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Abstract: The copper(II) complexes of general formula [Cu(GL2H,H)(Cl)] (A4–A6, G = NO2,
H and OMe, respectively), bearing NNO tridentate Schiff base ligands (GL2H,H)− derived
from the mono-condensation of 1,3-diaminopropane and G-substituted salicylaldehydes,
are here reported. The elongation of the diamine with one additional carbon atom with
respect to the triad derived from ethylenediamine [Cu(GL1H,H)(Cl)] (A1–A3, G = NO2, H
and OMe, respectively) led to different synthetic procedures, with the difficult isolation of
A6 that could be obtained only in few crystals suitable for X-ray diffractions. Operating
in acidic conditions to promote the coordination of chloride and expulsion of pyridine
from the complex [Cu(GL2H,H)(py)](ClO4) (G = NO2) allows for obtaining A4. On the
other hand, structural rearrangement occurs when G = H, yielding the dinuclear species
[Cu2(µ-saltn)(HL2H,H)](ClO4)·0.5MeOH (D5·0.5MeOH) instead of the desired A5, which
can be obtained by avoiding the use of HCl and operating in the excess of LiCl. Finally, A4
and A5 were investigated as cytotoxic agents against malignant (MDA-MB-231 and 22-Rv1)
and healthy (HaCaT) cell lines, and the ability of the most promising A5 to be internalized
and interact with cellular targets was studied.

Keywords: copper(II); Schiff bases; synthetic studies; interconversion; stability in solution;
crystal structure; reactivity; cytotoxicity; biological assays

1. Introduction
Copper(II) [1–4] complexes with oligodentate Schiff base ligands derived from var-

iously substituted salicylaldehydes and aliphatic primary diamines, such as ethylene-
diamine (en) and 1,3-diaminopropane (tn), have always been at the center of our re-
search activity. The reactivity of en and tn towards salH is indeed high, so that the
mono-condensation product, i.e., the so-called “half units” [5,6], can be achieved upon
template synthesis, yielding the tridentate ligands already coordinated to the templating
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metal ion [7,8]. These products have been studied for their nonlinear optical properties [3],
magnetic properties [1,2], and, more recently, also as possible cytotoxic agents [4].

The potential application of copper(II) complexes with NNO tridentate Schiff bases
as possible antitumor drugs arises from various considerations: (i) platinum-based anti-
cancer drugs [9], nowadays largely employed as first therapeutic choice, cannot be used
to treat all tumors and they are accompanied by serious side effects [10]: metal-based
drugs with alternative mode of action could offer better therapeutic alternatives; (ii) some
biological pathways where copper acts as an essential element are enriched during can-
cer progression [11], and this highlights how copper(II) plays a central role in anticancer
research [12,13], as underlined also by studies on cuproptosis [14,15]; (iii) there are com-
plexes with Schiff base ligands derived from substituted salH that have demonstrated their
efficiency as anticancer agents [16–19].

As a continuation of the research in this direction, in this paper, we present the
copper(II) complexes of general formula [Cu(GL2H,H)(Cl)] (A4–A6, G = NO2, H, and OMe,
respectively; Scheme 1), bearing NNO tridentate Schiff base ligands (GL2H,H)− derived
from the mono-condensation of tn and G-salH. This triad of complexes joins the previous
one [Cu(GL1H,H)(Cl)] (A1–A3, G = NO2, H, and OMe, respectively, Scheme 1) derived from
en [4]. To note that little variations on the ligand scaffold could tune important features of
the corresponding metal complexes, such as lipophilicity, solubility, and stability towards
biological competitors, leading to favorable pharmacological profiles. In this case, we
focused our attention on the elongation of the diamine with one additional carbon atom.
The peculiarity in both the reactivity and the structural and biological features associated
with this very little but subtle variation in the tridentate ligand [2] will be highlighted.
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Scheme 1. Scheme of the NNO coordination behavior of the ligands in the copper(II) complexes A1–
A3 (G = NO2, H, OMe, respectively) and A4–A6 (G = NO2, H, OMe, respectively). 

2. Results and Discussion 
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Compounds A4–A6, similar to A1–A3 [4], share the characteristic of possessing only 
one imino group derived from the condensation of tn with G-salH and one primary amino 
group able to coordinate to copper(II) (Scheme 1). The synthetic strategy adopted to obtain 
these derivatives is then a template one to avoid double condensation [1,4]. The mononu-
clear [Cu(GL2H,H)(py)](ClO4) (G = NO2, H) [1] and the dinuclear [Cu2(μ-OMeL2H,H)2](ClO4)2 
[1,20] were employed as starting reagents, and they were reacted in MeOH with lithium 
chloride either in the presence of HCl or without the addition of acid, depending on the 
starting precursor compound [4]. 

In general, these reactions seem to occur in a few minutes, as evidenced by the pre-
cipitation of green solids; probably, this is due to the low solubility of the final products 
as neutral compounds in a polar solvent, such as MeOH. However, given the non-com-
plete solubility of the precursors in the reaction solvent, the mixtures were kept stirring 
for at least 3 h at room temperature (RT) to ensure either the complete substitution of the 
pyridine or opening of the dinuclear species by the chloride ion. 

In the case of A5 (G = H), the optimal reaction conditions involve longer reaction 
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Scheme 1. Scheme of the NNO coordination behavior of the ligands in the copper(II) complexes
A1–A3 (G = NO2, H, OMe, respectively) and A4–A6 (G = NO2, H, OMe, respectively).

