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ABSTRACT 
Tumour associated carbonic anhydrases (CAs) IX and XII have been recognised as potential targets for the 
treatment of hypoxic tumours. Therefore, considering the high pharmacological potential of the chromene 
scaffold as selective ligand of the IX and XII isoforms, two libraries of compounds, namely 2H-chromene and 
7H-furo-chromene derivatives, with diverse substitution patterns were designed and synthesised. The struc-
ture of the newly synthesised compounds was characterised and their inhibitory potency and selectivity 
towards human CA off target isoforms I, II and cancer-associated CA isoforms IX and XII were evaluated. 
Most of the compounds inhibit CA isoforms IX and XII with no activity against the I and II isozymes. Thus, 
while the potency was influenced by the substitution pattern along the chromene scaffold, the selectivity 
was conserved along the series, confirming the high potential of both 2H-chromene and 7H-furo-chromene 
scaffolds for the design of isozyme selective inhibitors.
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Introduction

Cancer, the second leading cause of death in most of the coun-
tries after cardiovascular diseases, is a major public health issue 
that affects all populations and the disease distribution and life 
expectancy among different social status, country, and sex, and 
has been investigated and discussed at length1–3. In recent years, 
significant progress has been made in terms of diverse cancer 
such as non-small cell lung cancer, breast cancer, colon, and pan-
creatic4–7 prevention and treatment options. However, despite 
this, cancer burden will continue to rise as life-expectancy and 
global population grow8,9. Hence, it is of global interest to reduce 

this through early detection of cancer and appropriate treatment 
and care of cancer patients.

Carbonic anhydrases (CAs) are a class of metalloenzymes 
widely distributed in all living organisms encoded by eight differ-
ent gene families or classes: a-, b-, c-, d-, f-, g-, h-, and i-CAs10–16, 
that catalyse the reversible hydration reaction of carbon dioxide 
into bicarbonate and a proton (CO2 þ H2O $ HCO3

– þ Hþ)17,18. 
Mammals encode only for a-CA classes that have 16 known iso-
forms with different subcellular localisation and catalytic activity. 
Accordingly, CA I, II, III, VII, and XIII are expressed in the cyto-
plasm; CA IX, XII, and XIV are membrane bound forms; CA IV and 
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XV (this one not expressed in humans19) are glycosylphosphatidy-
linositol (GPI)-anchored membrane forms; CA VA and CA VB are 
mitochondrial forms and CA VI is a saliva-secreted form. Three iso-
forms (VIII, X, and XI), called CA-related proteins (CARPs), are cata-
lytically inactive as they lack one or more histidine residues 
coordinating the zinc ion in the active site. On the other hand, 
transmembrane isoforms are highly active enzymes and 
glycoproteins18,20,21.

Tumour-associated human carbonic anhydrase (hCA) IX and XII 
have been consistently validated as markers of disease progres-
sion in many solid tumours. Experimental evidence has indicated 
a strong link between pH regulation and tumour cell proliferation 
and survival22. These two isoforms are actively involved in carbon 
dioxide metabolism, and consequently play a role in pH control 
and tumour progression. Their overexpression in cancer and con-
tribution to tumour physiology emphasise their relevance as both 
biomarkers and therapeutic targets23, therefore, attracting the 
research community attention on these isoforms in the last two 
decades23–25. The membrane-bound hCA isoforms hCA IX and 
hCA XII, as well as intracellular hCAs such as hCA I and hCA II, are 
the primarily hCA isoforms expressed in cancer23,26. Particularly, 
hCA IX is almost exclusively expressed in a broad range of 
tumours representing a more reliable indicator of malignant 
lesions23,25,27–30. hCA XII role in tumour biology is much less 
addressed in the literature when compared with hCA IX, primarily 
because it is expressed in both tumour and normal tissues31–33.

Not surprisingly, due to the hCA IX and XII overexpression in 
many tumours, in response to the hypoxia inducible factor path-
way, the research on these isozymes role in cancer has signifi-
cantly progressed34. Studies have indicated that hCA XII is less 
strongly regulated by hypoxia when compared with hCA IX35, but 
both are associated with tumour hypoxia, tumour propagation, 
malignant progression, and resistance to chemotherapy and radio-
therapy36. Hence, the two main strategies to target the tumour 
associated hCAs for cancer therapy include the development of 
monoclonal antibodies and the design and synthesis of small mol-
ecules that selectively inhibit hCA IX and XII37.

Coumarins (2H-chromen-2-one, 2H-1-benzopyran-2-one) are 
heterocycles, constituted by a pyrone ring fused with benzene 
ring38. They belong to a wide family of secondary metabolites 
found in various species of plants, fungi, and microorganisms. 
According to structure differences, they are divided in different 
classes: simple coumarins, iso-coumarins, furanocoumarins, pyra-
nocoumarins, and bis-coumarins39,40. The type and/or location of 
substituents in the coumarin nucleus strongly influence the bio-
logical activity of the resulting derivatives40. Coumarins exhibit 
several pharmacological activities including anticoagulant41,42, 
anti-inflammatory43, neuroprotective44, antioxidant45, antibacter-
ial46, anti-fungal47, antiviral48, and anticancer38,49,50. Over the last 
50 years, coumarin compounds have been widely used as pharma-
ceuticals40. Some coumarin derivatives capable to inhibit hCAs IX 
and XII have also been reported51–53. Very interestingly, similar 
coumarin derivatives have been identified as inhibitors of both 
mTOR and PI3K, suggesting an intriguingly potential of these 
molecules as poly-pharmacological agents in hypoxic tumours 
(Figure 1)54–57. Moreover, depending on the substitution pattern, 
coumarins could have several attractive features as scaffolds in 
drug discovery programs, such as low molecular weight, simple 
structure, high bioavailability, high solubility in most of the 
organic solvents and low toxicity. These features, together with 
their multifaceted biological activities, as well as their simple 
structural architecture and chemical stability, ensure them a 

prominent role as privileged scaffolds in drug research and 
development39,40.

Pursuing on the research in the field of CA and anticancer 
agents, performed by our group51,52,58–62, we have designed and 
synthesised a new series of 2H-chromene and 7H-furo-chromene 
derivatives, namely compounds EMAC10163a-k and EMAC10164a- 
d, g-k, (Figure 2) to evaluate their activity and selectivity on hCA IX 
and XII with respect to the off-target isoforms hCA I and II. All the 
synthesised 2H-chromene derivatives are substituted in the posi-
tions 4 and 8 with two methyl moieties, while in the positions 3 
and 7 a methylacetate and 2-oxo-2-arylethoxy groups have been 
introduced, respectively. To further explore the effects of structural 
modification on the inhibition potency and selectivity towards the 
diverse hCA isozymes, 7H-furo-chromene derivatives are character-
ised by the presence of two methyl substituents in the positions 4 
and 9, a different substituted aromatic ring in the position 6 and a 
methylcarboxylic acid in the position 3.

Results and discussion

Synthesis of 2H-chromene and 7H-furo-chromene derivatives

The synthetic procedures to obtain compounds EMAC10163a-k and 
EMAC10164a-d, g-k are represented in Scheme 1. Starting 2-(7- 
hydroxy-4,8-dimethyl-2-oxo-2H-chromen-3-yl)acetate, EMAC10163 
was synthetised under the Pechmann condensation between 2- 
methylresorcinol and dimethyl 2-acetylsuccinate51. EMAC10163 was 
further reacted under Williamson condition with differently substi-
tuted a-halogen ketones, to give derivatives EMAC10163a-k that 
were used as starting compounds to synthetise the furo-chromenes 
EMAC10164a-d, g-k. Thus, EMAC10163a-k were refluxed in a 
sodium hydroxide water solution and the resulting slurry was 
poured into iced water and acidified with a solution of HCl 6 M to 
give compounds EMAC10164a-d, g-k. All compounds were charac-
terised by analytical and spectroscopic methods before being sub-
mitted to biological evaluation.

Inhibitory activity of 2H-chromene and 7H-furo-chromene 
derivatives towards hCA I, II, IX, and XII

All the synthetised 2H-chromene and 7H-furo-chromene deriva-
tives EMAC10163a-k and EMAC10164a-d, g-k were evaluated 
towards hCA I, II, IX, and XII isoforms to assess their inhibitory 
activity and selectivity towards the different isozymes. 
Acetazolamide (AAZ), a known potent but unselective inhibitor of 
hCA, was used as a reference standard. The results are summar-
ised in Table 1.

