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Abstract: We report herein the synthesis and characterization of three heterocyclic curcuminoid
ligands and their homoleptic metal complexes with magnesium and copper. Thus, N-methyl-2-
pyrrolecarboxaldehyde, Furan-2-carboxaldehyde, and 2-Thiophenecarboxaldehyde were condensed
with 2,4-pentanedione-boron trioxide complex. The first N-methyl-2-pyrrole curcuminoid and
its Mg(II) complex are reported. All curcuminoid ligands and their corresponding metal com-
plexes were characterized by infrared spectroscopy (IR), liquid state nuclear magnetic resonance
(LSNMR), electron paramagnetic resonance (EPR), mass spectrometry (MS) and single crystal X-ray
diffraction (SCXRD). The ThiopheneCurc-Cu (9) constitutes the first case of a “conformationally-
heteroleptic” complex. The unique six-peaks star arrangement for the ThiopheneCurc ligand derived
from the supramolecular description is reported. The metal complexes of FuranCurc-Mg (5) and
ThiopheneCurc-Cu (9) have a good antioxidant effect (IC50 = 11.26 ± 1.73 and 10.30 ± 0.59 µM),
three and two times higher than their free ligands respectively. Additionally, (5) shows remarkable
cytotoxicity against colon cancer adenocarcinoma cell line HCT-15, comparable to that of cisplatin,
with a negligible toxic effect in vitro towards a healthy monkey kidney cell line (COS-7).

Keywords: curcumin analogous; crystal structure; magnesium complexes; copper complexes; antiox-
idant activity; cytotoxic activity; conformationally-heteroleptic complex

1. Introduction

Turmeric has a historical origin in India and currently receives worldwide attention
due to its antioxidant, antibacterial, and anti-cancer activities, among its activities against
other severe ailments. In addition, most biological studies point to curcumin as the key
active secondary metabolite in Curcuma longa.

Curcumin is a heptanoid chain within a β-diketone group and two phenolic groups [1–7]
at the aromatic substituents. The presence of the β-diketone function is responsible for the
formation of metal complexes in this molecule [1,2]. Curcumin, curcuminoids, or their metal
complexes exert different biological properties [8–11], where the latter usually shows higher
activity with respect to the parent ligand. In previous work, we reported the biological activity
of curcuminoid metal complexes and the strategies followed to obtain their single crystals with
different metal ions [12]. From the results of our previous studies of copper and magnesium
complexes of curcuminoids [12,13], it was attractive to examine the antioxidant and cytotoxic
properties of the present heterocyclic analogs [14–16], which we report herein.

Previous studies have shown that indole curcumin analogs have an important antioxi-
dant effect similar to curcumin itself and more significant anticancer activity of the former
in liver, ovarian, intestinal, and endometrial cancer [14]. However, furan-curcumin analogs
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have shown a substantial effect on the inhibition of the TrxR enzyme, which is observed in
high levels in many tumor cells and plays a wide range of functions in cell proliferation [15].
In addition, the thiophene-curcumin analogs have also shown anticancer activity in colon
cancer lines [16].

Considering the increasing importance of heterocyclic curcumin analogs, we decided
to investigate their metal complexes. Thus, three curcumin analogs and six metal complexes
were fully characterized, e.g., N-methylpyrrolcurcumin (N-methyl-pyrCurc, 1), Furancur-
cumin (FuranCurc, 2), and Thiophenecurcumin (ThiopeneCurc, 3) (see Figure 1) were
used as ligands for complexation with copper and magnesium. Suitable crystals of most
compounds were obtained in either DMSO or DMF. A fact of significant importance is
that complexation with metals resulted in increased biological activity compared to their
parent ligands. A worth-mentioning case is the selectivity exerted by the FuranCurc-Mg
(5) complex towards the healthy cell line (COS-7) with a substantially higher IC50 value
than cisplatin.
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2. Results and Discussion
2.1. IR Spectra

The IR spectrum of N-methyl-pyrCurc (1) shows one band of very low intensity at
1696 cm−1 which corresponds to the free carbonyl group of the diketone. The same band is



Molecules 2023, 28, 1434 3 of 20

observed for FuranCurc (2) at 1698 cm−1 due to the free carbonyl group of the β-diketone
as well (see Table 1). The intense IR bands at 1605 cm−1 in the N-methyl-pyrCurc (1),
1623 cm−1 in the FuranCurc (2) spectrum and 1609 cm−1 for ThiopheneCurc (3), are at-
tributed to the intramolecular hydrogen bond, supporting a predominant enolic form for
all these compounds. The bands observed at 948 cm−1 (N-methyl-pyrCurc (1)), 597 cm−1

(FuranCurc (2)), and 960 cm−1 (ThiopheneCurc (3)) correspond to the trans -CH=C-double
bond. The IR spectra of the magnesium complexes, except for ThiopheneCurc-Mg (6), show
a broadband at the rank of 3200–3350 cm−1 corresponding to the humidity on the sample.
Metal-O vibrations are found at: 446 cm−1 and 1508 cm−1 (N-methyl-pyrCurc-Mg (4)),
500 cm−1 and 1519 cm−1 (FuranCurc-Mg (5)), 476 cm−1 and 1497 cm−1 (ThiopheneCurc-
Mg (6)). In the case of copper complexes these bands are found at the same range. In the
case of N-methyl-pyrCurc-Cu (7) these are found at 1500 cm−1 and ~421 cm−1, consis-
tently. FuranCurc-Cu (8) shows bands at 1503 cm−1 and 418 cm−1, together with bands at
1502 cm−1 and 484 cm−1 in the ThiopheneCurc-Cu (9) spectrum (Table 1) [17].

Table 1. IR spectra data of compounds 1–9.

Compounds Keto-Enol (cm−1) -CH=C-
(cm−1)

C-H Stretch
(cm−1)

C-H Bending
(cm−1)

Vibrations M-O
(cm−1)

N-methyl-pyrCurc 1696 and 1605 948 2921–2875 - -
FuranCurc 1698 and 1623 957 3124 - -

ThiopheneCurc 1609 960 - - -
N-methyl-pyrCurc-Mg 1620 962 2942 - 1508 and 446

FuranCurc-Mg 1630 958 - - 1519 and 500
ThiopheneCurc-Mg 1600 956 3018 - 1497 and 476

N-methyl-pyrCurc-Cu 1707 and 1684 957 2977–2929 - 1500 and 421
FuranCurc-Cu 1731 and 1623 961 3137–3109 - 1503 and 418

