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A B S T R A C T   

Being aware of the need to develop more efficient therapies against cancer, herein we disclose an innovative 
approach for the design of selective antiproliferative agents. We have accomplished the conjugation of a 
coumarin fragment with lipophilic cations (triphenylphosphonium salts, guanidinium) for providing mito
chondriotropic agents that simultaneously target also carbonic anhydrases IX and XII, involved in the devel
opment and progression of cancer. The new compounds prepared herein turned out to be strong inhibitors of 
carbonic anhydrases IX and XII of human origin (low-to-mid nM range), also endowed with high selectivity, 
exhibiting negligible activity towards cytosolic CA isoforms. Key interactions with the enzyme were analysed 
using docking and molecular dynamics simulations. 

Regarding their in vitro antiproliferative activities, an increase of the tether length connecting both pharma
cophores led to a clear improvement in potency, reaching the submicromolar range for the lead compounds, and 
an outstanding selectivity towards tumour cell lines (S.I. up to >357). Cytotoxic effects were also analysed on 
MDR cell lines under hypoxic and normoxic conditions. Chemoresistance exhibited by phosphonium salts, and 
not by guanidines, against MDR cells was based on the fact that the former were found to be substrates of P- 
glycoprotein (P-gp), the pump responsible for extruding foreign chemicals; this situation was reversed by 
administrating tariquidar, a third generation P-gp inhibitor. Moreover, phosphonium salts provoked a profound 
depolarization of mitochondria membranes from tumour cells, thus probably compromising their oxidative 
metabolism. 

To gain insight into the mode of action of title compounds, continuous live cell microscopy was employed; 
interestingly, this technique revealed two different antiproliferative mechanisms for both families of mitocans. 
Whereas phosphonium salts had a cytostatic effect, blocking cell division, guanidines led to cell death via 
apoptosis.   
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1. Introduction 

Cancer is currently considered to be one most complex diseases [1], 
with an etiology not completely elucidated [2]. Undoubtedly, there have 
been outstanding advances in cancer treatment in the last few decades 
[3], both for therapeutic and diagnosis purposes. Thus, alone them
selves, or combined with classical treatments (chemotherapy, radio
therapy, surgery), nanodelivery carriers (e.g. nanoparticles [4], 
extracellular vesicles [5]), adjuvants/neoadjuvants [6], targeted [7] and 
gene [8] therapies, magnetic hyperthermia [9], or immunotherapy [10], 
including cancer vaccines [11] and monoclonal antibodies [12] have 
increased life expectancy of patients. Despite that, most of the current 
treatments are still based on the use of chemotherapeutic agents, which 
in many occasions are devoid of selectivity, leading to severe side-effects 
[13], and also frequently undergo chemoresistance [14]. 

Among the numerous potential targets against cancer, mitochondria 
have become an attractive one in Medicinal Chemistry. Mitochondria 
are subcellular organelles that play key biological functions: they do not 
only produce ATP through the oxidative phosphorylation pathway, 
what constitutes 95 % of cell energy supply, but they also keep ion 
homeostasis, mediate in the biosynthesis of macromolecule 

intermediates, regulate apoptosis, and scavenge Reactive Oxygen Spe
cies (ROS) [15]; moreover, there is a close relationship between 
dysfunctional mitochondria and tumorigenesis, through a complex 
crosstalk with other organelles [16]. 

This has triggered the development of drugs targeting mitochondria 
[17] which have been proved to be useful for diminishing the injuries 
caused by ischaemia, or for the treatment of inflammation, neurode
generative and lung diseases, or cancer, among others. Compounds 
showing high affinity towards mitochondria, because of their particular 
physicochemical properties, are called mitochondriotropic agents [18]; 
when such compounds exhibit anticancer properties, they are called 
mitocans (mitochondria + cancer) [18,19]. Although there are a series of 
scaffolds acting as selective vehicles to mitochondria, like dequalinium 
vesicles, or mitochondria-penetrating peptides (e.g. Szeto-Schiller pep
tides), the most common ones are delocalized lipophilic cations (tri
phenylphosphonium (TPP+), guanidinium, rhodamine, heterocyclic 
aromatic cations) [18,20]; the latter ones, due to the large and negative 
mitochondrial membrane potential (ΔΨmit = 150–180 mV) compared to 
plasma (ΔΨplasma = 30–60 mV), largely accumulate within mitochon
dria matrix (up to 500-fold), according to the Nernst equation [20]. This 
effect is magnified in cancer cells, due to hyperpolarization of their 

Fig. 1. Coumarin-lipophilic cations hybrids accessed herein.  

Scheme 1. Retrosynthetic analysis for accessing targeted coumarin-appended phosphonium salts and guanidines.  
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membranes [21]. 
Another target we have exploited herein are carbonic anhydrases 

(CAs); they comprise a series of metalloenzymes that usually bear Zn(II) 
as the prosthetic group. CAs catalyse CO2 hydration to furnish HCO3

– +

H+ [22], a crucial reaction within living beings. Within the phylogenetic 
tree, only a limited number of Gram-negative bacteria and one Archaeon 
lack CAs [22]. CAs are distributed along eight gene families [23], α-CA 
being the only one encoded in mammals along 15 different isoforms (12 
of them catalytically active) [24], and take part in a plethora of bio
logical pathways, like ureagenesis, gluconeogenesis, lipogenesis, path
ogen virulence, and pH regulation [25]. The three remaining mammal 
isoforms (hCA VIII, X and XI) have no known biological role, and are 
known as CA-related proteins [26]. Currently, inhibition of CAs consti
tute a validated target for treating glaucoma [27], bacterial infections 
[28], obesity [29], or cancer [30]. Even, an involvement of CAs in 
Alzheimer’s disease has been postulated [31]. In connection with can
cer, SLC-0111, a ureido-containing sulfonamide was found to strongly 

inhibit CA IX and XII isoforms; recently, it entered clinical trials (phase 
II) against pancreatic ductal adenocarcinoma with overexpression of CA 
IX, in a combination therapy [30]. α-CAs IX and XII are up-regulated in 
hypoxic metastatic tumours, promoting metastasis and tumour growth 
[30]. 

Herein, we envisioned the possibility of preparing new chemother
apeutic agents endowed with enhanced selectivity, and therefore, with 
potential reduced side-effects. For that purpose, an innovative dual- 
targeting approach has been followed, by combination of a 
mitochondria-targeted scaffold, which acts as a selective vehicle to
wards cancer cells mitochondria, and a pharmacophore acting on car
bonic anhydrases (CAs). 

