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Botulinum neurotoxin elicits its paralytic activity through a zinc-dependant metalloprotease that cleaves
proteins involved in neurotransmitter release. Currently, no drugs are available to reverse the effects of
botulinum intoxication. Herein we report the design of a novel series of mercaptoacetamide small-mol-
ecule inhibitors active against botulinum neurotoxin serotype A. These analogs show low micromolar
inhibitory activity against the isolated enzyme. Structure–activity relationship studies for a series of mer-
captoacetamide analogs of 5-amino-3-phenylpyrazole reveal components essential for potent inhibitory
activity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Clostridium botulinum bacteria cause botulism, a life-threaten-
ing disease. The bacteria produce several proteinaceous botulinum
toxins, categorized into seven distinct serotypes (A–G). Despite its
widespread medicinal use, botulinum neurotoxin serotype A
(BoNT/A) is extremely toxic, showing an LD50 in humans of 1 ng/
kg, making it the most poisonous naturally occurring substance
known.1,2 The relative ease of obtaining the neurotoxin coupled
with its potential use as a bioterrorist weapon,3,4 has galvanized
research in the field in an effort to discover therapeutic agents
against the toxin.5

BoNT/A is a protein comprised of a light chain (LC) and a heavy
chain (HC) that are held together through a single disulfide bond.
While the HC is responsible for the transport of the toxin into
the cell,6 it is the LC that is responsible for the observed toxic ef-
fects through its action as a zinc metalloprotease. Because of this
mechanism of toxicity, the use of antibodies has an extremely nar-
row window of opportunity to neutralize the toxin, and hence the
importance of discovering small-molecule inhibitors of the LC that
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can prevent and/or reverse intoxication after the toxin has entered
the cell.

The LC cleaves SNARE (Soluble N-ethylmaleimide-Sensitive fac-
tor Attachment protein REceptor) proteins, specifically SNAP-25
(synaptosome-associate protein, 25 kDa), resulting in the inhibi-
tion of acetylcholine release from the nerve cell.7,8 The resulting
flaccid paralysis can ultimately lead to death of the infected patient
by causing either cardiac arrest or respiratory failure. Though an
intoxicated patient can generally recover if kept on a ventilator
for the duration of the paralysis, treatment can last for months.9

In the event of a large outbreak, this would be a nonviable treat-
ment option for large numbers of people.

Initial studies of inhibitors of the BoNT/A LC were peptide-based
and designed around the known cleavage site of the SNAP-25 pro-
tein. Seminal work by Schmidt10,11 and Rich12–15 found that the
cysteine-containing peptide CRATKML (1, Fig. 1) inhibited BoNT/
A with a Ki of 2 lM. However, Schmidt’s group showed that trun-
cation to the tetrapeptide resulted in a 20-fold loss of inhibitory
activity.16 While these materials serve as excellent research tools,
their physicochemical and pharmacokinetic properties make them
unlikely candidates as therapeutic agents.

Despite decades of intensive investigation to find small-mole-
cule inhibitors of the BoNT/A LC, only recently has Janda reported
the first discovery of small-molecule hydroxamic acids as potent
inhibitors of the enzyme.17,18 The most active analog, 2,4-dichloro-
cinnamic hydroxamic acid (2), is the most potent small-molecule
inhibitor of BoNT/A reported to date, showing a Ki = 0.3 lM.
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Figure 1. Botulinum neurotoxin serotype A inhibitors: Structural comparison with
the metalloprotease inhibitor drug captopril 3.
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2. Results and discussion

Our initial design process for the development of inhibitors
against the LC was based on an amalgamation of captopril, (S)-1-
(3-mercapto-2-methyl-1-oxopropyl)-L-proline (3), an angiotensin
converting enzyme (ACE)19 inhibitor, Schmidt’s CRATKML (1) and
the small-molecule inhibitor (2) reported by Janda’s group.17,18 Gi-
ven the known propensity of sulfur as well as hydroxamic acids to
chelate with zinc ions, we first considered the spacing between the
chelating group (‘warhead’) and the scaffold. In a strictly 2-dimen-
sional sense, both captopril and CRATKML have a 2-carbon spacer
between the sulfur and the carbonyl, whereas in the hydroxamic
acids, there is only a one-atom spacer element. Therefore, our first
analogs were designed to look at the difference in activity between
2-mercaptoacetamides versus 3-mercaptopropionamides. In the
case of BoNT/A, we found that the enzyme prefers the one-carbon
spacing found in the 2-mercaptoacetamides (for comparison, see
analogs 7 vs 12a in Table 1).

Having established an optimal positioning between the war-
head and the scaffold, we then synthesized a focused library of
2-mercaptoacetamides,20–22 which were screened against BoNT/A
LC based on the assay developed by Schmidt.23–26 Within this li-
brary we discovered a number of ‘hit’ structures, one of which
was the simple 3-phenyl-1H-pyrazole-5-mercaptoacetamide (4,
R = H). We focused our attention on this scaffold due to both its
inherent drug-like properties as well as its amenability to chemical
synthesis for rapid analoging. From our structure–activity relation-
Table 1
Relative position and importance of the thiol-SH

Structure Compound IC50 (lM) BoNT/Aa

5 195 ± 93b

12a 4.8 ± 1.3

6 N.A.c

7 N.A.

a BoNT/A wild-type length-425 with the 17-mer peptide substrate.
b Data represent the average value ± SD of at least 3 experiments.
c N.A. (not active) is defined as <10% inhibition @ 50 lM.
ship (SAR) studies, we were able to develop this series into com-
pounds that are equipotent27 with Janda’s hydroxamic acids. The
mercaptoacetamides, however, show better cellular activity
against the toxin.28

2.1. Chemistry

Each of the 2-mercaptoacetamides reported herein were pre-
pared by heating thioglycolic acid with an appropriately substi-
tuted aminopyrazole at a concentration of 2 M in refluxing
toluene under an atmosphere of argon. The reaction time for the
amide formation step was found to be highly concentration depen-
dent. In cases where the substituted phenylpyrazole was not com-
mercially available, a synthetic route beginning with either the
carboxylic acid, ester or b-ketonitrile precursor was utilized to syn-
thesize the pyrazole (Scheme 1).