According to our previous observation, the majority of the new 
derivatives are selective towards the isoforms of interest, namely 
hCA IX and XII. Thus, although all the active compounds show 
lower potency than the reference AAZ, they exhibit a better pro-
file in terms of anticancer potential. Furthermore, some conclu-
sions must be highlighted about selectivity. None of the 
compounds were active against CA I and II up to 100 mM (highest 
tested concentration). In the case of 7H-furo-chromene derivatives, 
the introduction in the position 6 of the furo-chromene of a 40- 
methylphenyl, 40-methoxyphenyl, and a 40-bromophenyl moiety 
(compounds EMAC10164a, b, and c, respectively) produced a 
complete loss of activity towards hCA I, II, and IX, leading to a 
selective inhibition of CA XII. Within the 2H-chromene derivatives, 
the most remarkable compound was EMAC10163b, with a 40- 
methoxyphenyl-7-oxoethoxy moiety in the position 7 of the chro-
mene. This compound inhibited tumour associated hCA IX and XII 
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at a low micromolar concentration (Ki ¼ 0.53 mM and 0.47 mM 
towards hCA IX and XII, respectively). Interestingly, when the 30- 
methoxyphenyl moiety is introduced in the position 7 of the furo- 
chromene scaffold, a decrease of the inhibition potency towards 
CA IX and XII was observed (Ki ¼ >100 mM and 4.86 mM, 

respectively). The compound with better inhibitory activity and 
selectivity towards CAs IX and XII, within the EMAC10164 series, 
was EMAC10164d, with a 40-fluorophenyl moiety in the position 7 
of the furo-chromene (Ki ¼ 0.46 mM and 0.80 mM, respectively). 
The beneficial effect of the 40-fluorophenyl moiety in the 7 

Figure 2. Structure and substitution pattern of 2H-chromene EMAC10163a-k and 7H-furo-chromene EMAC10164a-d, g-k.

Figure 1. Examples of 2H-chromene and 7H-furo-chromene-based potential anticancer derivatives51,52,54,55 and newly synthesised chromene series.
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Scheme 1. Synthetic pathway to obtain compounds EMAC10163a-k and EMAC10164a-d, g-k. Reagents, and conditions: (i) dimethyl 2-acetylsuccinate, H2SO4 98%; 
(ii) acetone, K2CO3, a-haloketone, reflux, 6–24 h; (iii) propan-2-ol, NaOH, reflux 2–5 h.

Table 1. Inhibition data towards hCA I, II, IX, and XII of EMAC10163a-k and EMAC10164a-d, g-k.

Compound R

Ki (mM)

hCA I hCA II hCA IX hCA XII

EMAC10163a 40-CH3 >100 >100 2.98 2.52
EMAC10163b 40-OCH3 >100 >100 0.53 0.47
EMAC10163c 40-Br >100 >100 4.16 5.43
EMAC10163d 40-F >100 >100 2.39 6.04
EMAC10163e 40-NO2 >100 >100 4.64 7.84
EMAC10163f 30- NO2 >100 >100 >100 7.82
EMAC10163g 40-C6H5 >100 >100 >100 8.88
EMAC10163h 20 ,40-F >100 >100 4.51 5.56
EMAC10163i H >100 >100 >100 5.25
EMAC10163j 40-Cl >100 >100 >100 2.41
EMAC10163k 30-OCH3 >100 >100 >100 4.86
EMAC10164a 40-CH3 >100 >100 >100 4.09
EMAC10164b 40-O CH3 >100 >100 >100 4.59
EMAC10164c 40-Br >100 >100 >100 4.44
EMAC10164d 40-F >100 >100 0.46 0.80
EMAC10164g 40-C6H5 >100 >100 0.71 0.82
EMAC10164h 20 ,40-F >100 >100 4.27 6.37
EMAC10164i H >100 >100 3.18 3.38
EMAC10164j 40-Cl >100 >100 3.22 7.86
EMAC10164k 30-OCH3 >100 >100 4.16 3.66
AAZ 0.250 0.0125 0.026 0.0057
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position of furo-chromenes derivatives on both activity and select-
ivity towards hCA IX and XII was in accordance with the data pre-
viously reported51,52. These results indicate that both chromene 
and furo-chromene derivatives are promising scaffolds to develop 
potent and selective inhibitors of tumour associated hCA IX and 
XII. In all probability, both series of derivatives EMAC10163 and 
EMAC10164 share the mechanism of action already observed for 
similar derivatives where the chromene is hydrolysed within the 
CA active site to the corresponding 2-hydroxycinnamic acids51,63. 
However, the structural requirements for activity and selectivity 

are different between the chromene and furo-chromene scaffolds, 
suggesting that distinct optimisation strategies should be applied 
for the two families of compounds.

Molecular modelling studies

To gain more information that could be exploited for future com-
pound optimisation, the two derivatives that showed the highest 
potency and selectivity towards hCA IX and XII isoforms of each 

Figure 3. Representation of the putative binding mode of the EMAC10163a and EMAC10163b compounds obtained by docking experiments in complex with hCA IX. 
(A) 3D representation of EMAC10163a and its respective interactions with CA IX residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10163a and its 
respective interactions with CA IX residues considering a different orientation of the compound; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10163b and 
its respective interactions with CA IX residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10163b and its respective interactions with CA IX residues 
considering a different orientation of the compound; (H) 2D depiction of interactions.
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series were selected and their binding mode was investigated in 
more detail by the application of a validated docking protocol.

Docking experiments on hCA IX isoform of EMAC10163a and 
EMAC10163b are depicted in Figure 3. For each compound, two 
different proposed binding modes were obtained. The chromene 
ring is oriented towards the zinc in one of the proposed binding 
modes. In the second proposed mode, on the other hand, the 
substituted phenyl ring points towards the zinc.

Conversely, docking experiments of EMAC10164d and 
EMAC10164g (Figure 4) always show the same orientation, with 
the chromene ring orientated towards the zinc. Docking experi-
ments using the IX isoform revealed that the higher rigidity of the 
7H-furo-chromene, EMAC10164 series, compared to the 2H-chro-
mene series could help orienting the compounds in the binding 
pocket with the chromene portion pointing towards the Zn2þ. 
The different orientation might be the reason why in general a 
better inhibitory activity of this series was observed. With respect 
to our previously reported series of compounds, EMAC10151 and 
EMAC10152 (Figure 1), the introduction of a methyl moiety in the 
position 8 of the 2H-chromene and 9 of the 7H-furo-chromene 
was detrimental for the activity but conserved the selectivity. 
Conversely, the new derivatives exhibit a similar activity when 
compared with the previously reported 8-propyl EMAC10157 and 
9-propyl EMAC1016051,52.

To gain a deeper comprehension of the putative binding mode 
of the chromene derivative, and considering that, according to 
the reported mechanism, both chromene and furo-chromene are 
the prodrugs of the active corresponding inhibitor 2-hydroxycin-
namic acids51–53,63, the two most active chromene derivatives, 
EMAC10163a and EMAC10163b were submitted to docking 
experiments also in their open forms.

Hence, both the E and Z configurations of the 2-hydroxycinnamic 
acids were subjected to docking experiments to predict the putative 
binding mode of the hydrolysed forms (Figure 5). The docking results 
of the open compounds revealed that Zn2þ chelation and interac-
tions between the newly formed carboxylate moiety in the catalytic 
site were important for ligand–enzyme interactions. The complexes 
are further stabilised by interactions with residues near the Zn2þ ion, 
such as His119, Thr200, and Thr201 (Figures S1 and S2).

Docking experiments of the two best compounds of each ser-
ies were also performed on hCA XII. EMAC10163a and 
EMAC10163b binding modes are represented in Figure 6. Only 
one binding mode with the chromene ring oriented to the Zn2þ

was obtained for EMAC10163a. In the case of EMAC10163b, 
however, two possible orientations were obtained. One has the 
chromene ring oriented towards the zinc, while the other has the 
substituted phenyl ring oriented towards the zinc. Docking experi-
ments with EMAC10164d and EMAC10164g (Figure 7) show 
docking predicted binding modes with the chromene ring always 
oriented towards the Zn2þ.

