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ABSTRACT: Acid ceramidase (AC) hydrolyzes ceramides,
which are central lipid messengers for metabolism and signaling
of sphingolipids. A growing body of evidence links deregulation of
sphingolipids to several diseases, including cancer. Indeed, AC
expression is abnormally high in melanoma cells. AC inhibition
may thus be key to treating malignant melanoma. Here, we have
used a systematic scaffold exploration to design a general
pharmacophore for AC inhibition. This pharmacophore com-
prises a 6 + 5 fused ring heterocycle linked to an aliphatic
substituent via a urea moiety. We have thus identified the novel
benzimidazole derivatives 10, 21, 27, and 30, which are highly
potent AC inhibitors. Their chemical and metabolic stabilities are
comparable or superior to those of previously reported AC inhibitors. Moreover, they are potent against endogenous AC in
intact melanoma cells. These novel inhibitors merit further characterization and can serve as a promising starting point for the
discovery of new antimelanoma therapeutics.

■ INTRODUCTION

The incidence of cutaneous melanoma continues to rise.1,2 At
the same time, treating unresectable or metastatic melanoma
with conventional cytotoxic agents (such as dacarbazine) has
failed to produce the expected survival benefit.3 The survival of
patients with advanced melanoma has been increased by using
BRAF and MEK inhibitors and by using antibodies that block
immune-checkpoint molecules (such as ipilimumab, which
targets the cytotoxic T lymphocyte antigen 4 (CTLA-4)).4−6

Nevertheless, progression of melanoma due to intrinsic and/or
acquired resistance to these novel treatments remains a major
issue.7 In addition, clinicians are concerned about the toxicity,
tolerability, and effectiveness of these new agents.8 Combina-
tion therapy is an alternative and promising approach, where
novel targeted agents and traditional anticancer modalities
(radiation, chemotherapy, or surgery) are used together to
enhance treatment efficacy and reduce side-effects.9 Combina-
tion therapy, however, has not yet demonstrated a significant
decrease in the mortality of melanoma patients. For all these
reasons, treatment of advanced melanoma is still an unmet

medical need,6 and novel therapeutic strategies are urgently
required.1

Recent findings have shown that the acid ceramidase (AC)
enzyme may be a novel target for treating several types of
cancer, including melanoma.10−12 AC is a cysteine amidase that
hydrolyzes the proapoptotic lipid-derived messenger ceramide,
a central molecule in sphingolipid metabolism and signal-
ing.13−15 The expression of AC is abnormally high in several
tumors, suggesting that the dysregulation of ceramide
metabolism could be linked to cancer development and
progression.16−18 Indeed, AC overexpression has been detected
in various types of human cancer (e.g., melanoma, head and
neck, prostate, and colon cancer). Moreover, autoantibodies
against AC have been found in the serum of melanoma
patients, suggesting that AC might also be used as a biomarker
for disease prognosis.19 There is also evidence that over-
expression of AC may be related to higher resistance to
pharmacological induction of apoptosis,20,21 while AC inhib-
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ition sensitizes cancer cells to the action of anticancer
therapeutics.20,22 Taken together, there is a growing body of
evidence that indicates AC inhibition as an effective and
innovative therapeutic approach to treat melanoma, as well as
other cancers.10,23−25

In the last two decades, a few potent AC inhibitors have been
discovered.26,27 Initially, inhibitors such as NOE28 and D-e-
MAPP29 were designed for their similarity to ceramide, the
endogenous AC ligand (Figure 1). However, these inhibitors
have low potency and selectivity, being also active against Cz-
ceramide-activated phosphatase (CAPP) and protein kinase C
(PKC). Optimization of these first-generation inhibitors led to
slightly better activity in vitro and in vivo (ceranib 1 and 2, see
Figure 1).23,26 Recently, however, more potent ceramide-
unrelated inhibitors of AC have been identified by synthesizing
new derivatives of 5-fluorouracil (5-FU) and by screening
commercial chemical libraries, which returned promising AC
blockers such as the benzoxazolone carboxamide com-
pounds.30−32 These inhibitors are fairly potent, being active
in the nanomolar range (see benzoxazolone 1, 2, and 3 in
Figure 1). This class of inhibitors blocks AC by forming a
covalent adduct with the catalytic Cys-143. This covalent
ligand−target interaction is due to the presence of a urea group
in the benzoxazolone carboxamide derivatives. The urea is
cleaved to generate the covalent AC−inhibitor complex.33

Although promising, these benzoxazolone carboxamides
derivatives suffer from limited stability, which may hinder
their development as clinically viable therapeutic agents.
Here, we report on an extensive exploration of different

scaffolds that act by covalently inhibiting AC, just like their
template benzoxazolone carboxamide derivatives. Our goal was
to understand which chemical features are necessary for potent
AC inhibition while improving chemical stability. Thus, we
present a general pharmacophore for AC inhibition that
combines 6 + 5 fused ring heterocycles with different aliphatic

chains, linked via a urea functional group (Figure 2). We
obtained a set of 30 new compounds, with seven different

chemical cores. The four most potent and stable AC inhibitors
10, 21, 27, and 30 also inhibited AC in intact cells. This
information will be useful for further optimizing these
promising compounds.

■ RESULTS AND DISCUSSION
Strategy for Pharmacophore Exploration. Previous

studies described a set of potent but only fairly stable
benzoxazolone inhibitors of the AC enzyme (Figure 1).
These were all characterized by the presence of the urea
functional group, which was demonstrated to be crucial for
activity against AC. These potent compounds are active in the
low nanomolar range, acting by forming an adduct with the
nucleophilic Cys-143 residue of AC.33 Notably, all these
covalent inhibitors are characterized by an aliphatic substituent,

Figure 1. Ceramide and known acid ceramidase (AC) inhibitors.

Figure 2. Proposed pharmacophore for AC covalent inhibitors.
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which mimics the alkylic tail of the AC natural substrate, and
which is linked through the urea functional group to the
benzoxazolone heterocyclic core.34

In an effort to elucidate and improve the pharmacological
shortcomings of the existing covalent inhibitors of AC, we
explored the chemistry of a general pharmacophore for AC
inhibition. This was designed by combining 6 + 5 fused ring
heterocycles and different aliphatic tails (Figure 2). Seven
different 6 + 5 fused ring heterocycles (benzothiazole,
benzoxazole, benzimidazole, indazole, benzotriazole, 4-azaben-
zotriazole, and phathalimide) were combined via a urea
functional group to different aliphatic tails. In this way, these
seven different cores were linked to both hexyl- and 4-
phenylbutyl fragment tails, which were selected from previous
inhibition studies31−34 (Figure 2), obtaining an initial set of 18
compounds. In addition, we synthesized a set of four 2-
benzimidazole derivatives to study the effect of these
modifications on potency and stability. We also considered a
benzyl-containing tail, generating eight additional compounds,
for a total of 30 new derivatives that block the targeted AC
enzyme (Table 1).
First, we investigated how the presence of either an exocyclic

or endocyclic urea linked to each different compound core

affects their inhibitory activity against AC. We used either 2-
aminobenzothiazole or 2-aminobenzoxazole to synthesize an
initial set of four derivatives containing the exocyclic urea (1−4
in Table 1). Notably, these compounds only have an exocyclic
amino group accessible for chemical synthesis. Then, four
additional derivatives were synthesized from 2-aminobenzimi-
dazole, where both endocyclic and exocyclic amino groups
could be derivatized (5−8 in Table 1). In a second step, after
identifying endocyclic ureas as the most active ones, we
synthesized a group of 10 compounds bearing different
heterocycles and both hexyl- and 4-phenylbutyl tails (9−18
in Table 1). In addition, we synthesized a third set of four
compounds containing the 4-phenylbutyl fragment tail, which
produced the best inhibitory results against AC, and different 2-
substituted benzimidazoles. Finally, we synthesized a group of
eight compounds containing a benzyl group with a single
methyl substituent at different positions along the aliphatic
fragment, as an alternative tail. Encouraged by the results
obtained with compounds bearing the 4-phenylbutyl tail, which
resulted in more potent inhibitors, we investigated additional
tails formed by combining an aromatic group with an alkyl
fragment.

Table 1. Synthesized Compounds
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Chemistry. The synthesis of all the differently substituted
ureas was efficiently accomplished by a general strategy, which
involved reacting different heterocycle cores (Het, see Table 1)
with an appropriate isocyanate in the presence of a catalytic
amount of 4-(dimethylamino)pyridine (DMAP) (Scheme 1).

All heterocycles were commercially available, with the
exception of 2-methoxy-1H-benzimidazole, which was synthe-
sized following an adapted procedure from a previously
described protocol (Scheme 2).35

Compounds 1−4 and 7−30 were obtained in moderate to
good yields as indicated in the Supporting Information. The
reaction with heterocycles 2-aminobenzimidazole (7,8) and
with 1H-1,2,3-triazolo[4,5-b]pyridine (15,16) was regioselec-
tive, as previously described.36,37 Compounds 19 and 20 were
obtained by adding one or two equivalents of the
corresponding isocyanate, respectively.
Compounds 5 and 6 bear a urea in the exocyclic amino

group attached to the 2-aminobenzimidazole. They were
obtained via an alternative strategy (Scheme 3). The hetero-
cycle was first selectively protected on N1 with a tert-butyl
carbamoyl group, adapting a known procedure.38 Then,
intermediate 31 permitted regioselective urea formation on
the 2-amino group with both hexyl and 4-phenylbutyl
isocyanates, in the presence of catalytic DMAP at 80 °C.
Finally, elimination of the protecting group in pyridine was
achieved by heating at 80 °C, yielding the 2-amino derivatives 5
and 6.
Structure−Activity Relationships. For the first set of

compounds, those bearing endocyclic ureas are more active
than exocyclic ones (Table 2). Compounds 1−6, which all have
the urea fragment linked to the exocyclic 2-amino group, were

inactive (at the highest concentration tested), whereas
compounds 7 and 8, which present the same type of
substitution in the endocyclic N1, displayed potent AC
inhibition (IC50 2.4 nM and 0.9 nM, respectively).
On the basis of this evidence, we focused on those

heterocycles bearing endocyclic ureas. Four more 6 + 5 fused
ring heterocycles with an endocyclic amino group were used to
synthesize new derivatives with either a hexyl or a 4-
phenylbutyl group (compounds 9−18, Table 3).
Interestingly, all of the considered heterocycles generated

potent AC inhibitors. All of the compounds bearing the same
aliphatic tail can be considered equipotent, suggesting that a 6 +
5 fused ring heterocycle anchored by an endocyclic amino
group is sufficient for AC inhibition. Larger differences were
observed when comparing both aliphatic tails. In all cases,
compounds bearing the 4-phenylbutyl tail returned an IC50
value that was on average twice as potent as those bearing the
hexyl tail. Notably, the presence of a phenyl group in the
aliphatic tail of the molecules provided an advantage in terms of
AC inhibition. This slight improvement in potency may be due

Scheme 1. General Pathway for Urea Synthesisa

aReagents and conditions: (i) DMAP (0.1 equiv), pyridine, N2, room
temperature, 5 h.