Compound 12a was prepared in a four-step reaction sequence
(Scheme 1) starting from commercially available 4-chlorobenzoic
acid. The carboxylic acid was dissolved in methanol with a full
equivalent of sulfuric acid and refluxed overnight to quantitatively
yield the methyl ester. It should be noted that a catalytic amount of
sulfuric acid was not sufficient to fully esterify the acid. The ester
was then reacted with sodium methoxide in dry, refluxing acetoni-
trile to afford the b-ketonitrile. The nitrile was subsequently re-
acted with hydrazine to form the pyrazole heterocycle in good
yield and purity.29 We found that optimum purity and yields were
realized by first reacting the hydrazine with the ketone at room
temperature to form the hydrazone intermediate, followed by
heating to promote intramolecular cyclization. The aminopyrazole
was then treated with thioglycolic acid in the usual manner to pro-
vide the desired 2-mercaptoacetamide.

Compound 12b was prepared in a three-step reaction pathway
starting from the appropriately substituted, commercially avail-
able methyl ester (Scheme 1). As described above, the ester was re-
acted with acetonitrile/sodium methoxide to give the b-ketonitrile,
which was subsequently cyclized with hydrazine. The resulting
aminopyrazole was then reacted with thioglycolic acid in the usual
manner to give compound 12b.

Compounds 12c and 12d were synthesized in a two-step reac-
tion sequence (Scheme 1) from their commercially available b-
ketonitriles, which were subsequently reacted with hydrazine,
and the resulting pyrazole then reacted with thioglycolic acid (vide
supra).

The non-2-mercaptoacetamide analogs (5, 6, and 7) were pre-
pared by amidation with of their appropriate carboxylic acid. 5-
Amino-3-(4-chlorophenyl)-pyrazole was reacted with 3-mercapto-
propionic acid, glycolic acid and acetic acid respectively in toluene
at 110 �C under argon to provide compounds 5, 6, and 7.

2.2. Biological data and structure–activity relationship studies

To investigate our hypothesis that the mercaptoacetamide was
forming a chelate with the zinc ion, we first explored amide-ana-
logs of the 5-amino-3-(4-chlorophenyl)-pyrazole (Table 1). Both
the presence of the sulfur atom and its position in the molecule
are critical to the inhibitory action of these analogs. The 3-merca-
ptopropionamide analog (5) has only weak inhibitory activity
(195 lM), while the corresponding 2-mercaptoacetamide (12a)
was shown to be significantly (40�) more potent with an IC50 of
4.8 lM. Removal of the thiol group (7) or replacing it with a hydro-
xyl group (6) abolishes all activity. Given the extreme sensitivity to
both the presence and positioning of the sulfur in these analogs, it
is reasonable to assume that the sulfur’s coordination with the zinc
ion in the BoNT/A LC’s active site is required for inhibition. This
hypothesis was later verified using protein/small-molecule X-ray
crystallographic studies.30



Scheme 1. Synthesis of 2-mercaptoacetamide analogs of 3-amino-5-phenylpyrazole. Reagents and conditions: (a) MeOH, H2SO4, reflux; (b) CH3CN, NaOMe; (c) NH2NH2,
EtOH, rt to reflux; (d) HSCH2CO2H, toluene, 110 �C.
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We next turned our attention to substituents on the phenyl ring
to explore the effects on enzyme inhibition, and the results are
shown in Tables 2 and 3. Table 2 shows a comparison of para-
substituted phenyl ring analogs. The unsubstituted analog (12e)
has an IC50 of 14.5 lM. Substituting the ring in the 4-position with
F (12h), Cl (12a), Br (12i), CF3 (12d) or NO2 (12l) gave more potent
analogs, while the 4-Me (12j) and 4-OMe analogs (12k) were less
active than the unsubstituted parent compound. The most phar-
maceutically useful compounds in this series are 12a and 12d;
the 4-Cl and 4-CF3 analogs, respectively. Although the bromo
(12i) and nitro (12l) analogs were essentially as potent as the 4-
chloro, we did not follow up on these leads because these func-
Table 2
Structure–activity studies: 4-substituted phenylpyrazoles

Compound R IC50 (lM) BoNT/Aa

12e H 14.5 ± 0.7b

12h F 13.5 ± 4.9
12a Cl 4.8 ± 1.3
12i Br 6.6 ± 0.6
12d CF3 10.0 ± 1.0
12l NO2 2.9 ± 0.4
12j CH3 21.0 ± 2.5
12k OCH3 74.5 ± 2.1

a BoNT/A wild-type length-425 with the 17-mer peptide substrate.
b Data represent the average value ± SD of at least 3 experiments.

Table 3
Structure–activity studies: position of ring substitents

Compound R IC50 (lM) BoNT/Aa

12b 2-Cl 26.0 ± 2.8b

12g 3-Cl 5.6 ± 0.2
12a 4-Cl 4.8 ± 1.3
12f 2-CF3 7.2 ± 0.7
12c 3-CF3 13.0 ± 1.4
12d 4-CF3 10.0 ± 1.0

a BoNT/A wild-type length-425 with the 17-mer peptide substrate.
b Data represent the average value ± SD of at least 3 experiments.
tional groups pose challenges in drug development and have been
associated with undesirable side effects and toxicity.31

We then looked at moving the chloro and trifluoromethyl sub-
stituents around the ring (Table 3). Interestingly, for either substi-
tuent there is essentially no difference in activity between the 3
and 4 position, both analogs show equipotency in either the meta
or para positions. However, it was found that for the trifluoro-
methyl group, the ortho position yielded the greatest activity with
an IC50 of 7.2 lM (12f), while chlorine in the para position yielded
the greatest activity, with an IC50 of 4.8 lM (12a).