As with CA IX, the hCA esterase-mediated inhibition mechan-
ism of 2-hydroxicinnamic acids was considered for CA XII. As a 
result, docking experiments involving the compounds in their 
pyran-2-one open forms were submitted. Also in this case, the 
putative binding mode of the hydrolysed forms was predicted 
using the two possible originated diastereoisomers, E and Z. Thus, 
four compounds were docked, and two distinct potential binding 
modes, for the E and Z diastereoisomers, were observed. Only the 
binding modes obtained for the E configuration appeared to be 
reasonable (Figures S3 and S4), because the proposed binding 
modes for Z configurations showed the compounds oriented with 
the substituted phenyl ring facing the Zn2þ. This latter position 

Figure 4. Representation of the putative binding mode of the EMAC10164 series most potent compounds obtained by docking experiments in complex with hCA IX. 
(A) 3D depiction of EMAC10164d and its respective interactions with CA IX residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10164g and its respect-
ive interactions with CA IX residues; (D) 2D depiction of interactions.
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appeared to be less preferred, because the pyran-2-one ring must 
be oriented towards the Zn2þ to allow the formation of the active 
2-hydroxicinnamic acid and coordinate the bivalent ion.

Docking poses for hCA IX revealed several interactions with 
common residues such as Lys69, His117, Thr198, and Thr199. A 
similar pattern was observed in the case of the hCA XII isoform, 
where an array of interactions involving the catalytic cavity resi-
dues was observed.

In silico prediction of physicochemical properties, ADMET 
parameters, and drug-likeness

Finally, considering the high relevance of early determination of 
drug like properties, all the compounds under investigation were 
submitted to ADME calculations by means of the QikProp 
Schrodinger software64 (Tables S2–S7). In most cases, 2H-chro-
mene and 7H-furo-chromene exhibit a good drug-like profile.

Figure 5. Representation of the putative binding mode of the most potent compounds from EMAC10163-open form series obtained by docking experiments in com-
plex with hCA IX. (A) 3D depiction of EMAC10163a-open-E and its respective interactions with CA IX residues; (B) 2D depiction of interactions; (C) 3D depiction of 
EMAC10163a-open-Z and its respective interactions with CA IX residues; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10163b-open-E and its respective 
interactions with CA IX residues; (F) 2D depiction of interactions; (G) 3D depiction of EMAC10163b-open-Z and its respective interactions with CA IX residues; (H) 2D 
depiction of interactions.
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Conclusions

We have designed and synthesised 2H-chromene and 7H-furo- 
chromene derivatives and evaluate their activity on hCA I, II, IX, 
and XII isozymes based on our previous work aiming to the identi-
fication of selective tumour associated hCA isozymes inhibitors. 
The new derivatives exhibited higher isozyme selectivity when 
compared with the reference AAZ. In particular, the majority of 
the compounds were selective towards the tumour associated 
hCA isoforms IX and XII. Our data suggest that, when compared 
with less complex sulphonamides derivatives, such as AAZ, 2H- 
chromene, and 7H-furo-chromene derivatives generally exhibit a 
better selectivity profile towards tumour associated hCA isoforms 

IX and XII. Furthermore, our results indicate that the substitution 
pattern surrounding the 2H-chromene and 7H-furo-chromene scaf-
folds can affect the potency of these derivatives. In line with our 
previous findings on similar derivatives, we found that introducing 
a fluorine in the position 4 of the aromatic ring in 7H-furo-chro-
mene derivatives improves activity and selectivity towards hCA IX 
and XII isozymes. According to literature data, in most cases, 2H- 
chromene and 7H-furo-chromene exhibit good pharmacokinetic 
properties and, accordingly, a preliminary computational study 
has shown that these new derivatives might possess a good drug- 
like profile. All these findings encouraged us to further investigate 
these scaffolds to optimise both the activity and to further 
increase the isozyme selectivity.

Figure 6. Representation of the putative binding mode of the EMAC10163 series most potent compounds obtained by docking experiments in complex with hCA XII. 
(A) 3D depiction of EMAC10163a and its respective interactions with CA XII residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10163b and its respect-
ive interactions with CA XII residues; (D) 2D depiction of interactions; (E) 3D depiction of EMAC10164b and its respective interactions with CA XII residues considering 
a different orientation of the compound; (F) 2D depiction of interactions.
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Materials and methods

Materials and apparatus

2-Methylresorcinol was purchased from Thermo Fisher GmbH 
(Kandel, Germany). Dimethylsuccinate was purchased from Sigma- 
Aldrich, Co. (St. Louis, MO). The differently substituted a-halogen 
ketones were purchased from Fluorochem Ltd (Hadfield, UK). All 
solvents were pro analysis grade from Carlo Erba Reagents (Val- 
de-Reuil, France) and Thermo Fisher GmbH (Kandel, Germany). 
NMR spectra were registered on a Bruker AMX (400 MHz) spec-
trometer (chemical shifts in d values). Chemical shifts are reported 
referenced to the solvent in which they were measured. Coupling 
constants J are expressed in hertz (Hz). For the DEPT sequence, 
the width of the 90� pulse for 13C was 4 ls, and that of the 90�

pulse for 1H was 9.5 ls; the delay 2JC,H-1 was set to 3.5 ms (under-
lined values). TLC chromatography was performed using silica gel 
plates (Merck F 254, Darmstadt, Germany), and spots were visual-
ised by UV light. Mass spectra were acquired on an Orbitrap 
Exploris mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany).

Full MS spectra were acquired at a resolution of 240 000, in 
the m/z range 180–1000 (Table S1). For that, compounds were ini-
tially dissolved in dimethylsulphoxide (DMSO) at 5 mg/ml concen-
tration. Stock solutions were then diluted 50-fold in acetonitrile 
and diluted further 10-fold in 70% acetonitrile containing 0.1% of 
formic acid. Solutions were directly infused in the mass spectrom-
eter at 5 ml/min. Mass spectra were acquired in positive ion mode 
(3200 V). Ion transfer tube temperature was 320 �C, whereas S-lens 
value was 20 units. Melting points were determined by the 

capillary method on a Stuart Scientific melting point apparatus 
and are uncorrected. The SD contains NMR spectra and HRMS 
data.

Synthetic procedures

Methyl 2-(7-hydroxy-4,8-dimethyl-2-oxo-2H-chromen-3-yl)acetate 
(EMAC10163)
To a mixture of 2-methylresorcinol (0.5 g, 4.03 mmol) and dime-
thylsuccinate (650 ml, 4.03 mmol), 3 ml of H2SO4 98% were added. 
The mixture was vigorously stirred at room temperature for 8 h. 
The homogeneous mixture was poured into iced water and stirred 
until the melting of the ice. The precipitate was kept in the fridge 
overnight and filtered in the next day. The desired compound was 
obtained as a white solid after drying in a vacuum oven. Yield: 
62.6%; m.p. 179–180 �C; Rf (DCM/EtOAc ¼ 8/2): 0.58; 1H NMR 
(400 MHz, DMSO): d ¼ 2.16 (s, 3H, CH3), 2.34 (s, 3H, CH3), 3.62 (s, 
3H, CH3), 3.65 (s, 2H, CH2), 6.88 (d, J ¼ 8.8 Hz, 1H, H(Ar)), 7.51 (d, 
J ¼ 8.8, 1H, H(Ar)), 10.38 (s, 1H, OH); 13C NMR (100 MHz, DMSO): 
d ¼ 8.41 (CH3), 15.51 (CH3), 32.80 (CH2), 52.27 (CH3), 110.92 (C(Ar)), 
112.40 (C(Ar)), 112.62 (C(Ar)), 115.07 (C(Ar)), 123.92 (C(Ar)), 150.33 
(C(Ar)), 151.94 (C(Ar)), 158.94 (C7), 161.57 (C2), 171.22 (COOCH3).