2. Results and Discussion
2.1. Synthetic Studies

Compounds A4–A6, similar to A1–A3 [4], share the characteristic of possessing
only one imino group derived from the condensation of tn with G-salH and one pri-
mary amino group able to coordinate to copper(II) (Scheme 1). The synthetic strategy
adopted to obtain these derivatives is then a template one to avoid double condensa-
tion [1,4]. The mononuclear [Cu(GL2H,H)(py)](ClO4) (G = NO2, H) [1] and the dinuclear
[Cu2(µ-OMeL2H,H)2](ClO4)2 [1,20] were employed as starting reagents, and they were re-
acted in MeOH with lithium chloride either in the presence of HCl or without the addition
of acid, depending on the starting precursor compound [4].

In general, these reactions seem to occur in a few minutes, as evidenced by the
precipitation of green solids; probably, this is due to the low solubility of the final products
as neutral compounds in a polar solvent, such as MeOH. However, given the non-complete
solubility of the precursors in the reaction solvent, the mixtures were kept stirring for at
least 3 h at room temperature (RT) to ensure either the complete substitution of the pyridine
or opening of the dinuclear species by the chloride ion.

In the case of A5 (G = H), the optimal reaction conditions involve longer reaction times
(48 h), an excess of LiCl in the absence of HCl, since the imine bond of the precursor seems
more sensitive to acids than the corresponding en derivative A2 [4], undergoing hydrolysis
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and double condensation, as detected by mass spectrometry (Scheme 2). The reaction
yield for A5 is still good (59%) even in the absence of acid. Indeed, when employing only
LiCl, the crystallization of the reaction mixture led to crystals of A5, while when HCl is
present, the crystallization led to [Cu2(µ-saltn)(HL2H,H)](ClO4)·0.5MeOH (D5·0.5MeOH) as
single crystals suitable for X-ray diffraction. This dinuclear species is evidently the result of
a rearrangement in solution, and saltn (N,N′-bis(salicylidene)-1,3-diaminopropane) results
from the double-condensation reaction (see structural characterization below).
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For the synthesis of A4 (G = NO2), instead, there is no sign of hydrolysis even in
the presence of HCl. The reaction could be then conducted with the addition of LiCl
and aqueous HCl to protonate the pyridine and favor the coordination of chloride within
only 3 h of reaction time (Scheme 2). The yield is about 85% thanks to the low solubility
conferred by the nitro group.

The reaction of [Cu2(µ-OMeL2H,H)2](ClO4)2 with LiCl in a four- or ten-fold excess at
RT or under reflux never led to the desired product A6, in contrast with what was observed
with A3 [4]. In all cases, the starting material was isolated from the mother liquor, as
confirmed by elemental analysis and infrared spectra. Few green crystals of A6, suitable for
X-ray diffraction analysis, could be isolated by using a large excess of LiCl (10 equivalents
vs. the starting reagent) and liquid diffusion of iPr2O into the reaction mixture, after
removal of emerald green crystals of unreacted [Cu2(µ-OMeL2H,H)2](ClO4)2 (corresponding
to 80%). Probably, a very large excess of chloride anions and a more diluted solution
in a MeOH-iPr2O mixture concur to the stabilization of A6 in the solid state (Scheme 2).
Unfortunately, the amount of isolated crystals was insufficient for its subsequent use.

Infrared (IR) spectroscopy is extremely useful and provided unquestionable confir-
mation of the success of the synthesis, especially referring to the stretching signals of N–H
bonds that undergo a significant shift when passing from the starting reagents to the prod-
uct. In particular, signals move from 3313 and 3253 cm−1 for [Cu(NO2L2H,H)(py)](ClO4) [1]
to 3253 and 3213 cm−1 for A4 and from 3315 and 3256 cm−1 for [Cu(HL2H,H)(py)](ClO4) [1]
to 3308 and 3228 cm−1 for A5 (Figure S1 in Supplementary Materials). This is probably
caused by the involvement of the amino groups in H-bonds stabilizing the dimeric units in
the solid state (see structural characterization of A5 for further details), confirming what
we already observed with the previous triad A1–A3 [4]. Furthermore, the perchlorate
stretching band at about 1100 cm−1, present in the starting complexes, disappeared in the
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final compounds A4 and A5. Elemental analysis and mass spectrometry further confirmed
the proposed stoichiometry.

2.2. Structural Characterizations

As stated above and in the Experimental Section, single crystals suitable for X-ray
diffraction were obtained upon slow diffusion of iPr2O into the MeOH reaction mixture
for A5 and A6, or Et2O into the acidic MeOH reaction mixture for D5·0.5MeOH, while any
attempt to obtain crystals of A4 failed.

In the solid state, both A5 (G = H) and A6 (G = OMe) crystallize in the monoclinic
P21/c space group. The asymmetric unit is composed by one [Cu(GLH,H)(Cl)] independent
moiety, which assembles to give dimeric units [Cu2(µ-Cl)2(GL2H,H)2] with chloride ions,
bridging the two copper(II) ions, confirming what was previously observed for A2 [4,21]
and A3 [4]. Structural depictions are reported in Figure 1, and a selection of bond distances
and angles are listed in Table 1.
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stick style [22] with main atom numbering; color code: Cu = orange, Cl = green, O = red, N = blue,
C = gray, H = white, H-bonds = dashed azure lines.