There are three interesting findings from these results. First, the
active site of the enzyme does not seem to discriminate between
the 3 or 4 positions. Apparently, as long as there is a bulky, elec-
tron-withdrawing substituent present in either of these positions,
an increase in activity is realized relative to the unsubstituted aro-
matic ring. Second, in the specific examples of chloro and trifluoro-
methyl, the positions of the two substituents do not appear to
produce similar effects on potency. While the 4-chloro analog
(12a) is the most potent in the chlorine series, it was the 2-trifluo-
romethyl analog (12f) that showed the greatest activity within the
trifluoromethyl series. At present, we have no explanation for these
findings but speculate that it may have to do with the ability of
fluorine atoms to participate in H-bonding. Finally, it is worth not-
ing that the 2-chloro analog was actually less potent then having
no substitution on the ring (12b vs 12e). This is most interesting
in light of the findings from the trifluoromethyl substituent and
would clearly rule out some steric effect of the chlorine at this
position.
3. Conclusion

Botulinum, a Class A pathogen, has the potential to cause devas-
tation if used in a bio-terrorist attack. The difficulty in producing
large quantities of antibody, the narrow window of opportunity
for using an antibody and the lack of sufficient ventilators in case
of an outbreak all point to the urgent need for therapeutic agents
to combat this toxin. To this end, our group has focused on the
development of small-molecule inhibitors against the LC-compo-
nent of the toxin, and report herein the discovery and development
of a novel series of mercaptoacetamido-phenylpyrazoles that show
potent activity against the enzyme.

Preliminary SAR studies show that the presence and exact posi-
tioning of the sulfur atom in the warhead is essential for conferring
activity. Additionally, at least within these analogs, BoNT/A does
not discriminate between substitutions at the 3 or 4 position of
the aromatic ring. The active site appears able to accommodate



Table 4
Comparison of thioacetamides with literature compound 2

Structure Compound IC50 (lM) BoNT/Aa

12i 6.6 ± 0.6b

12a 4.8 ± 1.3

12l 2.9 ± 0.4

2 2.4 ± 0.6

a BoNT/A wild-type length-425 with the 17-mer peptide substrate.
b Data represent the average value ± SD of at least 3 experiments.
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bulky, electron-withdrawing substituents at either of these posi-
tions. One of the more interesting findings from the SAR is with
the apparent dichotic effects of Cl and CF3 substitution. In the case
of chlorine, the most active analog is the 4-Cl (12a) while the 2-Cl
analog (12b) gave a compound that was less active than the unsub-
stituted phenyl (12e vs 12b). On the other hand, for the trifluoro-
methyl group, the most active analog is the 2-CF3 (12f). Clearly,
there are additional electronic and/or H-bonding effects between
these inhibitors and the active site than reveled in these simple
SAR studies and we hope to report on this in more detail in the
future.

When tested side-by-side, under our assay conditions,32 these
analogs show equipotency to the hydroxamic acid inhibitor (Table
4) reported by Janda’s group to be the most potent small-molecule
inhibitor to date. However, our mercaptoacetamides also show po-
tent activity in a cellular assay while the hydroxamic acid (2) is
inactive or cytotoxic.28 More importantly, these mercaptoaceta-
mides are able to prevent SNARE cleavage in neuronal cells without
the need for pre-incubation of the small molecule with the toxin.
Further work with our analogs suggests that they show inhibitory
activity in the rat hemidiaphragm (phrenic nerve) and the rat
extensor digitorum longus (EDL) ex vivo animal models.33 Taken to-
gether, the data indicate that these novel, mercaptoacetamide-
based inhibitors represent viable lead structures for further devel-
opment into pharmaceutically useful therapeutics against botu-
linum intoxication.
4. Experimental

NMR data were collected on a Varian 400 MHz Unity Inova
NMR. Chemical shifts are reported in ppm using TMS in CDCl3 or
DMSO-d6 as internal standards. Mass spectrometry data were col-
lected on a JEOL JMS-600 (FAB-MS, NBA/NaI matrix). Analytical
HPLC data were collected on a Hewlett Packard 1090 Series II HPLC
using the following parameters: flow rate: 1 mL/min; column: Phe-
nomenex, Luna 5 lm reverse-phase C18 (50 � 4.6 mm); tempera-
ture: 40 �C. Spectral data were collected at 2 wavelengths: 220
and 254 nm. Trifluoroacetic acid (0.1% v/v) was added to both HPLC
eluents. Gradient: 95% H2O/5% acetonitrile (CH3CN) (t = 0)?95%
H2O/5% CH3CN (t = 0.10 min)?70% H2O/30% CH3CN (t = 1.50 min)?
100% CH3CN (t = 8.00 min)?100% CH3CN (t = 9.50 min). TLC was
preformed on AnalTech Uniplate� Silica Gel HLF 250 lm plates. All
chemicals were obtained from Sigma–Aldrich (Milwaukee, WI), Alfa
Aesar (Haverhill, MA), Rieke Metals (Lincoln, NE), and ACB Blocks
(Moscow, Russia) and used as received. Solvents were used without
further purification, except where specified. Dry solvents were
stored over activated 3 Å molecular sieves prior to use. All reactions
were performed under an atmosphere of argon unless otherwise
noted. Reactions requiring elevated temperature were placed in
capped, glass tubes and inserted into an aluminum block heater
manufactured by Pierce Reacti-Therm, Rockford, IL.

4.1. N-(3-(4-Chlorophenyl)-1H-pyrazol-5-yl)-3-mercaptopropa-
namide (5)

3-(4-Chlorophenyl)-1H-pyrazol-5-amine (194 mg, 1 mmol) was
weighed into a clean, oven-dried vial. Toluene (1 mL) and 3-mer-
captopropionic acid (520 lL, 4 mmol) were added and the vial
was purged with argon, sealed, and heated to 110 �C in an alumi-
num block for 48 h. After cooling to room temperature, the product
crystallized from the reaction mixture. The product was collected
on fritted glass and washed successively with satd NaHCO3

(2 � 5 mL), H2O (2 � 5 mL), 1 N HCl (2 � 5 mL) and diethyl ether
(2 � 5 mL). After drying under high vacuum, 206.4 mg (73%) of
the 3-mercaptopropanamide was obtained as a white powder. 1H
NMR (DMSO-d6) d 1.71 (t, 1H, –SH), 2.73 (t, 2H, –CH2–), 2.88
(app. q, 2H, –CH2–), 6.75 (s, 1H, pyrazole-CH), 7.37 (d, 2H), 7.68
(d, 2H), 10.01 (s, 1H, –CONH–), 12.24 (s, 1H, pyrazole-NH); MS
(FAB+), 304 [M+Na]+; HPLC: tR = 4.91 min.

