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Abstract 

Botulinum neurotoxin A (BoNT/A) is one of the most deadly toxins, and is the etiological agent of the 

potentially fatal condition, botulism. Herein, we investigated 8-hydroxyquinoline (quinolin-8-ol) as a potential 

inhibitor scaffold for preventing the deadly neurochemical effects of the toxin. Quinolinols are known chelators 

that can disrupt the BoNT/A metalloprotease zinc-containing active site, thus impeding its proteolysis of the 

endogenous protein substrate, synaptosomal-associated protein 25 (SNAP-25). Using this information, the 

structure-activity relationship (SAR) of the quinolinol-5-sulfonamide scaffold was explored through preparation 

of a crude sulfonamide library, and evaluating the library in a BoNT/A LC enzymatic assay. Potency 

optimization of the sulfonamide hit compounds was undertaken as informed by docking studies, granting a lead 

compound with a submicromolar Ki. These quinolinol analogues demonstrated inhibitory activity in a cell-based 

model for SNAP-25 cleavage and an ex vivo assay for BoNT/A-mediated muscle paralysis. 

 

Introduction 

Clostridium botulinum is a Gram-positive, anaerobic bacterium that naturally biosynthesizes one of the most 

toxic known substances to mammals, botulinum neurotoxin (BoNT).1 Although <1 µg of aeresolized toxin is 

lethal to an adult human,2 BoNT also possesses a variety of important medical uses:3, 4 of the seven different 

toxin serotypes (A-G), serotypes A and B are routinely used to treat facial wrinkles,5 migraines6 and dystonias.7-
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9 Unintentional human exposure to BoNT most commonly takes the form of foodborne botulism in adults. The 

majority of botulism cases in the U.S. were caused by BoNT/A,2 which is also the serotype that induces the 

most severe and persistent symptoms.10 Indeed, in April of 2015 over 25 people in Ohio were stricken with 

foodborne BoNT/A, resulting in one patient’s death and eleven patients requiring mechanical ventilation.11 The 

botulism outbreak was the largest in 40 years in the United States, and was caused by improper home canning 

techniques that failed to kill toxin-producing C. botulinum spores.11  

Furthermore, BoNT is considered a bioterrorism threat due to its extreme potency; dissemination of BoNT into 

the air or into a food supply could be devastating to a human population.2, 12, 13 The currently approved 

treatment for botulism is a heptavalent equinine antitoxin that is only effective within a limited timeframe.14 

Thus, immunotherapeutic approaches can neutralize the BoNT holotoxin only until the neurotoxin’s heavy 

chain initiates cellular endocytosis.15 However, following toxin entry into cells, antibodies can no longer 

prevent the zinc-metalloprotease light chain (LC) of BoNT/A from cleaving its 25 kDa substrate, synaptosomal-

associated protein 25 (SNAP-25).16 Proteolysis of the SNAP-25 protein disrupts fusion of acetylcholine-

containing synaptic vesicles with the axon terminal membrane. As a result, muscle fibers no longer receive 

signals from motor neurons, thus causing muscle paralysis and autonomic dysfunction.17  

Over the past 20 years, a variety of BoNT/A inhibitors have been developed, which target LC endosomal 

translocation18-22 or the LC protease directly.23-31 Zinc-chelating molecules have been shown to be privileged 

inhibitor scaffolds against zinc metalloproteases e.g. matrix metalloproteinases (MMPs);32-34 for this reason, 

hydroxamates have been intensely studied as BoNT/A inhibitors.23-25 Despite the numerous disclosures of active 

site BoNT/A LC inhibitors, rational design of sub-micromolar inhibitors remains challenging. This is due in 

part to the highly flexible nature of the enzyme, contributing to an induced-fit mechanism that obfuscates 

prediction of inhibitor binding poses.24, 35, 36 An alternative to the hydroxamate, 8-hydroxyquinoline (quinolin-8-

ol), has also been found to be a promising BoNT/A LC inhibitor scaffold e.g. compound 15 (NSC84094).28-30 

The quinolinol core structure is present in the FDA-approved antibiotic chloroxine37 as well as in the 

experimental drug PBT2, which has been tested in clinical trials as a therapy for Alzheimer’s disease.38 A 
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distinct advantage that quinolinols possess over more traditional zinc-chelating hydroxamates is increased 

lipophilicity that enhances their ability to penetrate cell membranes, which in effect would increase a 

molecule’s ability to inhibit the intracellular BoNT/A LC.29, 30 Previously, the structure-activity relationship 

(SAR) of the 7-position on the quinolinol ring was explored extensively via screening of a Betti reaction library 

(Figure 1).28 We hypothesized that functionalization at alternative positions on the quinolinol ring could also be 

fruitful for the discovery of new and possibly more potent BoNT/A inhibitors.   

In our current endeavor, we exploited synthetically facile methods for installing 5-position sulfonamides as well 

as 2-position amino groups to rapidly identify BoNT/A inhibitor quinolinols (Figure 1). A FRET-based assay 

for BoNT/A LC substrate cleavage was used for initial inhibitor assessment of our molecules. The most potent 

leads were tested in a cell assay and ex vivo mouse hemidiaphragm assay to determine the therapeutic potential 

for these molecules to ameliorate the effects of BoNT/A. 

Figure 1. Synthetic methods for generating quinolinol libraries 

 

Results and Discussion 

Crude Library Screening 

Our primary objective for inhibitor discovery was to identify compounds as efficiently as possible; therefore we 

sought a simple, yet, high-yielding synthetic methodology to generate molecules without the requirement of 
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purification. Given this criterion, we opted to create a sulfonamide library via the reaction of quinolinol-5-

sulfonyl chloride with a variety of amine fragments (Figure 2A). A total of 63 crude reaction mixtures (Table 

S1) at a concentration of ~30 µM were screened directly against BoNT/A LC in a FRET-based assay 

(SNAPtide assay). The majority of the mixtures showed mild inhibition of the LC, and excitingly, 1 in 8 of 

these crude mixtures reduced enzymatic activity to less than 15% (Figure 2B). The eight initial hits were 

rescreened at a three-fold lower concentration to identify the two most potent compounds (sulfonamides 1 and 

3), which were derived from piperidine and 3-chloroaniline, respectively. It should be noted that the presence of 

the quinolin-8-ol moiety did not guarantee BoNT/A LC inhibition as some of the compounds showed little to no 

activity; and furthermore, quinolin-8-ol alone does not inhibit the LC. Thus, design and selection of quinolinol 

aryl ring substituents was essential for achieving potent quinolinol-based inhibitors.  