Table 1. Main coordination distances (Å) and angles (◦) of A5 and A6.

Parameter A5 A6

Cu1–O1 1.9161(8) 1.9249(12)
Cu1–N1 2.0072(9) 2.0012(16)
Cu1–N2 1.9694(8) 1.9688(15)
Cu1–Cl1 2.3523(5) 2.2868(5)

Cu1–Cl1′ 1 2.6984(6) 2.8430(5)
Cu1···Cu1′ 1 3.3617(8) 3.3678(4)
O1–Cu1–N2 92.58(4) 92.18(6)
N2–Cu1–N1 94.05(4) 90.37(7)
N1–Cu1–Cl1 87.10(3) 89.44(5)
Cl1–Cu1–O1 89.79(3) 89.76(4)

Cl1–Cu1–Cl1′ 1 96.847(13) 98.71(2)
Cu1–Cl1–Cu1′ 1 83.152(13) 81.29(2)

1 Primed and unprimed atoms are related by the inversion center.

The rhombic four-membered Cu2Cl2-bridging units are strictly planar, owing to the
crystallographic inversion center. The coordination environment of each copper(II) ion is
well described as square pyramidal, where the square plane is formed by the NNO set
from the (GLH,H)− ligands, and the fourth position is occupied by the chloride ion, which
also behaves as a fifth ligand for the adjacent copper(II) ion of the inversion-symmetry-
related molecule. The chloride bridge is asymmetric, with a short Cu–Cl bond in the
square, albeit distorted, coordination plane and a longer one as the fifth, almost-apical
interaction. There are also moderately strong intramolecular N1–H···O1′ hydrogen bonds
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(H-bonds) (d(H···O1) = 2.19 Å, d(N1···O1) = 3.069(1) Å, angle N1–H···O1 = 162.0◦ for A5,
and d(H···O1) = 2.41 Å, d(N1···O1) = 3.193(2) Å, angle N1–H···O1 = 147.4◦ for A6) between
the hydrogen of the amino group of one moiety and the phenolic oxygen of the other one
to consolidate the dimeric unit.

The distortion of the copper(II) N2OCl square planar coordination plane is more
pronounced in A5 than in A6 essentially due to the position of the chloride. This is clearly
evident from both the distances and angles involving the anion (Table 1) and its distance
from the plane through the N2OCu atoms of the [Cu(GL2H,H)]+ unit (1.24 and 0.85 Å for
A5 and A6, respectively, against 1.06 and 0.68 Å for A2 and A3, respectively [4]). This
is a direct consequence of the shorter Cu1–Cl1 distance in A6 (2.2868(5) Å) compared to
A5 (2.3523(5) Å), which subsequently leads to a longer Cu1–Cl1′ apical interaction in A6
(2.8430(5) Å) compared to A5 (2.6984(6) Å) and a more acute rhombus in A6 with respect to
A5. No other significant differences in coordination bond lengths of the two complexes are
highlighted. The greater flexibility conferred by the tn bridge of three CH2 units between
the two nitrogen atoms compared to en derivatives A1–A3 [4] leads to a twist conformation
in A6 and a boat conformation in A5 of the six-membered metallacycle.

D5·0.5MeOH also crystallizes in the monoclinic P21/c space group. The asymmetric
unit is composed of two independent [Cu2(µ-saltn)(HL2H,H)](ClO4) moieties, called A
and B, and one MeOH molecule between the two units, consolidating the overall crystal
packing (Figure 2). Both moiety A and B are composed by [Cu(HL2H,H)]+ and [Cu(saltn)]
subunits, the latter deriving from the double condensation of two sal− units to tn to give
the saltn tetradentate ligand coordinated to copper(II). This agrees with what is observed
in the precipitated solid, where both fragments could be detected in the mass spectrum.
A selection of bond distances and angles of D5·0.5MeOH is reported in Table 2. The oxygen
atoms of [Cu(saltn)] form an unsymmetric double bridge, coordinating the first copper(II)
ion with the tridentate ligand (Cu1) and bringing its final coordination to a square-based
pyramid. The perchlorate anions deriving from the precursor balance the overall charge by
forming a fifth apical interaction on the second copper(II) ion (Cu2···OClO3) and bringing
also Cu2 to a square pyramidal coordination.
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Figure 2. Depiction of the molecular structure of D5·0.5MeOH as ball-and-stick style [22] with main
atom numbering for unit A on the left; unit B on the right has a very similar orientation in the crystal,
and the same atom numbering is applied, even if not reported; color code: Cu = orange, Cl = green,
O = red, N = blue, C = gray, H = white, H-bonds = dashed azure lines.

The MeOH molecule remains trapped between the two dinuclear units A and B,
involved in relatively strong H-bonds, one with the amino nitrogen atom of unit A
as an acceptor (N1–H···OMe, d(H···OMe) = 2.08 Å, d(N1···OMe) = 2.976(4) Å, angle
N1–H···OMe = 168.0◦) and one with the phenolic oxygen atom of the tridentate ligand of
unit B as a donor (MeO–H···O1, d(H···OMe) = 1.95 Å, d(N1···OMe) = 2.766(3) Å, angle
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N1–H···OMe = 163.0◦). One perchlorate anion and the methyl group of the MeOH are
disordered over two positions.

Table 2. Main coordination distances (Å) and angles (◦) of D5·0.5MeOH.