2. Results and discussion 

2.1. Chemistry 

As aforementioned, in this manuscript we have appended a phos
phonium salt or a guanidine scaffold (delocalized lipophilic cations) to a 
coumarin core for achieving a novel family of tumour-targeting com
pounds. With this kind of structure, we pursued a dual effect on tumour 
cells; on the one hand, the coumarin scaffold could selectively inhibit 
CAs involved in tumour progression, namely CA IX and XII. Although the 
most typical chemotype used for inhibiting this metalloenzymes are 
sulfonamides and their isosters, we have selected coumarins instead, due 
to their frequent high selectivity towards the tumour-associated CAs 
isoforms [32,33]. The lipophilic cation could act as a vehicle for the 
selective vectorization of the drug to the tumour cells, and also cause 
disruption of mitochondrial membranes of malignant cells (Fig. 1). 

Access to such kind of derivatives involves (Scheme 1) a Pechmann 
condensation [34] between resorcinol and different β-ketoesters for 
accessing the coumarin core; modification of C-3 and C-4 substituents 
might modulate the potency and selectivity in both, CA inhibition and 
antiproliferative properties. Moreover, it has also been reported that 
incorporation of alkyl residues on C-3 and C-4 can reduce the hepato
toxicity of this kind of compounds by hindering the P-450-mediated 
formation of transient coumarin 3,4-epoxides in their metabolic routes 
[35]. 

Subsequent O-alkylation with different α,ω-dibromoalkanes can 

Scheme 2. Preparation of phosphonium salts 5b-g.  

Scheme 3. Plausible mechanism for the spontaneous degradation of phos
phonium derivative 6. 
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Scheme 4. Preparation of coumarin-derived guanidines 14a,c-g.  

Scheme 5. Plausible mechanism for the formation of urea 11 via iodine-mediated desulfurization of thiourea 10c.  

A. Fuentes-Aguilar et al.                                                                                                                                                                                                                       



Bioorganic Chemistry 145 (2024) 107168

5

provide a flexible tether that might improve the fitting of the pharma
cophore within hCA active site and improve the non-covalent in
teractions. This intermediate was used for the derivatization into 
phosphonium salts and guanidines, as depicted in Schemes 2 and 4. 

Thus, the preparation of phosphonium salts 5b-g is depicted in 
Scheme 2; reaction of resorcinol with β-ketoesters 2 catalysed by H2SO4 
afforded coumarins 3, either mono-substituted on C-4 position (3a,b), or 
disubstituted on C-3 and C-4 positions (3c,d). Subsequent Williamson 
etherification reaction under basic conditions (K2CO3) involving the free 

OH on C-7 with an excess (10 equiv.) of a series of linear 
α,ω-dibromoalkanes (n = 2, 3, 5, 12) furnished bromo-derivatives 4a-g. 
Biological properties might depend on the distance between the 
coumarin and the phosphonium moieties; moreover, increase of 
conformational flexibility might also favour the appropriate fitting 
within the CA active site. 

Final nucleophilic displacement with PPh3 on 4a-g (Scheme 2) in 
acetonitrile using a Fischer-Porter tube (T = 120 ◦C) afforded phos
phonium salts 5b-g (59 %–quantitative yields). 

Attempts to prepare the phosphonium salt with a 2-carbon tether 
(starting from bromo-coumarin 4a) failed; unexpectedly, reaction of 
PPh3 with 4a using the reaction conditions depicted in Scheme 2 fur
nished coumarin 3a, with loss of the bromoalkyl chain. Scheme 3 depicts 
the tentative mechanism for explaining such observation. Therefore, the 
anchimeric assistance of the oxygen atom on C-7 was considered, whose 
intramolecular nucleophilic attack con position C-2 of the ethyl chain 
would afford a transient charged-epoxide. Opening of such epoxide 
mediated by the bromide anion would lead to the formation of a vinyl 
ether that could be hydrolysed in the presence of the in situ generated 
HBr to give coumarin 3a, with a free OH on C-7 position. 

The presence of the triphenyl phosphonium moiety in 5b-g was 
easily evidenced by NMR spectroscopy; thus, besides the incorporation 
of 15 aromatic protons in 1H NMR spectra, phosphorous provoked the 
splitting of vicinal aromatic and aliphatic carbon signals. 

For the preparation of coumarin-derived guanidines 14a,c–g, we 
envisioned the use of thioureas 10a,c–g as the key intermediates 
(Scheme 4). Such derivatives can be easily accessed starting from 
bromo-coumarins 4a,c–g by first, NaN3-promoted nucleophilic substi
tution, followed by heterogeneous hydrogenolysis and reaction of the 
transient terminal amine with commercially-available p-tolyl isothio
cyanate (Scheme 4). Attempts to carry out the coupling with refluxing 
EtOH afforded 10c in a 63 % yield with long reaction times (18 h) and 
partial degradation of the isothiocyanate. Changing the solvent to MeCN 
and rt provoked extensive degradation of the isothiocyanate and large 
amounts of remaining 9c were observed. Shift to refluxing THF afforded 
10c in an excellent yield (82 %) and short reaction times (3 h); such 
optimized conditions were extended to the preparation of the remaining 
thioureas 10. The formation of 10a,c–g was evidenced by resonance at 
roughly 180 ppm in 13C NMR, attributed to the thioxo (C––S) group. 

Once the thioureas were prepared, several conditions were attemp
ted to optimize their transformation into targeted guanidines 14 upon a 
desulfurization step. 

Firstly, thiourea 10a was treated with H2O2 (Scheme 4, conditions 
a), in the presence of p-toluidine and tetrabutylammonium iodide 
(TBAI), under similar conditions reported [36] by Yadav and co-workers 
for the transformation of o-phenolic thioureas into 2-aminobenzoxa
zoles. Isosteric urea 11 was obtained in an acceptable yield (56 %) 
instead the expected guanidine. Scheme 5 depicts a plausible for the 
formation of such compound; reaction of H2O2 and TBAI furnishes 
hypoiodous acid (HIO) which oxidizes the thioureido moiety to give 
iodinated derivative 15. We postulate that instead of taking place the 
nucleophilic attack of p-toluidine, it was the more nucleophilic hy
droxide anion from tetrabutylammonium hydroxide the one that reacted 
with 15 to yield intermediate 16, which in turn after protonation, and 
loss of sulfur and iodide anion, evolved to urea 11. NMR spectra clearly 
did not show incorporation of the p-toluidine fragment, and resonance of 
the quaternary carbon shifted from roughly 180 ppm (thiourea) to 
156.7 ppm, typical for an ureido motif [37]. 