Figure 2. Screening of crude quinolinol-5-sulfonamide library against BoNT/A LC reveals potent 

inhibitors 
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(A) Scheme showing generation of sulfonamide library and structures of hit compounds. (B) Histogram 
showing distribution of sulfonamide inhibitory activity against BoNT/A LC (relative to DMSO as a control) in 
the SNAPtide assay. Bin width = ±10% enzyme activity. Compounds were tested at ~30 µM and the 
compounds identified in the red colored bin were rescreened at ~10 µM to verify 1 and 3 as hits. 
 
Inhibitor Validation and Preliminary SAR 

Through the discovery of 1 and 3 as hit compounds, we were able to demonstrate that the sulfonamide 5-

position contributed to BoNT/A LC inhibition. In order to refine inhibitor potency, a series of quinolinol 

sulfonamides grounded upon 1 and 3 were designed, synthesized and tested (Figure 3). When examined in pure 

form these compounds indeed possessed low µM potency. Analogues of 3 were pursued over 1 because of 

greater inhibitor potency and availability of a rich source of starting material anilines. Unsubstituted N-phenyl 

sulfonamide 2 showed reduced inhibition, demonstrating the necessity of the 3-chloro substituent. Other 

functional groups and positions on the phenyl ring were explored in the crude sulfonamide library, but the 3-

chloro showed superior inhibitory activity (Table S1). Addition of an N-methyl substituent increased BoNT/A 

inhibition as seen with 4 and 5. Lastly, conformational restriction of the 3-chlorophenyl substituent was 

explored by introducing 4- and 6-indoline for mimicry of two possible locked rotational conformers; 4-

chloroindoline (7) displayed markedly better BoNT/A LC inhibition over 6-chloroindoline (6) (Figure 3). 

Figure 3. Synthesis and activity of quinolin-8-ol-5-sulfonamides 
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Compound 
Amine Used to Prepare 

Corresponding Sulfonamide 
SNAPtide 
IC50 (µM) 

1 Piperidine 18.3±5.4 

2 Aniline 12.7±0.2 

3 3-Chloroaniline 7.32±0.32 

4 N-Methylaniline 7.19±0.53 

5 N-Methyl-3-Chloroaniline 4.28±0.26 

Page 5 of 29

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



 
 

6 6-Chloroindoline 12.8±2.6 

7 4-Chloroindoline 3.66±0.08 

 

SAR Optimization Through Docking Studies 

In performing SAR optimization on 3, we arrived at 7 with improved BoNT/A LC inhibition. To achieve further 

inhibition of the protease, we recruited the insight of computational docking to elucidate positions and 

functional groups on the quinolinol ring that could garner increased potency. Briefly, lowest energy conformers 

of 5 were generated using OMEGA39-41 and were docked with FRED42-44 into the active site which has 

previously been cocrystalized with hydroxamate inhibitors.25 Because of its zinc-chelating properties, 

quinolinols, similar to hydroxamates, presumably bind to the BoNT/LC active site zinc.29, 30 Docking of 5 into 

the active site revealed a possible hydrogen bond between the sulfonamide oxygen and a backbone NH of 

Phe163 in addition to the expected bidentate quinolinol chelation of the zinc. Hydrophobic interactions and/or 

pi-pi stacking were noted between the chlorophenyl group and Phe369/194. The orientation of compound 5 

within the active site suggested that additional interactions with BoNT/A LC could be achieved by 

functionalizing position 2 or 3 (Figure 4). Upon further docking studies, the 2-hydrazino group (12) was found 

to produce favorable fitness scores and appeared to form a hydrogen bond with Glu262. Possible hydrogen 

bonds were also noted with Glu164 and Gln162, although hydrogen bond lengths were greater than normal.  

Figure 1. Docking of compounds 5 and 12 into the BoNT/A LC active site 
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(A) Docking pose of compound 5 shown in tan colored carbons. (B) Docking pose of compound 5 with a 2-
hydrazino group added (analogous to compound 12) shown in light blue colored carbons. Protein receptor 
carbons are shown in grey with a transparent surface. Relevant residues are labelled and distances between 
compound-protein metal and possible hydrogen bond interactions are drawn with yellow lines. Receptor crystal 
structure PDB ID: 4HEV. 
 

In light of this promising docking result, we synthesized a series of 2-aminoquinolinols via an SNAr reaction 

with the precursor 2-chloro compound 8 (Figure 5). Poor inhibitory activity of compound 8 was noted with an 

IC50>30 µM, revealing stringency for the 2-position chemotype. Moreover, quinolinols with 2-carboxy or 2-

methylamino substituents were inactive, even as the corresponding amides in both cases. In contrast, addition of 

the 2-amino group in compound 9 presented a similar IC50 to the unsubstituted compound 7, although 2-alkyl 

amines 10 and 11 showed drastically reduced inhibition, possibly due to repulsion between the lipophilic alkyl 

groups and polar enzyme amino acid side chains. As we had hoped, a 2.4-fold increase in potency was observed 

when adding the hydrazino group (12) versus the unsubstituted compound 7 (Figure 5). Further modification of 

the hydrazine with a methyl (13) or acetyl (14) group slightly decreased inhibitory activity, possibly by 

interfering with the hydrogen bonding observed in the docking pose (Figure 4). Docking scores showed some 

correlation with IC50 values, and three of the most potent compounds (5, 9 and 13) gave the highest scores 

(Table S9). Since the quinolinol scaffold is known to inhibit MMPs,34 our most potent compounds were tested 
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against MMP-1 and -2, revealing inhibitory activity; however, significant selectivity for BoNT/A LC was 

achieved through addition of 2-hydrazino groups (Table S10). 