4.2. N-(3-(4-Chlorophenyl)-1H-pyrazol-5-yl)-2-hydroxyaceta-
mide (6)

3-(4-Chlorophenyl)-1H-pyrazol-5-amine (194 mg, 1 mmol) was
weighed into a clean, oven-dried vial. Toluene (1 mL) and glycolic
acid 120 lL, 2 mmol) were added and the vial was purged with ar-
gon, sealed, and heated to 110 �C in an aluminum block for 48 h.
After cooling to room temperature, the product crystallized from
the reaction mixture. The product was collected on fritted glass
and washed successively with satd NaHCO3 (2 � 5 mL), H2O
(2 � 5 mL), 1 N HCl (2 � 5 mL) and diethyl ether (2 � 5 mL). After
drying under high vacuum, 250.6 mg (100%) of the 2-hydroxyace-
tamide was obtained as a white powder. 1H NMR (DMSO-d6) d 4.00
(s, 2H, –CH2), 5.66 (s, 1H, –OH–), 6.88 (s, 1H, pyrazole-CH), 7.48 (d,
2H, J = 8 Hz), 7.75 (d, 2H, J = 8 Hz), 9.85 (s, 1H, –CONH–), 12.99 (s,
1H, pyrazole-NH); MS (FAB+), 274 [M+Na]+; HPLC: tR = 3.97 min.

4.3. N-(3-(4-Chlorophenyl)-1H-pyrazol-5-yl)acetamide (7)

3-(4-Chlorophenyl)-1H-pyrazol-5-amine (1.0 g, 5.2 mmol) was
weighed into a vial containing toluene (2 mL). Acetic acid
(450 lL, 7.7 mmol) was then added. The reaction was stirred at
110 �C in an aluminum block for 18 h. The product crystallized
upon cooling to room temperature. The product was collected on
fritted glass and washed with satd NaHCO3 (2 � 5 mL), H2O
(2 � 5 mL), 1 N HCl (2 � 5 mL), and diethyl ether (2 � 5 mL) to
afford 1.06 g (86%) of the desired product as white crystals.
1H NMR (DMSO-d6) d 2.01 (s, 3H, –CH3), 6.91 (s, 1H, pyrazole-
CH), 7.51 (d, 2H, J = 8 Hz), 7.74 (d, 2H, J = 8 Hz), 10.44 (s, 1H,
–CONH–), 12.86 (s, 1H, pyrazole-NH); MS (FAB+), 258 [M+Na]+,
m/z 236 [M+H]+; HPLC tR: 4.17 min.

4.4. Methyl 4-chlorobenzoate (9a)

4-Chlorobenzoic acid (8a, 20 g, 128 mmol) was dissolved in
methanol (250 mL, 6.2 mol). Sulfuric acid (concn, 6.8 mL,
128 mmol) was added and the mixture was heated at reflux for
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18 h. After cooling to room temperature the reaction was evapo-
rated under vacuum to approximately 25 mL and the residue was
neutralized with satd aq NaHCO3 (250 mL). The product was then
extracted with CH2Cl2 (3 � 100 mL). The combined organic ex-
tracts were dried (Na2SO4) and evaporated in vacuo to afford
methyl 4-chlorobenzoate (20.72 g, 95%) as white crystals. 1H
NMR (CDCl3) d 3.93 (s, 3H, –CH3), 7.42 (d, 2H), 7.97 (d, 2H); HPLC:
tR = 5.98 min.

4.5. 3-(4-Chlorophenyl)-3-oxopropanenitrile (10a)

4-Chlorobenzoate (9a, 20.5 g, 121 mmol) was dissolved in dry
acetonitrile (250 mL). Under argon, sodium methoxide (13.0 g,
242 mmol) was added and the reaction mixture was heated to re-
flux for 2 h. Upon cooling to room temperature H2O (200 mL) was
added and the reaction mixture was washed with CH2Cl2

(3 � 75 mL). The aqueous layer was adjusted to pH 8.0 using 10%
aq citric acid and the product precipitated upon standing. The
product was collected on fritted glass and dried in vacuo to yield
3-(4-chlorophenyl)-3-oxopropanenitrile (9.32 g, 43%) as white
crystals. 1H NMR (CDCl3) d 4.07 (s, 2H, –CH2), 7.51 (d, 2H), 7.87
(d, 2H); MS (FAB+), 202 [M+Na]+; HPLC: tR = 4.96 min.

4.6. 3-(4-Chlorophenyl)-1H-pyrazol-5-amine (11a)

3-(4-Chlorophenyl)-3-oxopropanenitrile (10a, 2.0 g, 11.2 mmol)
was weighed into a vial. Absolute ethanol (5.2 mL) and hydrazine
(421 lL, 13.4 mmol) were added. The reaction was stirred at room
temperature for 1 h and then heated to reflux for an additional 1 h.
Upon cooling to room temperature water (10 mL) was added and
the product precipitated upon standing. The precipitate was col-
lected on fritted glass and washed with water (2 � 5 mL) to afford
3-(4-chlorophenyl)-1H-pyrazole-5-amine (1.69 g, 78%) as white
crystals. 1H NMR (DMSO-d6) d 4.92 (s, 2H, –NH2), 5.75 (s, 1H, pyra-
zole-CH), 7.40 (d, 2H), 7.66 (d, 2H), 11.77 (s, 1H, pyrazole-NH); MS
(FAB+), 216 [M+Na]+, m/z 194 [M+H]+; HPLC: tR = 3.42 min.