In order to avoid the generation of strongly basic conditions obtained 
by the above methodology, yellow HgO was used for the desulfurization 
reaction; in our research group, such reagent has been previously used 
for the preparation of 2-amino-1,3-oxazolines from carbohydrates 
[38,39] and steroids [40], and also ureas and guanidines derived from 
the natural sulfoaminoacid taurine [41]. In all cases, and starting from 
thioureas, reaction was proposed to proceed through a carbodiimide as 
the key intermediate. Treatment of thiourea 10c with HgO and p- 

Table 1 
Inhibition constants (Ki, nM) of compounds 5, 14 against hCAs I, II, IV, VII, IX, 
XII.  

Compound hCA I hCA II hCA 
IV 

hCA VII hCA 
IX 

hCA 
XII 

5b 
R1 = CH3, R2 =

H n = 3 

>10000 >10000 794 >10000 82.5 80.6 

5c 
R1 = CH3, R2 =

H n = 5 

>10000 >10000 nt nt 54.1 9.2 

5d 
R1 = CH3, R2 =

H n = 12 

>10000 >10000 689 >10000 460 88.3 

5e 
R1 = Ph, R2 = H 
n = 5 

>10000 >10000 796 >10000 408 89.3 

5f 
R1 = R2 = CH3 

n = 5 

>10000 >10000 nt nt 7.8 8.1 

5g 
R1 = CH3, R2 =

Cl 
n = 5 

>10000 >10000 nt nt 7.9 58.2 

14a 
R1 = CH3, R2 =

H n = 2 

>10000 >10000 891 >10000 143 93.6 

14c 
R1 = CH3, R2 =

H n = 5 

>10000 >10000 nt nt 8.1 619.1 

14d 
R1 = CH3, R2 =

H n = 12 

>10000 >10000 852 >10000 415 95.5 

14e 
R1 = Ph, R2 = H 
n = 5 

>10000 >10000 834 >10000 57.8 319 

14f 
R1 = R2 = CH3 

n = 5 

>10000 >10000 958 >10000 685 54.5 

14g 
R1 = CH3, R2 =

Cl 
n = 5 

>10000 >10000 792 >10000 313 74.4 

AAZ 250.0 12.0 74.0 2.5 25.0 5.7 

nt: Not tested. 
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toluidine afforded a more polar compound as evidenced by TLC, which 
was obtained in low yield and as a non-resolved mixture of compounds 
(Scheme 4, conditions b). 

Considering that p-toluidine exhibits a moderate nucleophilicity to 
react with the intermediates generated upon the desulfurization reac
tion, it was replaced with benzylamine. To our delight, under these 
conditions (yellow HgO + BnNH2), thiourea 10c was successfully 
transformed into guanidine 14c in an 84 % yield (Scheme 4, conditions 
e) after 66 h. Attempts to reduce the reaction time by the use of more 
reactive intermediates (S-methyl thiouronium salt [42] 12, conditions c; 
tosylated thiourea [43] 13, conditions d) failed, as no reaction was 

observed (Scheme 4). Accordingly, conditions e from Scheme 4 were 
applied to the complete series of compounds, furnishing the corre
sponding guanidines 14a,c–g in excellent yields (81 %–quantitative) 
after chromatographic purification. Resonance at roughly 151 ppm, and 
disappearance of the signal at 180 ppm (C––S) confirmed the proposed 
structures. 

2.2. Biological assays 

2.2.1. Carbonic anhydrase inhibition 
The 12 mitochondria-directed derivatives prepared herein (phos

phonium salts 5b-g, and guanidines 14a,c–g) were assayed as potential 
inhibitors of tumour-associated CAs, and their activities were compared 
with acetazolamide (AAZ, positive control). Cytosolic (I, II and VII), and 
membrane-bound (IV) enzymes were also tested to analyse the selec
tivity. Inhibition constants (Ki’s) were obtained (Table 1) from the 
stopped-flow CO2 hydration protocol. 

Data in Table 1 allowed the establishment of relevant structur
e–activity relationships: 

Fig. 2. Three-dimensional representation of hCA XII (faded green) and hCA IX (faded yellow) in complex with the model compounds 5c,f,g, 14c. In particular, (A, C) 
constitute the top views and (B, D), the side views of the ligands within the binding site. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 2 
G-scores (kcal/mol) of the best dual hits related to both hCA isoforms for cou
marins 5c,f,g, 14c.  

Compound hCA XII hCA IX 

5c  − 6.658  − 6.852 
14c  − 6.732  − 5.952 
5f  − 4.410  − 7.001 
5g  − 4.807  − 6.581  
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Fig. 3. 3D plots of the best poses of 5c (A, E; green sticks), 14c (B, F; cyan sticks), 5f (C, G; magenta sticks), and 5g (D, H; orange sticks) into the binding pockets of 
hCAs XII and IX. The ligands are shown in sticks, hCA IX and hCA XII are shown as a faded yellow-green and faded green ribbon respectively; the key enzyme residues 
interacting with title compounds are represented as grey carbon sticks. π-Cation, π–π stacking, halogen bond and hydrogen bonding interactions are indicated with 
dashed lines (green, cyan, violet, and yellow, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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i. Phosphonium salts 5 and guanidines 14 exhibited negligible ac
tivity towards cytosolic hCAs (I, II, VII; Ki > 10,000 nM for all 
cases). Submicromolar activities were found against CA IV.  

ii. Low-to-mid nM activities were found for the lead compounds 
against tumour-related CA IX and XII. Therefore, remarkable se
lectivities were found for such cases.  

iii. Regarding the influence of the tether length (compounds 5b- 
d and 14a,c,d), a five-carbon spacer was found to be optimal for 
inhibiting CA IX in both series of derivatives, and for inhibiting 
CA XII in the case of the phosphonium salts.  

iv. Concerning the influence of C-3 and C-4 substitution pattern, 
disubstitution on these positions with short alkyl fragments (Me) 
furnished the lead compound (5f), with Ki = 7.8 and 8.1 nM 
against CAs IX and XII, respectively. The use of a Ph residue on C- 
4 as a bulky substituent (5e) was detrimental for the inhibition of 
CA IX.  

v. In general, phosphonium bromides 5 were stronger CA inhibitors 
than guanidines 14.  

vi. A considerable improvement in selectivity was achieved 
compared to AAZ, an arylsulfonamide in clinical use. 

2.2.2. Docking simulations 
In order to clarify the trends observed for the inhibitory potency of 

the designed derivatives against the CAs tested, molecular modelling 
studies were performed; for this purpose, compounds 5c,f,g, 14c were 
selected. Coumarins have been reported to act as suicide inhibitors of 
hCAs; they are hydrolysed within the enzyme cavity [44] to give 2- 
hydroxycinnamic acid derivatives which are the actual derivatives 
occluding the CA cavity entrance [32]. Initially, docking poses and 
docking scores were evaluated (Fig. 2, Table 2); all compounds showed 
binding energy values comparable to the ones obtained for known in
hibitors (Table S1). Strong interactions with hCA IX and XII binding 
pocket residues were found, what was evidenced by the high number of 
contacts detected using the Maestro interface [45] (Tables S2, S3). 

