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The synthesis of six Mannich bases derived from hydroxycoumarins was carried out in moderate yields, two
of these derivatives were described for the first time. Conformational analysis was performed through DFT
theoretical calculations explaining the formation of stable six membered rings based on intramolecular
hydrogen bonds within the structure. These findings were correlated with the antiproliferative activity.
The biological activity of the Mannich bases through their antiproliferative activity in the HelLa cancer cell
line is described for the first time, showing that the compounds were able to inhibit proliferation in
cervical cancer by more than 60%. Likewise, the theoretical modeling of the photophysical properties
was realized with promising results, showing that the HOMO-LUMO energies of the new compounds
present the lowest electronic gap values for those with donor groups in their structure, which makes

rsc.li/rsc-advances them potential fluorophores.

Introduction

Coumarins are popular heterocycles with known anti-inflam-
matory," antioxidant>® and particularly important anticancer
properties.*® Despite a large amount of structurally diverse
coumarin derivatives, simple hydroxy and dihydroxycoumarins
are still a reliable source of biologically active compounds with
low toxicity for the guest and high metabolic stability, which are
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very important attributes within the continuously expanding
field of drug design. For these derivatives, it has been recog-
nized that the position of the hydroxy substituents within the
coumarin structure plays an important role for its biological
activity®® and, in the quest of finding a specific and oriented
activity in certain pathways of neoplastic disease, some studies
have been made to relate their electronic density distribution
with their antineoplastic activity.>*®

On another hand, their highly delocalized m conjugated
system, their planarity, their electronic environment and the
feasibility for modifying their substitution pattern, have made
them extensively studied, both theoretically'* and experimen-
tally, resulting in a fine tuning of their electronic properties,*
yielding interesting applications of their photophysical prop-
erties in materials chemistry and light-driven biologically
significant processes, such as photodynamic therapy (PDT)****
and fluorescent probes for many relevant analytes.*®

Concerning functionalized hydroxycoumarins, Mannich
bases of 7-hydroxycoumarins are the products of the Mannich
reaction, which is a classical, yet important electrophilic
substitution reaction used as a synthetic tool in aromatic
heterocyclic chemistry yielding a growing number of interesting
compounds with potential in medicinal chemistry.">"* Some
Mannich bases of hydroxycoumarins have been reported as
potential treatment or to prevent Alzheimer's disease and to
inhibit hepatitis C virus,' as well as their synthesis,'” however
their presence is scarce in the literature. Within this context, the
interest of our research group on Mannich bases of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydroxycoumarins is driven, by the rationalization of the
regioselectivity of the reaction through the hard and soft acids
and bases theory,"” and by the study of both, the structural
features of a third fused ring within the architecture of the
coumarins, which is known to enhance the metabolic stability
of the product as a potential pharmacophore and,** and the
presence of two vicinal electron donor groups in the same flu-
orophore which have been described as a relevant structural
motif in the design of fluorophores for several photophysical
applications.?*** Thereby, the study of discrete and versatile
molecules as molecular building blocks for medicinal and
material chemistry is a promising research area, especially when
certain improvements should be made invoking structure-activity
relationships, profitable and sustainable considerations, etc. In
this regard, Mannich bases of hydroxycoumarins are unique and
very stable compounds to be used in many fields from basic to
applied research. TD-DFT method and QTAIM analysis were
implemented to study some structural features like the electronic
transitions and intramolecular hydrogen interactions, the last,
being one of the most relevant parameters for several applications
such as drug and materials design. QTAIM analysis supported the
validation and rationalization of the ring-like structures of the
compounds under study, on another hand, TD-DFT and the eval-
uation of biological activity help to establish the potential of
Mannich bases of hydroxycoumarins as promising scaffolds for
further research.

Results and discussion
Synthesis and characterization

The synthesis started applying a Dakin oxidation protocol® over
the 2,4-dihydroxybenzaldehyde (1) to yield the corresponding 1,2,4-
trihydroxybenzene (2). Compound 2 and resorcinol (3) were used
as starting materials in a Pechmann type reaction with ethyl ace-
toacetate to yield the corresponding 4-methylcoumarins (4) as
described in the literature.* Once coumarins were obtained,
a Mannich reaction was performed. The preparation of the Man-
nich base is reported elsewhere and performed accordingly.” The
coumarins were added in a methanolic solution and the mixture
was heated at reflux temperature for 12 hours. After reaction
workup and purification by flash chromatography the corre-
sponding 8-substituted coumarins (5) were obtained in moderate
yields and fully characterized (Scheme 1).

Concerning the Mannich reaction of the 7-hydroxycoumarin,
at first sight, it is expected that the electrophilic reaction occurs
either at position 6 or 8 of the benzene ring (see Scheme 1). It is
noteworthy that, despite being a well-known reaction, the
regioselectivity of the substitution has not been widely dis-
cussed, particularly in comparison with other electrophilic
reactions such as bromination*?® and Vielsmeier-Hack for-
mylation.” In this regard, analysing the resonance structures of
7-hydroxy-4-methylcoumarin (Scheme 2), it is observed that the
canonical forms I and II justified the expected products after
substitution. In fact, when the reaction proceeds, the
regioisomer at position 6 was not observed. Both resonance
structures I and II are thermodynamically feasible, and the
difference is that structure I is completely conjugated due to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of Mannich derivatives of 7-hydroxy-4-methyl
(4a) and 6,7-dihydroxy-4-methylcoumarins (4b).
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carbonyl group of the pyrone exerting the electron-withdrawing
effect.

Consequently, the complete delocalization of the resulting
softer anion does not react with the harder Mannich base. On
another hand, although structure II is completely conjugated is
also subjected to the influence of the vicinal enol-like structure,
therefore, the existence of the localized anion is somewhat
larger, ready to react with the harder electrophile.