4.7. N-(3-(4-Chlorophenyl)-1H-pyrazol-5-yl)-2-mercaptoaceta-
mide (12a)

3-(4-Chlorophenyl)-1H-pyrazole-5-amine (11a, 1.69 g, 8.7 mmol)
was weighed into a clean, oven-dried vial. Toluene (4 mL) and thiogly-
colic acid (910 lL, 13.1 mmol) were added and the vial was purged
with argon, sealed, and heated to 110 �C in an aluminum block for
48 h. After cooling to room temperature the product crystallized
and was collected on fritted glass and washed successively with satd
NaHCO3 (2� 5 mL), H2O (2� 5 mL), 1 N HCl (2� 5 mL) and diethyl
ether (2� 5 mL). After drying under high vacuum 2.09 g (90%) of
the mercaptoacetamide was obtained as white crystals. 1H NMR
(DMSO-d6) d 2.90 (t, 1H, –SH, J = 8 Hz), 3.29 (d, 2H, –CH2–, J = 8 Hz),
6.92 (s, 1H, pyrazole-CH), 7.50 (d, 2H, J = 8 Hz), 7.74 (d, 2H, J = 8 Hz),
10.59 (s, 1H, –CONH–), 12.93 (s, 1H, pyrazole-NH); MS (FAB+), 290
[M+Na]+, m/z 268 [M+H]+; HPLC: tR = 4.65 min.

4.8. 3-(2-Chlorophenyl)-3-oxopropanenitrile (10b)

In a clean, oven-dried 500 mL 3-necked flask equipped with a
magnetic stir bar, gas inlet and reflux condenser, methyl 2-chloro-
benzoate (9b, 12 g, 70 mmol) was dissolved in 250 mL of dry ace-
tonitrile. Under an atmosphere of argon, sodium methoxide
(7.6 g, 140 mmol) was added and the reaction was heated to reflux
for 2 h. The solution was allowed to cool to room temperature and
H2O (200 mL) was added. The solution was washed with CH2Cl2

(3 � 100 mL) and the aqueous layer was adjusted to pH 8 using
10% aq citric acid. The aqueous layer was extracted with CH2Cl2

(3 � 100 mL) and the organic layer was dried (Na2SO4) and evapo-
rated in vacuo to give 5.95 g (47%) of the b-ketonitrile as a bright
yellow powder. 1H NMR (CDCl3) d 4.15 (s, 2H, –CH2), 7.41 (m,
1H), 7.49 (m, 2H), 7.64 (m, 1H); MS (FAB+), 202 [M+Na]+; HPLC:
tR = 4.59 min.

4.9. 3-(2-Chlorophenyl)-1H-pyrazol-5-amine (11b)

3-(2-Chlorophenyl)-3-oxopropanenitrile (10b, 2 g, 11.2 mmol)
was dissolved in absolute EtOH (5.2 mL). Hydrazine (421 lL,
13.4 mmol) was added dropwise and the solution was stirred at
room temperature for 1 h and then heated to reflux for an addi-
tional 1 h. The reaction mixture was cooled to room temperature
and cold H2O (5 mL) was added and the product precipitated.
The product was collected on fritted glass, washed with cold H2O
(2 � 5 mL) and dried under high vacuum to provide 280 mg (13%
yield) of the aminopyrazole as a white powder. 1H NMR (DMSO-
d6) d 3.72 (s, 2H, –NH2), 6.17 (s, 1H, pyrazole-CH), 7.31 (m, 1H),
7.46 (m, 2H), 7.58 (m, 1H); MS (FAB+), 216 [M+Na]+, m/z 194
[M+H]+; HPLC: tR = 3.18 min.

4.10. N-(3-(2-Chlorophenyl)-1H-pyrazol-5-yl)-2-mercaptoacet-
amide (12b)

3-(2-Chlorophenyl)-1H-pyrazol-5-amine (11b, 280 mg, 1.5 mmol)
was weighed into a clean, oven-dried vial. Dry toluene (750 lL)
and thioglycolic acid (151 lL, 2.2 mmol) were added. The vial
was purged with argon, sealed, and heated to 110 �C in an alumi-
num block for 18 h. After cooling to room temperature, the product
crystallized out of the reaction mixture. The product was collected
on fritted glass and washed successively with satd NaHCO3

(2 � 5 mL), H2O (2 � 5 mL), 1 N HCl (2 � 5 mL) and diethyl ether
(2 � 5 mL). After drying under high vacuum, 223 mg (55%) of the
mercaptoacetamide was obtained as a white powder. 1H NMR
(DMSO-d6) d 2.90 (t, 1H, –SH, J = 8 Hz), 3.30 (d, 2H, –CH2–,
J = 8 Hz), 6.89 (s, 1H, pyrazole-CH), 7.42 (m, 2H), 7.58 (dd, 2H,
J = 8 Hz), 7.63 (dd, 1H, J = 8 Hz), 10.63 (s, 1H, –CONH–), 12.78 (s,
1H, pyrazole-NH); MS (FAB+), 290 [M+Na]+, m/z 268 [M+H]+; HPLC:
tR = 4.33 min.

4.11. 3-(3-(Trifluoromethyl)phenyl)-1H-pyrazol-5-amine (11c)

3-Oxo-3-(3-(trifluoromethyl)phenyl)propanenitrile (10c, 2.5 g,
11.7 mmol) was dissolved in absolute ethanol (5.0 mL). Anhydrous
hydrazine (442 lL, 14 mmol) was added dropwise and the solution
was stirred at room temperature for 1 h after which the reaction
was heated to reflux for an additional 1 h. The reaction mixture
was cooled to room temperature and cold H2O (5 mL) was added
until the product precipitated. The product was collected on fritted
glass, washed with cold H2O (2 � 5 mL) and dried under high vac-
uum to provide 2.20 g (82%) of the desired b-ketonitrile as an off-
white powder. HPLC: tR = 3.73 min.

