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ABSTRACT: New dihydro-pyrrol-2-one compounds, featuring
dual sulfonamide groups, were synthesized through a one-pot,
three-component approach utilizing trifluoroacetic acid as a
catalyst. Computational analysis using density functional theory
(DFT) and condensed Fukui function explored the structure−
reactivity relationship. Evaluation against human carbonic anhy-
drase isoforms (hCA I, II, IX, XII) revealed potent inhibition. The
widely expressed cytosolic hCA I was inhibited across a range of
concentrations (KI 3.9−870.9 nM). hCA II, also cytosolic,
exhibited good inhibition as well. Notably, all compounds
effectively inhibited tumor-associated hCA IX (KI 1.9−211.2 nM)
and hCA XII (low nanomolar). Biological assessments on MCF7
cancer cells highlighted the compounds’ ability, in conjunction with
doxorubicin, to significantly impact tumor cell viability. These findings underscore the potential therapeutic relevance of the
synthesized compounds in cancer treatment.

■ INTRODUCTION
2,5(H)-Pyrrol-2-one (DPO), a key component of numerous
bioactive compounds or precursors, is found in large quantities
in pheromones, alkaloids, steroids, heme, chlorophylls, and
other substances. There are numerous pyrrol-2-one-modified
bioactive natural compounds, including pyrrocidine A,
quinolactacin C, ypaoamide, holomycin, and thiolutin.1 DPO
possesses a broad range of activities such as very potent
antibacterial activity,2−5 FPR1 antagonism,6 cytotoxic and
antitumor properties,7,8 tyrosinase inhibition,9 antioxidant
activity,8 carbonic anhydrase inhibition,10 or modulation of
the annexin A2−S100A10 protein interaction.11 The synthesis
of DPO derivatives can be done in a variety of ways nowadays,
including the multistep method,12−15 the two-component
approach,16−19 the three-component method,20,21 the multi-
component method, and others.22 That is why there is still a
need to develop a milder and more effective one-pot synthesis
approach for these significant heterocycles. An innovative
tandem reaction involving two simple components�amines
and aldehydes�was an approach to generate DPO deriva-
tives.23

A widespread family of metalloenzymes called carbonic
anhydrases (CAs) catalyzes the reversible transformation of
carbon dioxide to H+ and HCO3−.24,25

Many biosynthetic processes, like respiration, photosyn-
thesis, pH regulation, and electrolyte secretion, are carried out

by CA enzymes.26,27 In humans, there are currently 15 known
isoforms, of which only 12 are catalytically active. Five of them
are cytosolic (hCA I, II, III, VII, and XIII), two are
mitochondrial (hCA VA and VB), one secretory (hCA VI),
and the rest membrane-bound (hCA IV, IX, XII, and XIV).

Sulfonamide derivatives, which coordinate the zinc ion with
their terminal deprotonated nitrogen atom, are the traditional
CA inhibitors (CAIs), which have been used in therapeutic
settings for more than 70 years as diuretics and antiglaucoma
medications28 due to their chemical stability and straightfor-
ward production.

Recently, hCA IX has often been considered a surrogate
marker of tumor hypoxia and is widely regarded as an
important biomarker of poor prognosis for many solid
tumors.29

Aiming to produce new derivatives in light of all of the
above, our current work was a continuation of our earlier
investigation into N-heterocycle systems30−32 and as part of
our interest in the field of physiologically active chemicals,33−39
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with a focus on carbonic anhydrase inhibitors.24,26,28,40−45 The
synthesis, structure, and evaluation of several novel dihydro-
pyrrol-2-one derivatives as inhibitors of tumor-associated
human CA are thus reported here.

■ RESULTS AND DISCUSSIONS
Synthesis and Characterization. Investigated structures

that have effective binding capabilities in the CA site mainly
contain the sulfonamide pharmacophore moiety.28 Our aim
was to synthesize hybrid molecules characterized by pyrrol-2-
one as a core and two active binding groups on its sides
(Figure 1). In order to obtain the proposed derivatives, para-
amino sulfonamide (I) was reacted with aldehyde derivatives
possessing aromatic, aliphatic, or cyclic structures (II) and
pyruvic acid (III) in ethanol in the presence of catalytic
amounts of trifluoroacetic acid (Scheme 1).

The library of newly synthesized compounds consists of 1H-
pyrrol-2(5H)-one derivatives 1−11 and 13−23 as a common
pattern along with the 2-oxo-2,5-dihydrofuran derivative,
compound 12. Among the synthesized compounds, we have
integrated different substituents on the phenyl ring that vary by
electron-donating to electron-withdrawing effects, from one to
three substituents and different substitution positions, oxygen-
containing heterocycles (furan and piperonal), or aliphatic
substituents as reported in Figure 2.

All of the compounds were obtained in good yields
(between 47 and 88%) and bidimensional correlation

experiments provided the clear proton and carbon signal
assignments for all novel compounds that are detailed in the
Experimental Section. As support of the Experimental Section,
in the Supporting Information (SI) are presented 1H, 13C, 19F,
1H,13C HMBC, 1H,15N-HMBC, IR, and matrix-assisted laser
desorption ionization-mass spectrometry (MALDI-MS) spec-
tra of some representative novel compounds.

For the majority of investigated benzenesulfonamide
derivatives, most of the proton and carbon atoms have
resonance signals in the low-field regions: above 6 ppm in 1H
NMR and 100 ppm in 13C NMR spectra. Proton and proton−
carbon spin systems information was obtained from homo- and
heteronuclear bidimensional correlation experiments like H,H-
COSY, H,C-HSQC, and H,C-HMBC. Four doublets in the
range of 7.40−7.90 ppm in the 1H NMR spectra (as an
example 1H NMR spectrum of compound 1 in Figure S1 and
Experimental Section), exhibiting the roof-effect characteristic
of para-substitution, were easily attributed to the two
nonequivalent para-benzenesulfonamide rings. Throughout
this series, their presence in 1H NMR spectra was a fast
indicator for the formation of derivatives with the pyrrol-
2(5H)-one cycle. For almost all investigated compounds, the
two protons from the pyrrol-2(5H)-one cycle appear in the
interval 6.20−6.80 ppm as doublets with a 2 or 3 Hz vicinal
coupling constant (Figures S1−S6 and Experimental Section).
In the case of 22 and 23 compounds, when aliphatic aldehydes
were used as starting materials, pyrrole H-5 signal shifted 1

Figure 1. Design in the series of the target pyrrole-based bis-sulfonamide derivatives.

Scheme 1. Reaction Pathway to Compounds 1−23
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ppm upfield and appeared as a multiplet due to vicinal
couplings with both pyrrole H-4 and methylene protons
(Figure S7 and Experimental Section). The aromatic
substituent on the pyrrol-2(5H)-one cycle, the fragment
from the substituted benzaldehydes, has several characteristic
proton signals. Their number and coupling pattern depend on
the number and position of the substituents in the starting
benzaldehydes. For example, para-substituted benzaldehyde
fragments are recognized after the two doublets with the roof-
effect pattern, resonating in the interval 6.90−7.90 ppm. The
only exception is the 4-fluoroaryl fragment (2), which is
characterized by a triplet (at 7.15 ppm, H ortho to 19F) and
doublet of doublets (at 7.37 ppm, H meta to 19F) due to
proton−fluorine couplings (Figures S2 and S3). Protons from
disubstituted benzaldehyde fragments have resonance signals
either as two singlets with 1:2 integrals ratio (5 with identical
substituents CF3; Experimental Section and Figure S3) or as a
“small” doublet (2 Hz coupling constant), “big” doublet (8 Hz
coupling constant), and doublet of doublets when substituents
are in positions 2 and 5 or 3 and 4 (11, 13, 14, 15, and 17;
Experimental Section and Figure S4). The protons from the
amine and amide groups resonate as distinct singlets at the
following chemical shifts: 7.18 ppm of NH2 from the 3-((4-
sulfonamidophenyl)amino) fragment, 7.27 ppm of NH2 from
the 1-((4-sulfonamidophenyl)amino) fragment, and around
8.70 ppm for the NH group. The differentiation between the
two amido groups was obtained from the three-bond distance
amido-protons correlation with quaternary carbon, present in
the long-range HMBC spectra (Experimental Section and
Figure S3).

A major source of information for the signal assignments in
13C NMR spectra was data from two-dimensional proton−
carbon correlation investigations. Because of the direct
proton−carbon correlations found in HSQC spectra, proto-

nated carbons could thus be easily identified, whereas
quaternary carbons were assigned based on 2 or 3 bonds
correlation signals from long-range HMBC spectra. A
particular NMR profile was obtained for fluorine-containing
compounds (2, 4, and 5; Experimental Section and Figure S3).
Due to carbon−fluorine couplings, the carbon signals for 4-
fluorophenyl, 4-(trifluoromethyl)phenyl, and 3,5-bis-
(trifluoromethyl)phenyl fragments were assigned mainly from
their specific shapes (Figure S3). Two cases were encountered:
doublets at 115.7 (2JC,F = 22 Hz, ortho-C), 129.0 (3JC,F = 8 Hz,
meta-C), 133.2 (4JC,F = 3 Hz, para-C), and 161.7 (1JC,F = 244
Hz, α-C) for 4-fluorophenyl and quartets at 123.9 (1JC,F = 272
Hz, CF3), 125.9 (3JC,F = 4 Hz, ortho-C), and 128.6 (2JC,F = 32
Hz, α-C) for the (trifluoromethyl)phenyl fragment. Long-
range proton−carbon correlations were also used to obtain
additional proof for the position of the substituent on the
pyrrol-2(5H)-one cycle (Experimental Section and Figures
S1−S6). Thus, the presence of the 4-sulfonamidophenyl-amino
fragment in position 3 was confirmed by the existence of a
correlation signal between the NH proton (at 8.70 ppm) and
the carbonyl carbon (at 166.5 ppm). The protons from the
benzaldehyde fragment showed three-bond correlation signals
with aliphatic carbon C5 (approximately 62 ppm) supporting
the proposed position for this fragment on the pyrrol-2(5H)-
one cycle.

Chemical shift values for nitrogen atoms were obtained from
the long-range 1H,15N-HMBC experiments (Experimental
Section and Figure S3) based on the interactions with
neighboring protons. Throughout the series, amine nitrogen
resonates between 86 and 90 ppm, the two amide nitrogen
atoms were observed around 96 ppm, whereas pyrrole nitrogen
had the resonance signal between 140 and 145 ppm.

The chemical structure for the side reaction product 12 was
deduced from 1D and 2D NMR spectra (Experimental Section

Figure 2. Rational choice of the substituents.
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and Figure S8). Compared with the proton spectra obtained
for the rest of the series, the main difference immediately
observed was the presence of only one 4-sulfonamidophenyl
fragment. As the signal for amine proton was still present (NH
at 8.80 ppm) and the three-bond correlation signal in the
HMBC spectrum with aromatic CH confirmed its covalent
bond with the sulfonamidophenyl fragment, we deduced that
the missing substituent was that from position 1. Additional
information was obtained from the 13C NMR spectrum and
1H,15N-HMBC spectrum (Experimental Section and Figure
S8). A significant deshielding of about 15 ppm (from
approximately 62 to 76.8 ppm) was observed in the 13C
NMR spectrum for previously assigned CH-5 carbon from the
pyrrol-2(5H)-one cycle. This shift toward a region charac-
terized by carbon−oxygen bonds suggested that significant
changes in the pyrrole cycle had occurred. Going further with
NMR investigations, we recorded a long-range 1H,15N-HMBC
spectrum (Experimental Section and Figure S8) in which no
signals for previously detected pyrrole nitrogen were obtained.
This information, corroborated by MS analysis (Experimental
Section and Figure S8), prompted us toward the proposed
structure for side reaction product 12, with the furan-2(5H)-
one cycle instead of the pyrrol-2(5H)-one cycle.