"H-NMR spectroscopy of the derivatives of 7-hydroxy-4-
methylcoumarin shows the expected pattern of signals,
consistent with structures in Scheme 1 as detailed in ESLt 'H-
NMR, *C-NMR, FT-IR spectroscopy and HR-MS results and
experimental procedures are provided in Experimental section.

Theoretical calculations

Once the proposed Mannich bases were purified and fully
characterized, relevant structural features to be considered for
photophysical and biological applications were studied, such as
energetic stability, intramolecular hydrogen bonds and photo-
physical properties. The molecular structures of 7-hydroxy-4-
methylcoumarin (4a) and 6,7-dihydroxy-4-methylcoumarin
(4b), as well as their Mannich derivatives (5a-5f) were opti-
mized at PBEO/aug-cc-pVTZ level of theory using SMD model
using water as solvent. Compounds 5a-5f can adopt different
conformations according to the torsions of the hydroxyl moie-
ties in position 7 at 5a-5¢, and in positions 6 and 7 at 5d-5f (see
Scheme 1). Compounds 5a-5c¢ were obtained through the
potential energy curve for the torsion of the hydroxyl group at

CHy CHy CHj CHs
¢ N N N N
® — T - - i
H® HY He: H®
o 0o o) 0" Yo Q> 0o o " o"Yo

Scheme 2 Resonance structures explaining the electrophilic attack in
7-hydroxy-4-methylcoumarin.
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Fig.1 Molecular structures of the conformers syn of compound 5a—
5c¢ through dihedral angle C8—-C7-0O7-H7.

position 7 through the dihedral angle C8-C7-O7-H7. The
dihedral angle was rotated in the range of 0°-180° with an
increment of 20°. It was observed that the conformers in syn
position to C8 (C8-C7-O7-H7 = 0°) are the most stable
conformers for 5a-5c¢, see Fig. 1. Our results agree with the re-
ported using the B3LYP/6-31G(d) level of theory with toluene as
solvent for 7-hydroxy-4-methylcoumarin (4a).>®

For compounds 5d-5f, the potential energy surfaces (PES)
were generated for the torsion of the hydroxyl groups at posi-
tions 6 and 7 through the dihedral angles C5-C6-0O6-H6 and
C6-C7-07-H7, respectively. Both torsional angles were rotated
in the range of 0°-180° with increments of 20°. In Fig. 2 can be
observed that the most stable conformers for 5d-5f correspond
to the dihedral angles (—180°, —180°). Also, another conformer
is found for the dihedral (0°, —180°). The torsion barrier
between these conformers is 1.7 kcal mol™', see Table 2.

Energy (Hartroes)

View Article Online

Paper

Moreover, it is observed on the PES a conformer with the
highest energy at 27.6-29.1 kcal mol ™", corresponding to the
conformers with dihedral angles (—180°, 0°). Our results agree
with those reported at B3LYP/cc-pVQZ level of theory and 6,7-
dihydroxy-4-methylcoumarin (4b).>* It is worthy to note that,
another structural element imposes an extra conformational
restriction which utterly reinforce our proposal of the adequate
structures for the formation of the derivatives of 6,7-dihydroxy-
4-methylcoumarin 5d-5f, such as the presence of hydrogen
interactions between both hydroxyl groups and the consequent
cyclic structures, which are discussed below and could be
rationalized through QTAIM analysis.

QTAIM analysis

Regarding QTAIM analysis, once the minimum energy struc-
tures on the potential energy surface (PES) were obtained, and
vibrational frequencies were determined to ensure the
minimum electronic energy structures, the corresponding wave
function was obtained by AIMAIl software to perform the
QTAIM analysis. Fig. 3 presents the QTAIM structures of
compounds 5a-5f. Regarding the results from QTAIM analysis,
two different groups of systems were observed. The 7-hydroxy-4-
methylcoumarin derivatives (5a-5¢) showed a relevant interac-
tion between the relatively acidic hydrogen atom of the hydroxyl
substituent and the lone pair of the tertiary amine, which
produces a thermodynamically favoured six-membered ring
structure (Fig. 3). According to our expectations, QTAIM anal-
ysis successfully explain that in compounds 5a-5¢, exists an
interaction between N13 and H7, characterized by a positive
value of the Laplacian and a negative value of the full energy of
electronic density at the critical point. The Espinosa equation,

1 . . .
Hy = EV(rC)7 (ref. 30 and 31) in which Hy, corresponds to the

Fig. 2 Potential energy surfaces of the torsions of the hydroxyl groups at position 6 and 7 and molecular structures of the compounds 5d—-5f
through dihedral angles C5-C6-06-H6 and C8-C7-0O7-H7, respectively.
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Fig. 3 QTAIM structures of compounds 5a—5f. Green dots represent the bond critical points (BCPs), while cyan dots represent the ring critical

points (RCPs).

energy of the interaction, namely the bond energy, is —20.55 to
LA .
—21.55 kecal mol ', The ratio ] <1 shows that electronic
3

density is still beneath the nuclei, which agrees with the value of
the energy expected for a strong hydrogen bond.***

In the case of the phenolic ring as a highly conjugated and
planar chemical entity, the position of the hydroxyl substituent
is already fixed within the molecule, and the hydrogen is acidic
due to the stabilization of the corresponding anion to the
conjugated system. The methylene amino substituent at posi-
tion 8 (see Scheme 1) after Mannich reaction is the only func-
tional group with conformational flexibility, therefore at some
point, the most stable conformers are that in which the lone
pair of the tertiary amine is close enough to the adjacent
hydrogen of the hydroxyl group of the phenol allowing the non-
covalent interaction (N13-H7). The nitrogen lone pair attracts
the hydrogen atom to establish the expected hydrogen bond. In
the case of the three compounds 5a-5c exhibit the same kind of
interactions (Table 1). Laplacian values suggest a significant
interaction yielding a six membered ring. Therefore, the exis-
tence of this very stable six-membered ring allows us to explain
the proposed metabolic stability reported for these compounds.