ThiopheneCurc-Cu 1673 and 1613 953 3102–2843 - 1502 and 484

2.2. NMR Spectra

The 1H NMR spectrum of the ligand N-methyl-pyrCurc (1) shows one singlet for the
OH proton at 16.66 ppm (due to the strong intramolecular hydrogen bond) and one singlet
for the methine vinylic proton at ~5.96 ppm. Protons α and β to the diketone group appear
at 6.49 ppm and 7.52 ppm respectively, with a trans coupling constant of 15.5 Hz. Methyl
protons appear as singlets at 3.72 ppm (see Table 2). The 1H NMR spectrum of FuranCurc
(2) shows one singlet for the OH proton at 16.06 ppm and a singlet for the methine proton
at 6.20 ppm; both protons are involved in a strong intramolecular hydrogen bond (enol
tautomer). Protons α to the diketone appear at 6.57 ppm and protons β to the diketone at
7.46 ppm, with a trans coupling constant of ca. 15.7 Hz. Protons α and β to the diketone
group appear at 6.57 and 7.46 ppm respectively. The 1H NMR spectrum of ThiopheneCurc
(3) shows a singlet (broad signal) for the OH proton at 16.07 ppm and a singlet for the
methine proton at 6.19 ppm. Unsaturated protons α to the diketone group appear at
6.57 ppm and the corresponding β protons at 7.82 ppm, with a trans coupling constant of
15.6 Hz. Aromatic protons were assigned through 1D and 2D experiments. All magnesium
complexes maintain the signals previously described except for the enol (-OH) proton
signals. The rest of the signals are only affected by the presence of a magnesium nucleus.
This effect is observed more in the methine proton of each curcumin analog, observing
the following differences in the chemical shifts: 0.53 ppm for N-methyl-pyrCurc-Mg (4),
0.7 ppm for FuranCurc-Mg (5), and 0.61 ppm for ThiopheneCurc-Mg (6) (Table 2) [12,18].
The signals attributed to the α and β protons were not as affected as those from the methine
nuclei, showing a difference in rank of 0.13 to 0.06 ppm for the α protons and 0.28 to 0.16 for
those corresponding to the β nuclei, although the vinylic protons maintained a J coupling
constant of ~16 Hz observed in all cases. Aromatic protons were also assigned using 1D
and 2D experiments.



Molecules 2023, 28, 1434 4 of 20

Table 2. 1H NMR Chemical shifts (δ) of compounds 1–6.

Compound OH (δ) Methine (δ) α to the
Diketone (δ)

β to the
Diketone (δ) Methyl (δ) Aromatic (δ)

N-methyl-pyrCurc 16.66 5.96 6.49 7.52 3.72 6.15–7.03
FuranCurc 16.06 6.20 6.57 7.46 - 6.66–7.88

ThiopheneCurc 16.07 6.19 6.57 7.82 - 7.18–7.75
N-methyl-pyrCurc-Mg - 5.43 6.42 7.36 3.65 6.06–6.88

FuranCurc-Mg - 5.55 6.51 7.19 - 6.58–7.75
ThiopheneCurc-Mg - 5.58 6.48 7.54 - 7.10–7.58

2.3. EPR Spectra

The EPR spectra of ligands show diamagnetic spectra, while the EPR spectra of copper
complexes of ligands 7–9 show a typical four-lines pattern (see Figure 2). The g‖, g⊥,
A‖, and A⊥ values were obtained directly from the EPR spectra. The g‖and g⊥ values
of complexes 7–9 were ca. 2.30 and 2.06, resulting from unpaired electrons in the dx2-y2
molecular orbital [17]. The values of g‖ greater than 2.3 suggest an ionic environment for
the complexes. The A‖ values ca. 142× 10−4 cm−1 are consistent with a typical monomeric
distorted square planar geometry. The quotient g‖/ A‖ provides an index of departure
from the tetrahedral structure. The quotient values that fall in the range 105–135 cm−1

suggest a regular square planar structure. Although the observed values (139–146 cm−1)
are far from this range, compounds 7 and 8 would be square planar as observed in the
crystal structures of compound 8 (see Table 3) [13,17,19–21].
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Table 3. EPR spectra data of copper complexes 7–9.

Complexes g‖ g⊥ A‖ (10−4 cm−1) A⊥ (10−4 cm−1) g‖/A‖ (cm−1)

N-methyl-pyrCurc-Cu 2.29 2.06 16.5 1.9 138.8
FuranCurc-Cu 2.30 2.06 16.2 1.3 141.2

ThiopheneCurc-Cu 2.30 2.06 15.9 1.1 146.0

Parallel g-value = g‖, perpendicular g-value = g⊥, parallel A-value = A‖, perpendicular A-value = A⊥.

2.4. Single Crystal X-ray Diffraction

The molecular structures of the ligands 1–3 and their magnesium (4,6) and copper
(8,9) complexes were determined by single crystal X-ray diffraction. The crystal data and
structure refinements are given in Table 4 and their diagrams are given in Figures 3 and 4.

Molecules 2022, 27, x FOR PEER REVIEW 7 of 22 
 

 

Goodness-
of-fit on F2 

1.035 1.030 1.034 1.025 1.036 1.015 1.001 1.066 

Final R 
indices [I > 

2σ (I)] 

R1 = 
0.0817, 
wR2 = 
0.1854 

R1 = 
0.0626, 
wR2 = 
0.1520 

R1 = 0.0633, 
wR2 = 0.1332 

R1 = 
0.0591, 
wR2 = 
0.1359 

R1 = 
0.0578, 
wR2 = 
0.1268 

R1 = 
0.0618, 
wR2 = 
0.1468 

R1 = 
0.0550, 
wR2 = 
0.1124 

R1 = 
0.0627, 
wR2 = 
0.1084 

R indices  
(all data) 

R1 = 
0.1590, 
wR2 = 
0.2172 

R1 = 
0.1189, 
wR2 = 
0.1870 

R1 = 0.1202, 
wR2 = 0.1572 

R1 = 
0.1209, 
wR2 = 
0.1700 

R1 = 
0.1161, 
wR2 = 
0.1504 

R1 = 
0.1619, 
wR2 = 
0.1883 

R1 = 
0.1388, 
wR2 = 
0.1464 

R1 = 
0.1062, 
wR2 = 
0.1228 

Largest diff. 
peak and 
hole, e.Å−3 

0.333 and 
−0.257 

0.144 and 
−0.126 

0.433 and 
−0.391 

0.187 and 
−0.288 

0.408 and 
−0.300 

0.650 
and 
−0.370 

0.479 and 
−0.281 

1.252 and 
−0.528 

 
Figure 3. ORTEP diagrams of Ligand (1a), (1b), (2), and (3) showing the labelling scheme. Ellip-
soids drawn at 50% probability. 

Figure 3. ORTEP diagrams of Ligand (1a), (1b), (2), and (3) showing the labelling scheme. Ellipsoids
drawn at 50% probability.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 22 
 

 

 
Figure 4. ORTEP diagrams of Complexes (4), (6), (8), and (9) showing the labelling scheme. Ellip-
soids drawn at 50% probability. 

Ligand 1 exists in two polymorphic forms, both in the monoclinic system and with 
the same space group P 21/c, but not as isomorphs. However, both molecules display a 
significant similarity (RMSD = 0.0764) (Figure S1). 

Scheme 1 shows the canonical structures for the corresponding tautomeric represen-
tation of ligands 1 to 3. Conformational searches of the canonical forms 1–3 were carried 
out using MMFF94 implemented in Conflex 7 [22,23]. Figure S2 illustrates the nine theo-
retical extreme conformers of the heterocyclic curcuminoids. Each structure displays a 
distinctive set of s-cis and s-trans for the enone (enol) conformation and/or syn-anti orien-
tation of the heteroatom (N, O, S) relative to the 2,4-pentanedione, thus distinguishing the 
different families. The corresponding conformer clusters for the ligands 1–3 are shown in 
Figures S3–S5. 