Scheme 2. Synthesis of 2-Methoxy-1H-benzimidazolea

aReagents and conditions: (i) tetramethylortho carbonate (1.4 equiv),
Ar, 90 °C, 24 h.

Scheme 3. Synthesis of 2-Aminobenzimidazole Exocyclic Ureas 5 and 6a

aReagents and conditions: (i) Boc2O (1 equiv), Et3N (3 equiv), THF (dry), room temperature, 5 h, yield 95%. (ii) R-NCO (1 equiv), DMAP (0.1
equiv), pyridine, N2, 80 °C, 3 h. For R = hexyl yield 11%. For R = 4-phenylbutyl yield 12%. (iii) Pyridine, 80 °C, 16 h. For R = hexyl yield 70%. For
R = 4-phenylbutyl yield 70%.

Table 2. Exocyclic Amine Ureas versus Endocyclic Amine
Ureas

aIC50 values are reported as mean ± SD values of three
determinations.
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to the preference that the enzyme has for substrates containing
more double bonds.39

Potency, Chemical, and Metabolic Stability. The
previously reported covalent inhibitors of AC have limited
stability.33,34 In this respect, we selected our most active
compounds 9−18 to further characterize their stability (Table
3). We tested their chemical stability in neutral buffered
solution in PBS at pH 7.4 and acetate at pH 4.5, and used
mouse plasma to test their metabolic stability. Notably,
depending on the heterocycle, the half-life of each compound
ranged from a few minutes (13−18) to 1 or 2 h (9−12) in
neutral buffered solution. This difference in stability was even
more pronounced in plasma where, remarkably, 9−12 had a
half-life of over 2 h.
To further investigate whether additional modifications of

the heterocycle core could improve the potency and stability of
our best AC inhibitors, we focused on the benzimidazole
heterocycle core of 9 and 10, which presented the best
compromise between potency and stability (Table 3). Since a
phenyl group is preferred in the aliphatic tail, we studied a new
set of compounds with modifications at the benzimidazole 2
position, while maintaining the 4-phenylbutyl tail linked to the
urea (Table 4). The presence of an amino group at postion 2
(8) returned an IC50 = 0.9 nM, twice as potent as the
nonsubstituted benzimidazole (10). Interestingly, the presence
of a methyl group at the same position (22) also produce a
compound that was twice as potent as the unsubstituted

benzimidazole 10. In contrast, introducing a methoxide
substituent (21) resulted in a 4-fold decrease in potency,

Table 3. Exploration of 5 + 6 Fused Ring Heterocycles

aIC50 values are reported as mean ± SD values of three determinations.

Table 4. Additional 2-Benzimidazole Derivative Exploration

aIC50 values are reported as mean ± SD values of three
determinations.
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with an IC50 = 13.9 nM. Finally, we considered the 3-
dihydrobenzimidazol-2-one heterocycle, which has two nitro-
gen atoms that can be derivatized. Thus, we obtained 19 with
just one urea, which was surprisingly inactive, while 20 with two
substituents was almost 10-fold less potent than the
unsubstituted benzimidazole 10. The activity with two
substituents as in 20, compared to the inactive derivative 19,
is also confirmed by analogues 35 and 36 (see Supporting
Information) and remains a puzzling result that merits further
investigation. In terms of stability, substituents introduced at
the benzimidazole 2-position, as in 8 and 22, resulted in less
chemically stable compounds (t1/2 14 and 7 min, respectively).
This suggests that modifications introduced to make the urea
group more sensitive to the Cys-143 nucleophilic attack may
potentially render these compounds more easily hydrolyzable
in solution.
Encouraged by the fact that a phenyl group in the aliphatic

tail consistently increased the potency of our inhibitors, we
further explored the presence of a benzyl group in this part of
the molecule. All of the resulting compounds had a benzyl
group directly attached to the urea. We expected this to affect
the electrophilic properties of the carbonyl group. For these
compounds, we used benzimidazole and 2-aminobenzimidazole
cores, which offer the best balance between potency and

stability. This generated eight new derivatives (Table 5, 23−26
and 27−30, i.e., four new derivatives per core).
Substituting the 4-phenylbutyl tail for a benzyl tail in the 2-

aminobenzimidazole and benzimidazole heterocycles produced
23 and 27, which both had diminished potency (35-fold and 7-
fold decrease, respectively). Moreover, the position of a methyl
group in the benzyl tail affected AC activity in different ways.
For example, ortho-substitution in 24 and 28 resulted in an ∼2-
fold decrease in potency compared with that of the non-
substituted benzyl derivatives 23 and 27. This is likely due to
the bigger steric hindrance of the ortho-substituted compounds,
which occlude the urea electrophilic center. In fact, meta- and
para-substitutions, 25,26 and 29,30, have a better inhibitory
potency, even compared to that of the benzyl derivatives 23
and 27. Again, this is probably due to an increased lipophilicity
of these meta- and para-substituted compounds, compared to
that of nonsubstituted benzyl urea. This is in accordance with
the hydrophobic nature of the natural AC substrate.
Related to the stability of these benzyl derivatives, a

significant effect was again observed depending on the
heterocycles. In agreement with 8 containing 4-phenylbutyl
urea (Table 5), derivatives based on the 2-aminobenzimidazole
heterocycle were less stable (chemically and metabolically) than
those based on the benzimidazole heterocycle, resulting in half-

Table 5. Exploration of Benzyl Ureas

aIC50 values are reported as mean ± SD values of three determinations.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00472
J. Med. Chem. 2017, 60, 5800−5815

5805

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b00472/suppl_file/jm7b00472_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b00472/suppl_file/jm7b00472_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.7b00472


life values of less than 30 min. However, for benzimidazole
derivatives, both benzyl and 4-methylbenzyl substituents
returned more stable compounds, reaching >120 min as half-
time, with potency in the low nanomolar range (see 27 and 30
in Table 5). These results support this para-substituted benzyl
fragment as a valid alternative to our pharmacophore aliphatic
tails.
Study of the Mechanism of Inhibition. A covalent

mechanism of action has been proved for previously reported
benzoxazolone AC inhibitors.33,34 Specifically, it was confirmed
that Cys-143 attacks the urea carbonyl group of the
benzoxazolone, with the 4-phenylbutyl remaining attached to
the enzyme AC (Figure 3). As for the benzoxazolone
carboxamides,33,34 here we used liquid chromatography−mass
spectrometry (LC-MS) to characterize the mode of action of
compounds 10 and 21. As expected, results demonstrate that
these compounds act through the same mechanism of action
observed for benzoxazolone AC inhibitors (adduct A, Figure
3A). Incubation with purified recombinant human AC,
followed by trypsin digestion and peptide analysis by LC-MS,

showed the formation of an adduct with the N-terminal peptide
of AC (CTSIVAEDK, Figure 3B, red trace) for both inhibitors.
In contrast, only native unmodified peptide was observed after
control incubation of AC with DMSO. For both compounds 10
and 21, tandem MS analysis showed the formation of the same
adduct (Figure 3C). That is, a peak of the 4-phenylbutyl
carboxamide fragment (adduct A) was observed (see
Supporting Information).33,34 No evidence supporting an
alternative mode of action and no adducts with other AC
tryptic peptides were observed, which indicate that our new
compounds covalently bind to Cys-143.

Computational Analysis. On the most potent and
promising AC inhibitors (compounds 8, 10, and 19−22), we
performed a coordinate scan analysis as a function of the
dihedral angle ψ centered along the N1−C1′ axis of the C2−
N1−C1′−O1′ atoms of the urea moiety.40,41 In this way, we
could identify the most probable (i.e., lowest energy)
conformations, which are likely adopted by urea during
nucleophilic attack by the Cys-143 residue in AC, generating
the covalent enzyme-ligand adduct.42−45

Figure 3. (A) Adduct formed by covalent modification of catalytic Cys-143 by a reported benzoxazolone AC inhibitor33,34 and possible adducts
formed upon nucleophilic attack of the catalytic Cys-143 on compounds 10 and 21. (B) Chromatograms of peptide analysis after trypsin digestion of
AC incubated with compound 10 or 21 (red trace) and DMSO (blue trace). (C) Tandem mass spectrum confirming the CTSIVAEDK peptide
sequence and mass increased of covalently modified Cys-143 (+ 175.10 Da), in concordance with adduct A formation (+ C11H13NO). See also
Supporting Information.
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As expected, in all of the compounds we detected two
energetic minima for ψ. One was located at ψ = 180°, where the
oxygen atom of the urea group at position 1 is oriented toward
the “outer” side of the molecule (hereafter referred to as the
exo conformation, Figure 4). One was located at ψ = 360°,
where the oxygen atom points toward the “inner” side of the
molecule (hereafter referred to as the endo conformation,
Figure 4). Interestingly, the most active compounds 8, 10, and
22 (IC50 of 0.9 ± 0.2 nM, 2.5 ± 0.1 nM, and 1.0 ± 0.4 nM,
respectively) prefer the exo conformation, while the others
prefer endo conformations. Compound 8 is highly stabilized in
exo thanks to the formation of an intramolecular H-bond
between the amino group in position 2 and the oxygen atom of
the urea. However, exo conformations are also preferred in 10

and 22 in the absence of this H-bond, indicating that this
conformation is stabilized by the nature of the central core. In
fact, the less active compounds 19−21, (IC50 of >10000 nM,
21.0 ± 6.9 nM, and 13.9 ± 3.9 nM, respectively) prefer the
endo conformation in which they form an intramolecular H-
bond (Figure 4). These results suggest that the nucleophilic
attack performed by Cys-143 is favored when urea assumes the
exo conformation, which therefore identifies more potent
compounds. In other words, based on our computational
analysis, we hypothesize that the AC active site is more selective
toward the exo conformation of the amide group of the
inhibitor. Then, when bound, the amide bond might undergo a
slight distortion, which has been suggested to facilitate the
nucleophilic attack for amide hydrolysis.46,47

Figure 4. Coordinate scan of the urea torsional angles of compounds 8, 10, and 19−22. The pink sphere represents the global minimum
conformation, which is shown as a 2D structure. The exo conformation is preferred for 8, 10, and 22 and the endo conformation for 19−21. The dark
gray spheres in position 1 represent the phenylbutyl moiety.