Methyl 2-f4,8-dimethyl-7-[2-(4-methylphenyl)-2-oxoethoxy]-2-oxo- 
2H-chromen-3-ylgacetate (EMAC10163a)
EMAC10163 (1.00 g, 3.81 mmol), acetone (20 ml), and K2CO3 

(1.31 g, 9.5 mmol) were mixed and 2-bromo-40-methylacetophe-
none (0.89 g, 4.18 mmol) was added. After 6 h, the mixture was 

Figure 7. Representation of the putative binding mode of the EMAC10164 series most potent compounds obtained by docking experiments in complex with hCA XII. 
(A) 3D depiction of EMAC10164d and its respective interactions with CA XII residues; (B) 2D depiction of interactions; (C) 3D depiction of EMAC10164g and its respect-
ive interactions with CA XII residues; (D) 2D depiction of interactions.
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poured into 100 ml of H2SO4 0.5 M. For the purification by chro-
matographic column, DCM/EtOAc 88:12 to 100% of EtOAc were 
used as eluents. The white solid was obtained by recrystallisation 
with DCM/n-hexane. Yield: 86.1%; m.p. 178–181 �C; Rf (DCM/EtOAc 
¼ 5:5): 0.86; 1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.38 
(s, 3H, CH3), 2.43 (s, 3H, CH3), 3.70 (s, 3H, OCH3), 3.72 (s, 2H, CH2), 
5.36 (s, 2H, CH2), 6.71 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 7.28–7.34 (m, 2H, 2 
x H(Ar0)), 7.39 (d, J ¼ 9.0 Hz, 1H, H(Ar)), 7.85–7.94 (m, 2H, 2 x 
H(Ar0)); 13C NMR (100 MHz, CDCl3): d ¼ 8.42 (CH3), 15.38 (CH3), 
21.80 (CH3), 32.75 (CH2), 52.21 (CH3), 71.17 (CH2), 107.90 (C(Ar)), 
114.68 (C(Ar)), 114.73 (C(Ar)), 116.62 (C(Ar)), 122.64 (C(Ar)), 128.26 
(2 x C(Ar0)), 129.59 (2 x C(Ar0)), 131.86 (C(Ar)), 145.16 (C(Ar)), 149.04 
(C(Ar)), 151.68 (C(Ar)), 158.36 (C(Ar)), 161.84 (C(Ar)), 170.88 
(COOCH3) 193.71 (CO); MS (ESI) m/z (%, fragment): 395 (100).

Methyl 2-(7-(2-(4-methoxyphenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163b)
EMAC10163 (0.50 g, 1.91 mmol), acetone (10 ml), and K2CO3 

(0.66 g, 4.8 mmol) were mixed and 2-bromo-40-methoxyacetophe-
none (0.48 g, 2.10 mmol) was added. After 6 h, the mixture was 
poured into 50 ml of H2SO4 0.5 M. For the purification by chroma-
tographic column, DCM/EtOAc 88:12 to 100% of EtOAc were used 
as eluents. The white solid was obtained by recrystallisation with 
DCM/n-hexane. Yield: 27.8%; m.p. 173–175 �C; Rf (DCM/EtOAc 5:5): 
0.80; 1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.38 (s, 3H, 
CH3), 3.70 (s, 3H, CH3), 3.72 (s, 2H, CH2), 3.89 (s, 3H, CH3), 5.33 (s, 
2H, CH2), 6.73 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 6.94–7.00 (m, 2H, 2 x 
H(Ar0)), 7.39 (d, J ¼ 8.7 Hz, 1H, H(Ar)), 7.96–8.02 (m, 2H, 2 x H(Ar0)). 
13C NMR (100 MHz, CDCl3): d ¼ 8.43 (CH3), 15.38 (CH3), 32.75 
(CH2), 52.21 (CH3), 55.57 (CH3), 71.15 (CH2), 107.91 (C(Ar)), 114.10 
(2 x C(Ar0)), 114.67 (C(Ar)), 114.68 (C(Ar)), 116.60 (C(Ar)), 122.65 
(C(Ar)), 127.37 (C(Ar)), 130.57 (2 x C(Ar0)), 149.04 (C(Ar)), 151.68 
(C(Ar)), 158.40 (C(Ar)), 161.84 (C(Ar)), 164.25 (C(Ar)), 170.88 
(COOCH3) 192.64 (CO). MS (ESI) m/z (%, fragment): 411 (100).

Methyl 2-(7-(2-(4-bromophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163c)
EMAC10163 (1.00 g, 3.81 mmol), acetone (20 ml), and K2CO3 

(1.31 g, 9.51 mmol) were mixed and, 2,40-dibromoacetophenone 
(1.17 g, 4.21 mmol) was added. After 24 h, the mixture was poured 
into 100 ml of H2SO4. For the purification by chromatographic col-
umn, DCM/EtOAc 88:12 to 100% of EtOAc were used as eluents. 
The white solid was obtained by recrystallisation with DCM/n-hex-
ane. Yield: 46.1%; m.p. 199–201 �C; Rf (DCM/EtOAc 5:5): 0.89; 1H 
NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.37 (s, 3H, CH3), 3.70 
(s, 3H, CH3), 3.72 (s, 2H, CH2), 5.33 (s, 2H, CH2), 6.71 (d, J ¼ 8.9 Hz, 
1H, H(Ar)), 7.40 (d, J ¼ 8.7 Hz, 1H, H(Ar)), 7.63–7.68 (m, 2H, 2 x 
H(Ar0)), 7.85–7.89 (m, 2H, 2 x H(Ar0)); 13C NMR (100 MHz, CDCl3): 
d ¼ 8.43 (CH3), 15.40 (CH3), 32.75 (CH2), 52.24 (OCH3), 71.23 (CH2), 
107.76 (C(Ar)), 114.79 (C(Ar)), 114.88 (C(Ar)), 116.83 (C(Ar)), 122.70 
(C(Ar)), 129.45 (C(Ar)), 129.71 (2 x C(Ar0)), 132.28 (2 x C(Ar0)), 133.05 
(C(Ar)), 148.96 (C(Ar)), 151.71 (C(Ar)), 158.07 (C(Ar)), 161.75 (C(Ar)), 
170.85 (COOCH3), 193.43 (CO); MS (ESI) m/z (%, fragment): 
459 (44).

Methyl 2-(7-(2-(4-fluorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163d)
EMAC10163 (1.00 g, 3.82 mmol), acetone (20 ml), and K2CO3 

(1.32 g, 9.59 mmol) were mixed and, 2-bromo-40-fluoroacetophe-
none (0.91 g, 4.22 mmol) was added. After 6 h, the mixture was 

poured into 100 ml of H2SO4. For the purification by chromato-
graphic column, DCM/MeOH 98:2 to 20% of MeOH were used as 
eluents. The very light-yellow solid was obtained by recrystallisa-
tion with DCM/n-hexane. Yield: 63.0%; m.p. 155–157 �C; Rf (DCM/ 
EtOAc 5:5): 0.89; 1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 
2.37 (s, 3H, CH3), 3.70 (s, 3H, OCH3), 3.72 (s, 2H, CH2), 5.34 (s, 2H, 
CH2), 6.72 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 7.13–7.22 (m, 2H, 2 x H(Ar0)), 
7.40 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 8.02–8.08 (m, 2H, 2 x H(Ar0)); 13C 
NMR (100 MHz, CDCl3): d ¼ 8.42 (CH3), 15.39 (CH3), 32.75 (CH2), 
52.23 (OCH3), 71.22 (CH2), 107.81 (C(Ar)), 114.76 (C(Ar)), 114.84 
(C(Ar)), 116.17 (d, JCF ¼ 22.0 Hz, C30, C50), 116.78 (C(Ar)), 122.70 
(C(Ar)), 130.81 (d, JCF ¼ 3.1 Hz, C10), 131.00 (d, JCF ¼ 9.5 Hz, C20, 
C60), 148.99 (C(Ar)), 151.70 (C(Ar)), 158.15 (C(Ar)), 161.77 (C(Ar)), 
166.26 (d, JCF ¼ 256.7 Hz, C40), 170.86 (COOCH3), 192.75 (CO); MS 
(ESI) m/z (%, fragment): 399 (100).