The IR spectra of pyrrol-2-one compounds showed
absorption bands between 3300 and 2900 cm−1 specific for
aromatic and aliphatic C−H bonds, which proved the presence
of the pyrrol-2-one heterocycle and phenyl cycle. The bands
above 3300 cm−1 were caused by NH bonds, and in some cases
by OH or OCH3 groups, depending on the structure of the
studied compound. The bands that were specific to C−N
stretching bonds were in the range 2400−2300 cm−1, and the
bands that were specific to ketone carbonyl group absorption
were in the range 1700−1650 cm−1. Finally, the domain of
500−1600 cm−1 bands corresponded to the rest of the bonds
present in the given structure.

Particularly, in the case of compound 12, the 2-oxo-2,5-
dihydrofuran presence in the molecule can be highlighted by
the absorption band at 1751 cm−1 specific for this heterocycle
ring ester. For compounds 20 and 21, which have either a
furan or a piperonal moiety, FT-IR spectra showed specific
absorption bands in the ranges 1610−1560 and 1510−1475

cm−1. All of the other absorption bands were in good
agreement with the proposed structures.

MALDI-MS analysis was also used to confirm the reaction
between para-amino sulfonamide, aldehyde derivatives, and
pyruvic acid. Since the molecular ion occurred in the positive
mode, only positive ions were examined. A good correlation
between the estimated mass and the experimental ones was
found for each compound (Experimental Section and Figures
S1−S8). Thus, the MALDI-MS method validated all
hypothesized structures for compounds 1−23.

The proposed reaction mechanism for obtaining the
compounds by reacting para-amino sulfonamide with aldehyde
derivatives (from the aromatic, aliphatic, or cyclic aldehyde
class) and pyruvic acid in ethanol with trifluoroacetic acid, in a
catalytic amount, was in correlation with that proposed by
Weber et al.46 who reported that 3-arylamino-dihydro-pyrrol-
2-ones were produced via the interaction of anilines with
different aldehydes and pyruvic acid derivatives in the
Doebner-type synthesis of quinoline V as well as the
anticipated substituted quinoline-4-carboxylic acids IV
(three-component product) (Scheme 2). Weber’s group
showed that the starting amine led to the formation of two
major compounds: carboxyquinolines when the starting amine
possessed electron-donating groups or pyrrol-2-one derivatives
when the starting amine exhibited a withdrawing effect along
with a side product from the reaction with carboxyquinolines
as a major compound.

Thus, in our case, the sulfonamide moiety has a strong
withdrawing effect, resulting in pyrrol-2-one derivatives as the
principal product. To obtain pyrrol-2-one derivatives starting
from a substituted aromatic amine (withdrawing effect),
aldehydes, and pyruvic acid, the most probable “reaction
mechanism” proceeds through the intermediate formation of
an unstable imine compound, formed in the reaction between
the aldehyde and amine groups. Once the reaction continued,
the pyrrole derivatives were obtained (Scheme 3).

In order to predict the most favorable site for an
electrophilic attack in compound A, with the imine group
(Scheme 3), we performed quantum mechanical calcula-
tions�density functional theory calculations (DFT)47 and
condensed Fukui function analysis48�as described in the
Experimental Section. In this goal, we calculated the Fukui

Scheme 2. Doebner-Type Synthesis of Quinoline from Anilines, Reported by Weber et al.46

Scheme 3. Simplified Proposed Reaction Mechanism for the Reaction of Para-Amino Sulfonamide (I) with Aldehyde
Derivatives (from the Aromatic, Aliphatic, or Cyclic Aldehyde Class) and Pyruvic Acid in Ethanol with Trifluoroacetic Acid in
a Catalytic Amount

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c02190
J. Med. Chem. 2024, 67, 3018−3038

3021

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c02190/suppl_file/jm3c02190_si_018.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=sch3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


function f− (as shown in Figures 3, S9 and Table S1), and it
was determined that the N4 nitrogen atom involved in the
imine group was the most favored site for electrophilic attack.
Next, we suppose the formation of unstable intermediates
between the imine and pyruvic acid, followed by cyclization
and addition of a new p-amino sulfonamide molecule resulted
in a stable pyrrol-2-one compound.

Carbonic Anhydrase Inhibition. Compounds 1−16 and
19−21 were tested in vitro against the physiologically most
relevant hCA isoforms such as I, II, IX, and XII by applying the
stopped-flow technique and were compared in Table 1 with
the standard sulfonamide inhibitor acetazolamide (AAZ).

From the inhibition data, we can draw the following
structure−activity relationships (SARs):

�The cytosolic hCA I, which is widely expressed, was
inhibited by all series at concentrations ranging from low
nanomolar (KI 3.9 nM for 14) to high nanomolar values (KI
870.9 nM for 8). It is interesting to note that halogen atoms in
position 4 of phenyl ring are deleterious for the activity,
especially bromine (3), which showed 5.5-fold less activity

than derivative 1 (KI 293.5 and 52.7 nM, respectively) without
substituents. On the other hand, two CF3 groups in positions 3
and 5 (5) increased the potency of inhibition 4-fold, with a KI
of 12.3 nM. The hydroxyl group was found to play an
important role in the activity against this isoform; indeed,
compound 14 was the most potent inhibitor with a KI of 3.9
nM. When the hydroxyl was masked as a methoxyl group, as in
the case of 11, the potency decreased 10-fold. Bulky moieties
in position 4 were observed to be deleterious for the activity, as
seen in 7, 8, 9, and 19, where the potency decreased by 1 order
of magnitude order.

�From a general perspective, the second widely expressed
cytosolic hCA II was better inhibited than hCA I, sharing
similar features such as the location of the halogen atom in
position 4. Derivative 3 with a bromine atom was found to be
less active than fluorine analogue 2 with KI values of 57.8 and
23.3 nM, respectively. Compound 5 with two CF3 groups was
the most potent inhibitor against this isoform, with a value of
4.4 nM. The hydroxyl groups also played an important role in
modulating the activity, leading to low nanomolar inhibition as

Figure 3. Representation of the Fukui function f− of the imine general structure A, isodensity level 0.01. Nitrogen (blue), oxygen (red), sulfur
(yellow), carbon (cyan), hydrogen (white), and Fukui function f− (gray/orange).

Table 1. Inhibition Data of Human CA Isoforms I, II, IX, and XII with Compounds 1−16 and 19−21 (nM) and AAZ by a
Stopped-Flow CO2 Hydrase Assay

49

Ki (nM)a

compd hCA I hCA II hCA IX hCA XII selectivity index K h
K h

CA II
CA IX

i

i
1 52.7 ± 4.4 7.4 ± 0.5 26.1 ± 2.0 16.8 ± 1.0 0.28
2 96.7 ± 6.3 23.3 ± 1.4 29.4 ± 2.8 93.9 ± 9.3 0.79
3 293.5 ± 20.5 57.8 ± 4.4 18.4 ± 1.5 91.5 ± 9.1 3.14
4 80.7 ± 6.7 9.1 ± 0.5 168.6 ± 16.7 38.0 ± 2.2 0.05
5 12.3 ± 1.1 4.4 ± 0.3 39.7 ± 3.2 74.2 ± 6.6 0.11
6 53.6 ± 4.3 9.4 ± 0.7 25.7 ± 1.7 74.5 ± 6.5 0.36
7 237.5 ± 16.2 93.9 ± 8.5 23.9 ± 1.8 61.9 ± 4.9 3.92
8 870.9 ± 51.7 397.4 ± 23.7 30.6 ± 2.2 9.2 ± 0.5 12.98
9 604.8 ± 54.4 333.6 ± 25.3 1.9 ± 0.2 6.7 ± 0.3 175.57
10 51.1 ± 3.1 6.0 ± 0.4 10.8 ± 1.0 74.5 ± 3.8 0.55
11 41.5 ± 3.3 9.2 ± 0.7 2.9 ± 0.2 65.9 ± 4.6 3.17
12 357.5 ± 24.8 188.5 ± 16.6 1.8 ± 0.1 36.5 ± 2.0 104.72
13 45.5 ± 2.6 6.8 ± 0.4 3.4 ± 0.2 47.0 ± 3.8 2
14 3.9 ± 0.2 6.9 ± 0.6 3.2 ± 0.3 17.1 ± 1.6 2.15
15 34.9 ± 2.7 7.0 ± 0.5 2.4 ± 0.2 63.9 ± 5.2 2.91
16 36.9 ± 3.1 6.1 ± 0.3 3.7 ± 0.3 20.1 ± 1.6 1.64
19 416.4 ± 25.4 158.0 ± 11.6 211.3 ± 13.2 8.5 ± 0.8 0.74
20 46.9 ± 2.9 6.4 ± 0.5 25.8 ± 2.3 5.9 ± 0.6 0.24
21 95.5 ± 6.1 15.8 ± 1.2 150.4 ± 9.5 8.1 ± 0.8 0.10
AAZ 250.0 ± 21.0 12.1 ± 1.0 25.8 ± 2.5 5.7 ± 0.5 0.46

aMean from three different assays, by a stopped-flow technique (errors were in the range of ±5−10% of the reported values).
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observed in compounds 14 and 15. On the other hand, when
all of the hydroxyl groups were masked as methoxyl, a
decrement of 27-fold in potency was observed. Similar to hCA
I, bulky substituents in position 4 (7 and 8) were less active
than the other derivatives in the series.

�All of the compounds in the series effectively inhibited the
first tumor-associated hCA IX, with KI values ranging from low
nanomolar (1.9 nM for 9) to medium nanomolar (211.2 nM
for 19). Unlike the cytosolic isoforms, this time, the bromine
atom in position 4 (3) was observed to be more active than the
fluorine analogues 2 or compound 1 without substituents (KI
18.4, 29.4, and 26.1 nM, respectively). However, the CF3
group in position 4 was found to be the least active among
halogen derivatives, with a KI of 168.6 nM. Interestingly,
hydroxyl groups did not play a crucial role in the inhibition
activity for this isoform because compound 12, which had
three methoxyl moieties, showed a KI of 1.8 nM, making it the
most potent inhibitor against hCA IX. As with the cytosolic

isoforms, 19 with a bulkier moiety in position 4 was found to
be deleterious for potency, with a KI of 211.3 nM.

�The second tumor-associated hCA XII isoform was highly
inhibited by the series tested, with KI values in the low
nanomolar range. Halogen atoms in position 4 were found to
be detrimental to potency compared to 1 without substituents.
In addition, as with hCA IX, hydroxyl groups did not play a
role in modulating the activity. The replacement of the phenyl
ring with a furan ring resulted in the best inhibitor against this
isoform, with a KI of 5.9 nM. Interestingly, the bulky moiety in
position 4 enhanced the potency of the derivative, and
compound 19 was found to be a potent and selective hCA XII
inhibitor with a selectivity index of 8.5 compared with hCA II.

A schematic representation of the structure−activity
relationship is presented in Figure 4.

X-ray Crystallographic Studies. Building upon the
interesting findings from the CA inhibition experiments, we
embarked on crystallographic studies focusing on a represen-
tative derivative, 12, in complex with the hCA II isoform

Figure 4. Schematic representation of the structure−activity relationship (SAR). EWG: electron-withdrawing group; EDG: electron-donating
group.
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(Figure 5), in order to obtain an insight into ligand−protein
interactions at the atomic level.

Analysis of the electron density (Figure S10) within the
catalytic cleft confirmed the presence of ligand 12. The
sulfonamide moiety exhibited direct interaction with the zinc
ion and formed a hydrogen bond with Thr199, aligning with
the characteristic binding mode observed for this class of
inhibitors.50 Moreover, notable hydrophobic interactions
emerged between the benzenesulfonamide moiety and the
side chains of Val121 and Leu198, strengthening the stability
of the complex within the active site (Figure 5A). Additionally,
one hydrophobic interaction involving Pro202 was observed
with the aromatic ring of the main scaffold. This interaction
played a pivotal role in anchoring the ligand tail within the
hydrophobic pocket of the active site, as illustrated in Figure
5B.