In connection with hCA XII, the open form of compound 5c estab
lished a H-bonding interaction between the COOH moiety and Thr198, a 
π-π stacking interaction involving the aryl residue of the triphenyl
phosphonium group, and two different electrostatic interactions be
tween the oxygen atoms of the COOH group and the metal cation 
(Fig. 3A). In a very similar manner, regarding hCA IX, the open form of 
compound 5c formed a H-bonding interaction between COOH and 
Thr200, and a further H-bond between the phenolic hydroxyl group and 
His94; additionally, two electrostatic interactions between COOH and 
the Zn2+ ion were also found (Fig. 3E). The same interactions were also 
found for compound 14c in both isoforms, but due to the structural 
diversity of the two molecules, 14c is further stabilised by several 
additional interactions, specifically a H-bonding interaction between the 
phenolic hydroxyl group and Gln89, a H-bond interaction between the 
ether group oxygen and Asn64, a H-bond between the NH+ residue and 

Ser133, a π-cation interaction involving the methyl group of the tolyl 
moiety and Lys69 in hCA XII (Fig. 3B). In hCA IX, the additional in
teractions involve the phenolic hydroxyl group, which establishes a two 
different H-bond with Thr201 and Pro202; moreover, Pro202 also es
tablishes another H-bond with NH+ (Fig. 3F). 

With regard to the open forms of compounds 5f and 5g, there are 
substantial differences between the two isoforms; in hCA XII they 
arrange the triphenylphosphonium cation within the binding site and 
the coumarin moiety outside the site, whereas in hCA IX they continue to 
arrange themselves with the same binding mode observed for 5c. Spe
cifically, in hCA XII, 5f forms a π-cation interaction between P+ and 
His91, a π-π stacking interaction involving the coumarin scaffold and 
His66, a H-bond between the free OH on the coumarin residue and 
Asn64, a H-bond between the carbonyl group of the carboxylic acid 
moiety and Lys69 (Fig. 3C). In contrast, in hCA IX, 5f forms three 
different π-π stacking interactions, including one between the coumarin 
phenyl residue and His94 and two between the central and one lateral 
aromatic ring of the triphenylphosphonium salt and Trp9. It also es
tablishes a H-bond between the phenolic hydroxyl group and Gln92 and 
a H-bond involving the carbonyl group of the carboxylic acid moiety and 
Thr200; in addition, two electrostatic interactions are also formed be
tween the carboxylic group and the Zn2+ ion (Fig. 3G). 

Finally, considering hCA XII, 5g establishes two π-cation in
teractions, one between P+ and His91 and one between the central ring 
of the triphenylphosphonium salt and Lys69, several H-bonds, specif
ically, one between the phenolic hydroxyl group and His66 and one 
between the carbonyl group from the COOH moiety and Trp4, a halogen 
interaction between the chlorine atom and Ser2, and a salt bridge be
tween the hydroxyl of the carboxylic acid moiety and Lys168 (Fig. 3D). 
In contrast, in hCA IX, 5g forms 4 different H-bonds, including one be
tween the carbonyl of the COOH moiety and Thr200, one between the 
ether group oxygen and Gln71, and two different ones between the 
phenolic hydroxyl group, His68 and His94; again, two electrostatic in
teractions between the carboxylic acid and the Zn2+ ion were also found 
(Fig. 3H). 

Subsequently, the different binding modes and interactions were 
further investigated through molecular dynamics studies. As far as 5c is 
concerned, after an initial settling period, it forms a sufficiently stable 
complex in both isoforms with fluctuations expressed in terms of RMSD 
that are maintained in the range of 2 Å (Fig. 4). In hCA XII, 5c is sta
bilised by interactions formed during the course of the dynamics with 
residues His93, Glu104, Th198 and that are maintained throughout the 
simulation time. In hCA IX, the complex is strongly stabilised by a large 
number of interactions that are maintained almost throughout the 
course of the dynamics, again establishing more than one contact with 
the same residue, and in particular with Tyr11, Asn66, His96, Glu106, 
Thr200, Thr201. 

A similar situation is evidenced by the interaction of 14c with both 
isoforms, which in both cases forms two stable complexes, characterised 

Fig. 4. RMSD (Å) trend obtained on the Cα of hCA XII (A) and hCA IX (B), in complex with 5c (green line), 14c (cyan line), 5f (magenta line), 5g (orange line). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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by not very pronounced fluctuations; in fact, a conspicuous number of 
stabilising interactions are formed and maintained throughout the 200 
ns simulation, in particular with Tyr6, Gln89, His93, Glu104, Thr198 in 
hCA XII and with residues His94, His96, Glu106, His119, Thr200 and 
Thr201 in hCA IX. 

As aforementioned, important differences in binding mode with the 
two isoforms can be seen for compound 5f In particular, in hCA XII, 
through the graphic visualisation of the trajectory, the movement of the 
ligand can be seen, which rotates until the coumarin portion is disposed 
in the binding site, leaving the triphenylphosphonium moiety on the 
outside. Although this does not affect the stability of the protein, which 
is maintained throughout, it justifies not only the fluctuations, but also 
the number of interactions with Thr199, one of the key residues in the 
binding pocket, which intensify after the first 100 ns of the dynamics. In 
contrast, in hCA IX, the ligand is stable within the binding site due to the 

interactions that form several contacts with residues His96, Glu106, 
Thr200, Thr201 and are maintained for more than 98 % of the duration 
of the entire molecular dynamics. This same situation also occurs for 
compound 5g; in this case, it can be seen that initially in hCA XII the 
ligand arranges the triphenylphosphonium group in the binding site and 
that subsequently there is a reversal of the binding mode which allows 
the coumarin portion to enter the pocket as demonstrated by visual in
spection; after the first 150 ns of the simulation, the contacts with res
idues Thr199 intensify. As is the case for 5f, also for 5g in hCA IX the 
complex remains stable thanks to the various contacts established with 
His96, Glu106, Thr200 maintained for over 97 % of the entire 
simulation. 

2.2.3. Antiproliferative activities 
Potential antiproliferative activities of phosphonium bromides 5 and 

Table 3 
Antiproliferative activity of compounds 5, 14.  