In the case of 6,7-dihydroxy-4-methylcoumarin derivatives
(5d-5f), the presence of two acceptors hydrogen bond causes
a slightly different behavior. In this case, the hydroxyl group at
position 6 forms a non-covalent interaction with the adjacent
07 acting as hydrogen bond acceptor. While the tertiary amine
acts as another hydrogen bond acceptor for the hydrogen of the
hydroxyl substituent of position 7 (see Scheme 1). QTAIM
analysis of the dihydroxy-4-methylcoumarin derivatives (5d-5f)
exhibits a positive value for the Laplacian, which indicates
electronic charge depletion to the nuclei. The hydroxyl
substituent in position 6 interacting with the oxygen atom of the
hydroxyl substituent of position 7 (O7-H6), is calculated with

© 2021 The Author(s). Published by the Royal Society of Chemistry

energy values of —5.77 to —5.84 kcal mol ™", which characterizes
a weak hydrogen bond. While the same interaction between
N13 and H7, observed at 5a-5c¢, is found for the dihydroxy
methylcoumarins 5d-5f with slightly largest bond energies of
—22.97 to —24.25 kcal mol " (Fig. 3). Also, the compounds of
this family, 5d-5f, behave similarly (see Table 1).

Photophysical properties

Coumarins are important building blocks for photochemical
applications,*** its relevance is based on the electronic distri-
bution along with the conjugated system and the effect that the
methylene amino group may exert on the charge transfer within
the coumarin structure, for which it is important to analyse the
effect of the substituent on the HOMO-LUMO energies and
Local Excitation (LE) of the electronic states, hence the photo-
physical properties of the compounds. The extension of the
ring-like structure is a common structural feature in polycyclic
and highly conjugated fluorophores, since the energy of the

Table 1 Topological indexes of electronic density in critical points for
selected bonds of compounds 5a—5f calculated at PBEO/aug-cc-
pVTZ level of theory

Entry V> (ea, ”) ¢ V(au)  Hy (kecal mol™")
N13-H7 b5a 0.1554 0.0154 —0.0687 —21.55

5b 0.1557 0.0176  —0.0655 —20.55

5¢ 0.1527 0.0182  —0.0658 —20.65
N13-H7 5d 0.1469 0.0133 —0.0773 —24.25

5e 0.1506 0.0154 —0.0732 —22.97

5f 0.1452 0.0152 —0.0756  —23.72
O7-H6 5d 0.0819 2.0981 —0.0186 —5.84

5e 0.0821 2.1585 —0.0186 —5.84

5f 0.0821 4.1850 —0.0184 —5.77

RSC Adv, 2021, 11, 31260-31271 | 31263
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Table 2 Molecular orbital energies (Enomo and Eiumo. €V), gap
energies (Eg, eV), total energy (Eto, hartrees), and relative energy
(AEge, 107 kcal mol™?) of 4a, 4b and 5a—5f compounds calculated at
PBEQ/aug-cc-pVTZ level of theory

Compound Enomo Erumo Egq Erot AERe
4a —6.523 —1.700 4.823 —611.1178 22.90
5a —6.317 —1.633 4.683 —900.8969 4.72
5b —6.330 —1.636 4.693 —861.6120 7.18
5¢ —6.333 —1.640 4.694 —862.8067 7.11
4b —6.250 —1.705 4.545° —686.3014 18.18
5d —6.078 —1.629 4.449 —976.0815 0.0

5e —6.090 —1.633 4.458 —936.7966 2.47
5f —6.087 —1.635 4.452 —937.9912 2.39

“ Eg—reported = 4.154 eV.”®

hydrogen bonds depicted in Fig. 3 shows highly robust chem-
ical entities. In the case of Mannich bases in coumarin struc-
tures, we suggest that the structure could be fixed in such a way
that the extra ring could decrease in some extent the HOMO-
LUMO gap which is described as important feature for the
design of interesting fluorophores useful for biomedical and
photophysical applications.

5d

Fig. 4
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The HOMO and LUMO energies were calculated to further
explore the contribution of the groups in the structures of
compounds 5a-5f. The results in Table 2 indicate that
compounds 5d and 5f have the major ability as donors of
electrons with major values of HOMO energy, and in conse-
quence they show the smallest gap energies.

The optimized ground state geometry obtained for structure
4a is consistent with that reported in a previous work at the
B3LYP/6-31G(d) level of theory.”® For compound 4b the energy
gap value was previously reported as 4.154 eV calculated at the
B3LYP/cc-pVQZ level of theory® and it is in good agreement
with our value obtained at the PBEO/aug-cc-pVTZ level of theory.

Fig. 4 presents the HOMO and LUMO isosurfaces of
compounds 5a-5f. It is observed that compound 5a-5c and 5d-
5f have similar electron distributions for HOMO and LUMO. In
compounds 5a-5c¢ the HOMO distribution is observed on the
atoms of the hydroxycoumarine rings, except the O1 of a-pyrone
and the methyl groups, while LUMO is completely distributed
on the methyl hydroxycoumarine. For 5d-5f all the HOMO are
located on the dihydroxycoumarine except the methyl group,
while the LUMO, also have major contributions on dihydrox-
ycoumarine moiety except the hydroxyl group at position 6. For
all compounds 5a-5f, as HOMO such as LUMO, have not
contributions on Mannich base moiety.