Ligands 1 and 2 display in the solid state the predicted minimum energy conformers 
with the s-cis, s-cis enone configuration, which gives them a fully extended nearly planar 
conformation. Nevertheless, they differ in the orientation of the heterocyclic rings corre-
sponding to syn, syn for the N-methyl-pyrCurc (1), while the anti-relationship is observed 
for FuranCurc (2). On the contrary, ligand ThiopheneCurc (3) displays in solid-state a dis-
ordered structure (0.642:0.358) with s-trans, s-cis, anti, syn conformation, which is the less 
populated conformer (see Figure 3).  

In magnesium complexes 4 and 6, each of the ligand molecules coordinates to the 
Mg(II) center as a bidentate (O, O) chelating donor in the meridional style and then ac-
quires a distorted octahedral geometry about the metal ion with DMF solvent molecules 
in the apical positions. Notably, in complex 6, the disordered ThiopheneCurc ligand 
changes from a s-trans, s-cis, anti, syn conformation to both s-cis, s-cis, anti, anti (major) and 
s-cis, s-cis, syn, anti (minor) conformations upon coordination with Mg(II) as depicted in 
Figure S6. 

Figure 4. ORTEP diagrams of Complexes (4), (6), (8), and (9) showing the labelling scheme. Ellipsoids
drawn at 50% probability.



Molecules 2023, 28, 1434 6 of 20

Table 4. Crystal data and structure refinement parameters for the new ligands and their complexes.

Compound 1a 1b 2 3 4 6 8 9

Empirical
formula

C17 H18 N2
O2

C17 H18 N2
O2

C15 H12 O4
C15 H12 O2

S2

C46 H62 Mg
N8 O8

C36 H36 Mg
N2 O6 S4

C30 H22 Cu
O8

C68 H64 Cu2
N2 O11 S9

Formula
weight 282.33 282.33 256.25 288.37 879.34 745.22 574.01 1500.83

Temperature,
K 150 (2) 298 (2) 100 (2) 298 (2) 150 (2) 298 (2) 298 (2) 100 (2)

Wavelength,
Å

0.71073 1.54178 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal
system Monoclinic Monoclinic Orthorhombic Trigonal Monoclinic Triclinic Monoclinic Monoclinic

Space group P 21/c P 21/c P b c a R-3c P 21/n P-1 P 21/c C 2/c
a, Å 15.569 (4) 5.3583 (5) 13.6597 (7) 14.6851 (8) 14.1600 (6) 16.443 (4) 9.7687 (5) 24.315 (4)
b, Å 5.2794 (11) 23.644 (2) 5.3390 (3) 14.6851 (8) 8.2794 (3) 16.545 (4) 12.2654 (7) 8.4402 (11)
c, Å 17.787 (4) 12.0857 (12) 33.3961 (18) 66.215 (4) 20.9371 (8) 16.769 (4) 22.2667 (13) 34.353 (5)
α ◦ 90 90 90 90 90 118.636 (6) 90 90
β, ◦ 90.325 (6) 99.852 (7) 90 90 102.936 (1) 95.528 (7) 101.275 (2) 110.675 (6)
γ, ◦ 90 90 90 120 90 99.686 (6) 90 90

Volume, Å3 1461.9 (5) 1508.5 (2) 2435.5 (2) 12366.2 (15) 2392.29 (16) 3863.3 (17) 2616.4 (3) 6596.0 (16)
Z 4 4 8 36 2 4 4 4

Dcalc,
Mg/m3) 1.283 1.243 1.398 1.394 1.221 1.281 1.457 1.511

Absorption
coefficient,

mm−1
0.085 0.661 0.102 0.381 0.096 0.307 0.887 0.993

F (000) 600 600 1072 5400 940 1560 1180 3104
Crystal size,

mm
0.384 × 0.176
× 0.070

0.372 × 0.342
× 0.026

0.266 × 0.224
× 0.142

0.385 × 0.242
× 0.202

0.407 × 0.291
× 0.218

0.296 × 0.213
× 0.148

0.417 × 0.290
× 0.118

0.416 × 0.172
× 0.020

θ range for
data

collection, ◦
2.290 to
26.367

3.739 to
72.094

2.439 to
29.573

2.924 to
25.675

2.655 to
29.130

2.157 to
27.103

2.497 to
27.102

2.533 to
28.699

Index ranges

−17 ≤ h ≤
19, −6 ≤ k ≤
6, −22 ≤ l ≤

22

−6 ≤ h ≤ 5,
−29 ≤ k ≤
29, −14 ≤ l
≤ 14

−18 ≤ h ≤
18, −7 ≤ k ≤
7, −46 ≤ l ≤

46

−15 ≤ h ≤
17, −17 ≤ k
≤ 17, −80 ≤

l ≤ 80

−17 ≤ h ≤
19, −11 ≤ k
≤ 11, −28 ≤

l ≤ 24

−21 ≤ h ≤
21, −21 ≤ k
≤ 21, −21 ≤

l ≤ 21

−10 ≤ h ≤
12, −15 ≤ k
≤ 15,−28 ≤ l
≤ 28

−32 ≤ h ≤
32, −11 ≤ k
≤ 11,−46 ≤ l
≤ 46

Reflections
collected 9864 17,960 27,981 45,772 26,658 84,301 45,719 74,767

Independent
reflections

2987 [R (int)
= 0.0917]

2924 [R (int)
= 0.0991]

3415 [R (int)
= 0.0992]

2610 [R (int)
= 0.1000]

6432 [R (int)
= 0.0586]

17012 [R (int)
= 0.0695]

5766 [R (int)
= 0.0947]

8512 [R (int)
= 0.1389]

Completeness 99.2%, to
θ = 25.242◦

98.3%, to
θ = 67.679◦

99.8%, to
θ = 25.242◦

99.5%,
to θ = 25.242◦

99.6%, to
θ = 25.242◦

99.9%, to
θ = 25.242◦

99.8%, to
θ = 25.242◦

99.8%, to
θ = 25.242◦

Max. and
min.

transmission,
e.Å−3

0.7457 and
0.6371

0.7541 and
0.4853

0.7460 and
0.7005

0.7457 and
0.6830

0.7460 and
0.6911

0.7460 and
0.7045

0.7457 and
0.6429

0.7458 and
0.6069

Data/restraints
/parameters 2987/0/195 2924/1/195 3415/0/175 2610/795/302 6432/264/342 17012/3009/11265766/400/389 8512/0/424

Goodness-of-
fit on

F2
1.035 1.030 1.034 1.025 1.036 1.015 1.001 1.066

Final R
indices [I >

2σ (I)]

R1 = 0.0817,
wR2 = 0.1854

R1 = 0.0626,
wR2 = 0.1520

R1 = 0.0633,
wR2 = 0.1332

R1 = 0.0591,
wR2 = 0.1359

R1 = 0.0578,
wR2 = 0.1268

R1 = 0.0618,
wR2 = 0.1468

R1 = 0.0550,
wR2 = 0.1124

R1 = 0.0627,
wR2 = 0.1084

R indices (all
data)

R1 = 0.1590,
wR2 = 0.2172

R1 = 0.1189,
wR2 = 0.1870

R1 = 0.1202,
wR2 = 0.1572

R1 = 0.1209,
wR2 = 0.1700

R1 = 0.1161,
wR2 = 0.1504

R1 = 0.1619,
wR2 = 0.1883

R1 = 0.1388,
wR2 = 0.1464

R1 = 0.1062,
wR2 = 0.1228

Largest diff.
peak and

hole, e.Å−3

0.333 and
−0.257

0.144 and
−0.126

0.433 and
−0.391

0.187 and
−0.288

0.408 and
−0.300

0.650 and
−0.370

0.479 and
−0.281

1.252 and
−0.528

Ligand 1 exists in two polymorphic forms, both in the monoclinic system and with
the same space group P 21/c, but not as isomorphs. However, both molecules display a
significant similarity (RMSD = 0.0764) (Figure S1).