Figure 2. Synthesis and activity of quinolinol sulfonamides containing a 2-amino substituent 

 

Compound R1 
SNAPtide 
IC50 (µM) 

9 H 3.36±0.09 

10 Me 37.6±1.3 

11 Et 28.6±4.4 

12 NH2 1.55±0.05 

13 NHMe 3.26±0.01 

14 NHAc 5.39±0.15 

 

Quinolinol Sulfonamide Inhibition Kinetics 

In considering 12 to be our optimized lead compound, we investigated inhibition kinetics of 12 in the SNAPtide 

assay along with 7. Surprisingly, a Lineweaver-Burke plot of the kinetic data suggested an uncompetitive 

inhibition mechanism for both compounds; with increasing concentrations of inhibitor, both Km and Vmax 

decreased (Figure 6A, 6C). This implies that 7 and 12 bind to the enzyme-substrate (ES) complex, which 

increases BoNT/A LC affinity for the substrate while inhibiting protease activity. A global fit of this data with 

an uncompetitive inhibition model revealed a fairly potent, submicromolar Ki of 895 nM for 12 (Figure 6D) 
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while 7 was less potent as expected (Figure 6B). Active site inhibitors of BoNT/A LC such as hydroxamates 

typically demonstrate competitive inhibition,25 thus the observation of uncompetitive inhibition is unexpected. 

A notable example of an  uncompetitive inhibitor is the natural product brefeldin A; the nature of its inhibition 

mechanism is attributed to its potent effects on disrupting protein transport from the endoplasmic reticulum.45 It 

is difficult to interpret the biological implications of the uncompetitive mechanism of 7 and 12, but it could play 

a role in its activity against BoNT/A (Figure 8). Because the compounds presumably bind only to the ES 

complex, it may exclusively target an active enzyme conformation, possibly lending to their efficacy in 

advanced BoNT/A models (Figure 7, 8). On the other hand, quinolinol uncompetitive inhibition may not occur 

within BoNT/A-intoxicated cells in the presence of the natural substrate SNAP-25 and could be a kinetic 

anomaly from the synthetic FRET substrate used in the in vitro assay. Overall, the kinetic results neither support 

nor refute the predicted binding mode in Figure 4 because uncompetitive inhibitors can bind to either active or 

allosteric sites.46           

Figure 3. Inhibition kinetics of compounds 7 and 12 against BoNT/A LC 
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(A) Lineweaver-Burke plot of compound 7 kinetic data. Paralell lines suggest an uncompetitive inhibition 
mechanism as both Km and Vmax are decreasing with increasing [I]. (B) Global fit of compound 7 kinetic data 
using an uncompetitive inhibition model for Ki determination. (C) Lineweaver-Burke plot of compound 12 
kinetic data. (D) Global fit of compound 12 kinetic data (uncompetitive model). All points represent means ± 
SEMs. Data were obtained in duplicate in the SNAPtide FRET assay using the flP6 substrate. 
 

Evaluation of Quinolinol-5-Sulfonamides in Advanced BoNT/A Assays 

Given the promising inhibitory activities of our quinolinols against BoNT/A LC in the enzymatic assay, we 

investigated these compounds in more advanced biological models for BoNT/A intoxication, which included a  

cell assay and an ex vivo mouse muscle assay. For the cell assay, we employed a specific neuron-like cell line 

(BoCell) that expresses a recombinant full-length SNAP-25 containing cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP) at the N- and C-termini, respectively. The fusion protein acts as a BoNT/A 

biosensor for real-time monitoring of SNAP-25 cleavage by the LC protease within live cells resulting in a 

decreased YFP/CFP ratio.47 Treatment of these cells with 7, 9 and 13 caused a reduction in BoNT/A-mediated 

proteolysis of the SNAP-25 reporter, as indicated by statistically significant YFP/CFP ratio increases in the 

presence of the compounds (Figure 7). Compound 13 was the most potent and even showed efficacy at a two-

fold lower concentration (Table S11). As a cautionary note, 7 and 13 decreased the YFP/CFP ratio without 

toxin (Table S11), which could be explained by modest cytotoxicity in XTT and MTT assays (Figure S3, S4); 

however, this did not obscure their observed efficacy, since +toxin values are normalized to their respective –

toxin controls (Figure 7). Compounds 12, 14 and previously reported quinolinol 1529 were not active. Although 

not particularly surprising for 14, since it showed less inhibition in the SNAPtide assay, lack of cell-based 

activity for 12 was unexpected. We cannot fully account for the inactivityo of 12, but the presence of an 

unmodified hydrazino group may result in a reduced cell-membrane permeability or intracellular modification 

compared to the active, methylated hydrazide 13. Fortunately, three of our compounds showed noticeably better 

potency versus a benchmark BoNT/A LC inhibitor 15,28, 29 which had never been examined in the BoCell assay, 

until now (Figure 7). 

Figure 4. Quinolinols inhibit BoNT/A LC-mediated cleavage of SNAP-25 in live cells 
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BoCells expressing a recombinant SNAP-25 linked to CFP and YFP at the N-and C-termini, respectively, were 
exposed to 50 pM BoNT/A (Tx) for 1 h followed by the listed compounds at 25 µM or DMSO vehicle for 20 h. 
YFP and CFP fluorescence was then measured and expressed as the YFP/CFP ratio. A decrease in this ratio is 
indicative of an increase in SNAP-25 cleavage. –Tx controls were included for each compound and +Tx 
fluorescence ratios were normalized to these controls to produce mean percentage values and SDs over twelve 
replicates as represented in the figure. *p<0.001 by one-way ANOVA with Dunnett’s post-hoc test vs. +Tx 
DMSO control (left bar).    

Lead structures 7, 9 and 12-14 were further evaluated in a gold-standard ex vivo assay for BoNT/A intoxication 

that consists of electrophysiological monitoring of mouse hemidiaphragm muscles as they succumb to the 

paralytic effects of the toxin. The assay has been used previously to evaluate a variety of inhibitors including 

15.29, 48 Results from our experiments demonstrate that all quinolinols tested, to some degree, extended half-

paralysis time (HPT) of BoNT/A-intoxicated mouse hemidiaphragms (Figure 8, Table S12) with 9 and 12 

being the most potent (see Figure S1 for representative time course of muscle twitch tension). Statistically 

significant increases in HPT for 9 and 12 were observed compared to 15, which was the weakest at ameliorating 

BoNT/A paralysis (Figure 8). Although 12 was inactive in the cell assay, its marked activity in the ex vivo 

assay could be attributed to a beneficial, off-target effect in imparing BoNT/A LC endosomal translocation 

because previous studies have demonstrated that quinolines possess this mechanism of action.19, 20 
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 Demonstration of efficacy in the hemidiaphragm assay is crucial for establishing therapeutic relevance of 

quinolinols for mitigating BoNT/A. Although the cell-based assay is important for assessing inhibition of 

BoNT/A LC proteolysis of SNAP-25, the ex vivo assay gives a more complete picture of BoNT/A intoxication 

through measuring diaphragm muscle contraction signaled by the phrenic nerve. The fact that our quinolinols 

show activity in both assays indicates their potential use for the symptomatic relief of botulism.   