A

" ]
2 f p
_ T

0

Isosurfaces of the frontier molecular orbitals with isovalue of 0.0275 a.u. of the compounds 5a—5f.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated maximum absorption wavelengths Amax.caic (NM), oscillator strengths (f), excitation energy (Eexcit, €V), % of contribution,
assignment, and experimental Amax.exp (NM) Of 4a, 4b, and 5a—5f compounds calculated at PBEO/aug-cc-pVTZ level of theory

Compound Amaxjcale f Eexe % major contribution Assignment Amax,exp
4a 300.73 0.4392 4.1227¢ HOMO — LUMO (100%) T — T 3252
5a 310.79 0.3997 3.9893 HOMO — LUMO (97%) T — T 321

5b 310.06 0.4010 3.9987 HOMO — LUMO (100%) T — T 320

5¢ 310.06 0.4017 3.9987 HOMO — LUMO (98%) T — 7T 316

4b 322.38 0.3282 3.8458 HOMO — LUMO (99%) T — T —

5d 329.54 0.3441 3.7623 HOMO — LUMO (100%) T — T 346

5e 329.01 0.3378 3.7684 HOMO — LUMO (97%) T — T 346

5f 329.48 0.3407 3.7631 HOMO — LUMO (99%) T — T 346

¢ Eexe = 319-323 nm in different organic solvents in ref. 32. b 1n ref. 23.

In Table 3 the values of maximum absorption wavelengths,
Amax, Oscillator strengths, f, excitation energies, Eexcit, percent of
contribution, %, and assignment for compounds 4a, 4b, and
5a-5f are presented. The major contributions are HOMO —
LUMO transitions assigned to w — 7* electronic transition for
5a-5f compounds. A value of A,,x = 325 nm in toluene solvent
for compound 4a was reported using TD-DFT methodology with
B3LYP/6-31G(d) level of theory.*® In addition in a work dealing with
the substituent effect on the absorption and fluorescence spectra
of coumarins, using the B3LYP/6-311++G(d,p), was reported an
Eexcie value at 319-323 nm using different organic solvents.*”

Fig. 5 shows the isosurfaces of the electronic density, which
were obtained as the difference between the SCF ground state
density and CI first excited state density, considering a total
population analysis and the current electronic density, obtained
at the PBEO/aug-cc-pVTZ level of theory, based on Local Exci-
tation (LE) property of the compounds 5a-5f. The yellow area

plots the surface where the value of the difference density is
negative (—0.0001), while the blue area corresponds to a positive
value (+0.0001). Each graph in Fig. 5 indicates that the electron
density moves from the yellow region to the blue region when
moving from the ground state to the first excited state. In
compound 5a-5c¢ the electron density is transferred from the
hydroxyl group, as well as from phenyl group and the initial part
of the Mannich substituent toward the methyl group and the a-
pyrone ring. On another hand, the electronic density of the
compounds 5d-5f is similar to the compounds 5a-5c, the main
difference is observed in the largest negative density on the two
hydroxyl groups. In addition, a charge transfer is observed in
the compounds 5a-5f, that moves from the N atom of the
Mannich base to the H atom of the -OH group of the phenolic
ring, allowing to assume the formation of a hydrogen bond, also
in the first excited state. This electronic behaviour is interesting
and highly desirable from the point of view of the design of

'}
¥ P

Fig.5
+0.0001 a.u. (blue) of the compounds 5a—5f.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Isosurfaces of the electronic density difference between the ground state and the excited state with isovalues of —0.0001 a.u. (yellow) and
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Table 4 Results of antiproliferative activity by MTT essay of selected compounds®
Concentration (uM)

Compound 0.001 0.01 0.1 1 10 100 ICso (uM)

4a 136.3 + 10.86 129.7 + 19.16 140.1 + 13.74 133.6 + 12.88 131.9 + 14.48 135.7 £ 22.93 UNDETM
4b 103 £ 6.55 117.6 + 1.72 116.1 + 8.51 113.8 + 12.44 111.5 + 1.76 67.78 + 7.69 UNDETM
5a 90.62 £ 2.6 91.15 £+ 1.69 98.47 £ 5.16 121.3 £ 5.55 112 £ 9.61 88.57 £ 4.99 UNDETM
5b 111.5 + 16.39 118.1 £ 13.77 106.8 £+ 16.7 98.02 + 15.72 85.78 £ 19.24 80.32 + 12.73 1281 + 82.6
5c 95.61 + 4.57 101.3 £ 2.67 109.3 + 4.67 104.9 £ 9.14 89.81 £ 6.74 77.52 £ 5.55 582.1 £ 3.57
5d 99.79 + 2.58 109.3 £ 7.72 104.1 £ 7.47 107.7 £ 8.64 76.93 £ 8.92 32.47 + 3.24%** 43.76 + 1.29
5e 95.15 £ 9.10 93.72 £11.91 104 £+ 6.52 101.2 £ 8.33 111.6 £ 10.07 56.18 + 5.85* UNDETM

5f 85.85 £ 11.35 83.03 £+ 6.92 88.85 £+ 10.9 108.1 £ 7.16 86.1 £+ 12.1 35.87 + 10.88%* 58.44 £ 1.43

¢ UNDETM: undetermined. Absorbance values were normalized as proliferation percentage of control (mean + SEM), data from three independent
experiments. Asterisks represent statistical significance compared to control (0 mM). *p < 0.05, **p < 0.01, ***p < 0.001.

suitable chromophores for optoelectronic applications,
furthermore, this charge transfer is in agreement with the
calculated values in Tables 2 and 3, we can assume that this
structural feature and the corresponding charge transfer are
responsible for lowering the electronic gap,*®**® which explains
the tendency observed within the 6,7-dihydroxycoumarine
derivatives. Theoretical calculations of these derivatives agree
with the UV-vis experimental A, described in the Experi-
mental section. It is worthy to point that the TD-DFT analysis,
the experimental UV-vis for 5a-5f are reported for the first time.