Table 6. Effect of AC Inhibitors in Melanoma Cells

aIC50 values are reported as mean ± SD values of at least two determinations
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In conclusion, the minimal energy conformation assumed by
ψ and, in particular, the stabilization of the exo conformation
seems to be an important prerequisite for the rational design of
a potent compound against AC.48

Targeting AC in Melanoma Cells. On the basis of in vitro
activity results on AC inhibition, as well as on the stability
studies, benzimidazole derivatives 10, 21, 27, and 30 were also
tested for their ability to inhibit endogenous AC in intact cells.
The assay is based on the intracellular enzymo-chemical
transformation of the AC substrate Rbm-14−12 into
fluorescent umbelliferone.50 To this end, we used two different
melanoma cell lines, A375 and G-361, which are representative
of the invasive and proliferative phenotype of the disease,
respectively.49 After 2 h of treatment, all four compounds
inhibited endogenous AC activity with variable potencies in
both cell lines (Table 6). The A375 cell line was more sensitive
to AC inhibition than G-361. This difference is likely due to the
higher levels of expression of catalytically competent AC in
proliferative G-361 melanoma cells than in invasive A375
cells.49 The inhibitory activity of these compounds against AC
in intact cells correlated well with that obtained in vitro, with
10 being the most potent and promising compound. In
addition, the benzimidazole derivatives had improved stability
and comparable potency to carmofur, which has been used to
generate similarly active derivatives to block AC.49 The effect
observed for these compounds in melanoma cells can be
attributed to their ability to block AC activity. In fact, under
these experimental conditions, we did not observe any cytotoxic
effect of the compounds, alone. Moreover, cytotoxicity assays
treating the cells for 72 h demonstrated the lack of cytotoxicity
(see Supporting Information).

■ CONCLUSIONS
In the present work, we have identified a pharmacophore
model that captures essential features for covalent inhibition of
the AC enzyme. Our results show that a chemical structure
formed by a 6 + 5 fused ring heterocycles, functionalized at the
endocyclic amino group, is critical for AC inhibition. Although
all of the fused ring heterocycles considered were quite potent,
each returned different results in terms of chemical stability. In
this regard, benzimidazole derivatives showed the best balance
between potency and stability. Exploration of 2-benzimidazole
substituents yielded slightly more potent compounds when an
electrodonating group was inserted, as in 8 and 22. However,
electron withdrawing substituents helped both chemical and
metabolic stabilities, with a compound half-life of more than 2
h. Our findings also show that compounds with an aliphatic
chain that contains an aromatic group are more potent in
blocking AC. We have demonstrated this for tails based on a 4-
phenylbutyl fragment as in 10, 12, 14, 16, and 18, compared to
those with the hexyl group as in 9, 11, 13, 15, and 17. Along
these lines, a benzyl fragment in the tail showed different effects
depending on methyl substituent position. While a naked
benzyl fragment resulted in less potent compounds, as in 23
and 27, the presence of a methyl group showed different effects
depending on its position. Ortho-substitution, as in 24 and 28,
had diminished potency, probably due to a larger steric
hindrance. We also observed a slight decrease in potency for
meta-derivatives, as in 25 and 29, and para-derivatives, as in 26
and 30, especially for benzimidazole heterocycle. Benzyl
substituents also affected chemical and metabolic stabilities.
For example, 2-aminobenzimidazole derivatives are unstable
compounds. However, when the benzimidazole core is linked

to either a benzyl or a para-methylbenzyl group, compounds
become more stable, reaching an optimal half-time that exceeds
2 h, as for 27 and 30.
In summary, our scaffold exploration and derivatization

suggest a general pharmacophore for AC inhibition formed by a
6 + 5 fused ring heterocycle bearing a urea at an endocyclic
nitrogen group. This nitrogen should be derivatized with an
alkyl chain presenting a phenyl substituent. In our study, this
general scaffold resulted in benzimidazole derivatives 10, 21,
27, and 30, which are potent and fairly stable AC inhibitors,
with promising activity against AC in different melanoma cell
lines. These novel AC inhibitors merit further characterization
and can serve as a promising starting point for the discovery of
new therapeutics for melanoma.

■ EXPERIMENTAL SECTION
Chemistry. All of the commercially available reagents and solvents

were used as purchased from vendors without further purification. Dry
solvent pyridine was purchased from Sigma-Aldrich. Automated
column chromatography purifications were done using a Teledyne
ISCO apparatus (CombiFlash Rf) with prepacked silica gel columns of
different sizes (from 4 g up to 24 g) and mixtures of increasing polarity
of cyclohexane and ethyl acetate (EtOAc) or cyclohexane and tert-
butyl methyl ether (TBME). NMR experiments were run on a Bruker
Avance III 400 system (400.13 MHz for 1H and 100.62 MHz for 13C),
equipped with a BBI probe and Z-gradients. Spectra were acquired at
300 K, using deuterated dimethyl sulfoxide (DMSO-d6) or deuterated
chloroform (CDCl3) as solvents. UPLC/MS analyses were run on a
Waters Acquity UPLC/MS system consisting of an SQD (single
quadrupole detector) mass spectrometer equipped with an electro-
spray ionization interface and a photodiode array detector. The PDA
range was 210−400 nm. Analyses were performed on an Acquity
UPLC BEH C18 column (100 × 2.1 mm ID, particle size 1.7 μm) with
a VanGuard BEH C18 precolumn (5 × 2.1 mm ID, particle size 1.7
μm). Mobile phase was 10 mM NH4OAc in H2O at pH 5 adjusted
with CH3COOH (A) and 10 mM NH4OAc in CH3CN−H2O (95:5)
at pH 5.0 (B). Depending on the analysis method used, a different
gradient increasing the proportion of mobile phase B was applied. For
analysis method 1, the mobile-phase B proportion increased from 5%
to 95% in 3 min. For analysis method 2, the mobile-phase B
proportion increased from 50% to 100% in 3 min. Electrospray
ionization in positive and negative modes was applied. All tested
compounds showed ≥95% purity by NMR and UPLC/MS analysis.

General Procedure for Urea Synthesis. Under N2 atmosphere,
to a room temperature solution of corresponding heterocycle (1.0
mmol) and 4-(Dimethylamino)pyridine (0.1 mmol) in dry pyridine
(2.7 mL) was dropwise added corresponding isocyanate (1.0 mmol).
Then, the reaction crude was stirred at room temperature for 5 h,
portioned between EtOAc (20 mL) and NaHCO3 saturated solution
(20 mL), and the organic layer extracted with brine (20 mL), dried
over Na2SO4, and concentrated to dryness at low pressure. The pure
compounds were afforded by purification by typical silica gel flash
chromatography, using mixtures of increasing polarity of cyclohexane
and EtOAc or tert-butyl methyl ether (TBME), followed by trituration
in diethyl ether.

Synthesis of 1-(1,3-Benzothiazol-2-yl)-3-hexyl-urea (1) in Table 1.
Compound 1 was synthesized following the general procedure
previously described using 2-aminobenzothiazole (100 mg, 0.65
mmol) and hexyl isocyanate (0.10 mL, 0.65 mmol). Purification by
typical silica gel flash chromatography (cyclohexane/TBME from 95:5
to 70:30) and final trituration in diethyl ether twice (2 × 1 mL)
afforded 1 (111 mg, 64%) as a white solid. Rt = 2.70 min (analysis
method 1). MS (ESI) m/z: 278.1 [M − H]+, calculated 278.1. 1H
NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H), 7.85 (d, J = 7.1 Hz,
1H), 7.59 (d, J = 7.9 Hz, 1H), 7.40−7.27 (m, 1H), 7.19 (m, 1H), 6.74
(t, J = 5.6 Hz, 1H), 3.12−3.16 (m, 2H), 1.44 (q, J = 7.0 Hz, 2H),
1.35−1.23 (m, 6H), 0.92−0.79 (m, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 125.71 (CH), 122.54 (CH), 121.28 (CH), 119.82 (CH),

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00472
J. Med. Chem. 2017, 60, 5800−5815

5808

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b00472/suppl_file/jm7b00472_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.7b00472


39.08 (CH2), 30.93 (CH2), 29.36 (CH2), 25.96 (CH2), 22.06 (CH2),
13.91 (CH3). qNMR: 97.3%.
Synthesis of 1-(1,3-Benzothiazol-2-yl)-3-(4-phenylbutyl)urea (2).