Scheme 1 shows the canonical structures for the corresponding tautomeric represen-
tation of ligands 1 to 3. Conformational searches of the canonical forms 1–3 were carried
out using MMFF94 implemented in Conflex 7 [22,23]. Figure S2 illustrates the nine the-
oretical extreme conformers of the heterocyclic curcuminoids. Each structure displays a
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distinctive set of s-cis and s-trans for the enone (enol) conformation and/or syn-anti orienta-
tion of the heteroatom (N, O, S) relative to the 2,4-pentanedione, thus distinguishing the
different families. The corresponding conformer clusters for the ligands 1–3 are shown in
Figures S3–S5.
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Scheme 1. Synthetic procedure of curcumin analogs and its complexes.

Ligands 1 and 2 display in the solid state the predicted minimum energy conformers
with the s-cis, s-cis enone configuration, which gives them a fully extended nearly planar
conformation. Nevertheless, they differ in the orientation of the heterocyclic rings corre-
sponding to syn, syn for the N-methyl-pyrCurc (1), while the anti-relationship is observed
for FuranCurc (2). On the contrary, ligand ThiopheneCurc (3) displays in solid-state a
disordered structure (0.642:0.358) with s-trans, s-cis, anti, syn conformation, which is the
less populated conformer (see Figure 3).

In magnesium complexes 4 and 6, each of the ligand molecules coordinates to the
Mg(II) center as a bidentate (O, O) chelating donor in the meridional style and then acquires
a distorted octahedral geometry about the metal ion with DMF solvent molecules in the
apical positions. Notably, in complex 6, the disordered ThiopheneCurc ligand changes from
a s-trans, s-cis, anti, syn conformation to both s-cis, s-cis, anti, anti (major) and s-cis, s-cis, syn,
anti (minor) conformations upon coordination with Mg(II) as depicted in Figure S6.

Upon complexation with copper(II) acetate, ligands 2 and 3 yield the corresponding
complexes 8 and 9 respectively. Complex 8 displays a nearly perfect square planar geometry
while complex 9 has a square-based pyramidal geometry due to coordination with a
DMF molecule with τ5 = 0.14 (Figure 4) [24]. The basal plane of ThiopheneCurc-Cu (9)
contains two ThiopheneCurc ligands A and B with different conformations. Ligand A
(O1-C17) is s-cis, s-cis, anti, anti, whereas ligand B (O21-C37) is s-cis, s-trans, anti, anti,
Figure 4. Although conformational polymorphism is a well-studied subject, examples of
two equal ligands bound to the same metal center that possess different conformations are
not documented. Therefore, to the best of our knowledge, we consider the present case the
first “conformationally-heteroleptic” complex. Interestingly, the near in-plane geometry
involving the β-diketone system is observed only for complex FuranCurc-Cu (8), closely
resembling the geometry previously found in several curcuminoid copper complexes. [13].

2.5. Analysis of Non-Covalent Interactions

The molecular structures of polymorphs 1a and 1b contain C-H···π and C-H···O
interactions between the N-methyl group with one oxygen of the β-diketone group and
another pyrrole ring rendering zigzag layers (Figure 5). Both polymorphs have similar
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interactions with the same crystalline arrangement. Non-covalent interactions of a diverse
nature define attractive arrangements with the geometric parameters of the interactions
listed in Table 5. The crystallographic packings are represented in Figure 6 where compound
2 resembles a brick wall. The crystalline arrangement of compound 3 corresponds to a
six-sided star along axis c (Figure 7a) with the C3 symmetry supported by three C-H···O and
three C-H···S interactions, with donor-acceptor distances of 3.373 and 3.798 Å, respectively
(Figure 7b). The packing of the almost planar compound 8 has a perpendicular arrangement
of molecules. At the same time, 9 resembles a roof tile supported by three non-classical
C-H···O=C interactions between the coordinated carbonyl and methyl groups of DMF
with donor-acceptor distances of 3.456, 3.672, 3.750, 3.626 Å (Figure 8). All intermolecular
distances and angles were within the expected range reported previously [25,26].
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Figure 5. Crystalline arrangements of compound 1a supported by two C-H···π (2.740 and 2.768 Å)
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Table 5. Noncovalent interaction of ligands and their complexes.

Compound Interaction D-H···A (Å) D···A (Å) D-H-A (◦) Symmetry

1a

C17-H17B···O2 2.427 3.385 165.65 x, −1 + y, z
C12-H12B···O1 2.476 3.396 156.27 x, −1 + y, z
C11-H11···Cg1 2.768 3.586 144.76 1 − x, −1/2 + y, 1.5 − z
C16-H16···Cg2 2.740 3.575 147.17 −x, −1/2 + y, 1/2 − z

1b

C17-H17B···O2 2.456 3.369 158.73 1 + x, y, z
C12-H12B···O1 2.600 3.501 156.49 1 + x, y, z
C11-H11···Cg3 2.942 3.746 145.61 −x, −1/2 + y, 1/2 − z
C16-H16···Cg4 2.805 3.638 149.59 1 − x, −1/2 + y, 1/2 − z

2
C9-H9···O2 2.616 3.488 152.96 1 − x, −y, 1 − z

C13-H13···C12 2.839 3.643 142.98 1 − x, −1/2 + y, 1/2 − z

3
C2H2···O1 2.670 3.373 132.85 1 − y, x − y, z
C1H1···S8 2.945 3.798 153.02 1 − y, x − y, z

C10-H10···Cg5 2.679 3.565 159.45 1 − y, x − y, z

4
C10-H10···C7 2.681 3.408 133.79 1/2 − x, −1/2 + y, 1.5−z
C2-H2···O4 2.593 3.541 175.26 −1 + x, y, z
C9-H9···O4 2.494 3.421 165.30 −1 + x, y, z

6
C56-H56···O62 2.590 3.315 135.17 −x, 2-y, −z
C41H41···C58 2.751 3.474 135.18 −x, 1-y, −z
C61-H61···C58 2.730 3.368 126.55 −x, 1-y, −z
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Table 5. Cont.