Parameter Unit A Unit B

Cu1–O1 1.920(2) 1.929(2)
Cu1–N1 2.015(3) 2.016(2)
Cu1–N2 1.971(2) 1.971(2)
Cu1–O3 2.0259(19) 2.030(2)
Cu1–O2 2.259(2) 2.311(2)
Cu2–O2 1.924(2) 1.941(2)
Cu2–O3 1.9559(19) 1.956(2)
Cu2–N3 1.965(2) 1.980(3)
Cu2–N4 1.967(2) 1.980(3)

Cu2···OClO3 2.692(3) 2.492(2)
O1–Cu1–N2 92.92(9) 93.81(10)
N2–Cu1–N1 94.62(10) 93.08(10)
N1–Cu1–O3 84.99(9) 85.60(9)
O3–Cu1–O1 88.96(8) 89.25(9)
O3–Cu1–O2 70.62(7) 70.13(7)
O3–Cu2–N3 93.22(9) 91.92(9)
N3–Cu2–N4 97.56(10) 97.00(11)
N4–Cu2–O2 91.42(9) 92.44(10)
O2–Cu2–O3 79.60(8) 80.01(8)

Cu1–O2A–Cu2 100.19(8) 107.73(8)
Cu1–O3A–Cu2 107.73(8) 108.78(9)

2.3. Stability in Solution

The chemical stability of the compounds once dissolved in aqueous solution in
the µmol L−1 regime is crucial for understanding the potential application as cytotoxic
agents [23]. Copper(II) derivatives with Schiff base ligands absorb in the UV/Vis region
with a characteristic profile given by a convolution of ligand-to-metal charge transfer
(LMCT) and π → π* transitions at about 300–400 nm [3]. Thus, similarly to A1–A3 [4], the
stability of A4 and A5 in mimicked physiological conditions, 37 ◦C in darkness in saline
phosphate-buffer solution (PBS) at pH = 7.4, was investigated by means of UV/Vis spec-
troscopy over a period of 72 h (Figure 3). The dilution reached for reliable spectra resembles
the conditions employed during in vitro tests (see below). Water as solvent can establish
H-bonds with the complexes in substitution of the N–H· · ·O interactions observed in the
X-ray crystal structures. This allows us to confidently assume that dimeric units should not
persist when moving from solid state to solution. The solvated cation [Cu(GL2H,H)(H2O)n]+

(with n from 1 to 3) is expected to be the predominant species due to labilization of the
monodentate chloride ion by water. In support of this view, which is also in line with what
was observed for A1–A3 [4], the solvated [Cu(NO2L1H,H)(H2O)](ClO4)·H2O [1] and the ho-
mologous with the chiral 1,2-diphenylethylenediamine [3] could also be fully characterized
in the solid state, thus confirming the existence of the solvated species.

From the UV/Vis spectra of A4 and A5 analyzed in mimicked physiological conditions,
it can be noted that the two compounds show absorption maxima at 363 (A4) and 351 nm
(A5) with ε values (A4: 14400 L mol−1 cm−1 and A5: 4600 L mol−1 cm−1) at the initial time
completely comparable to the values obtained for the similar complexes A1 and A2 [4].
On the other hand, absorption profile diminishes with time for A4, reaching about 75% of
the initial value within 72 h, while maintaining similar shape and maximum value. This
can be explained either as slow and gradual degradation of the complex or formation of
a different species with the same absorption but different ε value; nonetheless, sufficient
stability is guaranteed. In the case of A5, a very slight decrease in absorbance values
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can also be observed, reaching about 93% of the initial value within 72 h, together with
a concomitant shift to slightly lower wavelengths of the absorption maximum (349 nm
after 72 h) and formation of an isosbestic point, and this seems to highlight the presence
of some equilibria in solution. Indeed, the flexibility of the tn bridge might give rise to
the partial detachment of the coordinated amino group and opening of the six-member
metallacycle with replacement with a water molecule or phosphate ion. This would justify
not only the survival of the absorption profile with no alteration of the tridentate ligand,
since its LMCT + π → π* transitions are preserved, but also the difference with the behavior
of A1 and A2, the counterpart with en, where the reduced flexibility of the five-member
metallacycle does not lead to any alteration in solution [4].
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2.4. Biological Studies

The in vitro inhibitory activity of A4 and A5 on viability after 24 h exposure was
screened in the human malignant cell lines MDA-MB-231 (breast cancer-derived) and
22-Rv1 (prostate cancer-derived), and healthy cell line HaCaT (keratinocytes) with the
MTT assay. The data obtained were compared to the inhibitory activity of the conventional
chemo-therapeutic agent cisplatin (CDDP) under the same conditions (Table 3). Similarly
to the previous triad A1–A3 [4], the complex bearing the nitro group A4 shows the highest
reduction in cell viability with respect to MDA-MB-231 cell line (28.4 µmol L−1), even if
less pronounced than A1 (17.9 µmol L−1). On the other hand, A5 is the most active against
22-Rv1 cell line, and it is also more active than CDDP. Unfortunately, there is a minimal
difference in cytotoxicity between A4 and A5 when compared to the healthy HaCaT cell
line. Although non-selectivity could pose a challenge in in vivo settings, this issue may
potentially be addressed by using drug delivery systems capable of selectively targeting
cancer cells [24].

Table 3. 24hIC50 values (µmol L−1) of A4, A5 and CDDP against cancer cell lines MDA-MB-231 and
22-Rv1, together with healthy HaCaT cells.