4.12. N-(3-(3-(Trifluoromethyl)phenyl)-1H-pyrazol-5-yl)-2-mer-
captoacetamide (12c)

3-(3-(Trifluoromethyl)phenyl)-1H-pyrazol-5-amine (11c, 2.20 g,
9.6 mmol) was weighed into a clean, oven-dried vial. Dry toluene
(3.5 mL) and thioglycolic acid (1.0 mL, 14.5 mmol) were added and
the vial was purged with argon, sealed, and heated to 110 �C in an
aluminum block for 18 h. After cooling to room temperature, the
product crystallized from the reaction mixture. The product was col-
lected on fritted glass and washed successively with satd NaHCO3

(2 � 5 mL), H2O (2� 5 mL), 1 N HCl (2 � 5 mL) and diethyl ether
(2 � 5 mL). After drying under high vacuum, 1.31 g (45%) of the 2-
mercaptoacetamide was obtained as a white powder. 1H NMR
(DMSO-d6) d 2.91 (t, 1H, –SH, J = 8 Hz), 3.30 (d, 2H, –CH2–,
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J = 8 Hz), 7.02 (s, 1H, pyrazole-CH), 7.65–7.70 (m, 2H), 8.02–8.04 (m,
1H), 8.10 (s, 1H), 10.65 (s, 1H, –CONH–), 13.09 (s, 1H, pyrazole-NH);
MS (FAB+), 324 [M+Na]+, m/z 302 [M+H]+; HPLC: tR = 5.04 min.

4.13. 3-(4-(Trifluoromethyl)phenyl)-1H-pyrazol-5-amine (11d)

3-Oxo-3-(4-(trifluoromethyl)phenyl)propanenitrile (10d, 2.0 g,
9.3 mmol) was dissolved in absolute ethanol (4.4 mL). Anhydrous
hydrazine (344 lL, 11.3 mmol) was added dropwise and the solu-
tion was stirred at room temperature for 1 h and then heated to re-
flux for an additional 1 h. The reaction mixture was cooled to room
temperature and cold H2O (4 mL) was added until the product pre-
cipitated. The product was collected on fritted glass, washed with
cold H2O (2 � 5 mL) and dried under high vacuum to provide
1.89 g (90%) of the desired b-ketonitrile as an off-white powder.
HPLC: tR = 3.77 min.

4.14. N-(3-(4-(Trifluoromethyl)phenyl)-1H-pyrazol-5-yl)-2-
mercaptoacetamide (12d)

3-(4-(Trifluoromethyl)phenyl)-1H-pyrazol-5-amine (11d, 1.89 g,
8.3 mmol) was weighed into a clean, oven-dried vial. Dry toluene
(3.3 mL) and thioglycolic acid (870 lL, 12.5 mmol) were added
and the vial was purged with argon, sealed, and heated to 110 �C
in an aluminum block for 18 h. After cooling to room temperature,
the product crystallized from the reaction mixture. The product
was collected on fritted glass and washed successively with satd
NaHCO3 (2� 5 mL), H2O (2 � 5 mL), 1 N HCl (2� 5 mL) and diethyl
ether (2� 5 mL). After drying under high vacuum, 2.04 g (82%) of
the 2-mercaptoacetamide was obtained as a white powder. 1H
NMR (DMSO-d6) d 2.90 (t, 1H, –SH, J = 8 Hz), 3.30 (d, 2H, –CH2–,
J = 8 Hz), 7.04 (s, 1H, pyrazole-CH), 7.80 (d, 2H, J = 8 Hz), 7.94 (d,
2H, J = 8 Hz), 10.64 (s, 1H, –CONH–), 13.13 (s, 1H, pyrazole-NH);
MS (FAB+), 324 [M+Na]+, m/z 302 [M+H]+; HPLC: tR = 5.09 min.

4.15. General method

The appropriately substituted aminopyrazole (2.0 mmol) was
weighed into a clean, oven-dried vial. Thioglycolic acid (3.0 mmol)
and dry toluene were added to give a final concentration of the
aminopyrazole of 2 M. The vial was then purged with argon, sealed,
and heated to 110 �C in an aluminum block heater/stirrer until the
reaction was complete as determined by HPLC analysis (18–48 h).
After cooling to room temperature, the product crystallized from
the reaction mixture. Crystalline products were collected on fritted
glass and washed successively with satd NaHCO3 (2 � 5 mL), H2O
(2 � 5 mL), 1 N HCl (2 � 5 mL), and diethyl ether (2 � 5 mL).

4.15.1. N-(3-(Phenyl)-1H-pyrazol-5-yl)- 2-mercaptoacetamide
(12e)

In a similar manner as above, 3-phenyl-1H-pyrazol-5-amine
(11e, 2.5 g, 15.7 mmol) was converted to the 2-mercaptoacetamide
analog (2.98 g, 82%) as white crystals. 1H NMR (DMSO-d6) d 12.86
(s, 1H, pyrazole-NH), 10.58 (s, 1H, –CONH–), 7.72 (d, 2H, J = 7 Hz),
7.45 (dd, 2H, J1 = J2 = 7 Hz), 7.34 (dd, 1H, J1 = J2 = 7 Hz), 6.87 (s, 1H,
pyrazole-CH), 3.30 (d, 2H, –CH2–, J = 8 Hz), 2.90 (t, 1H, –SH,
J = 8 Hz); MS (FAB+), 256 [M+Na]+, m/z 234 [M+H]+; HPLC tR:
3.98 min.

4.15.2. N-(3-(2-(Trifluoromethyl)phenyl)-1H-pyrazol-5-yl)-2-
mercaptoacetamide (12f)

In a similar manner as above, 3-(2-(trifluoromethyl)phenyl)-
1H-pyrazol-5-amine (11f, 100 mg, 0.44 mmol) was converted to
45 mg (34%) of the 2-mercaptoacetamide as a white powder. 1H
NMR (DMSO-d6) d 2.89 (t, 1H, –SH, J = 8 Hz), 3.29 (d, 2H, –CH2–,
J = 8 Hz), 6.71 (s, 1H, pyrazole-CH), 7.59 (d, 1H, J = 8 Hz), 7.66 (dd,
1H, J1 = J2 = 8 Hz), 7.76 (dd, 1H, J1 = J2 = 8 Hz), 7.86 (d, 1H,
J = 8 Hz), 10.61 (s, 1H, –CONH–), 12.72 (s, 1H, pyrazole-NH); MS
(FAB+), 324 [M+Na]+, m/z 302 [M+H]+; HPLC: tR = 4.62 min.

