respectively. SARS-CoV-2 antigens, filamentous actin, and nuclei are shown in green, red, 

and blue, respectively.
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Figure 3. 
The mechanism of inhibition of SARS-CoV-2 3CLpro by compound 1. Structure 13 
represents the presumed tetrahedral intermediate formed prior to the thioester intermediate.
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Figure 4. 
X-ray structure of SARS-CoV-2 3CLpro bound with compound 2 at 1.65 Å. Polder electron 

density omit maps (mFobs – DFmodel) surrounding compound 2 and Cys145. Electron 

density is contoured at 3.5σ. (+) density is colored pink and (−) density is colored green. 

Final Rwork =16.7% and Rfree = 18.9%. The thioester bond between Cys145 and compound 

2 is clearly visible. (PDB code:7RBZ)
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Figure 5. 
X-ray structure of SARS-CoV-2 3CLpro bound with compound 9d at 1.65 Å. Polder 

electron density omit maps (mFobs – DFmodel ) surrounding 9d and Cys145. Electron density 

is contoured at 3.5 σ. (+) density is colored pink and (−) density is colored green but is not 

visible. Final Rwork = 12.6% and Rfree = 17.4%. The thioester bond between Cys145 and 9d 
is clearly visible. (PDB code:7RC0).
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Figure 6. 
X-ray structure of SARS-CoV 3CLpro bound with compound 7b at 1.63 Å. Polder electron 

density omit maps (mFobs – DFmodel) surrounding 7b and Cys145. Electron density is 

contoured at 3.5 σ. (+) density is colored violet and (−) density is colored green. Final Rwork 

= 19.1% and Rfree = 22.2%. The thioester bond between Cys145 and 7b is clearly visible. 

(PDB code:7RC1).
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Figure 7. 
Superposition of SARS-CoV-2 3CLpro bound to compound 9d (orange carbon) and SARS-

CoV 3CLpro bound to compound 7b (green carbon).
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Scheme 1. 
Synthesis of inhibitors 7a-m and 9a-f. Reagents and chemicals. (a) EDC, DMAP, CH2Cl2, 

23 °C (60–80%).
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Scheme 2. 
Synthesis of inhibitors 7a, 7b, 7d, and 7e. Reagents and chemicals. (a) LiOH, THF-H2O, 

23 °C, 30 min; (b) 5-chloro-3-pyridinol 6, EDC, DMAP, CH2Cl2, 23 °C, 12 h; (c) NaH, 

m-NO2-PhSO2Cl, THF, 23 °C, 24 h; (d) NaH, allylbromide, THF, 23 °C, 12 h; (e) 1N 

NaOH, EtOH-H2O, 85 °C, 3 h.
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Table 1.

Structures and activity of 3-chloropyridinyl ester-derived SARS-CoV-2 3CLpro inhibitors.

Entry Entry Compound Structure SARS CoV-2 3CLpro IC50 (μM) SARS-CoV-2 EC50 (μM)a

1 0.25 2.8

2 0.32 15

3 0.31 43.7

4 0.12 69.8

5 0.90 8.1

6 0.073 15

7 0.38 11.5

8 0.47 56.7

J Med Chem. Author manuscript; available in PMC 2023 September 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 31

Entry Entry Compound Structure SARS CoV-2 3CLpro IC50 (μM) SARS-CoV-2 EC50 (μM)a

9 10.3 >100

10 0.59 3.1

11 0.87 14

12 0.34 >100

13 0.49 57.1

14 1.19 >100

15 0.42 >100

a
Compounds 3 and 4 exhibited antiviral EC50 values 3.4 μM and 3.2 μM, respectively.
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Table 2.

Structures and activity of substituted active ester-derived SARS-CoV-2 3CLpro inhibitors.

Entry Compound Structure SARS-CoV-2 3CLpro IC50(μM) SARS-CoV-2 EC50 (μM)a

1 100 >100

2 100 >100

3 >100 >100

4 2.2 19.3

5 15.3 30

6 4.4 57

a
Compounds 3 and 4 exhibited antiviral EC50 values 3.4 μM and 3.2 μM, respectively.
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