After discussing the correspondence between the theoretical
and experimental UV-vis, is important to point that the
absorption is, as expected, dominated by the transitions of the
coumarin ring, where the electron-donating substituents
produce a lower electronic gap, when the Mannich base is
introduced, a slight bathochromic shift is observed which was
attributed to the electron-donating effect of the methylamine
substituent and the corresponding ring-like structure. The
magnitude of the bathochromic shift is not affected the identity
of the alkylic chain of the amine which only affects the extinc-
tion coefficient (UV-vis are on the ESIY).

Antiproliferative analysis

As we have been studying the photophysical and structural
features of these compounds as versatile building blocks for
many applications and since simple hydroxycoumarins are
known to have been wused widely used as anticancer
compounds,*® it was natural to evaluate the biological proper-
ties of these compounds. However, since an improvement in
biological activity was expected, the Mannich bases of hydroxy-
4-methylcoumarins have not been fully explored as anticancer
alternative. The antiproliferative activity of the new compounds
was tested in the human cervical cancer cell line HeLa, using
the MTT assay. When possible, the concentration of
compounds that inhibit half of proliferation of treated cultures
(ICs50, 1M) was calculated (Table 4). Results in Table 4 showed
that all tested compounds except 7-hydroxy-4-methyl-2H-
chromen-2-one (4a), showed a broad spectrum of anti-
proliferative activity. However, only the compounds 6,7-dihy-
droxy-4-methyl-8-(piperidin-1-ylmethyl)-2H-chromen-2-one (5d)
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and  8-(diethylamine)-6,7-dihydroxy-4-methyl-2H-chromen-2-
one (5f) inhibited more than 60% of proliferation in the
cervical cancer (67.5 and 64%, respectively), while compound
6,7-dihydroxy-4-methyl-8-(pyrrolidine-1-methyl)-2H-chromen-2-
one (5e) inhibited 44% of the proliferation of these cells.
Interestingly, these three compounds inhibited the prolifera-
tion of the HeLa cultures without remarkable signs of cytotox-
icity. Furthermore, these three compounds share the same o-
dihydroxy configuration that has been related to enhanced
biological activity than derivatives with m-dihydroxy substitu-
tion pattern.®> Moreover, o-dihydroxycoumarins have been re-
ported as cell cycle regulators, holding the cells in G0/G1 phase,
and promoting a programmed cell death or apoptosis.

opuM 100 uM

Fig. 6 Antiproliferative effect of Mannich bases in HelLa cancer cell line
(A=F).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The results of the antiproliferative assay demonstrated that the
effectiveness of compounds as antiproliferative agents increases in
order 5e < 5f < 5d, showing promising antiproliferative activity with
low toxicity towards cervical cancer cells.

Microscopy images in Fig. 6 showed the morphological
changes associated with the exposure to the compounds, curi-
ously, the control cell cultures (Fig. 6A, C and E) exhibit the
corresponding mitotic structures (arrows) observable in the
proliferation phase. When the cell cultures are exposed to these
compounds at 100 uM, a lower cellular density and cytoplasm
vacuolization (arrowheads) are observed, indicating cytotoxicity
(Fig. 6B, D and F). However, the cell membrane appears to be
complete which suggests that the compounds exert a non-
necrotic effect, perhaps apoptosis or autophagy. At this
moment, it is important to consider some structural features
related with the observed results of the antiproliferative anal-
ysis. In the introduction of this work, it was mentioned that the
presence of the methylenamino substituent was believed to
increase the metabolic stability of the compounds, so far, it is
known that esculetin derivatives are commonly metabolized by
the corresponding glucuronidation particularly in position 7 of
the compound, which directly affects to the bioavailability of
the pharmacophores,® this discussion is already published
elsewhere, however, it results helpful to notice that. The glu-
curonidation reaction of the phenolic compound is believed to
start with an acid-base reaction that forms the phenoxy anion,*
this anion is a nucleophile for the consequent second order
substitution reaction which eventually yields the glucur-
onidated compound, in this regard, in the Mannich bases of
this compounds, it is possible to notice that the hydrogen atom
is always compromised with either, the free pair of the nitrogen
atom or the free pair of the ortho-hydroxy substituent, either way
we attribute the better performance as antiproliferative
compound to the lower ability of the compounds to undergo the
glucuronidation process which reinforces our theory about the
promising results in the design of anticancer agents based on
these class of compounds.

Conclusions

The Mannich bases of hydroxy and dihydroxycoumarins are
versatile and very stable compounds which are readily synthe-
sized from available starting materials in short reaction times
and gram scale methodologies. The synthesis of 6 derivatives of
Mannich bases of hydroxycoumarins was performed, including
two derivatives which, to the best of our knowledge are
described for the first time (5d, 5f). DFT theoretical calculations
(PBEO functional) confirmed stable chemical structures and the
energy profiles of conformational motion of the substituents,
allowing us to propose the more stable conformers. QTAIM
analysis strongly suggests that the conformational motion
within these molecules yields structures in which the main non-
covalent interaction is between the hydrogen atom of the
hydroxyl group at position 7 and the hydrogen bond acceptor,
which is the nitrogen of the Mannich base. These interactions
drive the formation of six-membered rings, favouring the
structure stability enhancing the photophysical properties. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photophysical properties were studied using Time Dependent-
DFT (TD-DFT) to characterize the maximum absorption wave-
lengths for the activation of these compounds, the main elec-
tronic transitions, their major contributions, and their
assignments are reported for the first time. HOMO-LUMO
energies showed that 6,7-dihydroxy-4-methylcoumarin deriva-
tives 5d and 5f have the smallest gap energies, favourable for the
behaviour as fluorophores. The maximum absorption wave-
lengths were assigned to the electronic transitions w — ¥,
carried out by 7-dihydroxy-4-methylcoumarin and 6,7-
dihydroxy-4-methylcoumarin derivatives. These values are
completely in according to the experimental UV/vis measure-
ments. Regarding their biological activity, the Mannich bases
turned out to be non-cytotoxic antiproliferative compounds
towards HeLa cell line, which, as far as we know, have never
been tested. The cyclic structure resulting from the intra-
molecular hydrogen interaction produces a stable six
membered ring, in such a way that we conclude that this
structure decreases in some extent, the reactivity of 7-hydroxy
substituent towards glucuronidation reaction, improving the
metabolic stability, in consequence the bioavailability and the
antiproliferative activity. The importance of the 7-hydroxy
substituent has been mentioned earlier,™ however other
authors did not provide the theoretical rationalization of this
structural feature and the synergy with the inherently active
methylene amino substituent which utterly facilitates the anti-
proliferative activity, in this regard, our study provides the
theoretical rationalization of the antiproliferative activity of 6,7-
dihydroxy-4-methyl-8-(piperidin-1-ylmethyl)-2 H-chromen-2-one
(5d) and 8-(diethylamine)-6,7-dihydroxy-4-methyl-2H-chromen-
2-one (5f), which inhibited more than 60% of proliferation in
the cervical cancer (67.5 and 64%, respectively). With these
results the Mannich's products could be considered as impor-
tant anticancer pharmacophores.