4.15.3. N-(3-(3-Chlorophenyl)-1H-pyrazol-5-yl)-2-mercaptoace-
tamide (12g)

In a similar manner as above, 3-(3-chlorophenyl)-1H-pyrazol-5-
amine (11g, 50 mg, 0.26 mmol) was converted to 68 mg (98%) of
the 2-mercaptoacetamide as white crystals. 1H NMR (DMSO-d6) d
2.35 (br s, 1H, –SH), 3.35 (s, 2H, –CH2–), 6.83 (s, 1H, pyrazole-
CH), 7.26–7.29 (m, 1H), 7.36 (dd, 1H, J1 = J2 = 8 Hz), 7.60 (dd, 1H,
J1 = 8 Hz, J2 = 1 Hz), 7.74 (dd, 1H, J1 = J2 = 2 Hz), 10.96 (s, 1H,
–CONH–), 12.15 (s, 1H, pyrazole-NH); MS (FAB+), 290 [M+Na]+;
HPLC: tR = 4.67 min.

4.15.4. N-(3-(4-Fluorophenyl)-1H-pyrazol-5-yl)-2-mercaptoace
tamide (12h)

In a similar manner as above, 3-(4-fluorophenyl)-1H-pyrazol-5-
amine (11h, 4.6 g, 26 mmol) was converted to 5.55 g (85%) of the
2-mercaptoacetamide as white crystals. 1H NMR (DMSO-d6) d
2.50 (br s, 1H, –SH), 3.30 (s, 2H, –CH2–), 6.88 (s, 1H, pyrazole-
CH), 7.29 (dd, 2H, J1 = J2 = 8 Hz), 7.77 (dd, 2H, J1 = 8 Hz, J2 = 6 Hz),
10.59 (s, 1H, –CONH–), 12.86 (s, 1H, pyrazole-NH); MS (FAB+),
274 [M+Na]+; HPLC: tR = 4.08 min.

4.15.5. N-(3-(4-Bromophenyl)-1H-pyrazol-5-yl)-2-
mercaptoacetamide (12i)

In a similar manner as above, 3-(4-bromophenyl)-1H-pyrazol-
5-amine (11i, 238 mg, 1.0 mmol) was converted to 236 mg (76%)
of the 2-mercaptoacetamide as white crystals. 1H NMR (DMSO-
d6) d 2.88 (t, 1H, –SH, J = 8 Hz), 3.28 (d, 2H, –CH2–, J = 8 Hz), 6.87
(s, 1H, pyrazole-CH), 7.62 (d, 2H, J = 9 Hz), 7.67 (d, 2H, J = 9 Hz),
10.67 (s, 1H, –CONH–), 12.92 (s, 1H, pyrazole-NH); MS (FAB+),
334, 336 [M+Na]+; HPLC: tR = 4.83 min.

4.15.6. N-(3-p-Tolyl-1H-pyrazol-5-yl)-2-mercaptoacetamide (12j)
In a similar manner as above, 3-p-tolyl-1H-pyrazol-5-amine

(11j, 257 mg, 1.5 mmol) was converted to 315 mg (85%) of the 2-
mercaptoacetamide as white crystals. 1H NMR (DMSO-d6) d 2.31
(s, 3H, –CH3), 2.88 (t, 1H, –SH, J = 8 Hz), 3.29 (d, 2H, –CH2–,
J = 8 Hz), 6.83 (s, 1H, pyrazole-CH), 7.24 (d, 2H, J = 8 Hz), 7.59 (d,
2H, J = 8 Hz), 10.55 (s, 1H, –CONH–), 12.77 (s, 1H, pyrazole-NH);
MS (FAB+), 270 [M+Na]+, m/z 248 [M+H]+; HPLC: tR = 4.44 min.

4.15.7. N-(3-(4-Methoxyphenyl)-1H-pyrazol-5-yl)-2-
mercaptoacetamide (12k)

In a similar manner as above, 3-(4-methoxyphenyl)-1H-pyra-
zol-5-amine (11k, 568 mg, 3.0 mmol) was converted to 676 mg
(86%) of the 2-mercaptoacetamide as white crystals. 1H NMR
(DMSO-d6) d 2.89 (t, 1H, –SH, J = 8 Hz), 3.29 (d, 2H, –CH2–,
J = 8 Hz), 3.79 (s, 3H, –CH3–), 6.77 (s, 1H, pyrazole-CH), 7.00 (d,
2H, J = 9 Hz), 7.65 (d, 2H, J = 9 Hz), 10.54 (s, 1H, –CONH–), 12.75
(s, 1H, pyrazole-NH); MS (FAB+), 286 [M+Na]+, m/z 264 [M+H]+;
HPLC: tR = 3.98 min.

4.15.8. N-(3-(4-Nitrophenyl)-1H-pyrazol-5-yl)-2-
mercaptoacetamide (12l)

In a similar manner as above, 3-(4-nitrophenyl)-1H-pyrazol-5-
amine (11l, 1.0 g, 4.9 mmol) was converted to 1.32 g (97%) of the
2-mercaptoacetamide as yellow crystals. 1H NMR (DMSO-d6)
d 2.92 (s, 1H, –SH), 3.31 (s, 2H, –CH2–), 7.12 (s, 1H, pyrazole-
CH), 8.01 (d, 2H, J = 8 Hz), 8.29 (d, 2H, J = 8 Hz), 10.70 (s, 1H,
–CONH–), 13.26 (s, 1H, pyrazole-NH); MS (FAB+), 301 [M+Na]+,
m/z 279 [M+H]+; HPLC: tR = 4.28 min.
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4.16. Biochemical assay

Numerous assays have been developed for testing analogs for
inhibitory activity against botulinum toxin. The compounds in this
manuscript were tested for ability to inhibit botulinum toxin in the
enzyme assay as developed by Schmidt et al.23–25,34