MDA-MB-231 22-Rv1 HaCaT

A4 28.4 ± 2.9 49.3 ± 1.7 39.5 ± 4.8
A5 41.3 ± 4.8 26.2 ± 2.3 34.0 ± 5.1

CDDP 52.7 ± 3.1 32.1 ± 0.9 30.8 ± 2.5
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A5 was then selected for further studies; first, the cell uptake after 24 h was investigated
(Figure S2 in Supplementary Materials). In this experiment, the cells, treated with 40 µmol
L−1 of A5 for 24 h, were washed with EDTA after the treatment to remove any molecule
accumulated on the membrane, thus analyzing only the intracellular content of copper. The
highest intracellular level of metal was detected for MDA-MB-231, but this is not correlated
to the cytotoxic activity, highlighting the different mechanisms of cell proliferation and
inherent susceptibility to the action of the compound. As copper complexes are well
known to bind DNA via a variety of covalent and non-covalent interactions [25], we
next performed an investigation of the in vitro interaction between A5 and genomic DNA
(gDNA) to delineate possible mode of action. As shown in Figure S3 in Supplementary
Materials, A5 displayed the capability to competitively remove (and thus quench) Ethidium
bromide (EtBr) from gDNA. This finding clearly corroborates the intercalating activity of
the complex, as previously observed for A2 [4]. Subsequently, nuclease activity (DNA
cleavage) of A5 was investigated by analysis of cleavage of pBR322 plasmid DNA (pDNA,
form II) after an incubation for 24 h at 37 ◦C: pDNA started to disappear at the highest
applied concentration, indicating extensive damage to pDNA (Figure S4 in Supplementary
Materials).

A short-term analysis (0–6 h) on cell morphology through holotomography was
performed at a concentration of 40 µmol L−1 of A5 on all cell lines (Figure 4). Some
morphological features suggest onset of apoptosis, particularly in 22Rv1 cells where the
24hIC50 is 26.2 µmol L−1, i.e., lower than the applied concentration. In this regard, flow
cytometry dot plots of Annexin V/7-AAD-stained 22Rv1 cells treated with an increasing
amount of A5 analyzed after 24 and 48 h treatments confirm the dose- and time-dependent
ability of the complex to induce apoptosis.
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To further validate the capability of A5 to damage DNA in cells, we performed
single-cell gel electrophoresis (SCGE), known as comet assay, on the different cell lines at
a concentration of 40 µmol L−1 for 6 h and evaluated the intensity of the comet tail and
its ratio to the head that reflects the number of DNA breaks in a particular cell. In SCGE,
long comet tails are associated with extensive DNA strand breaks and subsequent loss of
its supercoiled structure [26]. The highest DNA fragmentation ability was found for 22Rv1
cells, which is in line with the viability data reported in Table 3 (Figure 5).
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Figure 5. Representative microphotographs of DNA damage induced by A5 (40 µmol L−1, 6 h)
detected via single-cell gel electrophoresis; PBS was used as negative control, H2O2 (250 µmol L−1,
1 h) as positive control; scale bar, 100 µm.

3. Materials and Methods
3.1. General Information

All solvents (MeOH, iPr2O, Et2O, DMSO) and chemicals were reagent-grade and were
used as received. Elemental analyses were performed with the Thermo Scientific Flash
2000 (CHNS analyzer) instrument. Mass spectrometry with electrospray ionization (MS-
ESI) experiments were performed with an Agilent Technologies 6310A Ion Trap LC-MS(n)
spectrometer with an ESI ionization interface on MeOH solutions of the complexes. IR
spectra were recorded employing a Jasco FTIR-4700LE spectrophotometer in the Atten-
uated Total Reflectance (ATR) mode with a 2 cm−1 resolution, and the relative intensity
of the bands is assigned: strong (s); medium (m); weak (w). UV/Visible spectra were
recorded at 37 ◦C with a Jasco V-570 UV/Vis/NIR spectrophotometer in the 250–800 nm
range; λ values are accurate to ±1 nm. [Cu(GL2H,H)(py)](ClO4) (G = NO2, H) [1] and
[Cu2(µ-OMeL2H,H)2](ClO4)2 [1,20] were synthesized as reported in the literature. Caution!
Perchlorate salts of metal complexes with organic ligands are potentially explosive and must be
handled with care and in small amounts.

3.2. Synthesis of [Cu(NO2L2H,H)(Cl)] (A4)

Solid LiCl (23.6 mg, 0.556 mmol) was added to a deep green solution/suspension of
[Cu(NO2L2H,H)(py)](ClO4) (249.8 mg, 0.538 mmol) dissolved in MeOH (10 mL), and after
5 min, HCl (540 µL of a 1.0 mol L−1 water solution, 0.540 mmol) was added, yielding
the precipitation of an emerald-green solid. The mixture was stirred for 3 h, and then
the product was isolated by filtration on Gooch G4, washed with MeOH (2 × 2 mL) and
iPr2O (2 × 5 mL), and dried for 2 h under vacuum. Yield: 85.3% (135.0 mg). Elemental
analysis calcd (%) for C10H12ClCuN3O3·0.25H2O (325.73): C, 36.87; H, 3.87; N, 12.90.
Found: C, 36.98; H, 3.67; N, 12.81. IR (ATR): 3253m, 3213m (ν NH2), 1639s (ν iminic
C=N), 1472s (ν asym NO2), 1330s (ν sym NO2), 1158m (ν C–O). MS-ESI+ (MeOH): m/z 285
([Cu(NO2L2H,H)]+, 100%).
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3.3. Synthesis of [Cu(HL2H,H)(Cl)] (A5)