Compound 2 was synthesized following the general procedure
previously described using 2-aminobenzothiazole (50 mg, 0.32
mmol) and 4-phenylbutyl isocyanate (0.06 mL, 0.32 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
TBME from 95:5 to 60:40) and final trituration in diethyl ether twice
(2 × 1 mL) afforded 2 (89 mg, 85%) as a white solid. Rt = 2.73 min
(analysis method 1). MS (ESI) m/z: 326.1 [M − H]+, calculated
326.1. 1H NMR (400 MHz, DMSO-d6) δ 10.59 (s, 1H), 7.86 (d, J =
7.8 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.35 (td, J = 7.7, 1.2 Hz, 1H),
7.27 (t, J = 7.5 Hz, 2H), 7.23−7.19 (m, 3H), 7.21−7.12 (m, 1H), 6.77
(t, 1H), 3.19 (q, J = 6.6 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 1.68−1.54
(m, 2H), 1.54−1.41 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ
142.09 (CH), 128.29 (CH), 128.24 (CH), 125.72 (CH), 125.67
(CH), 122.56 (CH), 121.29 (CH), 38.98 (CH2), 34.76 (CH2), 29.09
(CH2), 28.33 (CH2). qNMR: 97.5%.
Synthesis of 1-(1,3-Benzoxazol-2-yl)-3-hexyl-urea (3). Compound

3 was synthesized following the general procedure previously
described using 2-aminobenzoxazole (100 mg, 0.72 mmol) and
hexyl isocyanate (0.11 mL, 0.72 mmol). Purification by typical silica
gel flash chromatography (cyclohexane/TBME from 95:5 to 70:30)
and final trituration in diethyl ether twice (2 × 1 mL) afforded 3 (48
mg, 64%) as a white solid. Rt = 2.81 min (analysis method 1). MS
(ESI) m/z: 262.1 [M − H]+, calculated 262.2. 1H NMR (400 MHz,
DMSO-d6) δ 11.03 (s, 1H), 8.39 (t, J = 5.7 Hz, 1H), 7.55 (d, J = 7.5
Hz, 1H), 7.50 (d, J = 7.5 Hz, 1H), 7.28 (td, J = 7.7, 1.2 Hz, 1H), 7.21
(td, J = 7.7, 1.2 Hz, 1H), 3.30−3.20 (m, 2H), 1.52 (q, J = 7.3 Hz, 2H),
1.37 (m, 6H), 0.98−0.77 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ
157.18 (CO), 151.95 (C), 146.95 (C), 140.31(C), 124.53 (CH),
122.89 (CH), 117.14 (CH), 109.77 (CH), 39.37 (CH2), 30.89 (CH2),
29.29 (CH2), 25.98 (CH2), 22.04 (CH2), 13.88 (CH3). qNMR: 97.1%.
Synthesis of 1-(1,3-Benzoxazol-2-yl)-3-(4-phenylbutyl)urea (4).

Compound 4 was synthesized following the general procedure
previously described using 2-aminobenzoxazole (50 mg, 0.36 mmol)
and 4-phenylbutyl isocyanate (0.06 mL, 0.36 mmol). Purification by
typical silica gel flash chromatography (cyclohexane/TBME from
100:0 to 80:20) and final trituration in diethyl ether twice (2 × 1 mL)
afforded 4 (65 mg, 57%) as a white solid. Rt = 2.80 min (analysis
method 1). MS (ESI) m/z: 310.1 [M − H]+, calculated 310.2. 1H
NMR (400 MHz, DMSO-d6) δ 11.03 (s, 1H), 8.39 (t, J = 5.7 Hz, 1H),
7.55 (d, J = 7.7 Hz, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.32−7.23 (m, 3H),
7.23−7.11 (m, 4H), 3.28 (q, J = 6.6 Hz, 2H), 2.62 (t, J = 7.5 Hz, 2H),
1.67−1.61 (m, 2H), 1.59−1.49 (m, 2H). 13C NMR (101 MHz,
DMSO-d6) δ 157.17 (CO), 151.99 (C), 146.97 (C), 142.09 (C),
140.31 (C), 128.29 (CH), 128.24 (CH), 125.67 (CH), 124.54 (CH),
122.91 (CH), 117.15 (CH), 109.78 (CH), 38.76 (CH2), 34.73 (CH2),
29.02 (CH2), 28.34 (CH2). qNMR: 97.4%.
Synthesis of 1-(1H-Benzimidazol-2-yl)-3-hexyl-urea (5). Step 1.

Synthesis of tert-Butyl 2-aminobenzimidazole-1-carboxylate (31). A
room temperature solution of 2-aminobenzimidazole (200.0 mg, 1.46
mmol), di-tert-butyl dicarbonate (327.8 mg, 1.46 mmol), and
triethylamine (0.6 mL, 4.37 mmol) in dry THF (2.4 mL) was stirred
at room temperature for 5 h. Then, the reaction crude was portioned
between AcOEt (20 mL) and NaHCO3 saturated solution (20 mL),
and the organic layer extracted with brine (20 mL), dried over
Na2SO4, and concentrated to dryness at low pressure. Purification by
typical silica gel flash chromatography (cyclohexane/AcOEt from
75:25 to 65:45) afforded 31 (323 mg, 95%) as a white solid. Rt = 2.03
min (analysis method 1). MS (ESI) m/z: 234.2 [M − H]+, calculated
234.1. 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 1H), 7.34
(d, J = 7.5 Hz, 1H), 7.20 (td, J = 7.5, 1.2 Hz, 1H), 7.06 (td, J = 8.0, 1.2
Hz, 1H), 6.20 (s, 2H), 1.72 (s, 9H).
Step 2. tert-Butyl 2-(hexylcarbamoylamino)benzimidazole-1-

carboxylate (32). To a room temperature solution of 31 (160 mg,
0.68 mmol) and 4-(dimethylamino)pyridine (8.4 mg, 0.07 mmol) in
dry pyridine (1.8 mL) was dropwise added hexyl isocyanate (0.10 mL,
0.68 mmol). Then, the reaction crude was stirred at 80 °C for 3 h,
portioned between AcOEt (20 mL) and NaHCO3 saturated solution

(20 mL), and the organic layer extracted with brine (20 mL), dried
over Na2SO4, and concentrated to dryness at low pressure. Purification
by typical silica gel flash chromatography (cyclohexane/AcOEt from
100:0 to 75:25) afforded 32 (27 mg, 11%) as a white solid. Rt = 2.45
min (analysis method 2). MS (ESI) m/z: 361.2 [M − H]+, calculated
361.2. 1H NMR (400 MHz, DMSO-d6) δ 11.44 (s, 1H), 9.75 (s, 1H),
7.44−7.25 (m, 2H), 7.04−6.97 (m, 2H), 3.18 (td, J = 6.9, 5.7 Hz, 2H),
1.56−1.38 (m, 2H), 1.52 (s, 9H), 1.37−1.22 (m, 6H), 0.98−0.77 (m,
3H).

Step 3. Synthesis of 1-(1H-Benzimidazol-2-yl)-3-hexyl-urea (5). A
solution of 32 (26 mg, 0.07 mmol) in dry pyridine (0.2 mL) was
stirred at 80 °C for 16 h, then the reaction crude was concentrated to
dryness at low pressure and purified by typical silica gel flash
chromatography (cyclohexane/AcOEt from 80:20 to 50:50) and final
trituration in diethyl ether twice (2 × 1 mL) affording 5 (13 mg, 70%)
as a white solid. Rt = 0.95 min (analysis method 2). MS (ESI) m/z:
261.2 [M − H]+, calculated 261.2. 1H NMR (400 MHz, DMSO-d6) δ
11.40 (s, 1H), 9.73 (s, 1H), 7.34 (dd, J = 7.1, 3.5 Hz, 2H), 7.01 (dd, J
= 7.1, 3.5 Hz, 2H), 3.26−3.07 (m, 2H), 1.48 (dt, J = 14.5, 7.2 Hz, 2H),
1.37−1.18 (m, 6H), 0.98−0.75 (m, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 154.27 (CO), 148.40 (C), 120.54 (CH), 38.70 (CH2),
30.97 (CH2), 29.51 (CH2), 26.03 (CH2), 22.10 (CH2), 13.93 (CH3).
qNMR: 96.3%.

Synthesis of 1-(1H-Benzimidazol-2-yl)-3-(4-phenylbutyl)urea (6).
Step 1. tert-Butyl 2-(4-phenylbutylcarbamoylamino)benzimidazole-
1-carboxylate (33). To a room temperature solution of 31 (160 mg,
0.68 mmol) and 4-(dimethylamino)pyridine (8.4 mg, 0.07 mmol) in
dry pyridine (1.8 mL) was dropwise added 4-phenylbutil isocyanate
(0.12 mL, 0.68 mmol). Then, the reaction crude was stirred at 80 °C
for 3 h, portioned between AcOEt (20 mL) and NaHCO3 saturated
solution (20 mL), and the organic layer extracted with brine (20 mL),
dried over Na2SO4, and concentrated to dryness at low pressure.
Purification by typical silica gel flash chromatography (cyclohexane/
TBME from 95:5 to 10:90) afforded 33 (34 mg, 12%) as a white solid.
Rt = 2.36 min (analysis method 2). MS (ESI) m/z: 409.1 [M − H]+,
calculated 409.2. 1H NMR (400 MHz, CDCl3) δ 9.50 (s, 1H), 9.20 (t,
J = 5.5 Hz, 1H), 7.70 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 7.8 Hz, 1H),
7.37−7.23 (m, 4H), 7.24−7.07 (m, 3H), 3.58−3.30 (m, 2H), 2.69 (t, J
= 7.3 Hz, 2H), 1.89−1.64 (m, 2H), 1.73 (s, 9H), 1.26 (t, J = 7.1 Hz,
2H).

Step 2. 1-(1H-Benzimidazol-2-yl)-3-(4-phenylbutyl)urea (6). A
solution of 33 (34 mg, 0.08 mmol) in dry pyridine (0.2 mL) was
stirred at 80 °C for 16 h, then the reaction crude was concentrated to
dryness at low pressure and purified by typical silica gel flash
chromatography (cyclohexane/AcOEt from 80:20 to 50:50), and final
trituration in diethyl ether twice (2 × 1 mL) afforded 6 (18 mg, 70%)
as a white solid. Rt = 0.95 min (analysis method 2). MS (ESI) m/z:
309.2 [M − H]+, calculated 309.2. 1H NMR (400 MHz, DMSO-d6) δ
11.42 (s, 1H), 7.40 (s, 1H), 7.34 (m, 2H), 7.27 (m, 2H), 7.23−7.12
(m, 4H), 7.01 (m, 2H), 3.22 (q, J = 6.5 Hz, 2H), 2.61 (t, J = 7.5 Hz,
2H), 1.74−1.56 (m, 2H), 1.56−1.42 (m, 2H). 13C NMR (101 MHz,
DMSO-d6) δ 154.29 (CO), 148.40 (C), 142.13 (C), 128.31(CH),
128.27 (CH), 125.69 (CH), 120.53 (CH), 99.54 (CH), 38.60 (CH2),
34.81 (CH2), 29.23 (CH2), 28.40 (CH2). qNMR: 96.1%.