Figure 8. Quinolinols mitigate BoNT/A paralysis of mouse hemidiaphragms  

 
Pairs of mouse hemidiaphragms (n = 4-7) were treated with the indicated compounds at 20 µM in DMSO or 
DMSO vehicle for 1 h and then exposed to 5 pM BoNT/A. The time required to achieve 50% twitch tension 
was noted (half-paralysis time, HPT), and the % increases in HPT for inhibitor-treated hemidiaphragms versus 
vehicle-treated hemidiaphragms are reported as means and SEMs. The difference between vehicle and 
compound treated groups was statistically significant (*p<0.05, **p<0.01, ***p<0.001) by a paired t-test. 
Significant differences between compounds were noted by a one-way ANOVA, F5,26=5.237, p=0.0019; ^p<0.01 
versus 15 (left bar) by Dunnett’s post-hoc test.  
 

Conclusion 

The inhibitory activity of a series of quinolinol derivatives against BoNT/A LC was explored by screening a 

crude sulfonamide library, utilizing an LC enzymatic assay for readout. Screening the library revealed a clear 

SAR centered upon the quinolinol 5-position in which N-aryl sulfonamides were the most inhibitory (Figure 2). 

Investigation of these initial hits allowed for potency optimization, which gravitated to a conformationally-
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constrained molecule 7 (Figure 3). An in silico docking survey of potential poses of 7 inside the BoNT/A LC 

active site revealed that 2-position substituents could provide additional binding interaction with the enzyme 

(Figure 4). Indeed, functionalization of the ring with a 2-hydazino group (compound 12) increased potency 

(Figure 5). A kinetic evaluation of 12 revealed a submicromolar Ki with an interesting uncompetitive inhibition 

mechanism (Figure 6). The most active quinolinols caused BoNT/A LC inhibition in both a cell-based assay 

(Figure 7), and an ex vivo mouse hemidiaphragm assay (Figure 8). Overall, compounds 7, 9 and 12-14 showed 

greater efficacy in these assays than a previously reported reference compound 15, demonstrating an improved 

inhibitor design of the new quinolinols. The physiochemical properties of these quinolinols may require further 

optimization for in vivo studies, but our current results provide an excellent starting point for development of a 

potential small-molecule BoNT/A therapeutic. 

Experimental 

Crude Sulfonamide Library Screening. In each well of a polypropylene 96-well plate, 75 µmol (3 eq) of each 

amine was added followed by 100 µL of 1:1 DMSO/1,4-dioxane. Quinolin-8-ol-5-sulfonyl chloride (6 mg, 25 

µmol) in 100 µL 1,4-dioxane was then added to each well. The 63 reaction mixtures in the plate were shaken 

for 18 h. Each crude product mixture was diluted 100-fold into DMSO to make an estimated 2.5 mM stock 

solution, which was tested against the BoNT/A LC in the SNAPtide assay at ~30 µM for all compounds and 

~10 µM for the hits. For each row on the plate, a DMSO only control well was included as a 100% enzyme 

activity reference, and inhibitor treated wells were normalized to the control. See Table S1 for identity of 

amines used for library preparation. 

SNAPtide Assay. In a 96-well, half-area opaque plate, 50X solution of compound in DMSO (1 µL) was 

preincubated for 20 min with 24.5 µL of 56 nM recombinant 425aa BoNT/A LC in 40 mM HEPES + 0.1% 

Triton X-100, pH 7.4 buffer. In the same buffer, 24.5 µL of 6 µM SNAPtide substrate (#521 from List Labs) 

was added to the enzyme+compound solution and the plate was read for 25 min at 490 nm (ex)/523 nm 

(em)/495 nm (cutoff). The linear slopes of the assay readout in RFU/s were used to determine V0. Resulting V0 

values, obtained in duplicate at at least four different inhibitor dilutions, were normalized to the control V0 
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(DMSO-treated well) and curves were fit in GraphPad Prism with the equation �� =
���

�������	�
������	��
���∗����������
 

to calculate each IC50. For kinetic experiments, a different SNAPtide substrate with a reduced Km was used 

(flP6, #523 from List Labs). Kinetic data were fit in GraphPad Prism with the uncompetitive inhibition model 

with a hillslope of 5 to determine Ki.     

Docking. The Openeye software suite was used for docking under the use of an academic license. The BoNT/A 

LC receptor files were generated from the active sites of PDB structures 3QIY, 4HEV, 3QIZ, 3QJ0, 2IMB and 

2IMA using the Make Receptor program.49 The lowest energy conformers of a set of known quinolinols were 

generated with OMEGA39-41 and were docked into the receptors using FRED with the Chemgauss3 scoring 

function.42-44 Docking into the 4HEV receptor25 gave the most reasonable compound poses with the most metal 

interaction; therefore 4HEV was selected as the receptor for docking experiments (see Tables S2-9 for docking 

scores). Figures were generated using the VIDA GUI.50   

Materials for Cell Culture. BoCell assay medium-2 (BAM-2) and BAM-2 supplement were purchased from 

the BioSentinel Inc., Madison, WI. Glutamax (100X), B-27 (50X), 1X phosphate buffer saline (PBS) and fetal 

bovine serum (FBS) were purchased from Life Technologies Corp., Carlsbad, CA. Eagle’s Minimum Essential 

Medium (EMEM) with glutamine and penicillin-streptomycin mixture (100X) were purchased from the 

American Type Culture Collection (ATCC), Manassas, VA. BoNT/A was purchased from Metabiologics Inc., 

Madison, WI. Poly-D-lysine coated 96-well (black/clear) plates were purchased from the Corning Inc., Corning, 

NY. 