Compound Interaction D-H···A (Å) D···A (Å) D-H-A (◦) Symmetry

8

C35-H35···C21 2.874 3.602 152.49 2 − x, −1/2 + y, 1/2 − z
C35-H35···C22 2.742 3.723 154.17 2 − x, −1/2 + y, 1/2 − z
C35-H35···C29 2.879 3.688 146.15 2 − x, −1/2 + y, 1/2 − z
C35-H35···O28 2.687 3.480 143.70 2 − x, −1/2 + y, 1/2 − z

9

C16-H16···O3 2.651 3.425 138.99 1/2 − x, 1/2 + y, 1/2 − z
C7-H7···C17 2.814 3.721 160.33 1/2 − x, 1/2 + y, 1/2 − z
C4-H4···S28 2.914 3.812 158.09 1 − x, 2 − y, 1 − z

C32-H32···C27 2.795 3.390 121.52 1.5 − x, 1.5 − y, 1 − z
C20-H20B···O2 2.559 3.456 152.15 x, 1 + y, z
C20-H20B···C5 2.698 3.672 172.10 x, 1 + y, z

C19-H19C···C23 2.791 3.750 165.90 x, 1 + y, z
C20-H20C···C25 2.766 3.626 146.84 x, 1 + y, z

Cg1=Cg4: N1, C8, C9, C10, C11; Cg2=Cg3: N2, C13, C14, C15, C16; Cg5: S8, C9, C10, C11, C12.
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2.6. Hirshfeld Surfaces

The Hirshfeld Surface (HS) [27] was plotted in 3D and fingerprint graphs [28] in 2D
using CrystalExplorer 21.5 software [29], along with the percentages of contact contributions
for the compounds shown in Table 6 and Figure 9. The calculated Hirshfeld surface was
mapped over the normalized contact distance dnorm (Figure 10) considering the complete
fragment of a molecule, including the disordered part for compounds 3, 4, 6, 8, and 9. The
two molecules of the asymmetric unit of complex 9 were considered, and a close contact
for the solvent was taken into account in compounds 4 and 9. The bright red spots are
near the carbonyl groups and the heterocyclic substituent. In compound 8, such spot is
found in the alkene portion, demonstrating a π interaction over this site. Fingerprints were
obtained based on HS and percentage of the most relevant contacts: those of type H···H
exceed 40% with exception of compound 9 (30.2%). The O···H/H···O contacts fall between
11 and 20% with characteristic wings that can be appreciated in the graphs. The contacts
with the lowest percentages were those of type N···H/H···N or S···H/H···S.

Table 6. Two-dimensional fingerprint plots of the compounds show the percentage of contribution.

Compound H···H C···H/H···C O··· H/H···O D··· H/H···D (D=S, N)
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2.7. Inhibition of Lipoperoxidation (LP) in Rat Brain Homogenate

In general, the metal complexes of the curcumin analogs did not show antioxidant
activity on the lipid peroxidation in a rat brain homogenate model (see Table 7). The
IC50 value of complex 5 shows lower antioxidant activity than α-tocopherol and BHT.
Nevertheless, a significant increase is observed when the FuranCurc (2) ligand is compared
with its magnesium complex 5, which triples its antioxidant activity (Table 8) [30].

Table 7. Lipoperoxidation screening of ligands and their complexes 1–9.

Compounds Concentration % of Inhibition

N-methyl-pyrCurc
1

10
100

13.71
17.41
84.75

FuranCurc
1

10
100

−6.24
1.59
93.46

ThiopheneCurc
1

10
100

0.23
25.43
51.90
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Table 7. Cont.

Compounds Concentration % of Inhibition

N-methyl-pyrCurc-Mg
1 −4.22

10 12.24
100 69.70

FuranCurc-Mg
1 3.19

10 45.20
100 93.66

ThiopheneCurc-Mg
1 −4.52

10 24.10
100 62.27

N-methyl-pyrCurc-Cu
1 −7.20

10 38.48
100 71.20

FuranCurc-Cu
1 0.83

10 27.46
100 88.94

ThiopheneCurc-Cu
1 5.67

10 51.00
100 53.96

Table 8. Inhibition of lipid peroxidation IC50 (µM) of compounds 2, 3, and their complexes.

Compounds Concentration
(µM)

TBARS
(nmol/mg prot.)

Inhibition
(%) IC50

FuranCurc (n = 3)

Basal
Control

13.34
17.78
23.71
31.62
42.17
56.23
74.13

0.562 ± 0.274
9.962 ± 0.256
9.385 ± 0.416
8.634 ± 0.462
7.356 ± 0.928

5.091 ± 1.356 **
3.590±1.114 **
1.891±0.178 **
1.167±0.148 **

5.6 ± 5.31
13.14 ± 5.84
25.93 ± 9.98

48.97 ± 13.11 **
64.24 ± 10.44 **
81.06 ± 1.43 **
88.25 ± 1.57 **

33.93±4.65

ThiopheneCurc (n = 3)

Basal
Control

10
17.78
31.62
56.23
100

177.83

0.279 ± 0.055
5.349 ± 0.267

4.398 ± 0.177 **
3.157 ± 0.139 **
2.042 ± 0.116 **
1.528 ± 0.035 **
1.425 ± 0.094 **
1.766 ± 0.119 **

17.68 ± 0.97 **
40.94 ± 0.36 **
61.81 ± 1.08 **
71.25 ± 1.79 **
73.06 ± 3.06 **
66.63 ± 3.83 **

22.02 ± 0.15

FuranCurc-Mg
(n = 3)

Basal
Control

5.62
7.50
10

13.34
17.78
23.71
31.62

0.562 ± 0.274
9.962 ± 0.256
9.194 ± 0.341
8.790 ± 0.262

5.967 ± 0.888 **
3.326 ± 0.562 **
1.676 ± 0.069 **
1.278 ± 0.070 **
1.194 ± 0.059 **

7.69 ± 2.82
11.75 ± 1.62

40.05 ± 8.79 **
66.59 ± 5.55 **
83.13 ± 1.01 **
87.14 ± 0.88 **
87.98 ± 0.77 **

11.26 ± 1.73
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Table 8. Cont.

Compounds Concentration
(µM)

TBARS
(nmol/mg prot.)

Inhibition
(%) IC50

ThiopheneCurc-Cu
(n = 3)

Basal
Control

3.16
5.62
10

17.78
31.62
56.23

0.279 ± 0.055
5.349 ± 0.267

4.665 ± 0.144 *
3.651 ± 0.200 **
2.693 ± 0.029 **
2.280 ± 0.052 **
2.351 ± 0.046 **
2.225 ± 0.055 **

12.51 ± 3.57 *
31.7 ± 2.33 **

49.46 ± 1.96 **
57.25 ± 1.19 **
55.9 ± 1.51 **

58.14 ± 2.66 **

10.30 ± 0.59

Data are represented as mean ± SEM of thee replicates. * p ≤ 0.05 and ** p ≤ 0.01 compared to FeSO4.

2.8. Cytotoxic Activity

N-methyl-pyrCurc (1) is the only ligand possessing high levels of cytotoxicity, a
noteworthy fact since the phenolic groups to whom this property is conferred have not
been found [31] (see Table 9). In general, a significant increase in the cytotoxic activity of
the magnesium and copper complexes 4–9 with respect to their free ligands is observed.
On the contrary, the N-methyl-pyrCurc-Mg (4) complex showed poor cytotoxic activity, just
the opposite to the N-methyl-pyrCurc-Cu (7), FuranCurc-Mg (5), and ThiopheneCurc-Mg
(6) complexes which exhibited an important cytotoxic effect (see Table 9). Compounds
5–6 and 9 showed great selectivity towards certain lines specifically, which has never been
observed on these compounds until now (see Table 9).