Methyl 2-(4,8-dimethyl-7-(2-(4-nitrophenyl)-2-oxoethoxy)-2-oxo-2H- 
chromen-3-yl)acetate (EMAC10163e)
EMAC10163 (0.50 g, 1.91 mmol), acetone (10 ml), and K2CO3 

(0.66 g, 4.80 mmol) were mixed and, 2-bromo-40-nitroacetophe-
none (0.51 g, 2.10 mmol) was added. After 8 h, the mixture was 
poured into 50 ml of H2SO4. For the purification by chromato-
graphic column, DCM/EtOAc 88:12 to 100% of EtOAc were used 
as eluents. The light brown solid was obtained by recrystallisation 
with DCM/n-hexane. Yield: 37.9%; m.p. 180–183 �C; Rf (DCM/EtOAc 
5:5): 0.80; 1H NMR (400 MHz, CDCl3): d ¼ 2.27 (s, 3H, CH3), 2.29 
(s, 3H, CH3), 3.64 (s, 3H, CH3), 3.65 (s, 2H, CH2), 5.31 (s, 2H, CH2), 
6.67 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 7.35 (d, J ¼ 8.7 Hz, 1H, H(Ar)), 8.09– 
8.12 (m, 2H, 2 x H(Ar0)), 8.27–8.29 (m, 2H, 2 x H(Ar)0); 13C NMR 
(100 MHz, CDCl3): d ¼ 8.43 (CH3), 15.41 (CH3), 32.73 (CH2), 52.26 
(CH3), 71.53 (CH2), 107.64 (C(Ar)), 114.83 (C(Ar)), 115.10 (C(Ar)), 
117.05 (C(Ar)), 122.79 (C(Ar)), 124.08 (2 x C(Ar0)), 129.44 (2 x C(Ar0)), 
138.77 (C(Ar)), 148.90 (C(Ar)), 150.82 (C(Ar)), 151.71 (C(Ar)), 157.74 
(C(Ar)), 161.65 (C(Ar)), 170.82 (COOCH3), 193.36 (CO); MS (ESI) m/z 
(%, fragment): 426 (100).

Methyl 2-(4,8-dimethyl-7-(2-(3-nitrophenyl)-2-oxoethoxy)-2-oxo-2H- 
chromen-3-yl)acetate (EMAC10163f)
EMAC10163 (1.00 g, 3.82 mmol), acetone (20 ml), and K2CO3 

(1.31 g, 9.49 mmol) were mixed and, 3-nitrophenacyl bromide 
(1.02 g, 4.18 mmol) was added. After 7 h, the mixture was poured 
into 100 ml of H2SO4. For the purification by chromatographic col-
umn, DCM/EtOAc 88:12 to 100% of EtOAc were used as eluents. 
The yellow solid was obtained by recrystallisation with DCM/n- 
hexane. Yield: 19.6%; m.p. 165–167 �C; Rf (DCM/EtOAc 5:5): 0.78; 
1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.36 (s, 3H, CH3), 
3.71 (s, 3H, CH3), 3.72 (s, 2H, CH2), 5.40 (s, 2H, CH2), 6.76 (d, 
J ¼ 8.9 Hz, 1H, H(Ar)), 7.42 (d, J ¼ 8.6 Hz, 1H, H(Ar)), 7.74 (t, 
J ¼ 8.6 Hz, 1H, H50), 8.34–8.36 (m, 1H, H(Ar0)), 8.47–8.49 (m, 1H, 
H(Ar0)), 8.85–8.86 (m, 1H, H(Ar0)); 13C NMR (100 MHz, CDCl3): 
d ¼ 8.40 (CH3), 15.41 (CH3), 32.74 (CH2), 52.25 (CH3), 71.53 (CH2), 
107.67 (C(Ar)), 114.84 (C(Ar)), 115.10 (C(Ar)), 117.03 (C(Ar)), 122.82 
(C(Ar)), 123.30 (C(Ar)), 128.27 (C(Ar)), 130.24 (C(Ar)), 133.91 (C(Ar)), 
135.54 (C(Ar)), 148.49 (C(Ar)), 148.92 (C(Ar)), 151.71 (C(Ar)), 157.74 
(C(Ar)), 161.65 (C(Ar)), 170.82 (COOCH3), 192.82 (CO); MS (ESI) m/z 
(%, fragment): 426 (51).
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Methyl 2-(7-(2-([1,10-biphenyl]-4-yl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163g)
EMAC10163 (1.00 g, 3.83 mmol), acetone (20 ml), and K2CO3 

(1.31 g, 9.49 mmol) were mixed and, 2-bromo-1-(4-phenylphenyl)e-
than-1-one (1.15 g, 4.18 mmol) was added. After 6 h, the mixture 
was poured into 100 ml of H2SO4. For the purification by chroma-
tographic column, DCM/EtOAc 88:12 to 100% of EtOAc were used 
as solvents. The white solid was obtained by recrystallisation with 
DCM/n-hexane. Yield: 73.9%; m.p. 168–169 �C; Rf (DCM/EtOAc 5:5): 
0.94; 1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.40 (s, 3H, 
CH3), 3.70 (s, 3H, CH3), 3.72 (s, 2H, CH2), 5.41 (s, 2H, CH2), 6.74 (d, 
J ¼ 8.9 Hz, 1H, H(Ar)), 7.39–7.44 (m, 2H, 2 x H(Ar)), 7.46–7.50 (m, 
2H, 2 x H(Ar)), 7.61–7.64 (m, 2H, 2 x H(Ar)); 7.71–7.74 (m, 2H, 2 x 
H(Ar)), 8.06–8.09 (m, 2H, 2 x H(Ar)); 13C NMR (100 MHz, CDCl3): 
d ¼ 8.45 (CH3), 15.39 (CH3), 32.75 (CH2), 52.22 (OCH3), 71.28 (CH2), 
107.90 (C(Ar)), 114.75 (C(Ar)), 114.77 (C(Ar)), 116.68 (C(Ar)), 122.68 
(C(Ar)), 127.29 (2 x C(Ar)), 127.50 (2 x C(Ar)), 128.54 (C(Ar)), 128.77 
(2 x C(Ar)), 129.05 (2 x C(Ar)), 132.99 (C(Ar)), 139.53 (C(Ar)), 146.81 
(C(Ar)), 149.03 (C(Ar)), 151.70 (C(Ar)), 158.32 (C(Ar)), 161.82 (C(Ar)), 
170.87 (COOCH3), 193.70 (CO); MS (ESI) m/z (%, fragment): 
457 (88).

Methyl 2-(7-(2-(2,4-difluorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163h)
EMAC10163 (0.50 g, 1.91 mmol), acetone (10 ml), and K2CO3 

(0.66 g, 4.80 mmol) were mixed and, 2-chloro-1-(2,4-difluoropheny-
l)ethanone (0.41 g, 2.13 mmol) was added. The mixture was kept 
reacting overnight, and then poured into 50 ml of H2SO4. The 
resulting precipitate was recrystallised with DCM/n-hexane giving 
a light-yellow solid. Yield: 49.0%; m.p. 188–190; Rf (DCM/EtOAc 
5:5): 0.87; 1H NMR (400 MHz, CDCl3): d ¼ 2.36 (s, 3H, CH3), 2.38 
(s, 3H, CH3), 3.71 (s, 3H, CH3), 3.73 (s, 2H, CH2), 5.30 (m, 2H, CH2), 
6.68 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 6.92–6.98 (m, 1H, H(Ar)), 7.02–7.07 
(m, 1H, H(Ar)), 7.40 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 8.00–8.06 (m, 1H, 
H(Ar)); 13C NMR (100 MHz, CDCl3): d ¼ 8.35 (CH3), 15.40 (CH3), 
32.76 (C3CH2), 52.23 (CH3), 73.71 (d, J ¼ 12.3 Hz, CH2), 104.82 (dd, 
JCF ¼ 27.5, 25.7 Hz, C30), 107.84 (C(Ar)), 113.00 (dd, JCF ¼ 21.6, 
3.2 Hz, C50), 114.78 (C(Ar)), 114.88 (C(Ar)), 116.73 (C(Ar)), 119.41 
(dd, JCF ¼ 15.3, 3.6 Hz, C10), 122.59 (C(Ar)), 132.91 (dd, JCF ¼ 10.8, 
4.9 Hz, C60), 149.00 (C(Ar)), 151.75 (C(Ar)), 158.28 (C(Ar)), 163.03 
(dd, JCF ¼ 256.1, 12.8 Hz, C20), 166.54 (dd, JCF ¼ 259.1, 12.5 Hz, 
C40), 170.88 (COOCH3), 190.86 (d, JCF ¼ 5.6 Hz, CO); MS (ESI) m/z 
(%, fragment): 417 (100).