Mannich bases of hydroxy and dihydroxycoumarins are
readily available, stable, and versatile compounds with desir-
able electronic characteristics, we considered these as prom-
ising molecular scaffolds in optoelectronics. On the other hand,
they are promising molecules in the design of new anticancer
agents, their availability and privileged structure resulting in
their wide range of biological activities make them excellent
targets for future research, not only in the improvement of
known chemotherapeutic strategies but even in the design of
new materials for many applications.

Experimental section
Synthesis

Coumarins syntheses were carried out in air. Organic solvents
were purchased as RA grade and used without further purifi-
cation. Resorcinol, 2,4-dihydroxybenzaldehyde, pyrrolidine,
piperidine and diethylamine were purchased from Aldrich and
used as received. The synthesis of 6,7-dihydroxy-4-
methylcoumarin and 1,2,4-benzenetriol was prepared accord-
ing to already published procedure which is available in the
literature. Thin layer chromatography was carried out in Merck
GF,s4 0.2 mm of thickness TLC plates. Melting points were

RSC Adv, 2021, 11, 31260-31271 | 31267
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obtained from a Fisher-Johns apparatus and are uncorrected.
NMR experiments were carried out in solution using methanol-
d, and DMSO-d; as solvents. 'H and >C NMR experiments were
recorded in an Agilent Technologies DD2 500 MHz spectrom-
eter. Chemical shifts are reported in ppm, multiplicity by means
of coupling constants is measured in hertz (Hz). DMEM-F12,
penicillin-streptomycin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Sodium bicarbonate and
dimethylsulfoxide (DMSO) were obtained from Sigma Chem (St.
Louis, MO, USA). Fetal bovine serum (FBS) was obtained from
Biowest (Nuaillé, France).

1,2,4-Benzenetriol (2). In a round bottom flask, 5.84 g (55.1
mmol) of sodium carbonate anhydrous was suspended in
7.0 mL (68.6 mmol) of hydrogen peroxide 30% v/v. The resulting
slurry was stirred at 0 °C for 60 minutes, after that time, 20 mL
of degassed water was added and at 0 °C a solution of 4 g (28.9
mmol) of 2,4-dihydroxybenzaldehyde in 30 mL of degassed THF
was added by dropwise. The reaction was stirred at room
temperature for 3 hours. After completion (TLC) the reaction
was quenched and acidified (pH = 3) with HCl 2.0 F and
extracted with ethyl acetate, dried with sodium sulphate, and
concentrated to afford 3.35 g of a yellow solid. The crude was
purified by column chromatography using hexane-ethyl acetate
mixture as eluent (8 : 2) to give 3.1 g (85% yield) of a yellow solid
which is easily oxidized, thus it was stored at 5 °C and used
immediately. "H-NMR (500 MHz, CD;0D-d,) 6, ppm: 6.57 (d, 1H, ] =
8.5 Hz), 6.30 (d, 1H, / = 2.8 Hz), 6.12 (dd, 1H, J = 8.5, 2.8 Hz). °C-
NMR (125 MHz) 6, ppm: 150.3, 145.6, 137.8, 115.3, 105.3, 102.9.

General procedure for the synthesis of 4-methyl-
hydroxycoumarins (4). In a round bottom flask equipped with
magnetic bar and condenser, 31.7 mmol of phenol and
31.7 mmol of freshly distilled ethyl acetoacetate were dissolved
in 40 mL of phosphoric acid and the mixture was stirred at
60 °C. The reaction was monitored by TLC up to the complete
consumption of the corresponding phenol. After completion,
the reaction was quenched with ice (water). The crude product
was filtered and crystallized from methanol-water affording the
corresponding 4-methyl-coumarins.

7-Hydroxy-4-methyl-2H-chromen-2-one (4a). Yellow solid,
85% yield, mp 185-187 °C. 'H NMR (500 MHz, DMSO-d,)
6, ppm: 7.55 (d, 1H, J = 8.7 Hz), 6.77 (dd, 1H, J = 8.7, 2.4 Hz),
6.67 (d, 1H, J = 2.4 Hz), 6.09 (d, 1H,J = 1.1 Hz), 2.33 (d, 1H, ] =
1.1 Hz). *C NMR (125 MHz) §, ppm: 161.6, 160.7, 155.3, 153.9,
127.0, 113.3, 112.4, 110.7, 102.6, 18.5.