Table 9. Cytotoxic screening of ligands and their copper complexes 1–9.

% of Inhibition
Products (25 µM) U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS7

Curc 67.1 94.4 80.1 80.0 82.4 94.51 71.6
N-methyl-pyrCurc (1) 52.83 60.39 65.8 18.15 99.9 100 100

FuranCurc (2) 0 10.8 6.4 0 0 0 46.2
ThiopheneCurc (3) 0 14.8 4.4 0 13.4 0 0

N-methyl-pyrCurc-Cu (7) 71.62 64.99 74.67 100 100 100 100
FuranCurc-Cu (8) 100 100 90.1 72.4 92.8 95.0 100

ThiopheneCurc-Cu (9) 58.2 63.6 84.4 38,1 57.9 91.0 0
(12.5 µM)

N-methyl-pyrCurc-Mg (4) 19.5 1.4 28.8 15.8 35.7 18.1 23.4
FuranCurc-Mg (5) 65.9 51.2 16.4 83.2 24.2 8.6 0

ThiopheneCurc-Mg (6) 19.5 2.2 9.4 72.2 2.0 30.7 0

The results indicate that the FuranCurc-Mg (5), N-methyl-pyrCurc-Cu (7), and FuranCurc-
Cu (8) complexes have important cytotoxic effects against the U251, PC-3, K562, and HCT-15
cell lines, the IC50 values of three homoleptic complexes being similar to cisplatin in some
cases (see Table 10). The FuranCurc-Mg complex showed itself to be almost as cytotoxic as
cisplatin in the colon cell line and is also almost three times less toxic than cisplatin in healthy
cells. These results in vitro could suggest the good therapeutic potential of this compound.

Table 10. IC50 (µM) for cancer cell lines with compounds 1–9 and cisplatin.

Products U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS7

N-methyl-pyrCurc 25.8 ± 2.7 - 12.9 ± 1.0 22.4 ± 2.4 27.3 ± 4.3 13.0 ± 1.9 -
FuranCurc 11.7 ± 2.9 35.9 ± 3.9 - - - 15.5 ± 2.0 -

ThiopheneCurc - - - - - - -
FuranCurc-Mg 8.6 ± 0.6 19.7 ± 0.05 - 11.2 ± 1.0 - - 19.07 ± 0.37

ThiopheneCurc-Mg - - - 32.42 ± 1.0 - - -
N-methyl-pyrCurc-Cu 10.6 ± 1.0 - 5.9 ± 1.5 12.9 ± 2.1 10.8 ± 1.7 10.3 ± 1.0 -
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Table 10. Cont.

Products U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS7

FuranCurc-Cu 4.0 ± 0.3 3.0 ± 0.1 - - - 6.5 ± 0.2 -
ThiopheneCurc-Cu - - 38.6 ± 8.1 - - - -

Cisplatin 4.7 ± 0.4 8.94 ± 0.9 8.6 ± 0.9 10.0 ± 0.9 9.4 ± 1.0 4.3 ± 0.5 7.2 ± 0.6

3. Materials and Methods

All chemicals were available commercially and purchased from Sigma-Aldrich. The
solvents were purified by conventional methods prior to use [32].

3.1. Physical Measurements

The melting points were determined on an Electrothermal Engineering IA9100 × 1
melting point apparatus and are uncorrected.

3.2. Spectroscopic Determinations

The IR absorption spectra were recorded in the range of 4000–230 cm−1 as KBr pellets
on a BRUKER Tensor 27 spectrophotometer. The 1H and 13C NMR spectra were recorded
in dimethyl sulfoxide (DMSO-d6) on a Bruker Fourier 300 MHz and Varian Unity Inova
500 MHz spectrometer using TMS as an internal reference. The EPR spectra were recorded
in DMF at liquid nitrogen temperature (77 K) on an Electron Paramagnetic Resonance
Spectrometer JEOL, JES-TE300, ITC Cryogenic System, Oxford. Mass spectra were recorded
in a JEOL, SX 102 A spectrometer on Bruker Microflex equipped with MALDI-Flight time.
The single-crystal X-ray diffractions (SCXRD) were obtained in a Bruker diffractometer,
model D8 Venture, equipped with Mo radiation (λ = 0.71073Å) and Cu radiation (1.54178Å),
a CCD two-dimensional detector, and a low-temperature device. The data collection and
data reduction were performed by APEX and SAINT-Plus programs. These structures
were solved by direct methods using SHELX-2013 software and refined by the Full-matrix
least-squares procedure on F2 using the SHELX-2008 program [33].

3.3. Inhibition of Lipid Peroxidation on Rat Brain
3.3.1. Animal

Adult male Wistar rats (200–250 g) were provided by the Instituto de Fisiología
Celular, Universidad Nacional Autónoma de México (UNAM). The procedures and care of
animals were conducted in conformity with the Mexican Official Norm for Animal Care
and Handling NOM-062-ZOO-1999. They were maintained at 23 ± 2 ◦C on a 12/12 h
light-dark cycle with ad libitum access to food and water.

3.3.2. Rat Brain Homogenate Preparation

Animal sacrifice was carried out avoiding unnecessary pain. The rats were sacrificed
with CO2. The cerebral tissue (whole brain) was rapidly dissected and homogenized in
phosphate-buffered saline (PBS) solution (0.2 g of KCl, 0.2 g of KH2PO4, 8 g of NaCl,
and 2.16 g of NaHPO4.7H2O/L, pH adjusted to 7.4) as described elsewhere [34,35] to
produce a 1/10 (w/v) homogenate. The homogenate was centrifuged at 800 rcf (relative
centrifugal field) for 10 min. The supernatant protein content was measured using Folin
and Ciocalteu’s phenol reagent [36] and adjusted with PBS at 2.666 mg of protein/mL.

3.3.3. Induction of Lipid Peroxidation and Thiobarbituric Acid Reactive Substances
(TBARS) Quantification

As an index of lipid peroxidation, TBARS levels were measured using rat brain
homogenates according to the method described by Ng and co-workers [37], with some
modifications. A supernatant (375 µL) was added with 50 µL of 20 µM EDTA and 25 µL of
each sample concentration dissolved in DMSO (25 µL of DMSO for the control group) and
incubated at 37 ◦C for 30 min. The lipid peroxidation was started adding 50 µL of freshly
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prepared 100 µM FeSO4 solution (final concentration 10 µM) and incubated at 37 ◦C for 1h.
The TBARS measurements were obtained as described by Ohkawa and co-workers [38],
with some modifications. To each tube 500 µL of TBA reagent (0.5% 2-thiobarbituric
acid in 0.05 N NaOH and 30% trichloroacetic acid, in 1:1 ratio) was added and the final
suspension was cooled on ice for 10 min, centrifuged at 13,400 rcf for 5 min and heated
at 80 ◦C in a water bath for 30 min. After cooling at room temperature, the absorbance of
200 µL of supernatant was measured at λ = 540 nm in a Microplate Reader Synergy/HT
BIOTEK Instrument, Inc., Winooski, VT, USA. The concentration of TBARS was calculated
by interpolation on a standard curve of tetra-methoxypropane (TMP) as a precursor of
MDA [38]. Results are expressed as n moles of TBARS per mg of protein. The inhibition
ratio (IR [%]) was calculated using the formula IR = (C − E) × 100/C, where C is the
control absorbance and E is the sample absorbance. Butylated hydroxytoluene (BHT) and
α tocopherol were used as positive standards. All data are presented as mean ± standard
error (SEM). The data were analyzed by one-way analysis of variance (ANOVA) followed
by Dunnett’s test for comparison against a control. Values of p ≤ 0.05 (*) and p ≤ 0.01 (**)
were considered statistically significant.