Solid LiCl (79.1 mg, 1.87 mmol) was added to a deep green solution/suspension
of [Cu(HL2H,H)(py)](ClO4) (249.0 mg, 0.594 mmol) dissolved in MeOH (10 mL), and the
mixture was stirred for 48 h at RT with the formation of an emerald-green solid that was
isolated by filtration on Gooch G4, washed with MeOH (2 × 2 mL) and iPr2O (2 × 5 mL),
and dried for 2 h under vacuum. Yield: 58.6% (96.1 mg). Elemental analysis calcd (%) for
C10H13ClCuN2O (276.23): C, 43.48; H, 4.74; N, 10.14. Found: C, 43.64; H, 4.69; N, 9.86. IR
(ATR): 3308m, 3228m (ν NH2), 1626s (ν iminic C=N), 1200s (ν C–O). MS-ESI+ (MeOH):
m/z 240 ([Cu(HL2H,H)]+, 100%). Liquid diffusion of iPr2O into the left methanol reaction
mixture led to green crystals of A5 suitable for single-crystal X-ray diffraction.

The synthesis was also conducted under the same reaction conditions of A4 (i.e., with
the addition of HCl, lower amount of LiCl, and 3 h under stirring), but the batch of product
obtained was revealed to possess a less satisfactory elemental analysis compared to the
one obtained without HCl, and the mass peak at m/z 343 attributable to [Cu(saltn)] could
also be detected; indeed, crystallization through liquid diffusion of Et2O into the mother
liquor led to the formation of green crystals of the dinuclear D5·0.5MeOH suitable for
single-crystal X-ray diffraction.

3.4. Attempts of Synthesis of [Cu(OMeL2H,H)(Cl)] (A6)

Attempts to obtain A6 were performed by reacting [Cu2(µ-OMeL2H,H)2](ClO4)2 dis-
solved in MeOH and adding LiCl in a fourth or tenth fold, with respect to the starting dinu-
clear complex, and stirring the reaction mixture at RT or under reflux, but the starting mate-
rial recrystallized from the mother liquor in all cases upon cooling and slow evaporation of
the solvent in about 80% yield. Liquid diffusion of iPr2O into the methanol reaction mixture,
left after removal of the emerald-green crystals of the unreacted [Cu2(µ-OMeL2H,H)2](ClO4)2,
led to few green crystals of A6 suitable for single-crystal X-ray diffraction.

3.5. Single-Crystal X-Ray Data Collection and Structure Determination

Single crystals suitable for X-ray diffraction experiments were obtained upon slow
diffusion of iPr2O or Et2O into the methanol reaction mixtures for A5, D5·0.5MeOH, and
A6. Crystal data and details of data collection and structural refinement are summarized
in Table 4. Intensity data of A5 and D5·0.5MeOH were collected at the XRD1 beamline of
the Elettra Synchrotron (Trieste, Italy) [27] at 100(2) K using a monochromatic wavelength
of 0.7000(1) Å on a Pilatus 2M hybrid-pixel area detector (DECTRIS Ltd., Baden-Daettwil,
Switzerland). The crystals were dipped in NHV oil (Jena Bioscience, Jena, Germany) and
mounted on the goniometer head with nylon loops. During data collections, no crystal
decay was observed. Data reductions were performed with XDS [28]. The structures
were solved with SHELXT [29] and refined with SHELXL-2018/3 [30] implemented in
WinGX—Version 2014.1 system [31]. Intensity data of A6 were collected at 296(2) K on a
Rigaku XtaLAB Synergy S X-ray diffractometer equipped with a CCD HyPix 6000 detector
(Rigaku Co., Tokyo, Japan) operated with a mirror-monochromated microfocus Cu-Kα

radiation (λ = 1.54184 Å) at 50 kV and 1.0 mA. The structure was solved using direct
methods and refined with SHELXL-19 [30] using a full-matrix least-squares procedure
based on F2 using all data. Thermal motions for all non-hydrogen atoms for all compounds
were treated anisotropically, and hydrogens were included on calculated positions, riding
on their carrier atoms, with isotropic Ufactors = 1.2·Ueq or Ufactors = 1.5·Ueq for methyl
groups (Ueq being the equivalent isotropic thermal factor of the bonded non hydrogen
atom). The program Mercury version 4.3.1 was used for graphics [22].
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Table 4. Crystallographic and refinement data for A5, A6, and D5·0.5MeOH.