Synthesis of 2-Amino-N-hexyl-benzimidazole-1-carboxamide (7).
Compound 7 was synthesized following the general procedure
previously described using 2-aminobenzimidazole (211.5 mg, 1.54
mmol) and hexyl isocyanate (0.114 mL, 0.68 mmol). Purification by
typical silica gel flash chromatography (cyclohexane/TBME from
50:50 to 20:80) followed by trituration in Et2O (5 mL) afforded 7
(128 mg, 64%) as a white solid. Rt = 2.17 min (analysis method 1).
MS (ESI) m/z: 261.2 [M − H]+, calculated 261.2. 1H NMR (400
MHz, CDCl3) δ 7.40 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 2H),
7.22 (td, J = 7.8, 1.2 Hz, 2H), 7.09 (td, J = 7.8, 1.2 Hz, 2H), 3.48 (td, J
= 7.2, 5.6 Hz, 2H), 1.87−1.61 (m, 2H), 1.47−1.39 (m, 2H), 1.38−1.32
(m, 4H), 0.96−0.87 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 154.26
(C), 152.36 (CO), 143.05 (C), 130.01 (C), 124.31 (CH), 120.70
(CH), 117.52 (CH), 110.10 (CH), 41.15 (CH2), 31.54 (CH2), 29.61
(CH2), 26.74 (CH2), 22.67 (CH2), 14.13 (CH3). qNMR: 96.2%.
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Synthesis of 2-Amino-N-(4-phenylbutyl)benzimidazole-1-carbox-
amide (8). Compound 8 was synthesized following the general
procedure previously described using 2-aminobenzimidazole (152.0
mg, 1.11 mmol) and 4-phenylbutyl isocyanate (0.098 mL, 0.55 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
AcOEt from 60:40 to 30:70) and final trituration in diethyl ether twice
(2 × 1 mL) afforded 8 (109 mg, 64%) as a white solid. Rt = 2.47 min
(analysis method 1). MS (ESI) m/z: 309.2 [M − H]+, calculated
309.2. 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 7.7 Hz, 1H), 7.33−
7.27 (m, 2H), 7.25−7.15 (m, 5H), 7.07 (td, J = 7.7, 1.1 Hz, 1H), 6.11
(s, 2H), 5.86 (s, 1H), 3.50 (q, J = 6.6 Hz, 2H), 2.70 (t, J = 7.0 Hz,
2H), 1.91−1.58 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 154.23 (C),
152.39 (CO), 141.84 (C), 129.95 (C), 128.61(CH), 128.54 (CH),
126.16 (CH), 124.33 (CH), 120.71 (CH), 117.52 (CH), 110.12
(CH), 40.94 (CH2), 35.53 (CH2), 29.19 (CH2), 28.77 (CH2). qNMR:
96.3%.
Synthesis of N-Hexylbenzimidazole-1-carboxamide (9). Com-

pound 9 was synthesized following the general procedure previously
described using benzimidazole (100 mg, 0.84 mmol) and hexyl
isocyanate (0.13 mL, 0.84 mmol). Purification by typical silica gel flash
chromatography (cyclohexane/TBME from 60:40 to 30:70) and final
trituration in diethyl ether twice (2 × 1 mL) afforded 9 (41 mg, 20%)
as a white solid. Rt = 2.53 min (analysis method 1). MS (ESI) m/z:
246.2 [M − H]+, calculated 246.2. 1H NMR (400 MHz, CDCl3) δ
8.43 (s, 1H), 7.89−7.82 (m, 1H), 7.80−7.77 (m, 1H), 7.43−7.32 (m,
2H), 6.27 (s, 1H), 3.50 (td, J = 7.3, 5.7 Hz, 2H), 1.78−1.59 (m, 2H),
1.47−1.36 (m, 2H), 1.33 (m, 4H), 1.01−0.80 (m, 3H). 13C NMR
(101 MHz, CDCl3) δ 149.72 (CO), 143.27 (C), 141.20 (CH), 131.92
(C), 124.36 (CH), 123.38 (CH), 119.78 (CH), 114.37 (CH), 40.19
(CH2), 30.97 (CH2), 28.88 (CH2), 26.02 (CH2), 22.05 (CH2), 13.91
(CH3). qNMR: 96.1%.
Synthesis of N-(4-Phenylbutyl)benzimidazole-1-carboxamide

(10). Compound 10 was synthesized following the general procedure
previously described using benzimidazole (100.0 mg, 0.84 mmol) and
4-phenylbutyl isocyanate (0.15 mL, 0.84 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/AcOEt from 90:10 to
60:40) and final trituration in diethyl ether twice (2 × 1 mL) afforded
10 (106 mg, 43%) as a white solid. Rt = 2.57 min (analysis method 1).
MS (ESI) m/z: 294.2 [M − H]+, calculated 294.2. 1H NMR (400
MHz, DMSO-d6) δ 8.70 (s, 1H), 8.53 (t, J = 5.5 Hz, 1H), 8.11−7.99
(m, 1H), 7.76−7.66 (m, 1H), 7.36 (td, J = 7.7, 1.5 Hz, 1H), 7.32 (dd, J
= 7.7, 1.5 Hz, 1H), 7.30−7.24 (m, 2H), 7.23−7.13 (m, 3H), 3.34 (m,
2H), 2.63 (t, J = 7.2 Hz, 2H), 1.72−1.57 (m, 4H). 13C NMR (101
MHz, DMSO-d6) δ 149.73 (CO), 143.25 (C), 142.02 (C), 141.20
(CH), 131.90 (C), 128.30 (CH), 128.23 (CH), 125.67 (CH), 124.36
(CH), 123.37 (CH), 119.77 (CH), 114.35 (CH), 40.00 (CH2), 34.77
(CH2), 28.56 (CH2), 28.28 (CH2). qNMR: 97.2%.
Synthesis of N-Hexylindazole-1-carboxamide (11). Compound 11

was synthesized following the general procedure previously described
using indazole (100 mg, 0.84 mmol) and hexyl isocyanate (0.13 mL,
0.84 mmol). Purification by typical silica gel flash chromatography
(cyclohexane/TBME from 100:0 to 80:20) and final trituration in
diethyl ether twice (2 × 1 mL) afforded 11 (144 mg, 70%) as a white
solid. Rt = 1.82 min (analysis method 2). MS (ESI) m/z: 246.2 [M −
H]+, calculated 246.2. 1H NMR (400 MHz, DMSO-d6) δ 9.02 (t, J =
6.0 Hz, 1H), 8.90 (d, J = 1.1 Hz, 1H), 7.77 (dt, J = 8.6, 1.1 Hz, 1H),
7.66 (dq, J = 8.6, 1.0 Hz, 1H), 7.37 (ddd, J = 8.6, 6.5, 1.1 Hz, 1H), 7.12
(ddd, J = 8.6, 6.5, 1.1 Hz, 1H), 3.33−3.28 (m, 2H), 1.58 (q, J = 7.2 Hz,
2H), 1.38−1.21 (m, 6H), 0.91−0.80 (m, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 149.72 (CO), 148.86 (C), 128.54 (CH), 122.89 (CH),
122.82 (CH), 121.99 (C), 121.47 (CH), 117.72 (CH), 39.94 (CH2),
30.92 (CH2), 28.86 (CH2), 25.91(CH2), 22.02 (CH2), 13.89 (CH3).
qNMR: 98.5%.
Synthesis of N-(4-Phenylbutyl)indazole-1-carboxamide (12).

Compound 12 was synthesized following the general procedure
previously described using indazole (100.0 mg, 0.84 mmol) and 4-
phenylbutyl isocyanate (0.15 mL, 0.84 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/TBME from 100:0 to
80:20) and final trituration in diethyl ether twice (2 × 1 mL) afforded
12 (150 mg, 61%) as a white solid. Rt = 1.80 min (analysis method 2).

MS (ESI) m/z: 294.2 [M − H]+, calculated 294.2. 1H NMR (400
MHz, DMSO-d6) δ 9.07 (t, J = 6.0 Hz, 1H), 8.90 (s, 1H), 7.77 (d, J =
8.6 Hz, 1H), 7.65 (d, J = 8.9 Hz, 1H), 7.37 (dd, J = 8.9, 6.6 Hz, 1H),
7.26 (t, J = 7.5 Hz, 2H), 7.21−7.09 (m, 4H), 3.37 (m, 2H), 2.66−2.56
(m, 2H), 1.62 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ 149.76
(CO), 148.86 (C), 142.07 (C), 128.54 (CH), 128.29 (CH), 128.20
(CH), 125.63 (CH), 122.89 (CH), 122.83 (C), 121.98 (CH), 121.46
(CH), 117.71 (CH), 39.75 (CH2), 34.75 (CH2), 28.59 (CH2), 28.29
(CH2). qNMR: 97.3%.

Synthesis of N-Hexylbenzotriazole-1-carboxamide (13). Com-
pound 13 was synthesized following the general procedure previously
described using benzotriazole (50 mg, 0.42 mmol) and hexyl
isocyanate (0.06 mL, 0.42 mmol). Purification by typical silica gel
flash chromatography (cyclohexane/TBME from 100:0 to 70:30) and
final trituration in diethyl ether twice (2 × 1 mL) afforded 13 (65 mg,
64%) as a white solid. Rt = 2.92 min (analysis method 1). MS (ESI)
m/z: 247.1 [M − H]+, calculated 247.2. 1H NMR (400 MHz, CDCl3)
δ 8.29 (d, J = 8.3 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 7.62 (ddd, J = 8.3,
7.1, 1.0 Hz, 1H), 7.46 (ddd, J = 8.3, 7.1, 1.0 Hz, 1H), 7.30 (s, 1H),
3.55 (td, J = 7.2, 5.9 Hz, 2H), 1.97−1.61 (m, 2H), 1.41−1.47 (m, 2H),
1.39−1.32 (m, 4H), 1.03−0.77 (m, 3H). 13C NMR (101 MHz,
CDCl3) δ 149.39 (CO), 146.46 (C), 131.82 (C), 130.02 (CH), 125.51
(CH), 120.12 (CH), 114.14 (CH), 40.74 (CH2), 31.57 (CH2), 29.70
(CH2), 26.64 (CH2), 22.68 (CH2), 14.15 (CH3). qNMR: 96.3%.