3.4. Cytotoxic Activity in Human Tumor Cells

The cytotoxicity of all compounds was tested against six cancer cell lines: U251 (human
glioblastoma cell line), PC-3 (human Caucasian prostate adenocarcinoma), K562 (human
Caucasian chronic myelogenous leukemia), HCT-15 (human colon adenocarcinoma), MCF-
7 (human mammary adenocarcinoma), and SKLU-1 (human lung adenocarcinoma). Cell
lines were supplied by the U.S. National Cancer Institute (NCI). The cell lines were cultured
in an RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mL L-glutamine,
10,000 units/mL penicillin G sodium, 10,000 µg/mL streptomycin sulfate, 25 µg/mL
amphotericin B (Invitrogen/Gibco™, Thermo Fisher Scientific, Waltham, MA, USA), and
1% non-essential amino acids (Gibco). They were maintained at 37 ◦C in a humidified
atmosphere with 5% CO2. The viability of the cells used in the experiments exceeded 95%
as determined with trypan blue. The human tumor cytotoxicity was determined using
the protein-binding dye sulforhodamine B (SRB) in a microculture assay to measure cell
growth, as described in the protocols established by the NCI [39–41].

3.5. Synthesis of Compounds

The general synthetic procedure for N-methyl-pyrCurc 1, FuranCurc 2, ThiopheneCurc
3, N-methyl-pyrCurc-Mg 4, FuranCurc-Mg 5 and ThiopheneCurc-Mg 6, N-methyl-pyrCurc-
Cu 7, FuranCurc-Cu 8, ThiopheneCurc-Cu 9 is shown in Scheme 1.

Compound 1. For N-methyl-pyrCurc, 3.23 mmol of boric acid and 6.46 mmol of
acetylacetone were dissolved in ethyl acetate (A-flask). In another flask, 12.93 mmol of
N-methyl-2-pyrrolecarboxaldehyde and 15.52 mmol of tributyl borate were mixed (B-flask).
Both flasks were stirred and submitted to reflux for 2h. Then, the contents of “A-flask”
were poured into “B-flask”, the mixture was stirred for 30 min, with the dropwise addition
of 15.52 mmol of n-butylamine (n-butylamine dissolved in 10 mL of EtOAc). The reaction
mixture was refluxed under an N2 atmosphere for 60 h. Then, 15.52 mmol of n-butylamine
was added and refluxing was followed for an additional 40 h. After 100 h, EtAcO: H2O
extractions (4 × 50mL) were carried out. The organic phase was dried with sodium
sulfate, filtered, and concentrated under reduced pressure. The concentrated product
was crystallized in CH2Cl2/MeOH affording N-methyl-pyrCurc as purple crystals, m.p.
159.5–160 ◦C. Yield: 30%. 1H NMR (500 MHz DMSO-d6): δ 3.72 (s, 6H), 5.96 (s, 1H),
6.15 (dd, 2Haryl, J 3.90; 2.46), 6.49 (d, 2HVinyl, J 15.52), 6.79 (dd, 2Haryl, J 3.92; 1.68), 7.02 (t,
2Haryl, J 2.02; 2.02), 7.52 (d, 1HVinyl, J 15.53), 16.69 (br s, 1H) ppm, 13C NMR (13C 1H
125 MHz, DMSO-d6): δ 34.35 (C-H), 101.11 (C-H), 109.36 (Caryl), 112.15 (Caryl), 119.05 (C-H),
128.44 (Caryl), 128.58 (C-H), 130.16 (Caryl), 183.11 (C=O) ppm, IR: 3049.18, 1608.99, 1497.82,
959.55 cm−1, HRMS: observed: 283.1442; estimated: 282.1368.
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Compound 2. For FuranCurc, 3.23 mmol of boric acid was dissolved in EtOAc to
later add to 6.46 mmol of acetylacetone (A-flask). Separately, 12.93 mmol of Furan-2-
carboxaldehyde and 15.52 mmol of tributyl borate were mixed (B-flask) and both flasks
were stirred with reflux for 2 h; after this time, the contents of “A-flask” were poured into “B-
flask”. The mixture was homogenized and 12.8 mmol of n-butylamine was added dropwise
(n-butylamine dissolved in 10 mL of EtOAc) and refluxed for 48 h. Then, four EtAcO: H2O
extractions (4 × 50mL) were performed and the joint organic phase was dried with sodium
sulfate, filtered, and concentrated under reduced pressure. The concentrated mixture
was dissolved in CHCl2 and MeOH was added, affording FuranCurc, orange crystals,
m.p. 130.5–131 ◦C. Yield: 50%. 1H NMR (500 MHz DMSO-d6): δ 6.20 (s, 1H), 6.57 (d,
2HVinil, J 15.72), 6.66 (dd, 2Haryl, J 3.44; 1.79), 6.97 (d, 5Haryl, J 3.40), 7.46 (d, 2H Vinyl, 15.72),
7.88 (s, 2Haryl), 16.06 (br s, 1H), ppm, 13C NMR (13C {1H} 125 MHz, DMSO-d6): δ 101.95 (C-
H), 113.03 (Caryl), 116.10 (Caryl), 121.18 (C-H), 126.92 (C-H), 146.08 (Caryl), 151.01 (Caryl),
182.46 (C=O) ppm, IR: 3124.24, 1623.33, 1486.88, 957.31 cm−1, HRMS: observed: 257.0808;
estimated: 256.0736.

Compound 3. For ThiopheneCurc, 3.23 mmol of boric acid and 6.46 mmol of acetylacetone
were dissolved in EtOAc (A-flask). In another flask, 12.93 mmol of 2-Thiophenecarboxaldehyde
and 15.52 mmol of tributyl borate were mixed (B-flask). Both flasks were stirred and submitted
to reflux for 2h, and the contents of “A-flask” were poured into “B-flask”. The mixture was
homogenized, 12.8 mmol of n-butylamine dissolved in 10 mL of EtOAc was added dropwise,
and the mixture was refluxed for 48 h. Then, four EtAcO: H2O extractions (4 × 50mL) were
carried out, and the joint organic phase was dried with sodium sulfate, filtered, and concentrated
under reduced pressure. Crystallization in CH2Cl2/MeOH afforded ThiopheneCurc, orange
crystals, m.p. 183.5–184 ◦C. Yield 55%. 1H NMR(500 MHz DMSO-d6): δ 6.19 (s, 1H), 6.57 (d,
2HVinil, J 15.61), 7.18 (dd, 2Haryl, J 5.04; 3.59), 7.54 (d, 2Haryl, J 3.10), 7.75 (d, 2Haryl, J 5.06), 7.82 (d,
2H Vinyl, J 15.63), 16.07 (br s, 1H), ppm, 13C NMR (13C {1H}) 125 MHz, DMSO-d6): δ 101.52 (C-H),
122.70 (C-H), 128.75 (Caryl), 130.05 (Caryl), 132.05 (Caryl), 133.23 (C-H), 139.83 (Caryl), 182.52 (C=O)
ppm, IR: 3049.18, 1608.99, 1497.82, 959.55 cm−1, HRMS: observed: 289.0351; estimated: 288.0279.