BoCell Culture. BoCells are a division arrested genetically modified neuron-like cell-line that expresses full- 

length SNAP-25 with CFP and YFP at the N- and C-terminal residues of SNAP-25, respectively. A frozen vial 

of BoCells (>2.5 x 106 cells per vial) was thawed at 37 ºC for ~2 min with occasional shaking. Cells were 

transferred from the cryogenic vial to a 15 mL conical tube containing 9 mL of pre-warmed EMEM, mixed 

gently with a 10 mL pipette and centrifuged at 1000 rpm for 6 min. The supernatant was removed and cells 

were re-suspended in EMEM (10.5 mL) with 10% FBS, and 1X penicillin-streptomycin. A 100 µL suspension 
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of cells was dispensed into each well of a 96-well (black–clear) poly-D-lysine coated plate. Cells were grown in 

a 37 ºC humidified cell culture incubator in an atmosphere of 95% air/5% CO2.   

BoCell Assay Method. After 24 h, EMEM was removed and replaced by complete BoCell assay medium-2 

(CBAM-2), a proprietary formulation that increases sensitivity of cells to BoNT. CBAM-2 was prepared by 

adding glutamax, B-27 and BAM-2 supplement to basic BAM-2 media according to the manufacturer’s 

instructions. For evaluating inhibitors, cells were exposed to BoNT/A (50 pM) for 1 h. BoNT/A-containing 

media was then aspirated and cells were washed once with PBS. The test compounds were dissolved in CBAM-

2 at 25 µM and added to cells (quadruplicate wells performed three times) for 20 h. At the end of this 

incubation period, CBAM-2 media containing test compound was removed and replaced with PBS after an 

intermediate PBS wash. Fluorescence was measured using a plate reader (Bioteck Synergy H4), and cleavage 

was quantified by the YFP/CFP emission ratio at 526/470 nm in response to excitation at 500  and 434 nm, 

respectively. Emissions were recorded sequentially for each fluorescent protein. The principle of the assay is 

that YFP (and its associated 9-mer SNAP-25 fragment) dissociates following cleavage by BoNT/A LC and 

subsequently undergoes rapid degradation by the cell. In contrast, CFP (and associated 187-mer truncated 

SNAP-25) remains membrane bound and is retained by the cell. Thus reduction of the YFP emission signals 

cleavage of SNAP-25, while CFP emission allows data to be normalized for variations cell density. Statstical 

analysis was performed in GraphPad Prism version 6.     

Hemidiaphragm Assay. Experiments were performed in vitro on hemidiaphragm muscles dissected from male 

CD-1 mice (20-25 g). Mice were housed in AAALAC International accredited facilities with food and water 

available ad libitum. To obtain muscle preparations, the animals were euthanized by an overdose of isoflurane 

and decapitated. Hemidiaphragms with attached phrenic nerves were dissected, mounted in temperature-

controlled tissue baths and immersed in Krebs-Ringer bicarbonate solution at 37 oC (Sigma-Aldrich, St. Louis, 

MO). The solution was bubbled with a gas mixture of 95% O2/5% CO2 and had a pH of 7.3. The phrenic nerve 

was stimulated with 0.2-msec supramaximal (6 V) pulses at 0.033 Hz using a Grass S88 stimulator (Astro-Med, 

Inc., West Warwick, RI). Muscle twitches were measured with Grass FT03 isometric force displacement 
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transducers (Astro-Med), digitized and analyzed off-line with pClamp software (Molecular Devices, Sunnyvale, 

CA, USA). Resting tensions were maintained at 1.0 g to obtain optimal nerve-evoked tensions. Stock solutions 

of test compounds were dissolved in DMSO at 10 mM and stored at -20 oC until use. The stock solution was 

added slowly (30 sec) to the bath to prevent precipitation. The experimental protocol was approved by the 

Animal Care and Use Committee at the United States Army Medical Research Institute of Chemical Defense 

and all procedures were conducted in accordance with the principles stated in the Guide for the Care and Use of 

Laboratory Animals and the Animal Welfare Act of 1966 (P.L. 89-544), as amended.  

Compounds were studied at a final inhibitor concentration of 20 µM. Hemidiaphragm preparations were 

generally pretreated with test compounds for ≥ 1h prior to addition of 5 pM BoNT/A (Metabiologics, Madison, 

WI). Control muscles were pretreated for 1 h with 0.2% DMSO prior to challenge with 5 pM BoNT/A.  At the 

concentration tested, some compounds produced a partial inhibition of twitch tension (9, 12, 13), which was of 

similar magnitude and time course for the different inhibitors. Inhibition had an onset time of 3-5 min, and 

resulted in a reduction in tension of 40.4 ± 1.5% before reaching steady-state at 45.9 ± 5.1 min. To minimize the 

effect of muscle to muscle variation, one hemidiaphragm was pretreated with test compound and the 

contralateral diaphragm muscle from the same mouse received an equivalent volume of DMSO. Half-paralysis 

time (HPT) was determined as the time required for the twitch tension to fall to 50% of its value just prior to 

BoNT/A addition. Toxin was added from a 100 nM stock solution which was first diluted to 5 nM (1:20 µL in 

Krebs-Ringer bicarbonate solution) just prior to adding to a 20-ml muscle bath. Data were expressed as the 

percent increase in HPT in the test muscle relative to the HPT in the DMSO-treated muscle. For each 

compound, four to seven replicates were run, and statstical analysis as described in each figure caption was 

performed in GraphPad Prism version 6.  

General Chemistry. All starting materials and reagents were purchased from Combi-Blocks or Sigma-Aldrich. 

Organic solvents were anhydrous or distilled prior to use. NMR spectra were recorded on a Bruker 600 MHz 

instrument and peaks are reported in ppm, using the solvent peak as a chemical shift reference. High resolution 

mass analysis was performed on an Agilent ESI-TOF-MS system. Analysis of purity was performed by 

Page 16 of 29

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



 
 

integrating compound peaks on a 254 nm UV trace recorded on a Agilent LCMS with an Agilent Zorbax 

300SB-C8 4.6 X 50 mm 5 µm column, flow rate 0.5 mL/min, solvent A: H2O+0.1% COOH, solvent B: 

MeCN+0.1% COOH, gradient 0-4 min: 5-95% B,  4-7 min: 95% B. All compounds with determined IC50 

values (1-15) were ≥95% pure. Compound 15 was synthesized as previously described.28 

General Procedure for Sulfonamide Synthesis. (Adapted from previously reported synthetic methods)51, 52 To 

a cooled flask (0 °C) containing 8-hydroxyquinoline (850 mg, 5.9 mmol) was added 2.5 mL chlorosulfonic 

acid. The mixture was stirred for 2 h, allowing to warm to rt and poured into 200 mL iced brine. An extraction 

was performed with 100 mL 1:1 THF/EtOAc, which was dried over MgSO4 and evaporated to yield the crude 

8-hydroxyquinoline-5-sulfonyl chloride (278 mg, 19%). The sulfonyl chloride (22 mg, 0.09 mmol) was 

dissolved in 2 mL THF and 2 eq pyridine (0.18 mmol) and 1 eq aniline or amine (0.09 mmol) was added. The 

solution was stirred for 18 h, diluted with 10 mL EtOAc and washed once with 1 N HCl followed by saturated 

sodium bicarbonate solution. The organic layer was collected, dried and evaporated to yield the pure 

sulfonamide.  