Docking Studies. Docking studies were applied to extend
the X-ray crystallographic studies toward all of the investigated
isoforms and explain the relationship between structural
features and inhibition profiles of the most selective
compounds 9 and 12 toward the tumor-associated isoforms
hCA IX and XII (Tables 1 and 2). Given the stereocenter on
carbon 5 in the five-ring central heterocycle, both (R)- and
(S)-enantiomers of the selected compounds were investigated
by docking to model the interactions they establish with the

isoforms IX and XII of the hCA. For comparison, the studies
were extended to the off-target hCA I and II.

According to the literature,51−54 all docking solutions found
the benzenesulfonamide bound to the zinc ion in tetragonal
coordination with the deprotonated nitrogen atom (SO2NH−).
The stabilization of the ligands within the active sites is also
supported by the formation of two H-bonds between the zinc-
binder sulfonamide NH− and S�O with the side chain OH
and the backbone NH of T199, respectively. Moreover, the
benzenesulfonamide aromatic ring is stabilized by van der
Waals (vdW) interactions with residues A121/V121 (CA I/
CA II, IX and XII), V143, L198, and W205.

In the hCA I active site, the (R)-9 enantiomer oriented the
benzenesulfonamide tail toward the polar pocket lined by W5,
Y20, H200, and P201 engaging a H-bond with the S�O group
and the side chain NH of W5. Instead, the p-phenoxy butyl
pendant establishes vdW contacts with residues of the
lipophilic part of the active site, that is with the residues
F91, A121, L131, L141, V143, and V207 (Figure 6A). In (S)-9,
the benzenesulfonamide tail is positioned in the same manner
as in (R)-9. However, the inversion of the stereocenter on C5
moves the hydrophobic p-phenoxy butyl tail toward the polar
region of the active site shaped by H64, H67, N69, and Q92.
This makes the interaction between the two counterparts not
optimal, despite the orientation of the butyl group toward V62
(Figure 6B). Compared to bulkier dual-tailed derivative 9, the
presence of a single tail on the furan-2-one ring allows both 12-
(R) and 12-(S) enantiomers to better accommodate within the
small hCA I active site (Figure 6C,D) and to the tail to
establish a wide network of vdW interactions that stabilize the
poses, thereby suggesting possible explanations about the
better inhibitory activity of 12 versus 9 against hCA I.

In hCA II, the scenario is similar to that described in hCA I
(Figure 6E−H). Again the interactions of (R)-9 are more
effective than those of (S)-9 (Figure 6E, F) and the (R)- and
(S)-12 enantiomers fit more effectively within the hCA II

Figure 5. (A) X-ray crystal structures of hCA II bound with compound 12 (PDB: 8R2K). (B) Compound 12 inside the active site of hCA II.
Hydrophobic (red) and hydrophilic (blue) residues are labeled. Residues involved in the binding of inhibitors are also shown; the gray sphere
represents the zinc atom in the active site of the protein.

Table 2. Docking Score of Ligands (R)-9, (S)-9, (R)-12, and
(S)-12 in Complex with hCA I, II, IX, and XII

docking score

ligand hCA I hCA II hCA IX hCA XII

(R)-9 −6.087 −6.311 −7.579 −7.419
(S)-9 −4.159 −4.675 −6.438 −6.147
(R)-12 −5.376 −6.048 −7.312 −6.795
(S)-12 −5.285 −5.404 −6.743 −6.652
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active site (Figure 6G,H). It is interesting to note the good
agreement between the experimental and calculated solutions
for ligand (R)-12 (Figure 6G). The benzenesulfonamide
pendant of both enantiomers of 9 is oriented toward the

hydrophilic half of the active site lined by N62, H64, N67, E69,
and G92. In (R)-9, the aromatic moiety of the p-phenoxy butyl
tail engages π−π stacking with the W5 residue and the same
residue acts as a donor toward the ether oxygen atom of the

Figure 6. Predicted binding mode of ligands (R)-9 (green), (S)-9 (light-green), (R)-12 (purple), (S)-12 (light-purple) within the hCA I (PDB
2NMX; orange: (A−D)) and hCA II (PDB 3K34; white: (E−H)) active sites. H-bonds and π−π stacking interactions are depicted as black and
cyan dashed lines, respectively.
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ligand tail. Moreover, the butyl chain lodges in a region
featured by hydrophobic residues, establishing interactions
with the peculiar residue F20 (Figure 6E). On the other hand,
(S)-9 orients its p-phenoxy butyl tail on the opposite side of

the active site where the butyl chain is flanked by the polar
residues D62 and E69 (Figure 6F). The docking solutions
within hCA IX show interactions with peculiar residues that
could explain significant improvement in the inhibitory activity

Figure 7. Predicted binding mode of ligands (R)-9 (green), (S)-9 (light-green), (R)-12 (purple), (S)-12 (light-purple) within the hCA IX (PDB
5FL4; blue: (A−D)) and hCA XII (PDB 1JDO; green: (E−H)) active sites. H-bonds and π−π stacking interactions are depicted as black and cyan
dashed lines, respectively.
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observed in the kinetic enzymatic assays for the compounds
(Figure 7A−D). In detail, driven by the hydrogen bond
formation between the sulfonamide S�O and the charged side
chain guanidinium group of R60, the benzenesulfonamide tail
of (R)-9 orients toward the polar cleft lined by W5, R60, N62,
H64, and Q67, positioning the p-phenoxy butyl pendant in the
lipophilic half of the active site, which is defined V131, L141,
P202, and V207 (Figure 7A). The inversion of the stereocenter
in (S)-9 causes the two pendants to swap their positions: the p-
phenoxy butyl group lies toward the polar part of the binding
pocket with the oxygen ether in H-bond distance with the
charged side chain guanidinium group of R60. It is likely that
the strength of this interaction is capable of counteracting the
repulsions due to the polar nature of the surrounding
environment (Figure 7B). Both enantiomers of 12 are involved
in a H-bond between the exocyclic C�O of the furan-2-one
ring and the side chain NH2 of Q92, whereas the oxygen atom
of meta-OCH3 of the 2,4,5-trimethoxyphenyl tail is in H-bond

distance with the side chain of R60 (Figure 7C,D). In
particular, the improved inhibitory activity of compound 9
might come from its reduced steric hindrance within the hCA
IX active site, which is roomier than those of hCA I and II. In
addition, the described interactions involving the peculiar
residue R60 stabilize the enantiomers of both 9 and 12
derivatives.

In hCA XII, the interaction with peculiar residues of this
isoform with both ligands was observed (Figure 7E−H). The
(R)-9 isomer positions the benzenesulfonamide tail toward the
polar residues K67, N69, T91, and Q92, undertaking a π−
cation interaction between the benzene ring and the charged
side chain of K67 and the p-phenoxy butyl pendant is located
in the polar pocket lined by residues W5, T60, N62, H64, and
K67 (Figure 7E). Instead, the (S)-9 benzenesulfonamide group
extends toward the residues W5, T60, N62, H64, and K67,
while the p-phenoxy butyl tail spreads toward the N69 and
T91 residues without establishing any characteristic inter-

Figure 8. (A) MTT assay performed on MCF7 cells after 72 of treatment in the presence of doxo 2.5 μM or combinations of doxo 2.5 μM +
compounds 9, 14, 16, and 20 at 50 μM, under hypoxic conditions. Histogram represents the viability percentage of MCF7 normalized to control
(cells exposed to DMSO+CoCl2 100 μM). Each bar of the histogram represents the mean of six biological replicates ± standard deviation. The
most representative of three separate experiments is shown. **** vs DMSO+CoCl2, p < 0.0001; *** vs doxo, p < 0.001; ** vs doxo, p < 0.01; °°°°
vs doxo, p < 0.0001. (B) LDH cytotoxicity assay performed on MCF7 cells after 72 h of treatment in the presence of doxo 2.5 μM or combinations
of doxo 2.5 μM + compounds 9, 14, 16, and 20 at 50 μM, under hypoxic conditions. Histogram represents LDH leakage and is reported as OD 490
nm−OD 690 nm/OD MTT. Each bar of the histogram represents the mean of three biological replicates ± standard deviation. The most
representative of three separate experiments is shown. **** vs DMSO+CoCl2, p < 0.0001.
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actions (Figure 7F). Thus, it is likely that the inhibition data
toward this isoform, featured by a wider active site compared
to the off-target hCA I and II, reflect the reduction in
nonoptimal contacts of the compound, which are instead
present in the other isoform active sites. The large cavity of
hCA XII allows both enantiomers of 12 to arrange the 2,4,5-
trimethoxyphenyl tail in the center region of the binding site.
The tail is stabilized by aT-shaped π−cation interaction
between the ligand benzene ring and the charged side chain of
peculiar K67 (Figure 7G,H).

Even in the presence of inhibition data obtained on the
racemic mixture of the derivatives under investigation, the
docking results allow for some interesting concerns: (i) the
(R)-enantiomer (that could be considered the “eutomer”), able
to suitably arrange itself in the polar and apolar halves of the
active sites, is preferred in the off-target isoforms hCA I and II.
As discussed above, in the isoforms IX and XII, both
enantiomers find a favorable place. The contribution of the
(S)-″distomer” in these two CAs can therefore help to explain
the better activity obtained from the inhibition tests.

(ii) Ligand 9, designed according to the dual tail approach, is
able to well suite into hCA IX and XII. The best fit of the
compounds in the tumor-associated isoforms IX and XII is
likely related to the ability of the tails to accommodate in the
middle/outer rim of the active sites, engaging favorable
interaction with peculiar residues of both isozymes.

(iii) In the roomier active site of the tumor-associated
isoforms hCA IX and XII, ligand 12 is able to orient both
enantiomers toward the peculiar residues R60 (hCA IX) and
K67 (hCA XII), resulting in a better inhibition profile with
respect to the off-target isoforms hCA I and II.
In Vitro Antiproliferative Activity. Four compounds (9,

14, 16, and 20) were chosen for their efficacy in the inhibition
of the tumor-associated isoforms CA IX and CA XII. The
effect of selected compounds was also tested on an in vitro
tumoral biological model represented by MCF7 breast
adenocarcinoma cell line. Nowadays, doxorubicin (doxo)
represents the first-line drug in breast cancer therapeutic
protocols, and for this reason, we aimed at evaluating the effect
of a cotreatment of doxo and compounds 9, 14, 16, and 20 on
MCF7 metabolic activity, and, as a consequence, on cell
viability. Doxo was administered at 2.5 μM concentration
which is, according to previous studies published on this topic,
a subtoxic dose able to keep a percentage of viable cells higher
than 50%,55 whereas the concentration chosen for compounds
9, 14, 16, and 20 was 50 μM. Moreover, it is widely recognized
that hCA IX and XII isoforms, responsible for severe events
connected with tumor progression and bad prognosis, appear
overexpressed in the presence of a hypoxic environment. As a
consequence, in order to overexpress hCA IX and XII isoforms
in MCF7 cells, before cotreaments of doxo 2.5 μM and
compounds 9, 14, 16, and 20, a hypoxic condition was
reproduced by administering cobalt(II) chloride hexahydrate
(CoCl2) at 100 μM for 48 h, chemically inducing HIF-1α, as
already reported elsewhere.56 Cotreatments of doxo 2.5 μM +
compounds 9, 14, 16, and 20 were kept up to 72 h; next, the
metabolic activity was measured by the MTT test. The latter
reveals that for both samples exposed to doxo 2.5 μM alone
and to cotreatments of doxo 2.5 μM with compounds 9, 14,
16, and 20 at 50 μM, a statistically significant reduction in cell
metabolic activity is recorded with respect to cells exposed to
DMSO+CoCl2, assumed as control (Figure 8A).