Synthesis of N-(4-Phenylbutyl)benzotriazole-1-carboxamide (14).
Compound 14 was synthesized following the general procedure
previously described using benzotriazole (50 mg, 0.42 mmol) and 4-
phenylbutyl isocyanate (0.08 mL, 0.42 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/TBME from 100:0 to
70:30) and final trituration in diethyl ether twice (2 × 1 mL) afforded
14 (78 mg, 64%) as a white solid. Rt = 2.91 min (analysis method 1).
MS (ESI) m/z: 295.1 [M − H]+, calculated 295.2. 1H NMR (400
MHz, CDCl3) δ 8.28 (dt, J = 8.3, 1.0 Hz, 1H), 8.09 (dt, J = 8.3, 1.0 Hz,
1H), 7.63 (ddd, J = 8.3, 7.0, 1.0 Hz, 1H), 7.46 (ddd, J = 8.3, 7.0, 1.0
Hz, 1H), 7.33−7.26 (m, 3H), 7.22−7.15 (m, 2H), 3.57 (q, J = 6.5 Hz,
2H), 2.70 (t, J = 7.0 Hz, 2H), 1.81−1.73 (m, 4H). 13C NMR (101
MHz, CDCl3) δ 149.39 (CO), 146.45 (C), 141.93 (C), 131.80 (C),
130.05 (CH), 128.55 (CH), 126.08 (CH), 125.53 (CH), 120.13
(CH), 114.12 (CH), 40.54 (CH2), 35.59 (CH2), 29.33 (CH2), 28.69
(CH2). qNMR: 95.7%.

Synthesis of N-Hexyltriazolo[4,5-b]pyridine-1-carboxamide (15).
Compound 15 was synthesized following the general procedure
previously described using 1H-1,2,3-triazolo[4,5-b]pyridine (50 mg,
0.41 mmol) and hexyl isocyanate (0.06 mL, 0.42 mmol). Purification
by typical silica gel flash chromatography (cyclohexane/TBME from
90:10 to 60:40) and final trituration in diethyl ether twice (2 × 1 mL)
afforded 15 (62 mg, 61%) as a white solid. Rt = 2.50 min (analysis
method 1). MS (ESI) m/z: 248.1 [M − H]+, calculated 248.2. 1H
NMR (400 MHz, CDCl3) δ 8.82 (dd, J = 4.4, 1.6 Hz, 1H), 8.63 (dd, J
= 8.3, 1.6 Hz, 1H), 7.58 (dd, J = 8.3, 4.4 Hz, 1H), 7.32 (s, 1H), 3.64−
3.48 (m, 2H), 1.80−1.63 (m, 2H), 1.50−1.40 (m, 2H), 1.42−1.27 (m,
1H), 1.01−0.79 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 157.86
(CO), 149.51 (CH), 148.71 (C), 124.71 (C), 124.50 (CH), 123.11
(CH), 40.86 (CH2), 31.53 (CH2), 29.61 (CH2), 26.60 (CH2), 22.67
(CH2), 14.13 (CH3). qNMR: 97.2%.

Synthesis of N-(4-Phenylbutyl)triazolo[4,5-b]pyridine-1-carboxa-
mide (16). Compound 16 was synthesized following the general
procedure previously described using 1H-1,2,3-triazolo[4,5-b]pyridine
(50 mg, 0.41 mmol) and 4-phenylbutyl isocyanate (0.07 mL, 0.41
mmol). Purification by typical silica gel flash chromatography
(cyclohexane/TBME from 100:0 to 70:30) and final trituration in
diethyl ether twice (2 × 1 mL) afforded 16 (75 mg, 62%) as a white
solid. Rt = 2.53 min (analysis method 1). MS (ESI) m/z: 296.1 [M −
H]+, calculated 296.2. 1H NMR (400 MHz, CDCl3) δ 8.82 (dd, J =
4.4, 1.6 Hz, 1H), 8.62 (dd, J = 8.3, 1.6 Hz, 1H), 7.58 (dd, J = 8.3, 4.4
Hz, 1H), 7.35−7.26 (m, 3H), 7.23−7.15 (m, 2H), 3.58 (q, J = 6.5 Hz,
2H), 2.70 (t, J = 6.9 Hz, 2H), 1.84−1.71 (m, 4H). 13C NMR (101
MHz, CDCl3) δ 157.85 (C), 149.52 (CH), 148.72 (C), 141.82 (CO),
128.57 (CH), 128.53 (CH), 126.12 (CH), 124.69 (C), 124.52 (CH),
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123.09 (CH), 40.67 (CH2), 35.56 (CH2), 29.24 (CH2), 28.65 (CH2).
qNMR: 96.1%.
N-Hexyl-1,3-dioxo-isoindoline-2-carboxamide (17). Compound

17 was synthesized following the general procedure previously
described using isoindoline-1,3-dione (300 mg, 2.0 mmol) and hexyl
isocyanate (0.15 mL, 0.5 mmol). Purification by typical silica gel flash
chromatography (cyclohexane/TBME from 100:0 to 60:40) and final
trituration in diethyl ether twice (2 × 1 mL) afforded 17 (105 mg,
38%) as a white solid. Rt = 2.53 min (analysis method 1). MS (ESI)
m/z: 275.2 [M − H]+, calculated 275.1. 1H NMR (400 MHz, DMSO-
d6) δ 8.42 (t, J = 5.7 Hz, 1H), 8.04−7.82 (m, 4H), 3.26−3.17 (m, 2H),
1.60−1.43 (m, 2H), 1.42−1.18 (m, 6H), 0.96−0.82 (m, 3H). 13C
NMR (101 MHz, DMSO-d6) δ 165.40 (CO), 147.45 (CO), 135.24
(CH), 131.06 (C), 123.81 (CH), 40.08 (CH2), 30.86 (CH2), 28.56
(CH2), 25.73 (CH2), 22.04 (CH2), 13.90 (CH3). qNMR: 96.3%.
Synthesis of 1,3-Dioxo-N-(4-phenylbutyl)isoindoline-2-carboxa-

mide (18). Compound 18 was synthesized following the general
procedure previously described using isoindoline-1,3-dione (300 mg,
2.0 mmol) and 4-phenylbutyl isocyanate (0.18 mL, 1.0 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
TBME from 100:0 to 70:30) and final trituration in diethyl ether twice
(2 × 1 mL) afforded 18 (39 mg, 12%) as a white solid. Rt = 2.59 min
(analysis method 1). MS (ESI) m/z: 323.2 [M − H]+, calculated
323.1. 1H NMR (400 MHz, DMSO-d6) δ 8.45 (t, J = 5.8 Hz, 1H),
8.05−7.87 (m, 4H), 7.32−7.25 (m, 2H), 7.24−7.19 (m, 2H), 7.20−
7.14 (m, 1H), 3.26 (q, J = 6.5 Hz, 2H), 2.61 (t, J = 7.6 Hz, 2H), 1.76−
1.56 (m, 2H), 1.59−1.44 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ
165.39 (CO), 162.72 (CO), 147.47 (C), 142.02 (C), 135.25 (CH),
131.05 (CH), 128.28 (C), 128.24 (CH), 125.67 (CH), 123.82 (CH),
39.87 (CH2), 34.68 (CH2), 28.27 (CH2), 27.99 (CH2). qNMR: 96.5%.
Synthesis of 2-Oxo-N-(4-phenylbutyl)-3H-benzimidazole-1-car-

boxamide (19). Compound 19 was synthesized following the general
procedure previously described using 1,3-dihydrobenzimidazol-2-one
(52 mg, 0.39 mmol) and 4-phenylbutyl isocyanate (0.03 mL, 0.19
mmol). Purification by typical silica gel flash chromatography
(cyclohexane/AcOEt from 100:0 to 85:15) and final trituration in
diethyl ether twice (2 × 1 mL) afforded 19 (14 mg, 23%) as a white
solid. Rt = 1.28 min (analysis method 1). MS (ESI) m/z: 310.2 [M −
H]+, calculated 310.2. 1H NMR (400 MHz, CDCl3) δ 8.65 (s, 2H),
8.21 (dd, J = 6.0, 3.3 Hz, 1H), 7.29 (d, J = 7.7 Hz, 1H), 7.22−7.14 (m,
6H), 7.08−7.02 (m, 1H), 3.46 (q, J = 6.6 Hz, 2H), 2.68 (t, J = 7.2 Hz,
2H), 1.80−1.63 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 154.50
(CO), 151.80 (CO), 142.20 (C), 128.54 (CH), 128.48 (C), 127.88
(C), 126.84 (CH), 125.96 (CH), 123.99 (CH), 123.10 (CH), 115.74
(CH), 109.39 (CH), 39.96 (CH2), 35.66 (CH2), 29.37 (CH2), 28.84
(CH2). qNMR: 97.1%.
Synthesis of 2-Oxo-N1,N3-bis(4-phenylbutyl)benzimidazole-1,3-

dicarboxamide (20). Compound 20 was synthesized following the
general procedure previously described using 1,3-dihydrobenzimida-
zol-2-one (30 mg, 0.22 mmol) and 4-phenylbutyl isocyanate (0.08 mL,
0.45 mmol). Purification by typical silica gel flash chromatography
(cyclohexane/TBME from 100:0 to 80:20) and final trituration in
diethyl ether twice (2 × 1 mL) afforded 20 (61 mg, 56%) as a white
solid. Rt = 2.77 min (analysis method 2). MS (ESI) m/z: 485.2 [M −
H]+, calculated: 485.3. 1H NMR (400 MHz, CDCl3) δ 8.43 (t, J = 5.4
Hz, 2H), 8.30 (dd, J = 6.1, 3.4 Hz, 2H), 7.34−7.26 (m, 6H), 7.20 (d, J
= 7.1 Hz, 2H), 3.49 (q, J = 6.6 Hz, 2H), 2.71 (t, J = 7.2 Hz, 1H),
1.81−1.65 (m, 8H). 13C NMR (101 MHz, CDCl3) δ 153.03 (CO),
150.56 (CO), 141.78 (C), 128.24 (C), 128.19 (CH), 126.06 (CH),
125.70 (CH), 124.58 (CH), 114.85 (CH), 39.87 (CH2), 35.31 (CH2),
28.91 (CH2), 28.45 (CH2). qNMR: 97.1%.
Synthesis of 2-Methoxy-N-(4-phenylbutyl)benzimidazole-1-car-

boxamide (21). Step 1. Synthesis of 2-Methoxy-1H-benzimidazole
(34). Under Ar atmosphere, a mixture of o-phenylenediamine (500 mg,
4.53 mmol) and tetramethylorthocarbonate (0.89 mL, 6.34 mmol) was
stirred at 90 °C for 24 h. Afterward, the reaction crude was
concentrated to dryness at low pressure and purification by typical
silica gel flash chromatography (cyclohexane/TBME from 95:5 to
70:30) afforded 34 (400 mg, 60%) as a white solid. Rt = 1.27 min
(analysis method 1). MS (ESI) m/z: 149.1 [M − H]+, calculated

149.1. 1H NMR (400 MHz, DMSO-d6) δ 11.80 (s, 1H), 7.42−7.28
(m, 1H), 7.26−7.12 (m, 1H), 7.11−6.94 (m, 2H), 4.04 (s, 3H).