GI50 (µM) LC50 (µM) 

Compound A549 HBL-100 HeLa SW1573 T-47D WiDr BJ-hTERT  
(non-small cell lung) (breast) (cervix) (non-small cell lung) (breast) (colon) (human fibroblasts)  
Sensitive lines    Multidrug resistant lines Non-tumour 

5b 5.5±0.9 20±3 11±1 16±1 24±1 25±3 n.t. 
R1=CH3, R2=H n = 3        
5c 2.1±0.9 3.9±0.3 3.8±1.1 2.7±0.6 3.6±0.4 3.4±0.4 >100 
R1=CH3, R2=H n = 5        
5d 0.36±0.08 0.44±0.09 0.32±0.10 0.28±0.06 0.29±0.06 0.32±0.05 >100 
R1=CH3, R2=H n = 12        
5e 1.6±0.4 1.1±0.3 0.60±0.14 0.95±0.14 0.72±0.32 0.58±0.19 >100 
R1=Ph, R2= H        
n = 5        
5f 2.8±0.8 3.0±1.0 2.1±0.1 2.2±0.7 2.4±0.1 2.6±0.7 >100 
R1=R2= CH3        

n = 5        
5g 2.5±0.4 1.5±0.4 1.6±0.5 1.5±0.4 2.5±1.1 2.6±0.7 >100 
R1= CH3, R2=Cl        
n = 5        

14a 13±3 15±1 13±1 8.8±1.6 5.2±0.6 4.5±0.1 n.t. 
R1=CH3, R2=H n = 2        
14c 6.4±3.1 9.0±2.3 3.8±1.3 6.1±2.0 3.4±0.3 2.8±0.4 >100 
R1=CH3, R2=H n = 5        
14d 1.2±0.1 1.3±0.2 0.85±0.21 0.81±0.09 0.87±0.22 0.41±0.06 >100 
R1=CH3, R2=H n = 12        
14e 1.8±0.2 1.8±0.1 1.7±0.1 1.4±0.1 1.1±0.1 0.46±0.30 >100 
R1=Ph, R2= H        
n = 5        
14f 2.0±0.3 2.0±0.1 2.0±0.3 1.9±0.4 1.9±0.3 1.3±0.2 >100 
R1=R2= CH3        

n = 5        
14g 1.8±0.1 1.7±0.1 1.7±0.1 1.4±0.1 1.5±0.1 0.90±0.28 >100 
R1= CH3, R2=Cl        
n = 5        

n.t.: Not tested. 
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guanidines 14 were evaluated against the tumour cell lines of human 
origin depicted in Table 3 (GI50, µM). Furthermore, BJ-hTERT (non- 
tumour, human fibroblasts) was also included for analysing the cyto
toxicity (expressed as LC50) of the most potent compounds. Cisplatin 
(CDDP) and 5-fluorouracyl (5-FU) were used as drug references. 

Table 3 afforded the following structure–activity relationships:  

i. The use of longer tethers in both families of coumarin derivatives 
(phosphonium salts, guanidines), clearly improved the anti
proliferative activity, affording GI50 values within the sub
micromolar range for n = 12 (0.28–0.44 µM for 5d; 0.41–1.3 µM 
for 14d).  

ii. Disubstitution on positions C-3, C-4 (R1 = R2 = Me; R1 = Me, R2 

= Cl) afforded virtually the same potency for phosphonium salts 
(5c vs. 5f, 5g) and an a moderate-to good improvement for gua
nidines (14c vs. 14f, 14 g).  

iii. When C-4 position of the coumarin core was substituted with a Ph 
residue, an improvement of potency in phosphonium salts (5c 
vs.5e) and guanidines (14c vs. 14e) was obtained; up to a 6-fold 
improvement of GI50 values was achieved.  

iv. Remarkable selectivity was observed due to LC50 > 100 µM for 
the BJ-hTERT cell line (non tumour, human fibroblasts), thus 
affording selectivity indexes of up to >357. 

2.2.3.1. Cytotoxic effects of CA inhibitors on multidrug-resistant (MDR) 
cancer cells (hypoxic and normoxic conditions). The coumarin derivatives 
5c,f,g and 14c, showing considerable inhibitory potential against CAIX 
and/or CAXII, were chosen for investigating the cytotoxic effect on 

sensitive and MDR cells. For this purpose, two pairs of models of MDR 
cancer cells were used, the non-small cell lung carcinoma (NSCLC) 
sensitive NCI-H60 and resistant NCI-H460/R cells, and glioblastoma 
sensitive U87 and resistant U87-TxR cells. Importantly, MDR cells (NCI- 
H460/R and U87-TxR) possess overexpression of P-gp [46,47] whose 
functioning is tightly connected with CAIX and CAXII activity [48–51]. 

First, a SRB (sulforhodamine B) assay (48 h treatment) was used to 
assess the cell growth inhibition effects of 5c,f,g and 14c on the MDR 
cancer cell line models and their corresponding sensitive cancer cell 
lines. The assay was conducted under different O2 growth conditions, 
simulating a normoxic and hypoxic environment (20 % and 1 % O2, 
respectively, Table 4). 

Under normoxic conditions (20 % O2), all four compounds inhibited 
cell growth in resistant and sensitive cells, with IC50 values up to 13 
times higher in MDR cancer cells, compared to the sensitive cells 
(Table 4). The resilience to treatment indicates that the MDR phenotype 
is related to the CA inhibitor cytotoxic potency, similarly to previous 
research on coumarin derivatives in the same MDR models [50]. 
Although the resistance to treatment was obvious in the case of phos
phonium salts (5c,f,g), the guanidine compound 14c had a similar 
cytotoxic response in MDR and sensitive cancer cells. The most promi
nent growth inhibition effect was observed with 5f –IC50 values were 
found to be 1.35 μM for U87 and 1.83 μM for NCI-H460. 

The cytotoxic response to CAIX and/or CAXII inhibitors was analysed 
under hypoxic conditions as well. Hypoxia is a common feature of solid 
cancers, given that uncontrolled tumour tissue growth is not perfectly 
harmonized to the tumour oxygen supply [52,53]. Consequently, oxy
gen and nutrient delivery to the tumour is inconsistent, causing major 
hypoxic and oxidative stress. The tumour cell adaptive response includes 
increased expression of pH-regulating and antioxidant enzymes induced 
by hypoxia-inducible factor 1α (HIF-1α) [54]. The major regulators of 
intracellular pH (pHi) are CAIX and CAXII, often upregulated in various 
tumour types [55,56]. In Table 4, it is notable how both lung cancer and 
glioblastoma cells under low oxygen conditions had increased IC50 
values for the tested compounds, compared to normoxia and the dif
ference in IC50 values was expressed as “resistance due to hypoxia” or 
RDH. The difference was most prominent in U87 when treated with 5f, 
with RDH around 7 (Table 4). This higher resilience to the compounds 
was expected, as the activity of CAs is higher under hypoxic conditions 
[57,58]. Contrary, the response of the MDR cancer cells was similar 
under differing O2 conditions – the greatest variance was for 5f in U87- 
TxR growing at 1 % O2, compared to 20 % O2 (1.7 times higher IC50 
value, Table 4). Activity of both CAIX and CAXII play a significant role in 
chemoresistance of MDR by enhancing P-gp efflux activity. Therefore, 
inhibiting CAs can help to reduce P-gp activity, which in turn can lead to 
a decrease in intracellular pH, ATP production and metabolic reprog
raming of MDR cancer cells [48–51]. Particularly interesting result is 
that hypoxic condition did not affect the efficacy of 5c,f,g and 14c in the 
MDR cancer cells with P-gp overexpression. This implies that our CA 
inhibitors can be valuable in fight against cancer multidrug resistance. 
We cannot rule out the possibility that P-gp activity itself also stimulates 
CA activity in normoxic conditions. To assess whether the compounds 
are selective toward cancer cells, the growth inhibition effect of the four 
compounds (5c,f,g and 14c) was also assayed in a normal lung cell line, 
MRC-5, as well. The inhibitory profiles and calculated Relative Selec
tivity Factor (RSF, Fig. 5a) clearly indicate compounds selectivity to
ward lung cancer cells, with NCI-H460 being up to around 10 times 
more sensitive to the compounds cytotoxic effect, compared to MRC-5. 