Methyl 2-(4,8-dimethyl-2-oxo-7-(2-oxo-2-phenylethoxy)-2H-chro-
men-3-yl)acetate (EMAC10163i)
EMAC10163 (1.00 g, 3.82 mmol), acetone (20 ml), and K2CO3 

(1.32 g, 9.56 mmol) were mixed and, 2-bromoacetophenone 
(0.8344 g, 4.19 mmol) was added. After 7 h, the mixture was 
poured into 100 ml of H2SO4 0.5 M. The light-yellow solid was 
obtained by recrystallisation with DCM/n-hexane. Yield: 88.6%; 
m.p. 157–159 �C; Rf (DCM/EtOAc 5:5): 0.84; 1H NMR (400 MHz, 
CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.38 (s, 3H, CH3), 3.70 (s, 3H, CH3), 
3.72 (s, 2H, CH2), 5.39 (s, 2H, CH2), 6.72 (d, J ¼ 8.9 Hz, 1H, H(6)), 
7.38–7.40 (m, 1H, H(Ar)), 7.49–7.53 (m, 2H, 2 x H(Ar0)), 7.61–7.65 
(m, 1H, H(Ar0)); 7.99–8.01 (m, 2H, 2 x H(Ar0)). 13C NMR (100 MHz, 
CDCl3): d ¼ 8.42 (CH3), 15.39 (CH3), 32.76 (CH2), 52.22 (CH3), 71.20 
(CH2), 107.88 (C(Ar)), 114.75 (C(Ar)), 114.80 (C(Ar)), 116.69 (C(Ar)), 
122.65 (C(Ar)), 128.14 (2 x C(Ar0)), 128.93 (2 x C(Ar0)), 134.11 (C(Ar)), 
134.36 (C(Ar)), 149.01 (C(Ar)), 151.71 (C(Ar)), 158.30 (C(Ar)), 161.81 

(C(Ar)), 170.87 (COOCH3), 194.08 (CO); MS (ESI) m/z (%, fragment): 
381 (100).

Methyl 2-(7-(2-(4-chlorophenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163j)
EMAC10163 (0.50 g, 1.91 mmol), acetone (10 ml), and K2CO3 

(0.66 g, 4.80 mmol) were mixed and, 2-bromo-40-chloroacetophe-
none (0.49 g, 2.12 mmol) was added. After 6 h, the mixture was 
poured into 50 ml of H2SO4 0.5 M. For the purification by chroma-
tographic column, DCM/EtOAc 80:20 to 30% of EtOAc were used 
as eluents. The white solid was obtained by recrystallisation with 
DCM/n-hexane. Yield: 46.0%; m.p. 182–184 �C; Rf (DCM/EtOAc 5:5): 
0.80; 1H NMR (400 MHz, CDCl3): d ¼ 2.37 (s, 3H, CH3), 2.38 (s, 3H, 
CH3), 3.72 (s, 3H, OCH3), 3.74 (s, 2H, CH2), 5.35 (s, 2H, CH2), 6.73 (d, 
J ¼ 8.6 Hz, 1H, H(Ar)), 7.41 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 7.48–7.52 (m, 
2H, 2 x H(Ar0)), 7.95–7.98 (m, 2H, 2 x H(Ar0)); 13C NMR (100 MHz, 
CDCl3): d ¼ 8.42 (CH3), 15.39 (CH3), 32.74 (CH2), 52.23 (OCH3), 
71.24 (CH2), 107.77 (C(Ar)), 114.76 (C(Ar)), 114.86 (C(Ar)), 116.80 
(C(Ar)), 122.70 (C(Ar)), 129.28 (2 x C(Ar0)), 129.64 (2 x C(Ar0)), 132.64 
(C(Ar)), 140.67 (C(Ar)), 148.97 (C(Ar)), 151.69 (C(Ar)), 158.08 (C(Ar)), 
161.75 (C(Ar)), 170.85 (COOCH3) 193.20 (CO); MS (ESI) m/z (%, frag-
ment): 415 (96).

Methyl 2-(7-(2-(3-methoxyphenyl)-2-oxoethoxy)-4,8-dimethyl-2-oxo- 
2H-chromen-3-yl)acetate (EMAC10163k)
EMAC10163 (1.00 g, 3.82 mmol), acetone (20 ml), and K2CO3 

(1.32 g, 9.57 mmol) were mixed and, 2-bromo-30-methoxyacetophe-
none (0.96 g, 4.19 mmol) was added. After 6 h, the mixture was 
poured into 100 ml of H2SO4 0.5 M. For the purification by chro-
matographic column, DCM/EtOAc 88:12 to 100% of EtOAc were 
used as eluents. The white solid was obtained by recrystallisation 
with DCM/n-hexane. Yield: 55.3%; m.p. 157–160 �C; Rf (DCM/EtOAc 
5:5): 0.80; 1H NMR (400 MHz, CDCl3): d ¼ 2.35 (s, 3H, CH3), 2.39 (s, 
3H, CH3), 3.70 (s, 3H, CH3), 3.72 (s, 2H, CH2), 3.86 (s, 3H, OCH3), 
5.38 (s, 2H, CH2), 6.71 (d, J ¼ 8.9 Hz, 1H, H(Ar)), 7.16–7.19 (m, 1H, 
H(Ar)), 7.38–7.44 (m, 2H, 2 x H(Ar0)), 7.51–7.52 (m, 1H, H(Ar)), 7.56– 
7.58 (m, 1H, H(Ar)); 13C NMR (100 MHz, CDCl3): d ¼ 8.43 (CH3), 
15.39 (CH3), 32.76 (CH2), 52.22 (CH3), 52.52 (OCH3), 71.22 (CH2), 
107.89 (C(Ar)), 112.51 (C(Ar)), 114.75 (C(Ar)), 114.82 (C(Ar)), 116.69 
(C(Ar)), 120.52 (2 x C(Ar0)), 122.64 (C(Ar)), 129.93 (C(Ar)), 135.59 
(C(Ar)), 149.02 (C(Ar)), 151.70 (C(Ar)), 158.31 (C(Ar)), 160.05 (C(Ar)), 
161.82 (C(Ar)), 170.88 (COOCH3), 193.86 (CO); MS (ESI) m/z (%, 
fragment): 411 (98).

2-(5,9-Dimethyl-7-oxo-3-(p-tolyl)-7H-furo[3,2-g]chromen-6-yl)acetic 
acid (EMAC10164a)
EMAC10163a (0.50 g, 1.27 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (5.1 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 96.0%; m.p. 228–231 �C; Rf (DCM/EtOAc 5:5): 
0.15; 1H NMR (400 MHz, DMSO): d ¼ 2.38 (s, 3H, CH3), 2.48 (s, 3H, 
CH3), 2.50 (s, 3H, CH3), 3.64 (s, 2H, CH2), 7.33–7.35 (m, 2H, 2 x 
H(Ar0)), 7.65–7.67 (m, 2H, 2 x H(Ar0)), 7.96 (s, 1H, H5), 8.39 (s, 1H, 
H7). 13C NMR (100 MHz, DMSO): d ¼ 8.66 (CH3), 16.07 (CH3), 21.29 
(CH3), 33.44 (CH2), 108.96 (C(Ar)), 114.18 (C(Ar)), 117.05 (C(Ar)), 
118.33 (C(Ar)), 121.94 (C(Ar)), 122.47 (C(Ar)), 127.52 (2 x C(Ar0)), 
128.34 (C(Ar)), 130.19 (2 x C(Ar0)), 137.56 (C(Ar)), 144.07 (C(Ar)), 
148.01 (C(Ar)), 149.92 (C(Ar)), 155.44 (C(Ar)), 161.21 (C(Ar)), 171.99 
(COOH); MS (ESI) m/z (%, fragment): 363 (100).
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2-(3-(4-Methoxyphenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chromen- 
6-yl)acetic acid (EMAC10164b)
EMAC10163b (0.35 g, 0.86 mmol), 3 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (3.5 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 67.3%; m.p. 226–227 �C; Rf (DCM/EtOAc 5:5): 
0.35;c1H NMR (400 MHz, DMSO): d ¼ 2.52 (s, 3H, CH3), 2.54 (s, 3H, 
CH3), 3.66 (s, 2H, CH2), 3.83 (s, 3H, C40OCH3), 7.10–7.12 (m, 2 x 
H(Ar0)), 7.73–7.75 (m, 2 x H(Ar0)), 8.01 (s, 1H, H5), 8.39 (s, 1H, H7), 
12.50 (s, 1H, COOH); 13C NMR (100 MHz, DMSO): d ¼ 8.71 (CH3), 
16.13 (CH3), 33.42 (CH2), 55.70 (C40OCH3), 108.99 (C(Ar)), 114.28 
(C(Ar)), 115.13 (2 x C(Ar0)), 117.07 (C(Ar)), 118.31 (C(Ar)), 121.75 
(C(Ar)), 122.65 (C(Ar)), 123.54 (C(Ar)), 128.95 (2 x C(Ar0)), 143.70 
(C(Ar)), 148.06 (C(Ar)), 150.04 (C(Ar)), 155.46 (C(Ar)), 159.44 (C(Ar)), 
161.25 (C(Ar)), 171.98 (COOH); MS (ESI) m/z (%, fragment): 
379 (100).