General Procedure for SNAr Reaction to 2-Amino-8-hydroxyquinoline-5-sulfonamides. In a sealed vial, 2-

chloro-quinolinol compound 8 (10 mg, 26 µmol) was dissolved in 0.5 mL THF and 50 eq of the desired amine 

or hydrazide. The mixture was stirred at 85 °C for 22 h. Alternatively, the same reaction could be performed 

under 150 W microwave radiation at 150 °C for 22 min in 0.25 mL dioxane. The volatiles were removed under 

high vacuum to afford the crude product which was dissolved in 1 mL 1:1 EtOAc/THF and washed with water 

and saturated sodium bicarbonate solution. The organic layer was dried and evaporated to afford the pure 2-

amino or hydrazino product as a solid. 

5-(piperidin-1-ylsulfonyl)quinolin-8-ol (1). The title compound was prepared from piperidine using the general 

sulfonamide synthesis procedure as a yellow solid (17.9 mg, 69% yield). 1H NMR (600 MHz, Acetone-d6) δ 

9.15 (d, J = 8.7 Hz, 1H), 8.95 (d, J = 2.7 Hz, 1H), 8.17 (d, J = 8.2 Hz, 1H), 7.77 (dd, J = 8.8, 4.0 Hz, 1H), 7.26 

(d, J = 8.2 Hz, 1H), 3.10 – 3.05 (m, 4H), 1.58 – 1.51 (m, 4H), 1.44 – 1.37 (m, 2H). 13C NMR (151 MHz, 
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Acetone-d6) δ 158.31, 149.71, 139.04, 135.20, 133.92, 126.46, 124.40, 123.68, 109.37, 47.09, 26.07, 24.13. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H17N2O3S 293.0954; Found 293.0956. 

8-hydroxy-N-phenylquinoline-5-sulfonamide (2). The title compound was prepared from aniline using the 

general sulfonamide synthesis procedure as a yellow-green solid (3.6 mg, 13% yield). 1H NMR (600 MHz, 

Acetone-d6) δ 9.25 (brs, 1H), 9.10 (dd, J = 8.7, 1.5 Hz, 1H), 8.92 (dd, J = 4.1, 1.5 Hz, 1H), 8.23 (d, J = 8.3 Hz, 

1H), 7.72 (dd, J = 8.7, 4.1 Hz, 1H), 7.20 – 7.12 (m, 3H), 7.15 – 7.06 (m, 2H), 6.98 (tt, J = 7.6, 1.3 Hz, 1H). 13C 

NMR (151 MHz, Acetone-d6) δ 158.47, 149.73, 138.99, 138.52, 134.42, 133.91, 129.89, 125.64, 125.50, 

125.20, 124.41, 121.37, 109.16. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H13N2O3S 301.0641; Found 

301.0641. 

N-(3-chlorophenyl)-8-hydroxyquinoline-5-sulfonamide (3) The title compound was prepared from 3-

chloroaniline using the general sulfonamide synthesis procedure as a yellow-green solid (7.8 mg, 26% yield). 

1H NMR (600 MHz, Acetone-d6) δ 9.50 (s, 1H), 9.09 (dd, J = 8.7, 1.5 Hz, 1H), 8.94 (dd, J = 4.2, 1.5 Hz, 1H), 

8.29 (d, J = 8.3 Hz, 1H), 7.76 (dd, J = 8.8, 4.2 Hz, 1H), 7.23 – 7.14 (m, 3H), 7.06 (ddd, J = 8.1, 2.2, 0.9 Hz, 

1H), 7.00 (ddd, J = 7.9, 2.1, 0.9 Hz, 1H). 13C NMR (151 MHz, Acetone) δ 158.79, 149.89, 140.08, 140.01, 

139.05, 134.95, 134.20, 134.16, 131.48, 125.56, 124.86, 124.63, 120.45, 119.02, 109.25. HRMS (ESI-TOF) 

m/z: [M + H]+ Calcd for C15H12ClN2O3S 335.0252; Found 335.0248. 

8-hydroxy-N-methyl-N-phenylquinoline-5-sulfonamide (4). The title compound was prepared from N-

methylaniline using the general sulfonamide synthesis procedure as a yellow-green solid (5.3 mg, 19% yield). 

1H NMR (600 MHz, CDCl3) δ 8.78 (m, 1H), 8.42 (d, J = 8.8 Hz, 1H), 8.17 (d, J = 8.0 Hz, 1H), 7.36 – 7.15 (m, 

4H), 7.12 – 6.95 (m, 3H), 3.23 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 156.90, 148.37, 141.34, 137.81, 134.75, 

133.54, 129.02, 127.56, 127.26, 125.70, 123.00, 122.34, 108.21, 38.13. HRMS (ESI-TOF) m/z: [M + H]+ Calcd 

for C16H15N2O3S 315.0798; Found 315.0797. 

N-(3-chlorophenyl)-8-hydroxy-N-methylquinoline-5-sulfonamide (5). The title compound was prepared from N-

methyl-3-chloroaniline using the general sulfonamide synthesis procedure as a yellow-green solid (5.1 mg, 16% 

yield). 1H NMR (600 MHz, CDCl3) δ 8.78 (dd, J = 4.2, 1.5 Hz, 1H), 8.42 (dd, J = 8.8, 1.4 Hz, 1H), 8.13 (d, J = 
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8.3 Hz, 1H), 7.33 (dd, J = 8.8, 4.2 Hz, 1H), 7.22 (ddd, J = 8.1, 2.0, 1.0 Hz, 1H), 7.20 (d, J = 8.3 Hz, 1H), 7.16 

(t, J = 8.0 Hz, 1H), 7.03 (t, J = 2.0 Hz, 1H), 6.99 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 3.15 (s, 3H). 13C NMR (151 

MHz, CDCl3) δ 157.16, 148.57, 142.66, 137.88, 134.54, 134.50, 133.77, 129.95, 127.71, 127.32, 125.60, 

125.45, 123.20, 121.96, 108.28, 38.07. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C16H14ClN2O3S 349.0408; 

Found 349.0407. 