Further on, cell death induction in NCI-H460 and MRC-5 was ana
lysed by the Annexin V/Propidium Iodide staining (AV/PI, Fig. 5b,c). 
The cells were exposed to 10-μM phosphonium salts (5c,f,g) and 25-μM 
guanidine 14c for 48 h. A significant increase in PI fluorescence in NCI- 
H460 indicates a dominantly necrotic cell death (Fig. 5b). Adversely, 
cell death was completely absent in MRC-5 cells (Fig. 5c). As Fig. 5 
shows, the AV/PI assay confirmed the compounds were remarkably 
more toxic in malignant cells than in normal human cells – the above- 

Table 4 
Cytotoxicity of CA inhibitors in normoxic and hypoxic conditions (IC50 ± SE, 
μM).  

Conditions Cell line 5c 5f 5g 14c 

20 % O2 U87 5.574 ±
0.167 

1.350 ±
0.323 

1.843 ±
0.092 

3.159 ±
0.192 

U87-TxR 30.551 ±
1.055 

8.218 ±
1.372 

11.410 ±
0.466 

5.372 ±
0.476 

RRFa1 5.4 7.2 6.2 1.7 
1 % O2 U87 10.343 ±

1.683 
9.586 ±
1.355 

2.860 ±
1.707 

4.087 ±
1.614 

U87-TxR 32.148 ±
1.240 

13.616 ±
1.272 

13.978 ±
1.636 

5.950 ±
1.443 

RRFa2 3.1 1.4 4.9 1.4  
RDHb 1.9 7.1 1.5 1.3 
RDHc 1.0 1.7 1.2 1.1 

20 % O2 NCI- 
H460 

3.129 ±
0.039 

1.833 ±
0.521 

2.618 ±
0.219 

4.830 ±
0.501 

NCI- 
H460/R 

27.588 ±
0.184 

21.176 ±
0.070 

33.973 ±
2.533 

7.328 ±
0.973 

RRFd1 8.8 11.5 13.0 1.5 
1 % O2 NCI- 

H460 
4.784 ±
1.185 

2.548 ±
1.231 

3.248 ±
1.258 

6.170 ±
1.167 

NCI- 
H460/R 

38.707 ±
1.286 

24.615 ±
1.191 

30.320 ±
1.241 

6.879 ±
1.250 

RRFd2 8.1 9.7 9.3 1.1  
RDHe 1.5 1.4 1.2 1.3 
RDHf 1.4 1.2 0.9 0.9 

a1,2RRF = relative resistance factor, calculated as RRF = IC50[U87-TxR]/IC50 
[U87]. 
bRDH = resistance due to hypoxia, calculated as RDH = IC50[U871%O2]/IC50 
[U8720%O2]. 
cRDH = resistance due to hypoxia, calculated as RDH = IC50[U87-TxR1%O2]/ 
IC50[U87-TxR20%O2]. 
d1,2RRF = relative resistance factor, calculated as RRF = IC50[NCI-H460/R]/ 
IC50[NCI-H460]. 
eRDH = resistance due to hypoxia, calculated as RDH = IC50[NCI-H4601%O2]/ 
IC50[NCI-H46020%O2]. 
fRDH = resistance due to hypoxia, calculated as RDH = IC50[NCI-H460/R1% 
O2]/IC50[NCI-H460/R20%O2]. 
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mentioned concentrations reduced cancer cell viability down to 40–50 
%, while the application of the same concentrations resulted in 80 % 
viability of normal cells (Fig. 5b, c). 

2.2.3.2. Chemosensitization of the MDR cancer cells to phosphonium salts. 
It seems that the P-glycoprotein activity contributes to the MDR cancer 
cell higher resilience to coumarin derivatives, compared with sensitive- 
pair cells. To provide an evidence, we applied an P-gp inhibitor simul
taneously with coumarin derivatives in order to sensitize the MDR 
cancer cells. On that account, SRB assay was performed to analyse cell 
growth, following 48 h treatment with the CA inhibitors, along with the 
third generation P-gp inhibitor tariquidar (TQ) [59]. The results, pre
sented in Fig. 6, confirmed that the phosphonium salts 5c,f,g are sub
strates for the extruding pump since the simultaneous treatment with 
the tested compounds and TQ sensitized NCI-H460/R and U87-TxR cells 
(the MDR cancer cells) to the cytotoxic effect (Fig. 6a and b, 

respectively). 
On top of that, the simultaneous treatment of the guanidine com

pound 14c with the P-gp inhibitor did not cause a remarkable change in 
cytotoxicity (Fig. 6a, b), which is in accordance with the insignificant 
difference between IC50 values for 14c in MDR and sensitive cancer cells 
obtained by SRB assay. This suggests that probably guanidine- 
containing coumarins are not substrates of the P-pg, thus not causing 
chemoresistance through extrusion of the drug mediated by this pump. 