2-(3-(4-Bromophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chromen-6- 
yl)acetic acid (EMAC10164c)
EMAC10163c (0.50 g, 1.10 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (4.4 ml) were mixed and stirred for 
3 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 90.5%; m.p. 263–267 �C; Rf (DCM/EtOAc 5:5): 
0.26; 1H NMR (400 MHz, DMSO): d ¼ 2.49 (s, 3H, CH3), 2.50 (s, 3H, 
CH3), 3.64 (s, 2H, CH2), 7.69–7.76 (m, 4H, 4 x H(Ar0)), 7.96 (s, 1H, 
H5), 8.50 (s, 1H, H7), 12.49 (s, 1H, COOH); 13C NMR (100 MHz, 
DMSO): d ¼ 8.68 (CH3), 16.13 (CH3), 33.40 (CH2), 109.11 (C(Ar)), 
114.25 (C(Ar)), 117.23 (C(Ar)), 118.42 (C(Ar)), 120.99 (C(Ar)), 121.28 
(C(Ar)), 121.98 (C(Ar)), 129.66 (2 x C(Ar0)), 130.56 (C(Ar)), 132.53 (2 
x C(Ar0)), 144.93 (C(Ar)), 148.13 (C(Ar)), 150.00 (C(Ar)), 155.46 
(C(Ar)), 161.16 (C(Ar)), 171.95 (COOH); MS (ESI) m/z (%, fragment): 
427 (28).

2-(3-(4-Fluorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chromen-6- 
yl)acetic acid (EMAC10164d)
EMAC10163d (0.50 g, 1.26 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (5.0 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 89.7%; m.p. 277–279 �C; Rf (DCM/EtOAc 5:5): 
0.28; 1H NMR (400 MHz, DMSO): d ¼ 2.50 (s, 3H, CH3), 2.50 (s, 3H, 
CH3), 3.64 (s, 2H, CH2), 7.34–7.38 (m, 2H, 2 x H(Ar0)), 7.82–7.85 (m, 
2H, 2 x H(Ar0)), 7.97 (s, 1H, H5), 8.44 (s, 1H, H7), 12.55 (s, 1H, 
COOH). 13C NMR (100 MHz, DMSO): d ¼ 8.66 (CH3), 16.11 (CH3), 
33.39 (CH2), 109.04 (C(Ar)), 114.17 (C(Ar)), 116.52 (d, JCF ¼ 21.5 Hz, 
C30, C50), 117.15 (C(Ar)), 118.36 (C(Ar)), 121.09 (C(Ar)), 122.24 
(C(Ar)), 127.71 (d, JCF ¼ 3.1 Hz, C10), 129.67 (d, JCF ¼ 8.1 Hz, C20, 
C60), 144.51 (C(Ar)), 148.08 (C(Ar)), 150.00 (C(Ar)), 155.41 (C(Ar)), 
160.99 (C(Ar)), 162.30 (d, JCF ¼ 225 Hz, C40), 171.97 (COOH); MS 
(ESI) m/z (%, fragment): 367 (88).

2-(3-([1,10-Biphenyl]-4-yl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chro-
men-6-yl)acetic acid (EMAC10164g)
EMAC10163g (0.50 g, 1.20 mmol), 5 ml of propan-2-ol and an 
aqueous solution of KOH 1 M (5.0 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 50.1%; m.p. 248–250 �C; Rf (DCM/EtOAc 5:5): 
0.15; 1H NMR (400 MHz, DMSO): d ¼ 2.48 (s, 3H, CH3), 2.51 (s, 3H, 
CH3), 3.59 (s, 2H, CH2), 7.38–7.41 (m, 1H, H(Ar)), 7.47–7.51 (m, 2H, 
2 x H(Ar)), 7.72–7.74 (m, 2H, 2 x H(Ar)), 7.79–7.81 (m, 2H, 2 x 
H(Ar)), 7.86–7.88 (m, 2H, 2 x H(Ar)), 8.01 (s, 1H, H5), 8.49 (s, 1H, 

H7); 13C NMR (100 MHz, DMSO): d ¼ 8.69 (CH3), 16.10 (CH3), 34.03 
(CH2), 108.99 (C(Ar)), 114.17 (C5), 117.30 (C(Ar)), 119.11 (C(Ar)), 
121.60 (C(Ar)), 122.23 (C(Ar)), 127.01 (2 x C(Ar)), 127.81 (2 x C(Ar)), 
128.06 (C(Ar)), 128.11 (2 x C(Ar)), 129.49 (2 x C(Ar)), 130.47 (C(Ar)), 
139.83 (C(Ar)), 140.04 (C(Ar)), 144.60 (C7), 148.07 (C(Ar)), 149.43 
(C(Ar)), 155.44 (C(Ar)), 161.27 (CO), 172.01 (COOH); MS (ESI) m/z 
(%, fragment): 425 (57).

2-(3-(2,4-Difluorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chro-
men-6-yl)acetic acid (EMAC10164h)
EMAC10163h (0.50 g, 1.20 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (4.8 ml) were mixed and stirred for 
2 h. After filtration of the resulting precipitate, a brown solid was 
obtained. Yield: 93.2%; m.p. 227–230 �C; Rf (DCM/EtOAc 5:5): 0.14; 
1H NMR (400 MHz, DMSO): d ¼ 2.47 (s, 3H, CH3), 2.54 (s, 3H, CH3), 
3.65 (s, 2H, CH2), 7.25–7.30 (m, 1H, H(Ar)), 7.45–7.51 (m, 1H, H(Ar)), 
7.85–7.91 (m, 2H, 2 x H(Ar)), 8.41 (s, 1H, H7); 13C NMR (100 MHz, 
DMSO): d ¼ 8.68 (CH3), 16.07 (CH3), 33.42 (CH2), 105.30 (t, JCF ¼
26.2 Hz, C30), 109.08 (C(Ar)), 112.74 (dd, JCF ¼ 21.3, 3.5 Hz, C50), 
114.48 (d, JCF ¼ 3.1 Hz, C5), 115.36 (dd, JCF ¼ 14.6, 3.2 Hz, C10), 
117.23 (C(Ar)), 118.55 (C(Ar)), 122.44 (C(Ar)), 131.96 (dd, JCF ¼ 9.8, 
5.3 Hz, C60), 146.16 (d, JCF ¼ 5.5 Hz, C7), 148.15 (C(Ar)), 149.85 
(C(Ar)), 154.91 (C(Ar)), 158.60 (C2), 159.91 (d, JCF ¼ 237.2 Hz, C20), 
161.16 (C(Ar)), 162.38 (d, JCF ¼ 235.7 Hz, C40), 171.93 (COOH); MS 
(ESI) m/z (%, fragment): 385 (100).