The statistical analysis also discloses that MCF7 exposed to
cotreatments of doxo 2.5 μM + compounds 9, 14, 16, and 20
at 50 μM shows a further and significant reduction of
metabolic activity compared to metabolic activity measured in
the presence of doxo 2.5 μM alone. This data appeared
particularly interesting as it underlines the capability of newly
synthesized molecules to improve the performance of the first-
line drug. strengthening its antitumoral activity thanks to the
significant reduction of cancerous cell viability. After that, the
cytotoxic effect of doxo 2.5 μM in combination with
compounds 9, 14, 16, and 20 at 50 μM on the MCF7 cell
line was taken into consideration by measuring the release of
lactate dehydrogenase (LDH) within the culture medium after
72 h of treatment under hypoxic conditions. The results of
LDH assay reveal that, compared to control cells, all tested
cotreatments are able to provoke a peak of cytotoxicity,
increasing LDH spreading, in a statistically significant manner
(Figure 8B), thus confirming the hypothesis that cotreatments
of novel CA IX and XII inhibitors with doxo at a subtoxic dose
could represent a strategic and innovative tool to counteract in
vitro breast tumor growth. Moreover, this approach could
strengthen the concept that CA IX/XII inhibitors can be added
to well-established therapeutic protocols and that their
combinations can limit the occurrence of side effects due to
the dose reduction.

■ CONCLUSIONS
A one-pot, three-component procedure was used to produce
new dihydro-pyrrol-2-one compounds with two sulfonamide
moieties, with trifluoroacetic acid acting as a strong catalyst.
To explore the correlation between the structure and reactivity
of compound A (Scheme 3), its electronic structure was
investigated using density functional theory calculations
(DFT) and condensed Fukui function analysis, and it was
determined that the nitrogen atom involved in the imine group
is the most favored site for electrophilic attack.

The resulting compounds were examined in comparison to
four human carbonic anhydrase isoforms (hCA I, hCA II, hCA
IX, and hCA XII). The cytosolic hCA I, which is extensively
expressed, was inhibited by all series at doses ranging from low
nanomolar (KI 3.9 nM for 14) to high nanomolar values (KI
870.9 nM for 8). The second most abundantly expressed
cytosolic hCA II was more effectively inhibited than hCA I,
with KI values ranging from low nanomolar for 9 (1.9 nM) to
medium nanomolar for 19 (211.2 nM). All of the tested drugs
in the series efficiently inhibited the first tumor-associated hCA
IX, while the second tumor-associated hCA XII was also
inhibited in good range. These issues are further and positively
supported by biological evaluations performed on a breast
cancer cell line in which the efficacy of a cotreatment on the
viability of cancerous cells is evidenced, thus allowing the
possibility to develop therapeutic protocols adopting reduced
concentrations of the first-line drug, limiting, in parallel,
doxorubicin-related side effects.

■ EXPERIMENTAL SECTION
Chemistry. Analytical thin-layer chromatography was performed

with commercial silica gel plates 60 F254 (Merck Darmstadt,
Germany) and visualized with UV light (λmax = 254 or 365 nm).
The NMR spectra included in this study were recorded on Bruker
Avance NEO 400 and 600 MHz spectrometers equipped with 5 mm
four nuclei direct detection z-gradient probe (H,C,F,Si-QNP) and 5
mm inverse detection multinuclear z-gradient probe, respectively.
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Proton and carbon chemical shifts are reported in δ units (ppm)
relative to the residual solvent signal (ref: DMSO-d6

1H, 2.51 ppm
and 13C, 39.47 ppm). H,H-COSY, H,C-HSQC, and H,C-HMBC
experiments were recorded using standard pulse sequences as
delivered by Bruker with a TopSpin 4.0.8 spectrometer control and
processing software. The 15N chemical shifts were obtained as
projections from the 2D indirectly detected H,N-HMBC spectra and
are referred to external liquid ammonia (0.0 ppm) using as external
standard nitromethane (380.2 ppm). IR spectra were recorded on a
Shimadzu IRTracer-100 instrument (Shimadzu U.S.A. Manufacturing,
Inc., Canby, OR). The melting point of the compounds was measured
on a MEL-TEMP capillary melting point apparatus from ambient
temperature up to 400 °C. All commercially available products were
used without further purification unless otherwise specified.

MALDI-MS. Mass spectra were acquired on a Bruker RapifleX
MALDI-TOF/TOF (Bruker Daltonics, Bremen�Germany) equip-
ped with a Smartbeam 3D laser. The FlexControl Version 4.0 and
FlexAnalysis Version 4.0 software (Bruker, Bremen, Germany) were
used to control the instrument and process the MS spectra. The
samples were dissolved in DMSO and then diluted 10 times in
methanol. For the MALDI matrix solutions, 20 mg of α-cyano-4-
hydroxycinnamic acid (HCCA) was dissolved in 1 mL of methanol.
Then, MALDI matrix solution and sample solution were mixed with
each other in 1:1, 2:1, and 4:1 ratio, and finally 1 μL from each final
solution was deposited onto the MALDI target and dried at room
temperature prior to MALDI-MS analysis. Mass calibration of
MALDI-TOF/TOF-MS was performed by the peptide mixture
standard solution (Bruker Daltonics, Bremen�Germany). FlexCon-
trol 4.0 was used to optimize and acquire data using the following
parameters: positive ion polarity in reflector mode, mass scan range
(m/z 100−1600 Da), digitizer 1.25 GHz, detector voltage 2117 V,
1000 shots per pixel, and 5 kHz laser frequency. The laser power was
set at 60−80% of the maximum and 1000 laser shots were
accumulated for each spectrum.
General Procedure for the Synthesis of Compounds 1−23. In a 4

mL amount of ethanol, proper benzaldehyde (1 mmol) was combined
with 1 mmol 4-aminobenzenesulfonamide. The reaction mixture was
stirred at room temperature for 20 min. Trifluoracetic acid (20 μL)
and pyruvic acid (1.5 mmol) in ethanol were then added to the
mixture, which was then allowed to reflux for 12 h at a catalytic rate.
By removing the resultant suspension and washing the solid with
ethanol, the necessary compound was produced. To aid in
recrystallization, dichloromethane and ethanol were utilized. The
high-performance liquid chromatography (HPLC) analysis conditions
were as follows: column: XDB-C18 (100 mm × 4.6 mm); mobile
phase: ultrapure water (containing 0.1%% formic acid), 20%/80%
ultrapure water/acetonitrile solution (0.1% formic acid); wavelength:
280 nm; rate: 1 mL/min. All compounds were of >95% purity as
determined by HPLC. Spectra for representative compounds are
displayed in the Supporting Information.

1-(4-Sulfamoylphenyl)-3-((4-sulfamoylphenyl)amino)-5-phenyl-
1H-pyrrol-2(5H)-one 1. Yellow solid; 79% yield; mp 211−213 °C; IR
ATR ν (cm−1): 3672, 2978, 2900, 2360, 1678, 1600, 1539, 1377,
1327, 1153, 1068, 1012, 895, 536. 1H NMR (DMSO-d6, 400.1 MHz,
δ (ppm)): 6.19 (1H, d, 3J = 3 Hz, H-5), 6.66 (1H, d, 3J = 3 Hz, H-4),
7.17 (2H, s, NH2-10), 7.24−7.26 (3H, m, NH2 and H-18), 7.31−7.32
(4H, m, H-16 and H-17), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.69 (2H, d, 3J
= 9 Hz, H-9), 7.76 (2H, d, 3J = 9 Hz, H-13), 7.85 (2H, d, 3J = 9 Hz,
H-12), 8.68 (1H, s, NH). 13C NMR (DMSO-d6, 100.6 MHz, δ
(ppm)): 62.3 (CH-5), 113.2 (CH-4), 115.9 (CH-8), 120.9 (CH-12),

126.4 (CH-13), 126.8 (CH-16), 127.0 (CH-9), 128.0 (CH-18), 128.9
(CH-17), 130.9 (C-3), 135.2 (C-10), 137.1 (C-15), 139.4 (C-14),
139.7 (C-11), 144.8 (C-7), 166.5 (CO-2). 15N NMR (DMSO-d6,
40.5 MHz, δ (ppm)): 89.5 (NH), 96.4 (2×NH2), 142.9 (N). HRMS
(MALDI-TOF/TOF) m/z calcd for [M + H]+, 485.09087; found,
485.07474.

5 - ( 4 - F l u o r ophen y l ) - 1 - ( 4 - s u l f amoy l ph en y l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 2. Yellow solid; 63%
yield; mp 257−258 °C; IR ATR ν (cm−1): 3672, 3371, 3317, 3267,
2981, 2900, 2360, 1685, 1651, 1593, 1504, 1392, 1338, 1307, 1227,
1146, 1076, 894, 821, 651, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ
(ppm)): 6.22 (1H, d, 3J = 3 Hz, H-5), 6.65 (1H, d, 3J = 3 Hz, H-4),
7.15 (2H, t, 3JH,H = 3JH,F = 9 Hz, H-17), 7.18 (2H, s, NH2-10), 7.28
(2H, s, NH2-14), 7.37 (2H, dd, 3JH,H = 9 Hz, 4JH,F = 5 Hz H-16), 7.45
(2H, d, 3J = 9 Hz, H-8), 7.70 (2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J
= 9 Hz, H-13), 7.84 (2H, d, 3J = 9 Hz, H-12), 8.70 (1H, s, NH). 13C
NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 61.6 (CH-5), 112.9 (CH-
4), 115.7 (d, 2JC,F = 22 Hz, CH-17), 116.0 (CH-8), 121.0 (CH-12),
126.4 (CH-13), 127.0 (CH-9), 129.0 (d, 3JC,F = 8 Hz, CH-16), 131.1
(C-3), 133.2 (d, 4JC,F = 3 Hz, C-15), 135.2 (C-10), 139.5 (C-14),
139.6 (C-11), 144.8 (C-7), 161.7 (d, 1JC,F = 244 Hz, C-18), 166.4
(CO-2). 19F NMR (DMSO-d6, 376.4 MHz, δ (ppm)): −113.9. 15N
NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 89.1 (NH), 95.6 (2×NH2),
143.4 (N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
503.08144; found, 503.07774.