2.2.3.3. Coumarin derivatives depolarize mitochondria in NSCLC and 
glioblastoma cells. Intracellular acidification of cancer cells by CAs in
hibitors could affect mitochondria activity. To that end, TMRE (tetra
methylrhodamine ethyl ester perchlorate) was used as a fluorescent dye, 
in order to reveal changes in mitochondrial membrane potential. The 
tested compounds depolarized mitochondria, thus compromising the 
oxidative metabolism of cancer cells (Fig. 7). Maximal depolarization in 

Fig. 5. Selectivity of coumarin derivatives toward cancer cells studied by SRB and cell death induction assays. (a) Growth inhibition of human NSCLC (NCI- 
H460) and lung fibroblasts (MRC-5) was assessed by sulforhodamin B assay (48 h); five different concentrations of the tested compounds were used: 10, 100 nM, 1, 
10, and 100 µM. Data are presented as mean values ± SEM (n = 4). Nonlinear regression was obtained by GraphPad Prism 6. Relative selectivity factor (RSF) was 
calculated as RSF = IC50[NCI-H460]/IC50[MRC-5]. RSF for 5c was 7.8, for 5f is 16.7, for 5g is 13.4, and for 14c 2.3. (b) AV/PI staining was used for evaluating cell 
death (48 h treatment; 10 μM for compounds 5c,f,g; 25 μM for 14c), in NCI-H460 and MRC-5 cell lines. la: late apoptosis; ea: early apoptosis; n: necrosis; v: viable. 
Mann–Whitney test was employed for determining the statistical significance; * (p < 0.05) reveals a significant difference compared to control. Mean values ± SE (n 
= 3). 
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lung cancer cells was caused by the phosphonium salt 5f – around a 50 % 
decrease in TMRE fluorescence intensity was observed compared to the 
control experiment (Fig. 7a). The depolarizing effect was higher in 
glioblastoma cells (Fig. 7b), with the most prominent changes caused by 
5f,g, decreasing the mitochondrial activity by 75 % to 80 %, relative to 
the untreated control. 

2.2.4. Continuous live cell imaging reveals a differential mode of action 
between phosphonium and guanidinium coumarins 

To gain insight into the mechanism of the derivatives under study, 
SW1573 lung cancer cultures were followed by continuous live cell 
microscopy (Videos S1–S3). We selected for this test the phosphonium 
salt 5g and the guanidinium derivative 14c. SW1573 cells were exposed 
for 15 h at a dose corresponding to the total growth inhibition (TGI), i.e. 
3 and 21 µM for 5g and 14c, respectively. Cell cultures were monitored 
every 3 min (label-free holotomographic 3D microscopy) [60]; such data 
can be found as Supplementary videos S1-S3. This technique allows to 
observe differences in the response of individual cells within a popula
tion. In SW1573 cells exposed to the phosphonium derivative 5g, a 
cytostatic effect was observed. Cells showed a reduced motility and did 
not divide when compared to control cells (Fig. 8A). However, the 
exposure to guanidinium 14c induced cell death, and several apoptotic 
markers could be observed. The phenotypic parameters total dry mass 
(Fig. 8B) and granularity (Fig. 8C) computed for each test showed a 
remarkable difference in the effects induced by the treatments. The ki
netics of cell death allowed to differentiate the mode of action of both 
derivatives (Fig. 8D). 

3. Conclusions 

Two innovative families of mitocans with dual activities have been 
developed, by combination of a coumarin scaffold with different sub
stitution pattern on C-3 and C-4 (for addressing cancer-related CAs IX 
and XII) and a positively-charged lipophilic moiety (phosphonium salt, 
guanidine), for the selective vectorization towards malignant cells. De
rivatives with a methyl residue on C-4, or bearing two substituents on C- 
3 and C-4 (Me/Me, Cl/Me), and a pentyl-type linker turned out to be 
very strong CAs IX and XII inhibitors, low-to-mid nM range, and 
outstanding selectivities. Dimethylated coumarin 5f was the lead in
hibitor, with Ki = 7.8 and 8.1 nM against CA IX and XII, respectively. 

Initial screening against six human tumour cell lines showed strong 
in vitro antiproliferative properties (submicromolar-low micromolar 
range), with improved potency upon increase distance between both 
pharmacophores, and excellent selectivity (LC50 > 100 µM against 
human fibroblasts). 

The most relevant compounds (phosphonium salts 5c,f,g and gua
nidine 14c) were selected to get insight into their mode of action against 
malignant cells. Drug-sensitive and their multidrug resistant counter
parts were used as MDR cell models; the antiproliferative assays were 
conducted under normoxic and hypoxic conditions. These assays 
revealed that phosphonium salt exhibited chemoresistance, acting as P- 
gp substrates, a situation that was reversed by co-administration with 
the third-generation inhibitor of P-gp tariquidar. Remarkably, related 
guanidines were devoid of such chemoresistance mechanism. Moreover, 
phosphonium salts provoked an extensive depolarization of 

Fig. 6. TQ sensitizes the MDR cancer cells to CA inhibitors. Effects on NCI-H460/R (a) and U87-TxR cells provoked by 5c,f,g and 14c combined with TQ (50 nM) 
(b) cell growth (sulforhodamine B assay, 48 h). The effects were compared to single 5c,f,g and 14c treatments (U87-TxR and NCI-H460/R cells): 10, 100 nM, 1 10, 
and 100 µM concentrations. Data are presented as mean values ± SEM (n = 4). Nonlinear regression was obtained by GraphPad Prism 6. 
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mitochondria membranes from cancer cells, and thus, probably 
compromising their oxidative metabolism. 

Continuous live cell microscopy was employed to gain insight into 
the antiproliferative mode of action of title derivatives. Interestingly, 
two different mechanisms were observed. While phosphonium salts had 
a cytostatic effect, blocking cell division, guanidines exhibited apoptotic 
pathway leading to cell death. 

Therefore, conjugation of coumarin and lipophilic cations constitutes 
an attractive and innovative design for developing new chemothera
peutic agents in future. 

4. Experimental section 

4.1. Materials and methods 

4.1.1. General procedures 
The conditions reported previously [61] for TLC monitoring, column 

chromatography purifications, and NMR and HRMS spectra were used 
herein. 

4.1.2. Carbonic anhydrases inhibition 
Inhibition assessments of carbonic anhydrases were accomplished 

using the stopped-flow CO2 hydrase assay [33]. hCAs I, II, IX, XI used 
herein are recombinant and tested in a 5–12 nM range. 

4.1.3. Molecular modelling analysis 
See Supporting Information (S3). 

4.1.4. Antiproliferative activities 
See Supporting Information (S4). 

4.1.5. Sulforhodamine B assay 
See Supporting Information (S5). 

4.1.6. Cell death analysis 
See Supporting Information (S6). 

4.1.7. TMRE assay 
See Supporting Information (S6). 

4.1.8. Live cell imaging 
Minor modifications on the original procedure reported by some of 

us were conducted [62]. Conditions are described in the Supporting 
Information section (S7). 

4.2. Chemistry 

4.2.1. General procedure for the preparation of coumarins 3a-d 
See Supporting information (S8). 

4.2.2. General procedure for the preparation of 7-O-alkylated coumarins 
4a-g 

See Supporting Information (S8). 