Parameter A5
[Cu(HL2H,H)(Cl)]

A6
[Cu(OMeL2H,H)(Cl)]

D5·0.5MeOH
[Cu2(µ-saltn)(HL2H,H)](ClO4)·0.5MeOH

Crystal Data
Moiety formula C10H13ClCuN2O C11H15ClCuN2O2 C55H62Cl2Cu4N8O15

M/Da 276.21 306.24 1400.18
Crystal system monoclinic monoclinic monoclinic

Space group P21/c (n. 14) P21/c (n. 14) P21/c (n. 14)
a/Å 6.1720(12) 13.28660(10) 23.733(5)
b/Å 12.075(2) 8.94040(10) 14.032(3)
c/Å 14.656(3) 10.54040(10) 17.294(4)
α/◦ 90 90 90
β/◦ 92.69(3) 101.7454(8) 101.54(3)
γ/◦ 90 90 90

V/Å3, Z 1091.1(4), 4 1225.85(2), 4 5643(2), 4
Temperature/K 100(2) 296(2) 100(2)

Reflns for cell det 3246 15030 3560
θ/◦ for cell det 2.7–29.7 3.4–79.4 1.3–28.2
Dx/Mg m−3 1.682 1.659 1.648

µ/mm−1 2.125 4.458 1.589
Color, habit green, thin plate blue, prism blue, thin barrel

Crystal size, mm 0.10 × 0.05 × 0.02 0.15 × 0.10 × 0.02 0.10 × 0.05 × 0.02
Data Collection

Temperature/K 100(2) 296(2) 100(2)
radiation λ/Å synchrotron, 0.700 Cu Kα, 1.54184 synchrotron, 0.700

Scan type ϕ ω ϕ
2θ max/◦ 59.5 159.9 48.6
h range –8 → 8 –16 → 16 –29 → 29
k range –16 → 16 –10 → 11 –17 → 17
l range –20 → 20 –13 → 13 –21 → 21

Measured reflns 10,852 25,325 45,692
Independent reflns 3214 2667 11,515
Reflns with I > 2σ(I) 3173 2519 9071

Rint 0.0145 0.0287 0.0467
Refinement onF2

R1, wR2 [F2 > 2σ(F2)] 0.0180, 0.0552 0.0271, 0.0772 0.0356, 0.0850
R1, wR2 [all data] 0.0182, 0.0555 0.0284, 0.0781 0.0520, 0.0931

S 1.058 1.069 1.013
Params, restraints 137, 0 155, 0 790, 6

(∆/σ)max 0.002 0.001 0.002
∆ρmax, ∆ρmin/e Å−3 0.489, −0.669 0.427, −0.330 0.951, −0.605

CCDC 2,424,407 2,423,929 2,424,408

3.6. Kinetic Stability in Mimicked Physiological Conditions

The stability of A4 and A5 in darkness at 37 ◦C was evaluated via UV/Vis spec-
troscopy as a change in absorbance in the 250–800 nm range during 72 h. Solutions at
7.3 × 10−5 mol L−1 for A4 and 1.9 × 10−4 mol L−1 for A5 were prepared in PBS 0.01 mol
L−1 at pH 7.4, with the constant ionic strength of 0.1 mol L−1 maintained with the addition
of NaCl (saline PBS) by 25-fold dilution of concentrated aqueous solutions of the complexes
(1.8 × 10−3 mol L−1 for A4 and 4.8 × 10−3 mol L−1 for A5).

3.7. Cell Culture Conditions and Screening on Viability Aqnd Intracellular Accumulation

Cell lines used in this study were as follows: (i) MDA-MB-231, human triple-negative
breast cancer cells derived from metastatic site: pleural effusion; (ii) 22-Rv1, human prostate
carcinoma epithelial cells; and (iii) HaCaT, spontaneously transformed aneuploid immortal
keratinocyte cells from adult human skin. All cell lines were purchased from Amer-
ican Type Culture Collection (Manassas, VA, USA). The culture media were as follows:
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DMEM (MDA-MB-231), RPMI-1640 (22-Rv1), and DMEM (HaCaT). The media were supple-
mented with 10% fetal bovine serum (FBS) and pen/strep (100 U mL−1 and 0.1 mg mL−1).
Cells were maintained at 37 ◦C in a humidified incubator Galaxy® 170 R (Eppendorf,
Hamburg, Germany).

The effects of tested formulations on viability were investigated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For this purpose, the
suspension of 5000 cells in medium (50 µL) was added to each well of 96-well plates and left
to adhere overnight. After treatment with annotated concentrations of A4 and A5 for 24 h,
the MTT solution (10 µL, 5 mg mL−1 in saline PBS) was added to each well, and the mixture
was incubated for further 3 h at 37 ◦C. Finally, the medium containing MTT solution
was replaced with 99.9% DMSO, and the plates were incubated for another 5 min. The
absorbance was determined using Tecan Infinite 200 PRO (Tecan, Maennedorf, Switzerland)
at λ = 570 nm. The experiments were performed in six independent repetitions.

The amount of intracellular accumulation was performed through atomic absorption
spectroscopy (AAS). Measurements were performed on 280Z AAS (Agilent Technologies,
Santa Clara, CA, USA) with electrothermal atomization and Zeeman background correction
according. Copper was measured at primary wavelength of 324.7 nm (spectral bandwidth
0.5 nm, lamp current 4 mA).

3.8. Ethidium Bromide (EtBr) Displacement Assay

Interaction between DNA and A5 was examined using the EtBr displacement assay.
A total of 1 µL of 1 mg mL−1 of calf thymus DNA (Sigma-Aldrich, St. Louis, MO, USA)
was pre-incubated with 3 mL of buffer containing 9 mmol L−1 NaCl, 2 mmol L−1 HEPES,
and 3 µmol L−1 EtBr (20 ◦C, 5 min). After that, annotated concentrations of A5 were added,
and after thorough mixing and incubation (20 ◦C, 10 min), the fluorescence intensity of
EtBr was evaluated using a microplate fluorimeter: Infinite M200 PRO (Tecan, Mannedorf,
Switzerland, λex = 510 nm and λem = 605 nm). The percentage of fluorescence was plotted
against the concentration of each compound.