5 - ( 4 - B r omophen y l ) - 1 - ( 4 - s u l f amoy l ph en y l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 3. Yellow solid; 82%
yield; mp 237−239 °C; IR ATR ν (cm−1): 3676, 3371, 3317, 3267,
2974, 2901, 2359, 1685, 1651, 1597, 1535, 1504, 1404, 1381, 1338,
1307, 1157, 1072, 898, 825, 652, 540. 1H NMR (DMSO-d6, 400.1
MHz, δ (ppm)): 6.20 (1H, d, 3J = 3 Hz, H-5), 6.65 (1H, d, 3J = 3 Hz,
H-4), 7.17 (2H, s, NH2-10), 7.26 (2H, s, NH2-14), 7.29 (2H, d, 3J = 9
Hz, H-16), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.52 (2H, d, 3J = 9 Hz, H-
17), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J = 9 Hz, H-13), 7.83
(2H, d, 3J = 9 Hz, H-12), 8.71 (1H, s, NH). 13C NMR (DMSO-d6,
100.6 MHz, δ (ppm)): 61.6 (CH-5), 112.6 (CH-4), 116.0 (CH-8),
120.9 (CH-12), 121.1 (C-18), 126.4 (CH-13), 127.0 (CH-9), 129.2
(CH-16), 131.2 (C-3), 131.8 (CH-17), 135.2 (C-10), 136.6 (C-15),
139.4 (C-14), 139.5 (C-11), 144.7 (C-7), 166.4 (CO-2). 15N NMR
(DMSO-d6, 60.8 MHz, δ (ppm)): 89.5 (NH), 95.6 (2×NH2), 142.8
(N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
561.99598; found, 562.96950.
1-(4-Sulfamoylphenyl)-3-((4-sulfamoylphenyl)amino)-5-(4-

(trifluoromethyl)phenyl)-1H-pyrrol-2(5H)-one 4. White solid; 60%
yield; mp 271−273 °C; IR ATR ν (cm−1): 3676, 3313, 3263, 2974,
2901, 2361, 1681, 1651, 1597, 1539, 1381, 1327, 1153, 1103, 1068,
825, 651, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 6.33
(1H, d, 3J = 3 Hz, H-5), 6.68 (1H, d, 3J = 3 Hz, H-4), 7.17 (2H, s,
NH2-10), 7.26 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.56
(2H, d, 3J = 9 Hz, H-16), 7.68−7.71 (4H, m, H-9 and H-17), 7.77
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(2H, d, 3J = 9 Hz, H-13), 7.86 (2H, d, 3J = 9 Hz, H-12), 8.74 (1H, s,
NH). 13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 61.7 (CH-5),
112.3 (CH-4), 116.1 (CH-8), 120.8 (CH-12), 123.9 (q, 1JC,F = 272
Hz, CF3), 125.9 (q, 3JC,F = 4 Hz, CH-17), 126.5 (CH-13), 127.0 (CH-
9), 127.8 (CH-16), 128.6 (q, 2JC,F = 32 Hz, C-18), 131.3 (C-3), 135.3
(C-10), 139.5 (C-14), 139.6 (C-11), 142.2 (C-15), 144.7 (C-7),
166.4 (CO-2). 19F NMR (DMSO-d6, 376.4 MHz, δ (ppm)): −61.1.
15N NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 89.2 (NH), 95.6
(2×NH2), 142.2 (N). HRMS (MALDI-TOF/TOF) m/z calcd for [M
+ H]+, 553.07825; found, 552.96527.

5-(3,5-Bis(trifluoromethyl)phenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 5. Yellow solid; 56%
yield; mp 290−292 °C; IR ATR ν (cm−1): 3675, 3310, 3262, 2971,
2900, 2360, 1680, 1653, 1596, 1535, 1384, 1326, 1150, 1101, 1064,
821, 650, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 6.46
(1H, d, 3J = 3 Hz, H-5), 6.75 (1H, d, 3J = 3 Hz, H-4), 7.18 (2H, s,
NH2-10), 7.29 (2H, s, NH2-14), 7.46 (2H, d, 3J = 9 Hz, H-8), 7.69
(2H, d, 3J = 9 Hz, H-9), 7.79 (2H, d, 3J = 9 Hz, H-13), 7.86 (2H, d, 3J
= 9 Hz, H-12), 8.02 (1H, s, H-18), 8.08 (2H, s, H-16), 8.78 (1H, s,
NH). 13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 61.1 (CH-5),
111.5 (CH-4), 116.1 (CH-8), 121.1 (CH-12), 122.1 (CH-18), 123.0
(q, 1JC,F = 272 Hz, CF3), 126.6 (CH-13), 127.0 (CH-9), 128.0 (CH-
16), 130.7 (q, 2JC,F = 33 Hz, C-17), 131.7 (C-3), 135.4 (C-10), 139.2
(C-11), 139.8 (C-14), 141.1 (C-15), 144.6 (C-7), 166.4 (CO-2). 19F
NMR (DMSO-d6, 376.4 MHz, δ (ppm)): −61.2. 15N NMR (DMSO-
d6, 60.8 MHz, δ (ppm)): 89.5 (NH), 95.6 (2×NH2), 140.2 (N).
HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+, 621.06564;
found, 620.91500.

5 - ( 4 - C y anophen y l ) - 1 - ( 4 - s u l f amoy l p h en y l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 6. Yellow solid; 80%
yield; mp 230−231 °C; IR ATR ν (cm−1): 3317, 3256, 2989, 2897,
2353, 2225, 1674, 1651, 1593, 1547, 1500, 1392, 1323, 1153, 1100,
910, 821, 648, 536. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 6.32
(1H, d, 3J = 3 Hz, H-5), 6.67 (1H, d, 3J = 3 Hz, H-4), 7.18 (2H, s,
NH2-10), 7.28 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.54
(2H, d, 3J = 9 Hz, H-16), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J
= 9 Hz, H-13), 7.80 (2H, d, 3J = 9 Hz, H-17),7.84 (2H, d, 3J = 9 Hz,
H-12), 8.76 (1H, s, NH). 13C NMR (DMSO-d6, 100.6 MHz, δ
(ppm)): 61.8 (CH-5), 110.8 (C-18), 111.9 (CH-4), 116.1 (CH-8),
118.4 (CN), 120.8 (CH-12), 126.5 (CH-13), 127.0 (CH-9), 127.9

(CH-16), 131.4 (C-3), 132.9 (CH-17), 135.4 (C-10), 139.4 (C-14),
139.6 (C-11), 143.1 (C-15), 144.6 (C-7), 166.4 (CO-2). 15N NMR
(DMSO-d6, 60.8 MHz, δ (ppm)): 89.5 (NH), 95.6 (2×NH2), 141.1
(N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
510.08611; found, 510.92761.

5- (4 - I sopropy lpheny l ) -1 - (4 - su l famoy lpheny l ) -3 - ( (4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 7. Yellow solid; 67%
yield; mp 239−241 °C; IR ATR ν (cm−1): 3672, 3309, 3267, 2970,
2904, 2360, 2337, 1678, 1651, 1593, 1543, 1500, 1392, 1327, 1257,
1145, 1083, 1053, 894, 821, 648, 536. 1H NMR (DMSO-d6, 400.1
MHz, δ (ppm)): 1.13 (3H, d, 3J = 7 Hz, CH3), 1.14 (3H, d, 3J = 7 Hz,
CH3), 2.82 (1H, heptet, 3J = 7 Hz, CH), 6.16 (1H, d, 3J = 3 Hz, H-5),
6.64 (1H, d, 3J = 3 Hz, H-4), 7.17 (2H, s, NH2-10), 7.20 (2H, d, 3J =
9 Hz, H-17), 7.23 (2H, d, 3J = 9 Hz, H-16), 7.27 (2H, s, NH2-14),
7.44 (2H, d, 3J = 9 Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.77 (2H,
d, 3J = 9 Hz, H-13), 7.86 (2H, d, 3J = 9 Hz, H-12), 8.66 (1H, s, NH).
13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 23.7 (2×CH3), 32.9
(CH), 62.0 (CH-5), 113.4 (CH-4), 115.9 (CH-8), 120.9 (CH-12),
126.4 (CH-13), 126.8 and 126.9 (CH-16 and CH-17), 127.0 (CH-9),
130.8 (C-3), 134.3 (C-15), 135.1 (C-10), 139.4 (C-14), 139.7 (C-
11), 144.8 (C-7), 148.1 (C-18), 166.5 (CO-2). 15N NMR (DMSO-d6,
60.8 MHz, δ (ppm)): 88.5 (NH), 95.6 (2×NH2), 143.4 (N). HRMS
(MALDI-TOF/TOF) m/z calcd for [M + H]+, 527.13782; found,
527.07152.

5 - ( 4 - B u t y l p h e n y l ) - 1 - ( 4 - s u l f amo y l p h e n y l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 8. Yellow solid; 88%
yield; mp 250−251 °C; IR ATR ν (cm−1): 3676, 3363, 3305, 3248,
2982, 2904, 2360, 1670, 1647, 1597, 143, 1500, 1396, 1311, 1157,
1068, 910, 829, 682, 651, 570, 536. 1H NMR (DMSO-d6, 600.1 MHz,
δ (ppm)): 0.86 (3H, t, 3J = 7 Hz, CH3), 1.26 (2H, sextet, 3J = 7 Hz,
CH2−21), 1.48 (2H, quintet, 3J = 7 Hz, CH2−20), 2.7−2.49 (2H, m,
CH2−19 overlapped with DMSO), 6.15 (1H, d, 3J = 3 Hz, H-5), 6.64
(1H, d, 3J = 3 Hz, H-4), 7.13 (2H, d, 3J = 9 Hz, H-17), 7.17 (2H, s,
NH2-10), 7.21 (2H, d, 3J = 9 Hz, H-16), 7.26 (2H, s, NH2-14), 7.43
(2H, d, 3J = 9 Hz, H-8), 7.68 (2H, d, 3J = 9 Hz, H-9), 7.76 (2H, d, 3J
= 9 Hz, H-13), 7.84 (2H, d, 3J = 9 Hz, H-12), 8.66 (1H, s, NH). 13C
NMR (DMSO-d6, 150.9 MHz, δ (ppm)): 13.7 (CH3), 21.8 (CH2−
21), 32.9 (CH2−20), 34.4 (CH2−19), 62.1 (CH-5), 113.4 (CH-4),
115.9 (CH-8), 120.9 (CH-12), 126.4 (CH-13), 126.8 (CH-16), 127.0
(CH-9), 128.8 (CH-17), 130.8 (C-3), 134.2 (C-15), 135.1 (C-10),
139.4 (C-14), 139.7 (C-11), 142.2 (C-18), 144.9 (C-7), 158.4 (C-
18), 166.5 (CO-2). 15N NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 89.8
(NH), 96.4 (2×NH2), 143.1 (N). HRMS (MALDI-TOF/TOF) m/z
calcd for [M + H]+, 541.15347; found, 541.03098.
5 - ( 4 - Bu t o x ypheny l ) - 1 - ( 4 - s u l f amoy l pheny l ) - 3 - ( ( 4 -

sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 9. Yellow solid; 85%
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yield; mp 231−233 °C; IR ATR ν (cm−1): 3672, 3356, 3302, 3259,
2978, 2904, 2356, 1681, 1654, 1593, 1539, 1512, 1381, 1303, 1253,
1153, 1072, 898, 825, 709, 570, 536. 1H NMR (DMSO-d6, 400.1
MHz, δ (ppm)): 0.89 (3H, t, 3J = 7 Hz, CH3), 1.39 (2H, sextet, 3J = 7
Hz, CH2−21), 1.64 (2H, quintet, 3J = 7 Hz, CH2−20), 3.89 (2H, t, 3J
= 7 Hz, CH2−19), 6.13 (1H, d, 3J = 2 Hz, H-5), 6.62 (1H, d, 3J = 2
Hz, H-4), 6.85 (2H, d, 3J = 9 Hz, H-17), 7.18 (2H, s, NH2-10), 7.21
(2H, d, 3J = 9 Hz, H-16), 7.27 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9
Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.76 (2H, d, 3J = 9 Hz, H-13),
7.83 (2H, d, 3J = 9 Hz, H-12), 8.66 (1H, s, NH). 13C NMR (DMSO-
d6, 100.6 MHz, δ (ppm)): 13.6 (CH3), 18.7 (CH2−21), 30.7 (CH2−
20), 61.9 (CH-5), 67.0 (CH2−19), 113.5 (CH-4), 114.7 (CH-17),
115.9 (CH-8), 121.0 (CH-12), 126.3 (CH-13), 127.0 (CH-9), 128.2
(CH-16), 128.4 (C-15), 130.8 (C-3), 135.1 (C-10), 139.3 (C-14),
139.7 (C-11), 144.9 (C-7), 158.4 (C-18), 166.4 (CO-2). 15N NMR
(DMSO-d6, 60.8 MHz, δ (ppm)): 88.6 (NH), 95.8 (2×NH2), 144.4
(N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
557.14838; found, 557.03490.