Step 2. 2-Methoxy-N-(4-phenylbutyl)benzimidazole-1-carboxa-
mide (21). Compound 21 was synthesized following the general
procedure previously described using 34 (100 mg, 0.65 mmol) and 4-
phenylbutyl isocyanate (0.12 mL, 0.65 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/AcOEt from 95:5 to
75:25) and final trituration in diethyl ether twice (2 × 1 mL) afforded
21 (95 mg, 45%) as a white solid. Rt = 2.49 min (analysis method 1).
MS (ESI) m/z: 324.1 [M − H]+, calculated 324.2. 1H NMR (400
MHz, CDCl3) δ 8.11−8.04 (m, 1H), 7.45−7.37 (m, 1H), 7.24−7.13
(m, 4H), 7.13−7.07 (m, 3H), 6.84 (t, J = 6.2 Hz, 1H), 4.21 (s, 3H),
3.37 (q, J = 6.6 Hz, 2H), 2.60 (t, J = 7.1 Hz, 2H), 1.70−1.57 (m, 3H).
13C NMR (101 MHz, CDCl3) δ 154.78 (CO), 150.19 (CO), 142.07
(C), 138.89 (C), 132.77 (C), 128.50 (CH), 126.01 (CH), 123.85
(CH), 123.23 (CH), 117.79 (CH), 115.32 (CH), 58.60 (OCH3),
40.48 (CH2), 35.56 (CH2), 29.28 (CH2), 28.78 (CH2). qNMR: 97.2%.

Synthesis of 2-Methyl-N-(4-phenylbutyl)benzimidazole-1-carbox-
amide (22). Compound 22 was synthesized following the general
procedure previously described using 2-mehthylbenzimidazole (100
mg, 0.75 mmol) and 4-phenylbutyl isocyanate (0.13 mL, 0.75 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
TBME from 50:50 to 30:70) and final trituration in diethyl ether twice
(2 × 1 mL) afforded 22 (131 mg, 57%) as a white solid. Rt = 2.27 min
(analysis method 1). MS (ESI) m/z: 308.2 [M − H]+, calculated
308.2. 1H NMR (400 MHz, CDCl3) δ 7.70−7.62 (m, 1H), 7.51−7.44
(m, 1H), 7.33−7.27 (m, 4H), 7.24−7.15 (m, 3H), 6.01 (s, 1H), 3.54
(q, J = 6.4 Hz, 2H), 2.77 (s, 3H), 2.72 (t, J = 6.9 Hz, 2H), 1.89−1.68
(m, 4H). 13C NMR (101 MHz, CDCl3) δ 152.58 (CO), 150.75 (C),
142.73 (C), 141.83 (C), 132.57 (C), 128.60 (CH), 128.53 (CH),
128.50 (CH), 126.16 (CH), 123.84 (CH), 120.03 (CH), 111.02
(CH), 41.22 (CH2), 35.53 (CH2), 29.24 (CH2), 28.81 (CH2), 16.60
(CH3). qNMR: 96.1%.

Synthesis of 2-Amino-N-benzyl-benzimidazole-1-carboxamide
(23). Compound 23 was synthesized following the general procedure
previously described using 2-aminobenzimidazole (100 mg, 0.74
mmol) and benzyl isocyanate (0.11 mL, 0.84 mmol). Purification by
typical silica gel flash chromatography (cyclohexane/AcOEt from
80:20 to 40:60) followed by trituration in Et2O (5 mL) afforded 23
(125 mg, 64%) as a white solid. Rt = 1.83 min (analysis method 1).
MS (ESI) m/z: 267.1 [M − H]+, calculated 267.1. 1H NMR (400
MHz, CDCl3) δ 7.46−7.31 (m, 5H), 7.29−7.25 (m, 2H), 7.21 (td, J =
7.7, 1.0 Hz, 1H), 7.05 (td, J = 7.7, 1.0 Hz, 1H), 6.24 (bs, 1H), 4.68 (d,
J = 4.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 128.64 (CH), 128.61
(CH), 125.43 (CH), 121.42 (CH), 117.86 (CH), 110.75 (CH), 45.39
(CH2). qNMR: 95.8%.

Synthesis of 2-Amino-N-(o-tolylmethyl)benzimidazole-1-carbox-
amide (24). Compound 24 was synthesized following the general
procedure previously described using 2-aminobenzimidazole (100 mg,
0.74 mmol) and 2-methylbenzyl isocyanate (0.11 mL, 0.74 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
AcOEt from 70:30 to 50:50) followed by trituration in Et2O (5 mL)
afforded 24 (120 mg, 64%) as a white solid. Rt = 1.97 min (analysis
method 1). MS (ESI) m/z: 281.1 [M − H]+, calculated 281.4. 1H
NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.1 Hz, 1H), 7.34 (d, J = 7.1
Hz, 1H), 7.30−7.24 (m, J = 6.1 Hz, 3H), 7.24−7.14 (m, 2H), 7.02 (t, J
= 7.7 Hz, 1H), 6.04 (s, 1H), 4.67 (d, J = 4.3 Hz, 2H), 2.43 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 154.21 (CNH2), 152.22 (CO), 136.49
(C), 134.57 (C), 131.09 (CH), 129.86 (C), 128.73 (CH), 128.60
(CH), 126.75 (CH), 124.42 (CH), 120.81 (CH), 117.53 (CH),
110.09 (CH), 43.21 (CH2), 19.28 (CH3). qNMR: 95.2%.

Synthesis of 2-Amino-N-(m-tolylmethyl)benzimidazole-1-carbox-
amide (25). Compound 25 was synthesized following the general
procedure previously described using 2-aminobenzimidazole (100 mg,
0.74 mmol) and 3-methylbenzyl isocyanate (0.10 mL, 0.74 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
AcOEt from 85:15 to 65:35) followed by trituration in Et2O (5 mL)
afforded 25 (65 mg, 35%) as a white solid. Rt = 0.97 min (analysis
method 1). MS (ESI) m/z: 281.1 [M − H]+, calculated 281.4. 1H
NMR (400 MHz, CDCl3) δ 7.39 (d, J = 7.8 Hz, 1H), 7.34−7.22 (m,
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2H), 7.23−7.14 (m, 4H), 7.03 (t, J = 7.7 Hz, 1H), 6.19 (s, 1H), 4.63
(d, J = 4.2 Hz, 2H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
154.25 (CNH2), 152.37 (CO), 142.99 (C), 139.04 (C), 136.87 (C),
129.88 (C), 129.14 (CH), 129.07 (CH), 128.72 (CH), 124.96 (CH),
124.41 (CH), 120.77 (CH), 117.49 (CH), 110.27 (CH), 45.12 (CH2),
21.55 (CH3). qNMR: 95.8%.
Synthesis of 2-Amino-N-(p-tolylmethyl)benzimidazole-1-carbox-

amide (26). Compound 26 was synthesized following the general
procedure previously described using 2-aminobenzimidazole (100 mg,
0.74 mmol) and 4-methylbenzyl isocyanate (0.11 mL, 0.74 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/
AcOEt from 60:40 to 30:70) followed by trituration in Et2O (5 mL)
afforded 26 (110 mg, 60%) as a white solid. Rt = 1.99 min (analysis
method 1). MS (ESI) m/z: 281.1 [M − H]+, calculated 281.4. 1H
NMR (400 MHz, CDCl3) δ 7.39 (d, J = 7.9 Hz, 1H), 7.28 (t, J = 7.2
Hz, 2H), 7.24−7.18 (m, 4H), 7.08−7.01 (m, 1H), 6.19 (s, 1H), 4.63
(d, J = 4.7 Hz, 2H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
(CH), 130.06 (CH), 128.10 (CH), 124.46 (CH), 121.27 (CH),
117.60 (CH), 110.54 (CH), 45.08 (CH2), 21.65 (CH3). qNMR:
95.7%.
Synthesis of N-Benzylbenzimidazole-1-carboxamide (27). Com-

pound 27 was synthesized following the general procedure previously
described using benzimidazole (100 mg, 0.84 mmol) and benzyl
isocyanate (0.11 mL, 0.84 mmol). Purification by typical silica gel flash
chromatography (cyclohexane/AcOEt from 70:30 to 50:50) followed
by trituration in Et2O (5 mL) afforded 27 (118 mg, 56%) as a white
solid. Rt = 1.95 min (analysis method 1). MS (ESI) m/z: 252.2 [M −
H]+, calculated 252.1. 1H NMR (400 MHz, CDCl3) δ 8.47 (s, 1H),
7.85 (dd, J = 7.2, 1.6 Hz, 1H), 7.80 (dd, J = 7.2, 1.6 Hz, 1H), 7.46−
7.30 (m, 7H), 6.36 (t, J = 5.6 Hz, 1H), 4.70 (d, J = 5.6 Hz, 2H). 13C
NMR (101 MHz CDCl3) δ 150.09 (CO), 144.17 (C), 140.93 (CH),
137.13 (C), 131.33 (C), 129.18 (CH), 128.31 (CH), 128.12 (CH),
125.33 (CH), 124.33 (CH), 121.01 (CH), 113.13 (CH), 45.27 (CH2).
qNMR: 96.2%.
Synthesis of N-(o-Tolylmethyl)benzimidazole-1-carboxamide