4.2.3. General procedure for the preparation of triphenylphosphonium salts 
5b-g 

See Supporting Information (S8). Full characterization of compounds 
5b-f can be found in Supporting Information (S8-S10). 

4.3.2.6. {5-[(3′-Chloro-4′-methyl-2′-oxo-2′H-chromen-7′-yl)oxy]pentyl} 
triphenylphosphonium bromide (5g). Bromoderivative 4 g (50 mg, 0.14 
mmol) and PPh3 (182.3 mg, 0.70 mmol) were used. Column chroma
tography afforded 5g as a brown foam. Yield: 87.1 mg, quant.; Rf 0.23 
(20:1 CH2Cl2–MeOH); 1H NMR (300 MHz, CDCl3) δ 7.78 (m, 9H, Ph), 
7.65 (m, 6H, Ph), 7.45 (d, 1H, J5′,6′ = 8.9 Hz, H-5′), 6.80 (dd, 1H, J6′,5′ =
8.9 Hz, J6′,8′ = 2.3 Hz, H-6′), 6.58 (d, 1H, J8′,6′ = 2.3 Hz, H-8′), 3.91 (m, 
2H, CH2O), 3.72 (m, 2H, CH2P), 2.46 (s, 3H, CH3), 1.78 (m, 6H, 3CH2) 
ppm; 13C NMR (75.5 MHz, CDCl3) δ 161.7 (C-7′), 157.3 (C-2′), 152.7 (C- 
9′), 148.1 (C-4′), 135.0 (d, 4JC,P = 2.9 Hz, Ar-Cp), 133.5 (d, 2JC,P = 10.0 
Hz, Ar-o), 130.4 (d, 3JC,P = 12.5 Hz, Ar-Cm), 125.9 (C-5′), 118.0 (d, 1JC,P 
= 86.0 Hz, Ar-Cipso), 117.2 (C-3′), 112.9 (C-10′), 112.8 (C-6′), 101.3 (C- 
8′), 68.1 (CH2O), 28.2 (CH2CH2O), 26.8 (d, 1JC,P = 16.6 Hz, CH2P), 22.9 
(CH2), 22.3 (d, 2JC,P = 4.4 Hz, CH2CH2P), 16.1 (CH3), 12.9 (CH3) ppm; 
HRESI–MS m/z calcd. for C33H31ClO3P+ ([M–Br]+): 541.1694, found: 
541.1692. 

4.2.4. General procedure for the preparation of amino-coumarins 9a,c-g 
See Supporting Information (S10). 

4.2.5. General procedure for the preparation of coumarin-derived thioureas 
10a,c-g 

See Supporting Information (S12). Full characterization of com
pounds 10a, 10c-g can be found therein. 

4.2.6. General procedure for the preparation of coumarin-derived 
guanidines 14a,c-g 

See Supporting Information (S15). Full characterization of com
pounds 14a,14d-g can be found therein. 

4.2.6.1. N″-Benzyl-N-{5-[(4́-methyl-2́-oxo-2́H-chromen-7́-yl)oxy]pentyl}- 
Ń-(p-tolyl)guanidine (14c). Thiourea 10c (31 mg, 75 µmol), BnNH2 (42 

Fig. 7. CA inhibitors cause decreased mitochondrial activity. The mito
chondrial activity in NCI-H460 (a) and U87 (b) cells was analysed with TMRE 
fluorescent dye, after 24 h treatment with 5c,f,g and 14c (concentrations ≤
IC50). CCCP was employed as control (10 μM). An unpaired t-test using the 
Welch’s correction was employed for obtaining the statistical significance: **** 
(p < 0.0001), *** (p < 0.001), ** (p < 0.01), * (p < 0.05). Mean values ± SE (n 
= 3). 
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µL, 0.38 mmol) and yellow HgO (65.0 mg, 0.30 mmol) were used. 
Column chromatography afforded 14c as a brown oil. Yield: 30.5 mg 
(84 %). RF 0.15 (5:1 CH2Cl2–MeOH); 1H NMR (300 MHz, CDCl3) δ 7.39 
(d, 1H, J5́,6́ = 8.8 Hz, H-5́), 7.28–7.14 (m, 5H, Ar-H, Ph), 6.99 (m, 2H, Ar- 
Ho), 6.75 (m, 3H, H-6́, Ar-Hm), 6.68 (d, 1H, J8́,6́ = 2.4 Hz, H-8́), 6.03 (q, 
1H, J3́,CH3 = 1.1 Hz, H-3́), 4.29 (s, 2H, CH2Ph), 3.87 (t, 2H, JH,H = 6.3 Hz, 
CH2O), 3.11 (t, 2H, JH,H = 6.9 Hz, CH2N), 2.31 (d, 3H, JCH3,3́ = 1.1 Hz, 
CH3), 2.30 (s, 3H, CH3-Ar), 1.69 (m, 2H, CH2), 1.47 (m, 2H, CH2), 1.32 
(m, 2H, CH2) ppm; 13C NMR (75.5 MHz, CDCl3) δ 162.0 (C-7́), 161.3 (C- 
2́), 155.2 (C-9́), 152.3 (C-4́), 151.8 (C––N), 145.48 (Ar-Cipso), 138.7 (Ar- 
Cipso Ph), 131.5 (Ar-Cp), 129.9 (Ar-Co), 128.7 (Ar-Co Ph), 127.5 (Ar-Cp 
Ph), 127.2 (Ar-Cm Ph), 125.5 (C-5́), 123.3 (Ar-Cm), 113.4 (C-10́), 112.5 
(C-6́), 111.7 (C-3́), 101.2 (C-8́), 68.2 (CH2O), 46.0 (CH2Ph), 41.8 
(CH2N), 29.3 (CH2CH2O), 28.5 (CH2CH2N), 23.2 (CH2), 20.7 (Ar-CH3), 
18.6 (CH3) ppm; HRESI–MS m/z calcd. for C30H34N3O3 ([M + H]+): 
484.2595, found: 484.2591. 
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performance of NMR experiments. 

Appendix A. Supplementary data 

General procedures for molecular modelling, biological assays and 
chemical synthesis; full characterization of new compounds 5b-f, 10a, 
10c-g, 11, 14a, 14d-g; Table S1 (G-score for approved CA inhibitors); 
Tables S2 and S3 (total interactions predicted between 5c,f,g, 14c and 
CA XII and IX, respectively); Video S1: Live-cell imaging control 
experiment (non-treated SW1573 cells); Video S2: Live-cell imaging 
experiment of SW1573 cells treated with 5g (3 µM); Video S3: Live-cell 
imaging experiment of SW1573 cells treated with 14c (21 µM); 1H- and 
13C-NMR spectra of new compounds. Supplementary data to this article 
can be found online at https://doi.org/10.1016/j.bioorg.2024.107168. 
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