5 - (2 -Methoxypheny l ) - 1 - (4 - su l famoy lpheny l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 10. Yellow solid;
75% yield; mp 190−192 °C; IR ATR ν (cm−1): 3668, 3325, 3248,
2970, 2897, 2360, 2330, 1681, 1651, 1593, 1531, 1493, 1373, 1330,
1246, 1157, 1099, 1049, 906, 825, 725, 540. 1H NMR (DMSO-d6,
400.1 MHz, δ (ppm)): 3.91 (3H, s, OCH3-16), 6.37 (1H, d, 3J = 2
Hz, H-5), 6.56 (1H, d, 3J = 2 Hz, H-4), 6.83 (1H, t, 3J = 8 Hz, H-19),
6.93 (1H, d, 3J = 8 Hz, H-20), 7.07 (1H, d, 3J = 8 Hz, H-17), 7.16
(2H, s, NH2-10), 7.23 (1H, t, 3J = 8 Hz, H-18), 7.27 (2H, s, NH2-14),
7.42 (2H, d, 3J = 9 Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.77 (4H,
bs, H-12 and H-12), 8.63 (1H, s, NH). 13C NMR (DMSO-d6, 100.6
MHz, δ (ppm)): 55.9 (OCH3-16), 57.0 (CH-5), 111.7 (CH-17),
112.0 (CH-4), 115.9 (CH-8), 120.1 (CH-12), 120.9 (CH-19), 124.0
(C-15), 126.5 (CH-13), 126.6 (CH-20), 127.0 (CH-9), 129.3 (CH-
18), 131.4 (C-3), 135.0 (C-10), 139.2 (C-14), 139.9 (C-11), 144.8
(C-7), 157.1 (C-16), 166.7 (C-2). 15N NMR (DMSO-d6, 40.5 MHz,
δ (ppm)): 88.7 (NH), 95.2 (2×NH2), 141.5 (N). HRMS (MALDI-
TOF/TOF) m/z calcd for [M + H]+, 515.10143; found, 514.97008.

5-(3,4-Dimethoxyphenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 11. Yellow solid;
73% yield; mp 207−208 °C; IR ATR ν (cm−1): 3672, 3360, 3271,
2970, 2904, 2360, 2338, 1693, 1663, 1593, 1539, 1516, 1377, 1323,
1303, 1261, 1145, 1049, 906, 817, 740, 652, 538. 1H NMR (DMSO-
d6, 400.1 MHz, δ (ppm)): 3.68 (3H, s, CH3-18), 3.71 (3H, s, CH3-
17), 6.11 (1H, d, 3J = 3 Hz, H-5), 6.63 (1H, d, 3J = 3 Hz, H-4), 6.80
(1H, dd, 3J = 8 Hz, 4J = 2 Hz, H-20), 6.88 (1H, d, 3J = 8 Hz, H-19),
6.92 (1H, d, 4J = 2 Hz, H-16), 7.18 (2H, s, NH2-10), 7.27 (2H, s,
NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-9),
7.76 (2H, d, 3J = 9 Hz, H-13), 7.85 (2H, d, 3J = 9 Hz, H-12), 8.66
(1H, s, NH). 13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 55.4
(OCH3-18), 55.5 (OCH3-17), 62.2 (CH-5), 110.6 (CH-16), 111.9
(CH-19), 113.5 (CH-4), 115.9 (CH-8), 119.0 (CH-20), 121.1 (CH-
12), 126.3 (CH-13), 127.0 (CH-9), 128.9 (C-15), 130.8 (C-3), 135.1
(C-10), 139.3 (C-14), 139.8 (C-11), 144.9 (C-7), 148.44 (C-18),
148.9 (C-17), 166.4 (CO-2). 15N NMR (DMSO-d6, 60.8 MHz, δ
(ppm)): 88.4 (NH), 96.1 (2×NH2), 144.1 (N). HRMS (MALDI-
TOF/TOF) m/z calcd for [M + H]+, 545.11200; found, 544.98933.

4-((2-Oxo-5-(2,4,5-trimethoxyphenyl)-2,5-dihydrofuran-3-yl)-
amino)benzenesulfonamide 12. Orange solid; 71% yield; mp 169−
170 °C; IR ATR ν (cm−1): 3317, 3256, 2985, 2897, 2353, 1751, 1658,
1593, 1516, 1466, 1404, 1327, 1273, 1207, 1157, 1037, 810, 709, 655,
536. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 3.67 (3H, s,
OCH3-15), 3.83 (3H, s, OCH3-14), 3.84 (3H, s, OCH3-12), 6.37
(1H, d, 3J = 2 Hz, H-5), 6.73 (1H, s, H-16), 6.79 (1H, s, H-13), 6.89
(1H, d, 3J = 2 Hz, H-4), 7.18 (2H, s, NH2), 7.42 (2H, d, 3J = 9 Hz, H-
8), 7.71 (2H, d, 3J = 9 Hz, H-9), 8.80 (1H, s, NH). 13C NMR
(DMSO-d6, 100.6 MHz, δ (ppm)): 55.8 (OCH3-14), 56.4 (OCH3-
15), 56.6 (OCH3-12), 76.8 (CH-5), 98.6 (CH-13), 111.9 (CH-16),
114.6 (C-11), 115.8 (CH-8), 117.6 (CH-4), 127.0 (CH-9), 128.0 (C-
3), 135.3 (C-10), 142.7 (C-15), 144.8 (C-7), 150.5 (C-14), 152.1 (C-
12), 170.2 (CO-2). 15N NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 87.7
(NH), 95.4 (NH2). HRMS (MALDI-TOF/TOF) m/z calcd for [M +
H]+, 421.10248; found, 421.01298.

5-(2-Hydroxy-5-methoxyphenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 13. Yellow solid;
61% yield; mp 223−225 °C; IR ATR ν (cm−1): 3668, 3352, 3317,
3248, 2974, 2900, 2360, 2337, 1682, 1597, 1504, 1373, 1335, 1276,
1157, 1095, 1037, 829, 760, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ
(ppm)): 3.54 (3H, s, CH3-19), 6.28 (1H, d, 3J = 3 Hz, H-5), 6.41
(1H, d, 4J = 2 Hz, H-20), 6.55 (1H, d, 3J = 3 Hz, H-4), 6.67 (1H, dd,
3J = 9 Hz, 4J = 3 Hz, H-18), 6.78 (1H, d, 3J = 9 Hz, H-17), 7.17 (2H,
s, NH2-10), 7.26 (2H, s, NH2-14), 7.43 (2H, d, 3J = 9 Hz, H-8), 7.70
(2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J = 9 Hz, H-13), 7.83 (2H, d, 3J
= 9 Hz, H-12), 8.62 (1H, s, NH), 9.52 (1H, s, OH). 13C NMR
(DMSO-d6, 100.6 MHz, δ (ppm)): 55.2 (OCH3-19), 57.4 (CH-5),
112.0 (CH-20), 112.1 (CH-4), 113.9 (CH-18), 115.8 (CH-8), 116.5
(CH-17), 120.1 (CH-12), 122.9 (C-15), 126.4 (CH-13), 127.1 (CH-
9), 131.4 (C-3), 135.0 (C-10), 139.1 (C-14), 140.0 (C-11), 144.9 (C-
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7), 149.0 (C-16), 152.3 (C-19), 166.7 (CO-2). 15N NMR (DMSO-d6,
60.8 MHz, δ (ppm)): 89.2(NH), 96.4 (2×NH2), 142.1 (N). HRMS
(MALDI-TOF/TOF) m/z calcd for [M + H]+, 531.09635; found,
530.97707.

5-(4-Hydroxy-3-methoxyphenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 14. Brown solid; 63%
yield; mp 242−243 °C; IR ATR ν (cm−1): 3734, 3672, 2974, 2900,
2360, 1685, 1651, 1593, 1523, 1385, 1250, 1153, 1068, 899, 536. 1H
NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 3.71 (3H, s, CH3-17), 6.06
(1H, d, 3J = 2 Hz, H-5), 6.62 (1H, d, 3J = 2 Hz, H-4), 6.62 (1H, d, 4J
= 2 Hz, H-16), 6.67 (2H, bs, H-19 and H-20), 6.88 (1H, bs, H-16),
7.17 (2H, s, NH2-10), 7.25 (2H, s, NH2-14), 7.43 (2H, d, 3J = 9 Hz,
H-8), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.78 (2H, d, 3J = 9 Hz, H-13),
7.83 (2H, d, 3J = 9 Hz, H-12), 8.63 (1H, s, NH), 9.01 (1H, s, OH).
13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 55.6 (OCH3-17), 62.3
(CH-5), 111.1 (CH-16), 113.6 (CH-4), 115.7 (CH-19), 115.9 (CH-
8), 119.3 (CH-20), 121.1 (CH-12), 126.3 (CH-13), 127.3 (CH-9),
127.3 (C-15), 130.7 (C-3), 135.0 (C-10), 139.3 (C-14), 139.8 (C-
11), 144.9 (C-7), 146.3 (C-18), 147.7 (C-17), 166.4 (CO-2). 15N
NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 88.7 (NH), 95.5 (2×NH2),
144.1 (N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
531.09635; found, 530.96502.

5-(3-Hydroxy-4-methoxyphenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 15. Yellow solid;
60% yield; mp 190−191 °C; IR ATR ν (cm−1): 3672, 3313, 3252,
2974, 2900, 2360, 2337, 1685, 1651, 1593, 1543, 1504, 1385, 1335,
1269, 1149, 1076, 1045, 894, 540. 1H NMR (DMSO-d6, 400.1 MHz,
δ (ppm)): 3.70 (3H, s, CH3-18), 6.05 (1H, d, 3J = 2 Hz, H-5), 6.61
(1H, d, 3J = 2 Hz, H-4), 6.62 (1H, d, 4J = 2 Hz, H-16), 6.78 (1H, dd,
3J = 8 Hz, 4J = 2 Hz, H-20), 6.85 (1H, d, 3J = 8 Hz, H-19), 7.18 (2H,
s, NH2-10), 7.26 (2H, s, NH2-14), 7.43 (2H, d, 3J = 9 Hz, H-8), 7.70
(2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J = 9 Hz, H-13), 7.84 (2H, d, 3J
= 9 Hz, H-12), 8.65 (1H, s, NH), 9.01 (1H, s, OH). 13C NMR
(DMSO-d6, 100.6 MHz, δ (ppm)): 55.5 (OCH3-18), 62.0 (CH-5),
112.2 (CH-19), 113.3 (CH-16), 113.7 (CH-4), 115.9 (CH-8), 118.1
(CH-20), 120.9 (CH-12), 126.4 (CH-13), 127.1 (CH-9), 129.0 (C-
15), 130.6 (C-3), 135.1 (C-10), 139.3 (C-14), 139.8 (C-11), 144.9
(C-7), 146.8 (C-17), 147.5 (C-18), 166.4 (CO-2). 15N NMR
(DMSO-d6, 60.8 MHz, δ (ppm)): 88.6 (NH), 96.0 (2×NH2), 144.3
(N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
531.09635; found, 531.00811.
5-(4-Hydroxy-3,5-dimethoxyphenyl)-1-(4-sulfamoylphenyl)-3-

((4-sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 16. Yellow solid;
59% yield; mp 233−235 °C; IR ATR ν (cm−1): 3672, 3317, 3259,
2904, 2357, 2337, 1682, 1647, 1593, 1508, 1459, 1385, 1323, 1219,
1153, 1103, 1072, 1045, 813, 640, 536. 1H NMR (DMSO-d6, 400.1
MHz, δ (ppm)): 3.68 (6H, s, 2xCH3-17), 6.06 (1H, d, 3J = 2 Hz, H-
5), 6.55 (2H, s, H-16), 6.62 (1H, d, 3J = 2 Hz, H-4), 7.17 (2H, s,
NH2-10), 7.24 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.69

(2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J = 9 Hz, H-13), 7.85 (2H, d, 3J
= 9 Hz, H-12), 8.38, (1H, s, OH), 8.64 (1H, s, NH). 13C NMR
(DMSO-d6, 100.6 MHz, δ (ppm)): 56.0 (OCH3-17), 62.7 (CH-5),
104.3 (CH-16), 113.5 (CH-4), 115.8 (CH-8), 121.2 (CH-12), 126.3
(CH-13), 126.6 (C-15), 127.0 (CH-9), 130.7 (C-3), 135.0 (C-10),
135.2 (C-18), 139.4 (C-14), 139.8 (C-11), 144.9 (C-7), 148.1 (C-
17), 166.4 (CO-2). 15N NMR (DMSO-d6, 40.5 MHz, δ (ppm)): 88.8
(NH), 96.4 (2×NH2), 143.8 (N). HRMS (MALDI-TOF/TOF) m/z
calcd for [M + H]+, 561.10691; found, 561.0142.