Compound 4. For N-methyl-pyrCurc-Mg, in a round bottom flask, 1 mmol of N-
methyl-pyrCurc was dissolved in 15 mL of EtAcO and 0.6 mmol of magnesium(II) acetate
dissolved in MeOH was added dropwise at room temperature. The mixture was stirred for
24h, and the resulting fine powder was filtered off in vacuo and washed with H2O, EtAcO,
and Et2O. m.p. 208.3–208.7 ◦C. Yield 80%. 1H NMR (500 MHz DMSO-d6): δ 3.65 (s, 6H),
5.43 (s, 1H), 6.06 (dd, 2Haryl, J 3.83; 2.56), 6.42 (d, 2H Vinyl, J 15.39), 6.56 (dd, 2Haryl, J 3.82;
1.63), 6.88 (s, 2Haryl), 7.36 (d, 2H Vinyl, J 15.33) ppm, 13C NMR (13C {1H} 125 MHz, DMSO-
d6): δ 34.07 (C-H), 103.19 (C-H), 108.72 (Caryl), 109.83 (Caryl), 124.70 (C-H), 126.14 (Caryl),
126.19 (C-H), 130.63 (Caryl), 181.51 (C=O) ppm, IR: 1536.66, 1508.85, 962.27, 445.62 cm−1,
HRMS: observed: 587.2510; estimated: 586.2430.

Compound 5. For FuranCurc-Mg, 1 mmol of FuranCurc was dissolved in 15 mL of
EtAcO and 0.6 mmol of magnesium(II) acetate dissolved in MeOH was added dropwise at
room temperature. The mixture was stirred for 24 h. The fine powder formed was filtered
off in vacuo and washed with H2O, EtAcO, and Et2O. m.p. 220–220.5 ◦C. Yield 80%. 1H
NMR (500 MHz DMSO-d6): δ 5.55 (s, 1H), 6.51 (d, 2HVinil, J 15.51), 6.58 (dd, 2Haryl, J 3.36;
1.84), 6.76 (d, 2Haryl, J 3.40), 7.19 (d, 2H Vinyl, 15.51), 7.75 (d, 2Haryl, J 1.78) ppm, 13C NMR
(13C 1H 125 MHz, DMSO-d6): δ 104.19 (C-H), 112.93 (Caryl), 113.22 (Caryl), 124.03 (C-H),
128.40 (C-H), 144.87 (Caryl), 152.38 (Caryl), 181.26 (C=O) ppm, IR: 1519.75, 1420.18, 958.60,
499.46 cm−1, HRMS: observed: 535.1248; estimated: 534.1165

Compound 6. For ThiopheneCurc-Mg, 1 mmol of ThiopheneCurc was dissolved in
15 mL of EtAcO and 0.6 mmol of magnesium(II) acetate dissolved in MeOH was added
dropwise at room temperature with stirring for 24h. Then, the fine powder formed was
filtered off in vacuo and washed with H2O, EtAcO, and Et2O. m.p. 286.2–286.5 ◦C. Yield
85%. 1H NMR (500 MHz DMSO-d6): δ 5.58 (s, 1H), 6.48 (d, 2HVinil, J 15.30), 7.10 (t, 2Haryl, J
4.34), 7.36 (d, 2Haryl, J 3.55), 7.54 (d, 2H Vinyl, J 15.05), 7.58 (d, 2Haryl, J 1.16) ppm, 13C NMR
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(13C {1H} 125 MHz, DMSO-d6): δ 103.63 (C-H), 127.80 (C-H), 128.79 (Caryl), 129.40 (Caryl),
129.92 (Caryl), 130.16 (C-H), 141.48 (Caryl), 180.44 (C=O) ppm, IR: 1521.26, 1497.10, 956.18,
475.63 cm−1, HRMS: observed: 599.0331; estimated: 598.0251.

Compound 7. For N-methyl-pyrCurc-Cu, 1 mmol of N-methyl-pyrCurc was dissolved
in 15 mL of EtAcO and 0.6 mmol of copper(II) acetate dissolved in MeOH was added
dropwise at room temperature. The mixture was stirred for 24 h. The fine powder was
filtered off in vacuo and washed with H2O, EtAcO, and Et2O. m.p. 237.2–237.6 ◦C. Yield:
50%. EPR: g‖ 2.30241, g⊥ 2.06319, A‖ 15.918, A⊥ 1.144. IR: 1511.14, 977.16, 489.16 cm−1.
HRMS: observed: 626.1949; estimated: 625.1876.

Compound 8. For FuranCurc-Cu, 1 mmol of FuranCurc was dissolved in 15 mL of
EtAcO and 0.6 mmol of copper(II) acetate dissolved in MeOH was added dropwise at room
temperature with stirring for 24 h. The fine powder formed was filtered off and washed
with H2O, EtAcO, and Et2O. m.p. 225.5–226 ◦C. Yield: 93%, EPR: g‖ 2.29660, g⊥ 2.06161,
A‖ 16.203, A⊥ 1.334. IR: 1511.14, 957.31 cm−1 479.14 cm−1, HRMS: observed: 574.0683;
estimated: 573.0611.

Compound 9. For ThiopheneCurc-Cu, 1 mmol of ThiopheneCurc was dissolved in
15 mL of EtAcO and 0.6 mmol of copper(II) acetate dissolved in MeOH was added dropwise
at room temperature with stirring for 24 h. The fine powder formed was filtered off and
washed with H2O, EtAcO, and Et2O. m.p. 275–275.5 ◦C. Yield: 95%, EPR: g‖ 2.30241,
g⊥ 2.06319, A‖ 15.918, A⊥ 1.144. IR: 1502.47, 952.83, 484.91 cm−1. HRMS: observed:
637.9770; estimated: 636.9697.

4. Conclusions

The synthesis of six new homoleptic complexes with magnesium and copper was
achieved with three different curcumin analog ligands (compound 1 has two polymorphs),
and their crystal structures reveal square planar and square-based pyramid geometry for
the copper complexes and octahedral geometry for the magnesium complexes. Therefore,
the use of DMSO and DMF as solvents for crystallization is important in the formation
of single crystals. The finding of different conformations for the same ligand bound to
a single metal center, as occurs in thiopheneCurc-Cu, is of capital importance since it
becomes the first reported case described in the literature to the best of our knowledge. The
supramolecular description of ThiopheneCurc constitutes a rare case of an arrangement
that led to the apparent six-peak star arrangement of two overlaid trimeric structures.
The remarkable cytotoxic effect found for FuranCurc-Mg, N-methyl-pyrCurc-Cu, and
FuranCurc-Cu against U251, PC-3, K562, and HCT-15 human cancer cell lines surprisingly
equated with or surpassed that of cisplatin. Among them, the FuranCurc-Mg complex
stands out because it is almost three times less toxic than cisplatin in the healthy cell line
(COS7), so it would have great potential as a therapeutic agent.
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