(28). Compound 28 was synthesized following the general procedure
previously described using benzimidazole (100 mg, 0.84 mmol) and 2-
methylbenzyl isocyanate (0.12 mL, 0.84 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/AcOEt from 85:15 to
65:35) followed by trituration in Et2O (5 mL) afforded 28 (147 mg,
66%) as a white solid. Rt = 2.07 min (analysis method 1). MS (ESI)
m/z: 266.1 [M − H]+, calculated 266.1. 1H NMR (400 MHz, CDCl3)
δ 8.37 (s, 1H), 7.83 (dd, J = 7.2, 1.8 Hz, 1H), 7.76 (dd, J = 7.2, 1.8 Hz,
1H), 7.43−7.30 (m, 4H), 7.28−7.17 (m, 2H), 6.27 (t, J = 5.2 Hz, 1H),
4.69 (d, J = 5.2 Hz, 2H), 2.41 (s, 4H). 13C NMR (101 MHz, CDCl3) δ
149.89 (CO), 144.15 (C), 140.87 (CH), 136.67 (C), 134.71 (C),
131.34 (C), 131.03 (CH), 128.93 (CH), 128.58 (CH), 126.67 (CH),
125.33 (CH), 124.32 (CH), 121.01 (CH), 113.08 (CH), 43.37 (CH2),
19.27 (CH3). qNMR: 95.7%.
Synthesis of N-(m-Tolylmethyl)benzimidazole-1-carboxamide

(29). Compound 29 was synthesized following the general procedure
previously described using benzimidazole (100 mg, 0.84 mmol) and 3-
methylbenzyl isocyanate (0.12 mL, 0.84 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/AcOEt from 85:15 to
65:35) followed by trituration in Et2O (5 mL) afforded 29 (152 mg,
68%) as a white solid. Rt = 2.09 min (analysis method 1). MS (ESI)
m/z: 266.1 [M − H]+, calculated 266.1. 1H NMR (400 MHz, CDCl3)
δ 8.44 (s, 1H), 7.86 (dd, J = 7.5, 1.7 Hz, 1H), 7.78 (dd, J = 7.5, 1.7 Hz,
1H), 7.41−7.33 (m, 2H), 7.32−7.24 (m, 2 H), 7.20 (d, J = 7.9 Hz,
1H), 7.14 (d, J = 7.6 Hz, 1H), 6.34 (t, J = 5.6 Hz, 1H), 4.65 (d, J = 5.6
Hz, 2H), 2.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.03 (CO),
144.21 (C), 140.95 (CH), 139.00 (C), 137.02 (C), 131.32 (C), 129.09
(CH), 129.06 (CH), 128.88 (CH), 125.31 (CH), 125.13 (CH),
124.32 (CH), 121.05 (CH), 113.09 (CH), 45.27 (CH2), 21.53 (CH3).
qNMR: 97.3%.
Synthesis of N-(p-Tolylmethyl)benzimidazole-1-carboxamide

(30). Compound 30 was synthesized following the general procedure
previously described using benzimidazole (100 mg, 0.84 mmol) and 4-
methylbenzyl isocyanate (0.12 mL, 0.84 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/AcOEt from 85:15 to

65:35) followed by trituration in Et2O (5 mL) afforded 30 (147 mg,
66%) as a white solid. Rt = 2.07 min (analysis method 1). MS (ESI)
m/z: 266.1 [M − H]+, calculated 266.1 1H NMR (400 MHz, CDCl3)
δ 8.41 (s, 1H), 7.84 (dd, J = 6.5, 1.6 Hz, 1H), 7.75 (dd, J = 6.5, 1.6 Hz,
1H), 7.41−7.31 (m, 2H), 7.28 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 7.9 Hz,
2H), 6.45 (t, J = 5.5 Hz, 1H), 4.63 (d, J = 5.5 Hz, 2H), 2.35 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 150.09 (CO), 143.87 (C), 140.86
(CH), 138.00 (C), 134.14 (C), 131.43 (C), 129.72 (CH), 128.05
(CH), 125.25 (CH), 124.23 (CH), 120.67 (CH), 113.41 (CH), 44.95
(CH2), 21.24 (CH3). qNMR: 96.1%.

Coordinate Scan. We performed a force-field-based coordinate
scan of the dihedral angle formed by C2−N1−C1′−O1′ atoms of the
most promising compounds 8, 10, and 19−22. To do this, we used the
coordinate scan tool implemented in Maestro software, version 10.4.
First, the scaffold of the six compounds was manually designed,
excluding the alkyl chains. Then, the 360° coordinate scan was
performed using the OPLS 2005 force field in water, incrementing the
dihedral angle of 10°.

Generation of Stably Overexpressing AC HEK293 Cells. The
plasmid hACpCDNA3.1 containing the human AC variant 1 coding
sequence (NM_177924), a N-ter Kozak sequence, and a C-ter His
tag33 was modified to remove the C-ter His-tag. It was then used to
transfect HEK293 cells using Lipofectamine 2000 (Invitrogen),
following the manufacturer’s instructions. A stable cell line was
generated by selection with G418 (1 mg/mL), and cell clones were
obtained by limited dilution plating.

AC Activity in Vitro. Clonal HEK293 cells stably expressing AC
were used to prepare lysosomal lysates enriched with AC as
described,31 and AC activity was measured using a fluorogenic
assay.50 Briefly, 2 μg of protein from lysosomal extracts was
preincubated with the inhibitors for 30 min in 25 mM sodium acetate
buffer at pH 4.5 at 37 °C. The reaction was started by the addition of
the fluorogenic substrate Rbm-14-12 (final concentration in the assay
10 μM), incubated for 1 h at 37 °C, and stopped by the addition of
methanol and 2.5 mg/mL of NaIO4 freshly prepared in 100 mM
glycine/NaOH buffer at pH 10.6. After an additional incubation for 2
h at 37 °C in the dark, fluorescence intensity was measured using an
Infinite 200 (Tecan) plate reader (λex 355 nm/λem 460). Experiments
were performed in triplicate, and IC50 values of AC inhibition
responses were calculated by fitting a four-parameter nonlinear
regression model, using GraphPad Prism software V5.03 (GraphPad
Software, Inc., USA). Values reported are the mean ± SD of three
independent measurements.

AC Activity in Intact Cells. Melanoma cell lines A375 (ECACC
88113005) and G-361 (ECACC 88030401) were obtained from
SIGMA and cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and 2 mM L-glutamine in a
humidified atmosphere of 5% CO2 at 37 °C. AC activity was measured
using a fluorogenic assay51 as described by Morad and collaborators24

with minor modifications. Briefly, A375 and G-361 cells (5 × 104 and
2.5 × 104, respectively) were seeded in 96-well plates and 24 h later
treated with compounds or DMSO as control for 2 h at 37 °C. The
fluorogenic substrate dissolved in DMSO was then added to a final
concentration of 20 μM, and the plates incubated for an additional 3 h.
Reaction was stopped by the addition of methanol and NaIO4, and
fluorescence intensity was measured as described above. Experiments
were performed in triplicate, and IC50 values of AC inhibition
responses were calculated by fitting a four-parameter nonlinear
regression model, using GraphPad Prism software V5.03 (GraphPad
Software, Inc., USA). Values reported are the mean ± SD of two
independent measurements.

Chemical and Mouse Plasma Stability. All compounds were
tested for their chemical stability in both neutral buffered solution in
PBS at pH 7.4 and acetate at pH 4.5. They also were tested for their
metabolic stability using mouse plasma. In all cases was monitored the
disappearance of compounds by UPLC/MS analysis. Compound
stability was evaluated on the basis of the corresponding peak areas
plotted versus time. A solution of the same compounds in ACN was
also prepared and analyzed in the same conditions and used as
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reference. The compounds’ half-lives were calculated using a one-
phase fitting decay of the peak area vs time profiles.
The following approach and methods were used. Stability in PBS

(pH 7.4) and acetate (pH 4.5) buffers: compounds from 10 mM stock
solutions in DMSO were diluted at 10 μM concentration in selected
buffer then incubated at 37 °C, and PBS buffer was preheated at 37 °C.
Compounds were sampled at different time points (50 μL diluted in
150 μL of ACN). Solutions were kept at 37 °C under shaking. The
stability of the compounds was analyzed on a UPLC chromatographic
system equipped with BEH C18 reverse phase column (2.1 × 50 mm).
The compounds were eluted with a linear gradient of ACN in water
from 30 to 100% in 4 min. Eluted compounds were analyzed in
positive ion mode by high-resolution mass spectrometry on a Synapt
G2 qTOF mass spectrometer (UPLC, column and qTOF instrument
were purchased from Waters, Milford MA, USA).
In vitro mouse plasma stability: compounds were diluted in mouse

plasma added with 5% DMSO to help solubilization. Plasma was
already preheated at 37 °C (15 min). The final compound
concentration was 2.0 μM. At time points (immediately after dilution,
5, 15, 30, 60, and 120 min), a 30 μL aliquot of the incubation solution
was diluted in 200 μL of cold ACN spiked with Warfarin 200 nM, as
internal standard. After vortexing for 30 s, the solution was centrifuged
at 3500g for 15 min at 4 °C and the supernatant transferred for LC-
MS analysis on a Waters Acquity UPLC/MS TQD system.
LC-MS Analysis of Protein Modification. Ten micrograms of

recombinant purified human AC were incubated in 20 mM acetate
buffer + 3 mM DTT for 1 h at 37 °C at pH 4.5 (AC enzymatic assay
buffer). Analyzed compounds were added in 10:1 molar ratio with the
protein and incubated for 1 h at 37 °C. The reaction was stopped with
the addition of cold acetone (4 °C) to the samples (10× in volume).
After centrifugation for 10 min at 15000g at 4 °C, the supernatant was
discarded, and the pellet was dried under a nitrogen stream. 50 μL of
50 mM (NH4)2CO3 in water (pH 8) was added to dissolve the pellet.
Trypsin (Sigma-Aldrich, Italy) was then added to a final 1:50 trypsin
to protein (w/w) ratio. After an overnight incubation at 37 °C, the
resulting peptides were dried and then redissolved in 25 μL of 3%
ACN in water added with 0.1% formic acid. The peptides were
analyzed on a UPLC chromatographic system equipped with a BEH
C18 reverse phase column (1 × 100 mm). The peptides were eluted
with a linear gradient of ACN in water (both added with 0.1% formic
acid) from 3 to 50% in 10 min. Eluted peptides were analyzed in
positive ion mode by high resolution tandem mass spectrometry on a
Synapt G2 qTOF mass spectrometer (UPLC, column and qTOF
instrument were purchased from Waters, Milford MA, USA).
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