5-(2-Hydroxy-5-nitrophenyl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 17. Yellow solid;
73% yield; mp 247−248 °C; IR ATR ν (cm−1): 3433, 3329, 3257,
3120, 2901, 2360, 1685, 1658, 1595, 1527, 1490, 1373, 1323, 1286,
1143, 1093, 1072, 825, 738, 653, 536. 1H NMR (DMSO-d6, 400.1
MHz, δ (ppm)): 6.39 (1H, d, 3J = 3 Hz, H-5), 6.61 (1H, d, 3J = 3 Hz,
H-4), 6.99 (1H, d, 3J = 9 Hz, H-17), 7.17 (2H, s, NH2-10), 7.26 (2H,
s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-
9), 7.78 (2H, d, 3J = 9 Hz, H-13), 7.83 (2H, d, 3J = 9 Hz, H-12), 7.94
(1H, bs, H-20), 8.02 (1H, dd, 3J = 9 Hz, 4J = 3 Hz, H-18), 8.71 (1H,
s, NH), 11.63 (1H, s, OH). 13C NMR (DMSO-d6, 100.6 MHz, δ
(ppm)): 58.0 (CH-5), 110.53 (CH-4), 115.9 (CH-8), 116.3 (CH-
17), 120.3 (CH-12), 123.7 (CH-20 and C-15), 125.4 (CH-18), 126.5
(CH-13), 127.0 (CH-9), 132.0 (C-3), 135.2 (C-10), 139.4 (C-14),
139.6 (C-19), 139.7 (C-11), 144.7 (C-7), 161.8 (C-16), 166.6 (CO-
2). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
546.07086; found, 545.94410.

5 - (2 -Hyd roxypheny l ) - 1 - ( 4 - su l f amoy lpheny l ) - 3 - ( ( 4 -
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 18. Yellow solid;
57% yield; mp 265−267 °C; IR ATR ν (cm−1): 3672, 3317, 3255,
2974, 2901, 2360, 1681, 1597, 1539, 1392, 1327, 1253, 1149, 1064,
895, 825, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 6.33
(1H, d, 3J = 3 Hz, H-5), 6.58 (1H, d, 3J = 3 Hz, H-4), 6.69 (1H, t, 3J =
7 Hz, H-19), 6.84−6.88 (2H, m, H-17 and H-20), 7.06 (1H, t, 3J = 7
Hz, H-18), 7.18 (2H, s, NH2-10), 7.27 (2H, s, NH2-14), 7.43 (2H, d,
3J = 9 Hz, H-8), 7.70 (2H, d, 3J = 9 Hz, H-9), 7.77 (2H, d, 3J = 9 Hz,
H-13), 7.84 (2H, d, 3J = 9 Hz, H-12), 8.63 (1H, s, NH), 10.02 (1H, s,
OH). 13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)): 57.2 (CH-5),
112.3 (CH-4), 115.8 (CH-17) 115.9 (CH-8), 119.6 (CH-19), 120.0
(CH-12), 122.1(C-15), 126.4 (CH-13), 126.8 (CH-20), 127.1 (CH-
9), 128.9 (CH-18), 131.3 (C-3), 135.1 (C-10), 139.0 (C-14), 140.1
(C-11), 144.9 (C-7), 155.2 (C-16), 166.8 (C-2). 15N NMR (DMSO-
d6, 40.5 MHz, δ (ppm)): 89.3 (NH), 96.1 (2×NH2), 142.6 (N).
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HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+, 501.08578;
found, 500.96602.

4-((2-Oxo-5-styryl-1-(4-sulfamoylphenyl)-2,5-dihydro-1H-pyrrol-
3-yl)amino)benzenesulfonamide 19. Yellow solid; 49% yield; mp
218−220 °C; IR ATR ν (cm−1): 3672, 3325, 3236, 2974, 2900, 2017,
1975, 1686, 1651, 1589, 1539, 1493, 1373, 1319, 1253, 1149, 1068,
1053, 902, 829, 686, 540. 1H NMR (DMSO-d6, 600.1 MHz, δ
(ppm)): 5.74 (1H, dd, 3J = 8 Hz, 2 Hz, H-5), 5.95 (1H, dd, 3J = 16
Hz, 8 Hz, H-15), 6.58 (1H, d, 3J = 2 Hz, H-4), 6.96 (1H, d, 3J = 16
Hz, H-16), 7.19 (2H, s, NH2-10), 7.24 (1H, t, 3J = 7 Hz, H-20), 7.27
(2H, s, NH2-14), 7.30 (2H, t, 3J = 7 Hz, H-19), 7.41 (2H, d, 3J = 7
Hz, H-18), 7.48 (2H, d, 3J = 9 Hz, H-8), 7.72 (2H, d, 3J = 9 Hz, H-9),
7.85 (2H, d, 3J = 9 Hz, H-13), 7.93 (2H, d, 3J = 9 Hz, H-12), 8.69
(1H, s, NH). 13C NMR (DMSO-d6, 150.9 MHz, δ (ppm)): 61.4
(CH-5), 110.5 (CH-4), 116.0 (CH-8), 121.0 (CH-12), 126.1 (CH-
15), 126.4 (CH-13), 126.5 (CH-18), 127.0 (CH-9), 128.0 (CH-20),
128.6 (CH-19), 132.1 (C-3), 134.1 (CH-16), 135.2 (C-10), 135.7
(CH-17), 139.4 (C-14), 139.9 (C-11), 144.8 (C-7), 165.9 (CO-2).
15N NMR (DMSO-d6, 60.8 MHz, δ (ppm)): 89.2 (NH), 95.7
(2×NH2), 141.1 (N). HRMS (MALDI-TOF/TOF) m/z calcd for [M
+ H]+, 511.10652; found, 511.00329.

5-(Furan-2-yl)-1-(4-sulfamoylphenyl)-3-((4-sulfamoylphenyl)-
amino)-1H-pyrrol-2(5H)-one 20. Red solid; 83% yield; mp 255−257
°C; IR ATR ν (cm−1): 3672, 3325, 3251, 2986, 2900, 2360, 1693,
1658, 1593, 1539, 1500, 1369, 1339, 1319, 1149, 1068, 1053, 906,
829, 651, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 6.37−
6.38 (2H, m, H-5 and H-17), 6.60 (1H, d, 3J = 3 Hz, H-18), 6.65
(1H, d, 3J = 2 Hz, H-4), 7.20 (2H, s, NH2-10), 7.32 (2H, s, NH2-14),
7.48 (2H, d, 3J = 9 Hz, H-8), 7.54 (1H, bs, H-16), 7.73 (2H, d, 3J = 9
Hz, H-9), 7.82 (2H, d, 3J = 9 Hz, H-13), 7.87 (2H, d, 3J = 9 Hz, H-
12), 8.73 (1H, s, NH). 13C NMR (DMSO-d6, 100.6 MHz, δ (ppm)):
56.4 (CH-5), 109.1 (CH-5), 110.1 (CH-18), 110.6 (CH-17), 116.1
(CH-8), 121.1 (CH-12), 126.4 (CH-13), 127.1 (CH-9), 132.0 (C-3),
135.2 (C-10), 139.4 (C-14), 139.7 (C-11), 143.4 (CH-16), 144.7 (C-
7), 148.6 (C-15), 165.9 (CO-2). 15N NMR (DMSO-d6, 60.8 MHz, δ
(ppm)): 89.5 (NH), 95.9 (2×NH2), 139.9 (N). HRMS (MALDI-
TOF/TOF) m/z calcd for [M + H]+, 475.07013; found, 474.99819.

5-(Benzo[d][1,3]dioxol-5-yl)-1-(4-sulfamoylphenyl)-3-((4-
sulfamoylphenyl)amino)-1H-pyrrol-2(5H)-one 21. Yellow solid;

80% yield; mp 232−233 °C; IR ATR ν (cm−1): 3672, 3302, 2981,
2900, 2357, 2333, 1693, 1651, 1597, 1539, 1504, 1392, 1334, 1249,
1149, 1041, 825, 651, 540. 1H NMR (DMSO-d6, 400.1 MHz, δ
(ppm)): 5.95−5.96 (2H, m, CH2), 6.11 (1H, d, 3J = 2 Hz, H-5), 6.60
(1H, d, 3J = 2 Hz, H-4), 6.81 (1H, bs, H-16), 6.85 (2H, bs, H-19 and
H-20), 7.17 (2H, s, NH2-10), 7.28 (2H, s, NH2-14), 7.44 (2H, d, 3J =
9 Hz, H-8), 7.69 (2H, d, 3J = 9 Hz, H-9), 7.78 (2H, d, 3J = 9 Hz, H-
13), 7.83 (2H, d, 3J = 9 Hz, H-12), 8.66 (1H, s, NH). 13C NMR
(DMSO-d6, 100.6 MHz, δ (ppm)): 62.0 (CH-5), 101.1 (CH2), 106.8
(CH-16), 108.4 (CH-19), 113.1 (CH-4), 115.9 (CH-8), 120.7 (CH-
20), 121.1 (CH-12), 126.3 (CH-13), 127.1 (CH-9), 130.6 (C-15),
130.9 (C-3), 135.1 (C-10), 139.4 (C-14), 139.6 (C-11), 144.8 (C-7),
147.0 (C-18), 147.6 (C-17), 166.3 (CO-2). 15N NMR (DMSO-d6,
60.8 MHz, δ (ppm)): 88.6 (NH), 96.2 (2×NH2), 144.1 (N). HRMS
(MALDI-TOF/TOF) m/z calcd for [M + H]+, 529.08070; found,
528.97968.

5-Hexyl-1-(4-sulfamoylphenyl)-3-((4-sulfamoylphenyl)amino)-
1H-pyrrol-2(5H)-one 22. Yellow solid; 49% yield; mp 255−256 °C;
IR ATR ν (cm−1): 3672, 3387, 3275, 2970, 2900, 2360, 2333, 1685,
1654, 1597, 1543, 1505, 1396, 1338, 1311, 1153, 1064, 898, 825, 682,
655, 543. 1H NMR (DMSO-d6, 400.1 MHz, δ (ppm)): 0.78 (3H, t, 3J
= 7 Hz, CH3), 0.85−0.90, 1.09−1.50, 1.77−1.83 (10H, m, 5×CH2),
5.10−5.13 (1H, m, H-5), 6.68 (1H, d, 3J = 2 Hz, H-4), 7.18 (2H, s,
NH2-10), 7.36 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8), 7.72
(2H, d, 3J = 9 Hz, H-9), 7.83 (2H, d, 3J = 9 Hz, H-13), 7.90 (2H, d, 3J
= 9 Hz, H-12), 8.53 (1H, s, NH). 13C NMR (DMSO-d6, 150.9 MHz,
δ (ppm)): 13.7 (CH3), 21.8, 22.3, 30.5, 31.0 (5×CH2), 58.4 (CH-5),
112.1 (CH-4), 115.8 (CH-8), 121.6 (CH-12), 126.6 (CH-13), 127.1
(CH-9), 131.2 (C-3), 134.9 (C-10), 139.4 (C-14), 139.7 (C-11),
145.1 (C-7), 165.7 (CO-2). 15N NMR (DMSO-d6, 40.5 MHz, δ
(ppm)): 89.3 (NH), 95.5 (2×NH2), 142.4 (N). HRMS (MALDI-
TOF/TOF) m/z calcd for [M + H]+, 493.15347; found, 493.02991.