2-(5,9-Dimethyl-7-oxo-3-phenyl-7H-furo[3,2-g]chromen-6-yl)acetic 
acid (EMAC10164i)
EMAC10163i (0.50 g, 1.32 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (5.3 ml) were mixed and stirred for 
5 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 87.1%; m.p. 242–245 �C; Rf (DCM/EtOAc 5:5): 
0.39; 1H NMR (400 MHz, DMSO): d ¼ 2.49 (s, 3H, CH3), 2.50 (s, 3H, 
CH3), 3.63 (s, 2H, CH2), 7.41–7.45 (m, 1H, H40), 7.52–7.56 (m, 2H, 2 
x H(Ar0)), 7.77–7.80 (m, 2H, 2 x H(Ar0)), 7.99 (s, 1H, H5), 8.45 (s, 1H, 
H7); 13C NMR (100 MHz, DMSO): d ¼ 8.66 (CH3), 16.08 (CH3), 33.47 
(CH2), 109.01 (C(Ar)), 114.19 (C(Ar)), 117.12 (C(Ar)), 118.41 (C(Ar)), 
122.01 (C(Ar)), 122.30 (C(Ar)), 127.61 (2 x C(Ar0)), 128.22 (C(Ar)), 
129.65 (2 x C(Ar)), 131.29 (C(Ar)), 144.50 (C(Ar)), 148.04 (C(Ar)), 
149.90 (C(Ar)), 155.47 (C(Ar)), 161.20 (C(Ar)), 172.00 (COOH). MS 
(ESI) m/z (%, fragment): 349 (100).

2-(3-(4-Chlorophenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chromen-6- 
yl)acetic acid (EMAC10164j)
EMAC10163j (0.35 g, 0.84 mmol), 4 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (3.4 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 67.9%; m.p. 266–269 �C; Rf (DCM/EtOAc 5:5): 
0.11; 1H NMR (400 MHz, DMSO): d ¼ 2.51 (s, 3H, CH3), 2.51 (s, 3H, 
CH3), 3.65 (s, 2H, CH2), 7.56–7.60 m, 2H, 2 x H(Ar)), 7.81–7.84 (m, 
2H, 2 x H(Ar0)), 7.99 (s, 1H, H5), 8.51 (s, 1H, H7), 12.55 (s, 1H, 
COOH); 13C NMR (100 MHz, DMSO): d ¼ 8.68 (CH3), 16.12 (CH3), 
33.41 (CH2), 109.10 (C(Ar)), 114.24 (C(Ar)), 117.22 (C(Ar)), 118.43 
(C(Ar)), 120.94 (C(Ar)), 122.02 (C(Ar)), 129.36 (2 x C(Ar0)), 129.61 (2 
x C(Ar0)), 130.20 (C(Ar)), 132.77 (C(Ar)), 144.95 (C(Ar)), 148.12 
(C(Ar)), 149.99 (C(Ar)), 155.46 (C(Ar)), 161.16 (C(Ar)), 171.95 (COOH); 
MS (ESI) m/z (%, fragment): 383 (32).
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2-(3-(3-Methoxyphenyl)-5,9-dimethyl-7-oxo-7H-furo[3,2-g]chromen- 
6-yl)acetic acid (EMAC10164k)
EMAC10163k (0.50 g, 1.22 mmol), 5 ml of propan-2-ol and an 
aqueous solution of NaOH 1 M (4.9 ml) were mixed and stirred for 
4 h. After filtration of the resulting precipitate, a light brown solid 
was obtained. Yield: 91.7%; m.p. 220–224 �C; Rf (DCM/EtOAc 5:5): 
0.41;1H NMR (400 MHz, DMSO): d ¼ 2.51 (s, 3H, CH3), 2.53 (s, 3H, 
CH3), 3.65 (s, 2H, CH2), 3.86 (s, 3H, OCH3), 6.99–7.02 (m, 1H, H(Ar)), 
7.30 (m, 1H, H60), 7.37–7.39 (m, 1H, H(Ar)), 7.44–7.49 (m, 1H, 
H(Ar)), 8.01 (s, 1H, H5), 8.48 (s, 1H, H7); 13C NMR (100 MHz, DMSO): 
d ¼ 8.69 (CH3), 16.08 (CH3), 33.42 (CH2), 55.67 (OCH3), 109.06 
(C(Ar)), 112.99 (C(Ar)), 113.99 (C(Ar)), 114.29 (C(Ar)), 117.15 (C(Ar)), 
118.39 (C(Ar)), 119.94 (C(Ar)), 121.99 (C(Ar)), 122.35 (C(Ar)), 130.79 
(C(Ar)), 132.59 (C(Ar)), 144.77 (C(Ar)), 148.08 (C(Ar)), 149.96 (C(Ar)), 
155.48 (C(Ar)), 160.28 (C(Ar)), 161.21 (C(Ar)), 171.97 (COOH). MS 
(ESI) m/z (%, fragment): 379 (100).

Molecular modelling

Ligand preparation
Maestro GUI software57 was used to create theoretical 3D models 
of the compounds. Coumarin’s opening was also considered, and 
the compounds were constructed in both E and Z configurations, 
considering the same mechanism proposed by Maresca et al.63,65. 
The ligands most stable conformation has been determined by 
molecular mechanics conformational analysis performed by 
Macromodel software version 9.266, considering Merck Molecular 
Force Fields (MMFFs)67 as force field and solvent effects by adopt-
ing the generalised Born/surface area (GB/SA) water implicit solv-
ation model68. The simulations were performed allowing 5000 
steps Monte Carlo analysis with Polak–Ribier Conjugate Gradient 
(PRCG) method and a convergence criterion of 0.05 kcal/(mol Å) 
was used. All the other parameters were left as default.

Protein preparation
The coordinates for hCA isoforms enzymes were taken from the 
RCSB Protein Data Bank69 (PDB codes 5FL470, for isoform IX and 
5MSA71, for isoform XII). These 3D structures are high resolution 
X-ray models and the alignment with the other 3D structure did 
not highlight significative difference to justify the use of an 
ensemble docking approach. Maestro Protein Preparation Wizard 
protocol was used to prepare the proteins. The original water mol-
ecules and ligands were removed. The Gln and Asn residues were 
analysed and orientated with the best terminal amide position. 
Likewise, the best His tautomer was chosen according to the best 
orientation.

Docking experiments
Quantum Mechanics-Polarised Ligand (QMPL) Docking was used 
for the molecular docking studies applying the validated protocol, 
which was extended to more complexes (Table S8)51,52,72. Grids 
were defined around the refined structure by centring on crystal-
lised ligands. The other settings were left as default.

Post-docking experiments
The best pose complexes were then minimised to consider the 
induced fit phenomena and used to analyse the ligand binding 
mode. Ten thousand steps of the PRCG minimisation method 
were conducted on the top ranked theoretical complexes using 
OPLS_2005 force field. The optimisation process was performed 

up to the derivative convergence criterion equal to 0.1 kcal/ 
(mol Å).

Drug-like properties prediction
Drug-like properties of compounds were theoretically predicted 
using QikProp software and reported in Tables S2–S7.

Biological activity

Carbonic anhydrase inhibition assay
The CA catalysed CO2 hydration/inhibition was measured by using 
a stopped-flow instrument as the method previously described73. 
Initial rates of the CA-catalysed CO2 hydration reaction were fol-
lowed for 10–100 s. The CO2 concentrations were ranged from 1.7 
to 17 mM for the determination of the inhibition constants. For 
each inhibitor, at least six traces of the initial 5–10% of the reac-
tion were used for assessing the initial velocity. The uncatalysed 
rates were subtracted from the total observed rates. Stock solu-
tions of inhibitors (10 mM) and dilutions up to 0.01 nM were pre-
pared in distilled-deionised water. Inhibitor and enzyme solutions 
were preincubated together for 15 min at room temperature prior 
to assay, in order to allow for the formation of the E–I complex. 
The inhibition constants were obtained by non-linear least-squares 
methods using PRISM 3 as reported earlier and represent the 
mean from at least three different determinations. hCA I, hCA II, 
hCA IX, and hCA XII (catalytic domain) were recombinant proteins 
produced inhouse using our standardised protocol and their con-
centration in the assay system was in the range of 3–10 nM. AAZ 
was used as reference CA inhibitor64,74,75.
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