4.16.1. Construction of botulinum light chain protease
truncation variants

A synthetic C-terminal truncation variant (1-425) of BoNTA-LC
was created by standard molecular biology techniques. This vari-
ant was first reported by Barbieri to possess improved solubility
properties over the wild-type WT enzyme while maintaining sig-
nificant enzymatic activity.35 Briefly, a doubly His-tagged BoNTA-
LC cDNA sequence inserted in pET-14b plasmid vector (kindly pro-
vided by Dr. Charles Shoemaker, Tufts University) was modified via
site-directed mutagenesis (QuikChange, Stratagene, La Jolla, CA) to
introduce a stop codon designed to excise the C-terminal His tag
and create the C-terminal truncation after lysine 425. The subclone
was verified by DNA sequence analysis prior to transformation of
BL21 Gold Escherichia coli bacterial expression vector (Stratagene).

4.16.2. Expression and purification of BoNTA-LC variants
E. coli clones expressing BoNTA-LC 1-425 were grown at 37 �C in

3 L ZB-M9 medium (1% N-Z-amine A/0.5% NaCl/0.3% KH2HPO4/0.6%
Na2HPO4/0.1% NH4Cl/0.4% glucose/1 mM MgSO4) cultures contain-
ing 100 lg/mL ampicillin to an OD600 reading of 0.5–1.0 before
induction of expression by introduction of 0.5 lM isopropyl-b-D-
1-thiogalactopyranoside. Expression was carried out for 18 h at
18 �C, before the cells were harvested by centrifugation, resus-
pended in 20 mM HEPES/500 mM NaCl/10 mM Imidazole/1 mM
PMSF/25 lg/mL DNase/pH 8.0, and lysed using a microfluidizer.
Each lysate was immediately processed with a Zn-charged HiTrap
IMAC HP (Amersham Biosciences, Piscataway, NJ) column equili-
brated in 20 mM HEPES/500 mM NaCl/10 mM imidazole/pH 8.0.
Bound protein was eluted in 20 mM HEPES/500 mM NaCl/
250 mM imidazole/pH 8.0, and fractions of peak protein concentra-
tion were combined 1:1 with glycerol for storage at �20 �C. Homo-
geneity of each prep was assessed by SDS–PAGE and was found to
be >95% BoNTA-LC.

4.16.3. Peptide substrate derivatization
The SNAP-25-based fluorescent peptide substrate was gener-

ated by a procedure modified from the method of Schmidt23

50 mg of SNRTRIDEAN[2,4-dinitrophenyl-K]RACRML peptide
(American Peptide Co, Sunnyvale, CA) was combined with 20 mg
N-(7-dimethylamino-4-methylcoumarin-3-yl)iodoacetamide (DA-
CIA) (Invitrogen, Carlsbad, CA) in 3 mL DMSO (Sigma–Aldrich
Corp., St. Louis, MO) and the reaction was incubated in the dark
at rt for 2 h. Peptide derivatized at the cysteine residue was puri-
fied via an Oasis HLB cartridge (Waters Corporation, Milford, MA)
and eluted in 50% MeOH/2% acetic acid. Peptide concentration
was determined by 365-nm absorbance (e = 36,500 M�1 cm�1)
and peptide homogeneity was confirmed by reversed-phase HPLC
using free and derivatized peptide standards.

4.16.4. In vitro assessment of peptide substrate cleavage by
BoNTA-LC

The assay utilized in these studies was originally developed by
Schmidt.23 Reactions between recombinant BoNTA-LC and fluores-
cent peptide substrate described above were carried out in 40 mM
HEPES/pH 7.4 at rt, in a total volume of 200 lL in 96-well micro-
plates. Substrate concentration in each reaction was 10 lM and en-
zyme concentration was 200 nM. Reaction progress was measured
continuously by increase in fluorescence at Ex = 398 nm, Em =
485 nm (Gemini XPS fluorescence plate reader, Molecular Devices
Corp., Sunnyvale, CA) as the cleavage of the substrate relieved
the quenching of DACIA fluorescence by the 2,4-dinitrophenyl-ly-
sine. For inhibitor evaluation, compounds were added to each reac-
tion from 100� DMSO stocks at each tested concentration to yield
a final DMSO concentration of 1%. Control rates were measured in
the presence of 1% DMSO. For each assessment, enzyme and inhib-
itor were pre-incubated for 30 min at rt before initiation of the
reaction by substrate addition.

4.16.5. IC50 calculations
The initial velocity values for BoNTA-LC enzymatic cleavage of

peptide substrate, recorded in the presence of 1% DMSO or one of
a series of inhibitor concentrations, were plotted against inhibitor
concentration. Each initial velocity value plotted represented the
average of at least two reactions at each inhibitor concentration.
The points were then fit to the following equation by non-linear
regression analysis using the graphing program Prism (GraphPad
Software, La Jolla, CA):

Y ¼ Bottomþ ðTop—BottomÞ=ð1þ ðX=IC50ÞnÞ

where Y is the initial reaction velocity, Top is the upper asymptote
of the resulting sigmoidal curve and Bottom is the lower asymptote,
X is the concentration of inhibitor corresponding to the initial veloc-
ity Y, IC50 is the inhibitor concentration that achieves half-maximal
enzyme inhibition, and n is the Hill coefficient for the curve (a mea-
sure of cooperativity of ligand binding). Reported potency values for
each compound represent the average of at least two independent
determinations, and are expressed in terms of IC50 because of the
lack of mechanistic information for the complete set of compounds.
Similar compounds with zinc-binding moieties have been demon-
strated to bind in the active site of BoNTA-LC36 and therefore are
likely to act as competitive inhibitors. This report and the fact that
the peptide substrate is used at a concentration well below its Km

for BoNTA-LC (100 lM, see Schmidt23) predict that IC50 is roughly
equivalent to Ki for this class of inhibitors, given that for competi-
tive inhibitors Ki = IC50/(1 + S/Km), where S is the initial substrate
concentration in the reaction.
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