6,7-Dihydroxy-4-methyl-2H-chromen-2-one  (4b).  Yellow
solid, 90% yield, mp 262-264 °C. 'H NMR (500 MHz, DMSO-d)
6, ppm: 10.23 (s, OH), 9.39 (s, OH), 6.98 (s, 1H), 6.71 (s, 1H), 6.06
(d, 1H,J = 1.1 Hz), 2.28 (d, 3H, J = 1.1 Hz). >C NMR (125 MHz)
6, ppm: 161.1, 153.7, 150.5, 148.1, 143.2, 111.9, 110.8, 109.8,
103.1, 18.6.

General procedure for the synthesis of 8-substituted
coumarin Mannich bases (5a-5f). In a round bottom flask
equipped with a magnetic bar and condenser, the appropriate
amine (0.03 mol) and aqueous formaldehyde (37%) (0.03 mol)
were mixed in 20 mL absolute methanol at 50 °C for 30 minutes.
Then, the 7-hydroxy-4-methylcoumarin or 6,7-hydroxycoumarin
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(0.01 mol) dissolved in 20 mL of absolute methanol was added
dropwise. The mixture was stirred at reflux for 12 h and the
reaction was monitored by TLC. After completion, the crude was
purified by column chromatography using dichloromethane-
methanol mixture (97 : 3) as eluent to give the corresponding
compound.
7-Hydroxy-4-methyl-8-(piperidin-1-ylmethyl)-2H-chromen-2-
one (5a). White solid, 60% mp 138-140 °C. '"H NMR (500 MHz,
DMSO-dg) 6 7.50 (d, 1H, J = 8.7 Hz), 6.70 (d, 1H, J = 8.7 Hz), 6.09
(d, 1H, J = 1.1 Hz), 3.90 (s, 2H), 2.53 (br s, 4H), 2.34 (d, 3H, ] =
1.1 Hz), 1.54 (m, 4H), 1.43 (d, 2H, J = 4.8 Hz). "*C NMR (125
MHz, DMSO-d) 6 162.9, 160.5, 154.4, 152.7, 125.5, 113.4, 111.9,
110.0, 108.1, 53.7, 53.6, 25.7, 23.7, 18.7 ppm. IR (ATR): 3361 (br),
1698, 1694, 1600, 1558, 1170 cm ™. HRMS (ESI): C;6H,,NO;
caled for [M + 1]": 274.1443, found: 274.1442.
7-Hydroxy-4-methyl-8-(pyrrolidin-1-ylmethyl)-2H-chromen-2-
one (5b). Yellow solid, 69% mp 53-56 °C. 'H NMR (500 MHz,
DMSO-dq) 6 7.53 (d, 1H, J = 8.7 Hz), 6.76 (d, 1H, J = 8.7 Hz), 6.10
(d, 1H, J = 1.2 Hz), 4.09 (s, 2H), 2.75 (m, 4H), 2.35 (d, 3H, ] = 1.2
Hz), 1.81-1.77 ppm (m, 4H). *C NMR (125 MHz, DMSO-d)
0 162.6, 160.4, 154.4, 152.7, 125.9, 113.2, 111.7, 110.0, 108.5,
53.5, 49.5, 23.5, 18.6 ppm. IR (ATR): 3204 (br s), 1687, 1600,
1600, 1565, 1305 cm ™ *. HRMS (ESI): C;5sH,,NO; caled for [M +
1]+: 260.1287, found: 260.1291.
8-((Diethylamino)methyl)-7-hydroxy-4-methyl-2 H-chromen-
2-one (5¢). Yellow solid 54% mp 60-62 °C. "H NMR (500 MHz,
DMSO-d) 6 7.50 (d, 1H, J = 8.7 Hz), 6.69 (d, 1H, J = 8.7 Hz), 4.01
(s, 2H), 2.66 (q, 4H, J = 7.1 Hz), 2.34 (d, 4H, J = 0.9 Hz), 1.06 (t,
6H, J = 7.2 Hz). >C NMR (125 MHz, DMSO-d,) 6 163.6, 160.4,
154.4, 152.6, 125.5, 113.5, 111.6, 109.8, 108.3, 49.1, 46.7, 18.6,
11.2. IR (ATR): 2854, 2921, 1722, 1596, 1558, 1061 cm . HRMS
(ESI): C;5H,NO; caled for [M + 1]": 262.1443, found: 262.1438.
6,7-Dihydroxy-4-methyl-8-(piperidin-1-ylmethyl)-2 H-
chromen-2-one (5d). Yellow solid 45% mp 210-212 °C. "H NMR
(500 MHz, DMSO-d;) 6 6.90 (s, 1H), 6.00 (d, 1H, J = 1.1 Hz), 3.97
(s, 2H), 2.62 (br s, 4H), 2.27 (d, 3H, J = 1.0 Hz), 1.56 (m, 4H), 1.45
(m, 2H). "*C NMR (125 MHz, DMSO-d¢) 6 160.8, 154.15, 153.8,
146.4, 143.1, 109.9, 109.4, 107.8, 107.0, 54.09, 53.24, 25.49,
23.42, 18.81 ppm. IR (ATR): 3212 (br s), 1695, 1538, 1360 cm ™.
HRMS (ESI): C;5H;gNO, caled for [M + 1]": 276.1236, found:
276.1235.
6,7-Dihydroxy-4-methyl-8-(pyrrolidin-1-ylmethyl)-2 H-
chromen-2-one (5e). Yellow solid 35% mp 112-114 °C. 'H NMR
(500 MHz, DMSO-d,) 6 6.85 (s, 1H), 5.90 (s, 1H), 4.13 (s, 2H), 2.83
(m, 4H), 2.26 (s, 3H), 1.82 (m, 4H). **C NMR (125 MHz, DMSO-
ds) 6 161.3, 157.0, 154.3, 147.3, 143.9, 108.03, 107.6, 106.4,
106.3, 53.3, 50.4, 23.5, 18.8 ppm. IR (ATR): 3219 (br s), 1590,
1386, 1360, 1343 cm ™. HRMS (ESI): C16H,oNO, caled for [M +
1]+: 290.1392, found: 290.1392.
8-((Diethylamino)methyl)-6,7-dihydroxy-4-methyl-2 H-
chromen-2-one (5f). Yellow solid 31% mp 150-152 °C. 'H NMR
(500 MHz, DMSO-dq) 6 6.87 (s, 1H), 5.96 (s, 1H), 4.07 (s, 2H), 2.73
(q,/ = 7.2 Hz, 4H), 2.27 (s, 3H), 1.09 (t, 6H, J = 7.2 Hz). >*C NMR
(125 MHz, DMSO-dg) 6 160.9, 155.4, 154.2, 146.6, 143.4, 109.2,
108.7, 107.3, 106.6, 49.7, 46.6, 18.8, 10.9 ppm. IR (ATR): 3198
(br), 2979 (br s), 1702, 1667, 1356 cm™*. HRMS (ESI): C;5H,,NO,
caled for [M + 1]": 278.1392, found: 278.1393.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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UV-vis analysis