5-((6-chloroindolin-1-yl)sulfonyl)quinolin-8-ol (6). The title compound was prepared from 6-chloroindoline 

using the general sulfonamide synthesis procedure as an off-white solid (6.2 mg, 19% yield). 1H NMR (600 

MHz, CDCl3) δ 9.08 (d, J = 8.8 Hz, 1H), 8.90 – 8.86 (m, 1H), 8.31 (d, J = 8.3 Hz, 1H), 7.67 (s, 1H), 7.63 – 7.56 

(m, 1H), 7.25 (d, J = 8.8 Hz, 1H), 7.02 – 6.96 (m, 2H), 4.01 (t, J = 8.5 Hz, 2H), 2.86 (t, J = 8.5 Hz, 2H). 13C 

NMR (151 MHz, CDCl3) δ 157.34, 148.71, 143.28, 137.99, 134.14, 133.43, 132.94, 130.25, 125.92, 125.48, 

123.89, 123.74, 123.18, 115.64, 108.51, 50.64, 27.61. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for 

C17H14ClN2O3S 361.0408; Found 361.0408. 

5-((4-chloroindolin-1-yl)sulfonyl)quinolin-8-ol (7). The title compound was prepared from 4-chloroindoline 

(0.53 mmol scale) using the general sulfonamide synthesis procedure as a yellow solid (130 mg, 68% yield). 1H 

NMR (600 MHz, CDCl3) δ 9.02 (d, J = 8.7 Hz, 1H), 8.84 – 8.80 (m, 1H), 8.25 (d, J = 8.3 Hz, 1H), 7.53 (dd, J = 

8.7, 4.1 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 7.13 (t, J = 8.0 Hz, 1H), 6.95 (d, J = 8.1 Hz, 

1H), 3.99 (t, J = 8.5 Hz, 2H), 2.90 (t, J = 8.4 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 157.42, 148.72, 143.41, 

138.07, 134.10, 133.04, 131.08, 130.20, 129.25, 125.51, 123.83, 123.74, 123.22, 113.20, 108.46, 49.77, 27.49. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H14ClN2O3S 361.0408; Found 361.0409. 

2-chloro-5-((4-chloroindolin-1-yl)sulfonyl)quinolin-8-ol (8). The title compound was prepared in the same 

manner as compound 7 using 2-chloro-8-hydroxyquinoline as a starting material (115 mg, 0.64 mmol), yielding 

the product as a yellow solid with a bright pink impurity (97 mg, 38%). 1H NMR (600 MHz, CDCl3) δ 8.97 (d, 

J = 9.0 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 9.0 Hz, 1H), 7.44 (dd, J = 8.0, 0.7 Hz, 1H), 7.20 (d, J = 

8.4 Hz, 1H), 7.14 – 7.10 (m, 1H), 6.94 (dd, J = 8.2, 0.8 Hz, 1H), 3.97 (t, J = 8.5 Hz, 2H), 2.89 (t, J = 8.4 Hz, 

2H). 13C NMR (151 MHz, CDCl3) δ 156.24, 150.48, 143.12, 137.94, 136.97, 132.74, 131.14, 130.17, 129.26, 
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124.99, 124.13, 124.00, 123.67, 113.13, 110.17, 49.74, 27.43. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for 

C17H13Cl2N2O3S 395.0018; Found 395.0018. 

2-amino-5-((4-chloroindolin-1-yl)sulfonyl)quinolin-8-ol (9). To a stirred solution of 2-amino-8-

hydroxyquinoline (250 mg, 1.56 mmol) and pyridine (1.2 eq, 151 µL) in 12 mL 1:1 DCM/THF was slowly 

added trifluoroacetic anhydride (1.1 eq, 242 µL) and the mixture was stirred for 1 h. The volatiles were 

evaporated to produce the crude trifluoroamide-protected intermediate as a grey solid. The solid was suspended 

in 1 mL chloroform and 1 mL chlorosulfonic acid was added. The mixture was stirred for 3 h and poured into 

100 mL iced brine. An extraction was performed with 50 mL 1:1 THF/EtOAc, which was dried over MgSO4 

and evaporated to yield the crude sulfonyl chloride. The sulfonyl chloride (143 mg, 0.40 mmol) was dissolved 

in 5 mL THF and 1.5 eq pyridine (48 µL, 0.60 mmol) and 1.1 eq 4-chloroindoline (68 mg) was added. The 

solution was stirred for 18 h, diluted with 20 mL EtOAc and washed with 1 N HCl, saturated sodium 

bicarbonate solution and brine. The organic layer was collected, dried and evaporated. The resulting solid was 

dissolved in 2 mL 1:1 THF/MeOH and 2 mL saturated sodium carbonate solution and the mixture was stirred 

for 1 h. The mixture was diluted with water and EtOAc and the organic layer was dried and evaporated to yield 

the pure product as a tan solid (96 mg, 16%). 1H NMR (600 MHz, DMSO-d6) δ 8.47 (d, J = 9.4 Hz, 1H), 7.75 

(d, J = 8.3 Hz, 1H), 7.28 (dd, J = 8.2, 0.8 Hz, 1H), 7.19 (tt, J = 8.0, 0.8 Hz, 1H), 7.01 (dd, J = 8.1, 0.8 Hz, 1H), 

6.97 (d, J = 8.3 Hz, 1H), 6.91 (s, 0H), 6.89 (d, J = 9.4 Hz, 1H), 6.75 (s, 2H), 3.97 (t, J = 8.5 Hz, 2H), 2.89 (t, J = 

8.4 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) δ 156.99, 155.83, 143.29, 137.99, 133.63, 130.32, 129.85, 

129.37, 126.66, 123.09, 121.48, 118.90, 114.52, 112.68, 109.24, 49.57, 26.81. HRMS (ESI-TOF) m/z: [M + H]+ 

Calcd for C17H15ClN3O3S 376.0517; Found 376.0517. 