5-Undecyl-1-(4-sulfamoylphenyl)-3-((4-sulfamoylphenyl)-
amino)-1H-pyrrol-2(5H)-one 23. Yellow solid; 47% yield; mp 260−
262 °C; IR ATR ν (cm−1): 3672, 3317, 3255, 2974, 2901, 2360, 1681,
1597, 1539, 1392, 1327, 1253, 1149, 1064, 895, 825, 540. 1H NMR
(DMSO-d6, 600.1 MHz, δ (ppm)): 0.85 (3H, t, 3J = 7 Hz, CH3),
1.16−1.27 (18H, m, 9× CH2), 1.46−1.48 and 1.77−1.82 (2H, m,
CH2), 5.10−5.12 (1H, m, H-5), 6.68 (1H, d, 3J = 2 Hz, H-4), 7.18
(2H, s, NH2-10), 7.36 (2H, s, NH2-14), 7.44 (2H, d, 3J = 9 Hz, H-8),
7.71 (2H, d, 3J = 9 Hz, H-9), 7.83 (2H, d, 3J = 9 Hz, H-13), 7.89 (2H,
d, 3J = 9 Hz, H-12), 8.54 (1H, s, NH). 13C NMR (DMSO-d6, 150.9
MHz, δ (ppm)): 13.9 (CH3), 22.0, 22.7, 28.6, 28.8, 29,0, 30.6, 31.2
(10×CH2), 58.4 (CH-5), 112.1 (CH-4), 115.7 (CH-8), 121.5 (CH-
12), 126.6 (CH-13), 127.0 (CH-9), 131.9 (C-3), 134.9 (C-10), 139.4
(C-14), 139.7 (C-11), 145.0 (C-7), 165.7 (CO-2). 15N NMR
(DMSO-d6, 60.8 MHz, δ (ppm)): 89.0 (NH), 95.6 (2×NH2), 141.3
(N). HRMS (MALDI-TOF/TOF) m/z calcd for [M + H]+,
563.23172; found, 563.09800.

Computational Method. DFT calculations were used to perform
geometry optimization of the neutral form of the general imine
structure A (Scheme 3) using the B3LYP functional and 6-311+
+G(d,p) basis set for all atoms. These calculations were done using
the Gaussian 1657 software package. To predict reactive sites in an
electrophilic reaction, the Fukui function f− is known to be very useful

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c02190
J. Med. Chem. 2024, 67, 3018−3038

3033

https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02190?fig=&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and is widely employed, and some of us have successfully applied it to
a variety of systems in previous investigations.58−60 The use of the
DFT approach for the calculation of the Fukui function was first
introduced by Parr and Yang.48 The Fukui function f− is defined as

= +f r r r( ) ( ) ( )N N 1

with ρN (r)⃗ being the electronic density of the optimized neutral form
and ρN+1 (r)⃗ of the corresponding cationic form with the same
geometry. We also calculated the condensed cf‑ function in which
instead of the electronic density are used the atomic charges, using the
ADCH (atomic dipole moment corrected Hirshfeld population)
charges.61 All if these properties were calculated with Multiwfn.62

Molecular model representations were generated using VMD
software.63

Carbonic Anhydrase Inhibition. An Applied Photophysics
stopped-flow instrument was used to assay the CA-catalyzed CO2
hydration activity.49 Phenol red (at a concentration of 0.2 mM) was
used as an indicator, working at an absorbance maximum of 557 nm,
with 20 mM Hepes (pH 7.4) as a buffer and 20 mM Na2SO4 (to
maintain constant ionic strength), following the initial rates of the
CA-catalyzed CO2 hydration reaction for a period of 10−100 s. The
CO2 concentrations ranged from 1.7 to 17 mM for the determination
of the kinetic parameters and inhibition constants.64 Enzyme
concentrations ranged between 5 and 12 nM. For each inhibitor, at
least six traces of the initial 5−10% of the reaction were used to
determine the initial velocity. The uncatalyzed rates were determined
in the same manner and subtracted from the total observed rates.
Stock solutions of the inhibitor (0.1 mM) were prepared in distilled-
deionized water and dilutions up to 0.01 nM were done thereafter
with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to the
assay, to allow for the formation of the E−I complex. The inhibition
constants were obtained by nonlinear least-squares methods using
PRISM 3 and the Cheng−Prusoff equation as reported earlier and
represent the mean from at least three different determinations. All
CA isoforms were recombinant proteins obtained in house, as
reported earlier.65−67

Molecular Modeling. The crystal structures of CA I (PDB:
2NMX),51 CA II (PDB: 3K34),52 CA IX (PDB: 5FL4),53 and CA XII
(PDB: 1JD0)54 used for computational studies were downloaded by
Protein Data Bank68 and prepared according to the Protein
Preparation module in Maestro Schrödinger suite, assigning bond
orders, adding hydrogens, deleting water molecules, and optimizing
H-bonding networks. Finally, energy minimization with a root means
square deviation (RMSD) value of 0.30 was applied using an
optimized potential for liquid simulation (OPLS4) force field.69−77

Grids for docking were centered in the centroid of the complexed
ligand. Docking studies were carried out with the program Glide73

using the standard precision (SP) mode. 3D ligand structures were
prepared by Maestro.74 Figures were generated with Maestro and
Chimera.78

Crystallization and X-ray Data Collection. Crystals of hCA II
were obtained using the hanging drop vapor diffusion method using a
24-well Linbro plate. 2 μL of 10 mg/mL solution of hCA II in Tris-
HCl, 20 mM, pH 8.0, were mixed with 2 μL of a solution of 1.5 M
sodium citrate, 0.1 M Tris pH 8.0 and were equilibrated against the
same solution at 296 K. The complexes were prepared by soaking the
hCA II native crystals in the mother liquor solution containing the
inhibitors at a concentration of 10 mM for 2 days. All crystals were
flash-frozen at 100 K using a solution obtained by adding 15% (v/v)
glycerol to the mother liquor solution as cryoprotectant. Data on
crystals of the complexes were collected using synchrotron radiation
at the XRD2 beamline at Elettra Synchrotron (Trieste, Italy) with a
wavelength of 1.000 Å and a DECTRIS Pilatus 6 M detector. Data
were integrated and scaled using the program energy-dispersive X-ray
spectrum (XDS).79 Data processing statistics are shown in the
Supporting Information.

Structure Determination. The crystal structure of hCA II (PDB
accession code: 4FIK) without solvent molecules and other

heteroatoms was used to obtain initial phases using Refmac5.80 5%
of the unique reflections were selected randomly and excluded from
the refinement data set for the purpose of Rfree calculations. The
initial |Fo − Fc| difference electron density maps unambiguously
showed the inhibitor molecules. The inhibitor was introduced in the
model with 1.0 occupancy. Refinements proceeded using normal
protocols of positional, isotropic atomic displacement parameters
alternating with manual building of the models using COOT.81 The
quality of the final models was assessed with COOT and
RAMPAGE.82 Crystal parameters and refinement data are summar-
ized in the Supporting Information. Atomic coordinates were
deposited in the Protein Data Bank (PDB accession code: 8R2K).
Graphical representations were generated with Chimera.78

Cell Culture. MCF7 human breast adenocarcinoma cell line was
purchased from ATCC (ATCC HTB-22TM) (Rockville, MD) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin, and 1% L-glutamine (all purchased from Euro-Clone,
Milan, Italy). Cell culture was kept at 37 °C in a humidified
atmosphere with 5% CO2. Cells at passages 10−20 were used for the
experimental evaluations.

In Vitro Hypoxia Induction and Cell Treatment. MCF7 were
seeded in a tissue culture-treated 96-well plate at a density of 10,000/
well and let adhere for 24 h. After 24 h, a fresh medium containing
CoCl2 100 μM was added to induce hypoxia, as reported elsewhere.56

CoCl2 was maintained within the culture medium for 48 h, renewing
the medium every 24 h. After that, the treatment with doxo alone at
2.5 μM and in combination with newly synthesized compounds,
namely, 9, 14, 16, and 20, at 50 μM, previously dissolved in DMSO,
was started and kept up to 72 h. The final concentration of DMSO
was established at 0.1% in all experimental points. Inner controls,
represented by cells exposed to CoCl2 alone, DMSO alone, and
DMSO+CoCl2 were also added to the experimental panel.

Metabolic Activity Assay (MTT). To establish MCF7 metabolic
activity, an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) (Merck, Milan, Italy) test, after 72 h of treatment in the
presence of doxo 2.5 μM alone and in combination with compounds
9, 14, 16, and 20 at 50 μM, under hypoxic conditions, was carried out.
Culture medium was added with 10% MTT and incubated for 4 h at
37 °C. Medium containing MTT was discarded and replaced by an
equal volume of DMSO to dissolve formazan crystals. The final
solution was spectrophotometrically read by a microplate reader
(Multiskan GO, Thermo Scientific, Waltham, MA) at 540 nm. The
sample represented by cells exposed to DMSO+CoCl2 was assumed
as the control; metabolic activity values were normalized to the
control and expressed as percentage. The assay was performed in
triplicate.

Lactate Dehydrogenase (LDH) Assay. In order to establish the
cytotoxicity level provoked by doxo 2.5 μM alone and in combination
with compounds 9, 14, 16, and 20 at 50 μM on MCF7, under hypoxic
conditions, a LDH assay, quantifying the amount of released LDH
within the culture medium, was performed, after 72 h of treatment, by
CytoTox 96 nonradioactive cytotoxicity assay (Promega, Madison,
WI), following the manufacturer’s instructions. The measured LDH
release was normalized with MTT optical density (OD) values. The
assay was performed in triplicate.

Statistical Analysis. Statistical analysis was carried out with
GraphPad 8 software by ordinary one-way analysis of variance
(ANOVA), followed by Dunnett’s post hoc multiple comparisons test.
DMSO+CoCl2 was chosen as the control sample.
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CAI_12R (PDB)
CAI_12S (PDB)
CAII_9R (PDB)
CAII_9S (PDB)
CAII_12R (PDB)
CAII_12S (PDB)
CAIX_9R (PDB)
CAIX_9S (PDB)
CAIX_12R (PDB)
CAIX_12S (PDB)
CAXII_9R (PDB)
CAXII_9S (PDB)
CAXII_12R (PDB)
CAXII_12S (PDB)
1H NMR, 13C NMR, MALDI-MS, and FT-IR spectra of
compound 1 (Figure S1); 1H NMR, 13C NMR, 19F
NMR, MALDI-MS, and FT-IR spectra of compound 2
(Figure S2); 1H NMR, 13C NMR, 19F NMR, 1H,13C
HMBC, MALDI-MS, and FT-IR spectra of compound 5
(Figure S3); 1H NMR, 13C NMR, MALDI-MS, and FT-
IR spectra of compound 11 (Figure S4); 1H NMR, 13C
NMR, MALDI-MS, and FT-IR spectra of compound 19
(Figure S5); 1H NMR, 13C NMR, MALDI-MS, and FT-
IR spectra of compound 20 (Figure S6); 1H NMR, 13C
NMR, MALDI-MS, and FT-IR spectra of compound 23
(Figure S7); 1H NMR, 13C NMR, MALDI-MS, and FT-
IR spectra of compound 12 (Figure S8); atom
numbering of compound A (Figure S9); condensed
Fukui function f− for the atoms in compound A (Table
SI.1); summary of data collection and atomic model
refinement statistics for hCA II (Table SI.2); electron
density of inhibitor 12 bound to zinc (gray) in hCA II
active site; 2Fo−Fc maps contoured to the 1.0 σ level
(Figure S10); PDB ID for carbonic anhydrase isoforms
(CA) (Table SI.3); HPLC spectra for compound 14
(280 nm) (Figure S11); HPLC spectra for compound 9
(280 nm) (Figure S12); and HPLC spectra for
compound 20 (280 nm) (Figure S13) (PDF)
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