UV-vis spectra were recorded on a Genesys 10s UV-vis spectro-
photometer from Thermo Scientific using quartz cuvettes with
1 cm path length at 298 K. A solution of 1 mg mL™" of
compounds 5a-5f in HPLC methanol were prepared, these
solutions were diluted 10 times in methanol HPLC and the
solution was transferred to the cuvette.

Computational details

An initial conformational analysis of coumarins 5a-5f was
performed through the annealing quenching method as
implemented in the computational package AMPAC10.*> The
lowest energy conformations were optimized employing the
Berny algorithm.* Geometry was optimized in the gas phase
through DFT methods as implemented in the Gaussianl6
program.** The 1996 pure functional of Perdew, Burke and
Ernzerhof as made into a hybrid functional by Adamo, PBEO
(with 25% exact exchange and 75% DFT exchange),**® and the
correlation-consistent augmented triple-zeta basis set, aug-cc-
pVTZ* with polarized and diffuse functions, were employed.
These structures were reoptimized in solution with water as
solvent, according to SMD solvation model*® at the same level of
theory. HOMO and LUMO energies and gap energies were
calculated from optimized PBEO/aug-cc-pVTZ structures.
Maximum absorption wavelengths and main electronic transi-
tions were assigned by using the TD-DFT methodology.* The
wave function was processed with the AIMAII*® package to yield
the topological indexes of the electronic density of each
compound. QTAIM analysis is a powerful theoretical tool to get
relevant information of the through-space electronic density
distribution, p(¥), in any given molecular system.*"*> QTAIM
analysis partitions the molecular space and identifies mono-
nuclear regions of the atoms within the molecule. From this
treatment, bond paths are established suggesting certain
interactions between two or more nuclei. Among other things,
this model shows that the properties of the electronic density
evaluated at the critical points characterize the interaction
between the atoms within the molecule. Two main variables are
obtained from the eigenvalues of the Hessian matrix in the
critical point: Laplacian of the electronic density,V?p(7.),

3
defined as the sum of eigenvalues, 4y, 45, 43, (V?p(7) = Y 4)
i=1

and ellipticity, ¢, defined as ¢ = %f 1. The sign of the Lap-
2

lacian indicates the kind of interaction between two nuclei, if it
is negative, the electronic charge is being shared by two nuclei
and, therefore, a significant interaction is characterized. If the
value is positive, the depletion of the electronic density of the
gradient flux surface that accumulates in the individual atomic
regions is observed. Furthermore, the ellipticity, ¢, at the critical
point, 7., shows how electronic density specifically accumulates
in a plane that contains the bond trajectory, thus providing
a quantitative notion of the o— character of a bond. Within this
approach, bonding interactions are fully characterized by
density values, the Laplacian and the ellipticity at the saddle
critical points.>
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Proliferation assay

Human cervical cancer cell line was authenticated by short-
tandem repeat profiling (STR) as HeLa cell line. For the prolif-
eration assays, HeLa cells were seeded at 7.8 x 10> cells per cm?
in DMEM-F12, supplemented with 3.7 ¢ L™ of sodium bicar-
bonate, 8% FBS, and 1% antibiotics and incubated at 37 °C in
a 5% CO, atmosphere. At the beginning of the exponential
growth phase, the cultures were refed with fresh medium that
contained different concentrations of the synthetized molecules
(0.001-100 puM) that were previously sterilized through a 0.22
um syringe filter. Cell cultures without synthesized molecules
were used as a proliferation control. Cell proliferation was
assessed by the MTT assay after 48 h of treatment as described.
The culture medium was replaced with 50 puL of MTT (5 mg
mL "), and the cells were incubated for 4 h. Formazan crystals
that formed were dissolved in 200 puL of DMSO. Absorbance was
read at 570 nm on a microplate reader (Stat Fax 4200 Awareness
Technology). Each trial was performed in triplicate in three
independent experiments. The results are expressed as the
mean of proliferation percentage + standard error of the mean
(SEM). The ICs, (i.e., the concentration that inhibited cell
proliferation by 50%) was calculated from concentration-
response curves of normalized data compared with untreated
control cells.

Statistical analysis

Data from proliferative assays were analyzed in R version 3.6.1
(ref. 54) by one-way ANOVA test or the non-parametric Kruskal-
Wallis test. Means differences were evaluated by the Tukey post
hoc test or Dunn's multiple comparison test,” as appropriate.
The dose-response curves and ICs, values were obtained by the
log(inhibitor) vs. normalized response-variable slope equation
using the GraphPad Prism version 8.0.0 for Windows, GraphPad
Software, San Diego, California USA, www.graphpad.com.
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