5-((4-chloroindolin-1-yl)sulfonyl)-2-(methylamino)quinolin-8-ol (10). The title compound was prepared using 

the general SNAr procedure using a 2 M methylamine in THF solution. The crude material was purified by silica 

gel preparatory TLC with EtOAc as an eluent to yield the product as a light yellow solid (3.1 mg, 61%). 1H 

NMR (600 MHz, CDCl3) δ 8.61 (d, J = 9.3 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.12 – 

7.08 (m, 1H), 7.04 (d, J = 8.3 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 6.68 (d, J = 9.3 Hz, 1H), 3.96 (t, J = 8.5 Hz, 
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2H), 3.07 (d, J = 4.9 Hz, 3H), 2.89 (t, J = 8.5 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 156.09, 155.15, 143.74, 

137.76, 134.56, 130.97, 130.26, 129.18, 127.40, 123.61, 123.07, 119.44, 114.26, 113.32, 108.65, 49.67, 29.85, 

27.53. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C18H17ClN3O3S 390.0674; Found 390.0674. 

5-((4-chloroindolin-1-yl)sulfonyl)-2-(ethylamino)quinolin-8-ol (11). The title compound was prepared using the 

general SNAr procedure using a 2 M ethylamine in THF solution yielding the product as a light yellow solid 

(2.8 mg, 55%). 1H NMR (600 MHz, CDCl3) δ 8.61 (d, J = 9.4 Hz, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 8.1 

Hz, 1H), 7.12 – 7.08 (m, 1H), 7.03 (d, J = 8.3 Hz, 1H), 6.93 (dd, J = 8.1, 0.8 Hz, 1H), 6.66 (d, J = 9.4 Hz, 1H), 

3.96 (t, J = 8.5 Hz, 2H), 3.55 – 3.49 (m, 2H), 2.90 (t, J = 8.5 Hz, 2H), 1.31 (t, J = 7.2 Hz, 3H). 13C NMR (151 

MHz, CDCl3) δ 155.32, 155.01, 143.74, 137.62, 134.61, 130.97, 130.25, 129.18, 127.36, 123.60, 123.06, 

119.41, 113.30, 110.13, 108.62, 49.71, 36.53, 27.53, 14.70. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for 

C19H19ClN3O3S 404.0830; Found 404.0830. 

5-((4-chloroindolin-1-yl)sulfonyl)-2-hydrazinylquinolin-8-ol (12). The title compound was prepared using the 

general SNAr procedure (19 µmol scale) using hydrazine hydrate yielding the product as a brown solid (7.4 mg, 

99%). (See Figure S2 for NMR spectra) 1H NMR (600 MHz, DMF-d7) δ 8.59 (d, J = 9.5 Hz, 1H), 8.03 (s, 1H), 

7.89 (d, J = 8.3 Hz, 1H), 7.43 (dd, J = 8.1, 0.8 Hz, 1H), 7.25 (tt, J = 8.1, 0.8 Hz, 1H), 7.07 (d, J = 8.3 Hz, 1H), 

7.06 – 7.03 (m, 1H), 7.04 (dd, J = 8.1, 0.8 Hz, 1H), 4.10 (t, J = 8.4 Hz, 2H), 2.99 (t, J = 8.4 Hz, 2H). 13C NMR 

(151 MHz, DMF-d7) δ 157.98, 156.69, 144.08, 138.39, 133.37, 130.93, 130.55, 129.63, 127.24, 123.43, 122.68, 

119.90, 113.90, 113.23, 109.37, 50.09, 27.34. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H16ClN4O3S 

391.0603; Found 391.0304. 

5-((4-chloroindolin-1-yl)sulfonyl)-2-(2-methylhydrazinyl)quinolin-8-ol (13). The title compound was prepared 

using the general SNAr procedure using methylhydrazine yielding the product as a brown solid (5 mg, 99%). 1H 

NMR (600 MHz, Acetone-d6) δ 8.74 (d, J = 9.6 Hz, 1H), 7.95 (d, J = 8.3 Hz, 1H), 7.44 (dd, J = 8.1, 0.8 Hz, 

1H), 7.19 (tt, J = 8.1, 0.9 Hz, 1H), 7.16 – 7.12 (m, 1H), 7.12 – 7.07 (m, 1H), 6.97 (dd, J = 8.1, 0.8 Hz, 1H), 4.06 

(t, J = 8.5 Hz, 2H), 3.37 (s, 3H), 2.94 (t, J = 8.5 Hz, 2H). 13C NMR (151 MHz, Acetone-d6) δ 157.66, 156.64, 
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144.66, 134.89, 131.35, 131.21, 130.03, 128.70, 127.86, 123.95, 123.77, 120.59, 114.17, 113.84, 109.43, 50.50, 

38.68, 27.86. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C18H18ClN4O3S 405.0783; Found 405.0786. 

N'-(5-((4-chloroindolin-1-yl)sulfonyl)-8-hydroxyquinolin-2-yl)acetohydrazide (14). Hydrazide 12 (25 mg, 0.064 

mmol) was dissolved in 400 µL THF and 1.1 eq acetic anhydride (6.7 µL, 0.07 mmol) and pyridine (7.7 µL, 

0.096 mmol) were added. The mixture was stirred for 1 h and then diluted with 400 µL of MeOH, 400 µL 

saturated sodium carbonate solution and 400 µL H2O. After 30 min of stirring, 500 µL EtOAc was added and 

the organic layer was washed with sat. sodium bicarbonate solution, collected, dried and evaporated to give the 

product as a yellow-brown solid (22.2 mg, 80%). The product could also be prepared using the general SNAr 

procedure with acetohydrazide. 1H NMR (600 MHz, Acetone-d6) δ 8.78 (d, J = 9.3 Hz, 1H), 7.97 (d, J = 8.3 Hz, 

1H), 7.46 (d, J = 8.1 Hz, 1H), 7.20 (m, 1H), 7.19 (t, J = 8.1 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.96 (d, J = 8.1 

Hz, 1H), 4.05 (t, J = 8.4 Hz, 2H), 2.94 (t, J = 8.4 Hz, 2H), 2.07 (s, 3H). 13C NMR (151 MHz, Acetone-d6) δ 

168.80, 156.61, 156.31, 144.55, 138.00, 135.60, 131.33, 131.20, 129.96, 129.00, 123.96, 123.86, 121.31, 

113.83, 113.36, 109.68, 50.46, 27.83, 26.12. HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C19H17ClN4O4SNa 

455.0557; Found 455.0553. 
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