3.9. Plasmid Cleavage Assay

To determine the ability of A5 to cleave pDNA, supercoiled pDNA (pBR322) (50 ng
for each sample) in Tris-HCl buffer (50 mmol L−1) containing 50 mmol L−1 NaCl (pH = 7.2)
was mixed with the indicated amount of A5. The samples were diluted with Tris-HCl to a
total volume of 10 µL, followed by incubation (1 h, 37 ◦C); 100 µmol L−1 H2O2 was utilized
as the positive control. After incubation, the samples were loaded on 1% neutral agarose
gel containing 1 mmol L−1 EDTA (TAE buffer, pH = 8.0), 40 mmol L−1 Tris-acetate, and
0.5 µg mL−1 of EtBr. Electrophoresis was performed in a horizontal slab gel apparatus
at 20 ◦C, 75 V for 90 min. Gels were visualized using Azure c600 (Azure Biosystems,
Dublin, CA, USA).

3.10. Flow Cytometry

Apoptotic/death cells were detected using flow cytometry by staining using Annex
V and 7-AAD. Prior to experiments, the cells were seeded (~105 cells per well) in 96-well
flat-bottom tissue culture plates and subsequently processed and analyzed using BD Accuri
C6 Plus (BD Biosciences, Franklin Lakes, NJ, USA) according to [32]. For evaluation, at
least 50,000 events were gathered per sample.

3.11. Single-Cell Gel Electrophoresis (SCGE), Comet Assay

22Rv1, MDA-MB-231, and HaCaT cells were plated at a density of ~105 cells per
well in six-well dishes and treated with A5 (40 µmol L−1) for 6 h. After harvesting, 15 µL
of the cell suspension was mixed with 75 µL of 0.5% low-melting-point agarose (CLP,
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San Diego, CA, USA) and layered on one end of a frosted plain glass slide. Then, it was
covered with a layer of the low-melting agarose (100 µL). After solidification of the gel, the
slides were immersed in a lysing solution (2.5 mol L−1 NaCl, 100 mmol L−1 Na2EDTA,
10 mmol L−1 Tris, pH = 10) containing 1% Triton X-100 and 10% DMSO for overnight
incubation at 4 ◦C. A cold alkaline electrophoresis buffer was poured into the chamber
and incubated for 20 min at 4 ◦C. The electrophoresis was carried at 4 ◦C for 30 min, at
(1.25 V cm−1) and 300 mA. The slides were neutralized (0.4 mol L−1 Tris, pH = 7.5) and then
stained with EtBr (2 µg mL−1). The cells were analyzed using EVOS FL Auto Cell Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA). The content of DNA fragmentation
was quantified from fluorescence micrographs captured using the EVOS FL Auto Cell
Imaging System (Thermo Fisher Scientific). The classification of comets was based on the
length and the shape of the comet tails, from 0 (no visible tail) to 4 (DNA in tail). As a
DNA-fragmenting control, 250 µmol L−1 H2O2 for 1 h was used.

4. Conclusions
In agreement with our previous observations [2], this work aimed to further highlight

how the subtle addition of a ”CH2” unit, i.e., moving from en to tn, gives rise to different
reactivity and synthetic conditions and also can tune the structural and biological features
of copper(II) complexes bearing NNO tridentate Schiff bases derived from the condensation
of the already-mentioned aliphatic diamines with G-salH. The first effect to appear is the
reactivity of the starting derivatives for their conversion into the desired A4–A6, where
the acidic conditions for the synthesis of A5 lead to the structural rearrangement to the
dinuclear D5, and where the starting compound competes with A6 in the crystallization
from the reaction mixture.

From a structural point of view, the six-membered Cu–N–C–C–C–N chelate ring
of the propylene chain is more flexible than the five-membered Cu–N–C–C–N chelate
ring when the diamine has only two carbon atoms, and hence, the copper coordination
environment formed by the NNO tridentate Schiff base together with the fourth chloride
anion is close to square planar in en derivatives [4] compared to tn ones. On the other hand,
the displacement of the chloride anion from the N2OCu least-square plane seems to be
related to the nature of G (1.24 and 0.85 Å for A5 (H) and A6 (OMe), respectively, against
1.06 and 0.68 Å for A2 (H) and A3 (OMe), respectively [4]).

The other important effect could be detected in the stability in solution, where en
derivatives A1–A3 showed no alteration within 72 h in mimicked physiological condi-
tions [4], while tn derivatives A4 and A5 might undergo the partial detachment of the
coordinated amino group and opening of the six-membered metallacycle and replacement
with a water molecule or phosphate anion. This probably has an impact on the biological
efficiency of A4 as anticancer agents compared to A1, together with the lack of selectivity
among malignant and healthy cells for both A4 and A5. In light of these results, more
efforts will be devoted to the study of this class of complexes by further modifying the
skeleton of the tridentate Schiff base and modulating the nature of the coordinated fourth
halogenido anion.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inorganics13030094/s1: Figure S1: Infrared spectra in ATR mode
for A4 and A5. Figure S2: Analysis of uptake of A5 quantified as total intracellular copper determined
by AAS after 24 h treatment with 40 µmol L−1 of A5; Figure S3: Ethidium bromide (EtBr) displacement
assay; Figure S4: Cleavage of pBR322 plasmid DNA (form II) by A5 after an incubation for 24 h at
37 ◦C.
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