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Pincer compounds have stood out for their great stability, and they have been primarily employed as
catalysts. In recent years, they have also been studied to evaluate their biological properties. In this work,
three new POCOP-Ni(i) pincer complexes functionalized with a methylphthalimide fragment (1-Ni, 2-Ni,
and 3-Ni) were synthesized. These complexes were unequivocally characterized by X-ray diffraction (XRD),
and supramolecular studies were conducted using Hirshfeld surfaces. The cytotoxic activity of the
complexes was evaluated on six cancer cell lines and one healthy monkey kidney cell line (COS-7). In a
preliminary study, 1-Ni was determined to be the most active of the series, with ICsq values ranging from
0.64 uM to 1.38 pM. Additionally, ethidium bromide (EB) displacement studies were conducted, where it
was observed that complexes 1-Ni and 3-Ni intercalate into the DNA target. Moreover, molecular docking
studies revealed that these complexes intercalate with DNA, as was experimentally corroborated.
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Furthermore, the POCOP-NI(i) complexes did not demonstrate antioxidant activity, suggesting that the
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1. Introduction

Since cisplatin was approved by the FDA as the first metallo-
drug for cancer treatment, the design of new metal-based
compounds has been increasing in recent years.'™ Among
these, organometallic compounds have gained significant
attention in the field of medicine, as they have shown promis-
ing results for treating various diseases due to their greater
stability compared to coordination complexes.>™**

Pincer complexes, formed by the union of a tridentate ligand
and a metal center, have been attracting attention due to their
thermal stability and high catalytic activity. These complexes
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presence of the phthalimide moiety may block radical inhibition processes.

are characterized by their ability to modulate electronic and
steric properties around the metal center.">™® Due to these
qualities, pincer complexes have garnered significant interest in
order to explore their biological properties, primarily as
antimicrobial’®>' and antitumor agents.>”® In this context,
our research group reported the antibacterial activity of a series
of unsymmetrical POCOP-Pd(u) pincer complexes against both
Gram-positive and Gram-negative strains, showing activity
against the S. aureus strain.”® On the other hand, nickel, being
a more abundant metal with isoelectronic properties to platinum
(d®), forming square planar geometries, and being present in
various active sites of several metalloproteins,*** is considered
a better option for the development of new metallodrugs against
cancer, potentially offering lower toxic effects and greater selec-
tivity towards malignant cells. From this perspective, nickel
pincer complexes have demonstrated very promising anticancer
properties, where SCS-Ni(i) complexes showed activity against
estrogen-sensitive human breast cancer cells (MCF-7) and exhib-
ited a reduction in solid breast cancer tumors (MC4L2) in in vivo
studies conducted on female mice.>* Additionally, cytotoxicity
studies of POCOP-Ni(u) complexes functionalized with a hydro-
xyl (-OH) group revealed that these complexes were more active
than cisplatin, and through DNA interaction studies, it was
suggested that these may interact with DNA via intercalation.**
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Fig.1 POCOP-Ni() pincer complexes functionalized with N-

(methyl)phthalimide (1-Ni to 3-Ni).

It is also worth noting that introducing biologically relevant
fragments into the skeleton of these pincer complexes could further
enhance their biological properties,® such as the use of pharma-
cophore fragments like phthalimide. The biological properties of
phthalimide are influenced by its hydrophobicity, which facilitates
its mobility across biological membranes. It also contains a hydro-
gen bonding subunit, as well as an electron donor group and an
aromatic hydrophobic site, which has allowed it to be used in the
development of new drugs, such as immunomodulators (IMIDs)
including thalidomide, pomalidomide, and lenalidomide.*

Based on this, we decided to synthesize a series of POCOP-
Ni(n) pincer compounds functionalized with a methylphthali-
mide fragment (1-Ni to 3-Ni) (Fig. 1), which were evaluated
using different cancer cell lines, as well as for their antioxidant
activity. We also aimed to observe the biological effects that the
introduction of a pharmacophore fragment may have, in com-
parison to the previously reported POCOP-Ni(u) (1-3) precur-
sors functionalized with a hydroxyl fragment.** Additionally,
competitive displacement studies using fluorescence and mole-
cular docking studies were conducted to understand how these
compounds interact with the DNA target.

2. Result and discussion

The synthesis of the para-functionalized pincer compounds
(1-Ni and 3-Ni) was carried out in three stages, starting from

OH
HO f OH

2eq CIPR,, 2eq Et3N

Toluene, r.t., N,

16 h ]
6 R,P
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the POCOP-Ni(u) precursors previously reported by our research
group,”” but with slight modifications (Scheme 1). For the
preparation of the POCOP-type ligands, phloroglucinol was
mixed with 2 eq. of Et;N to deprotonate only two hydroxyl
groups, leaving the third one fully protonated. Following this,
2 eq. of the corresponding phosphine chloride were added in
toluene at room temperature and stirred for 16 hours. Subse-
quently, an equimolar amount of anhydrous NiCl, was added
in situ, and the reaction was refluxed for 16 hours to obtain the
desired complexes (1 to 3).

Subsequently, the precursors were dissolved in THF in the
presence of NaB(OMe), at room temperature and a catalytic
amount of 18-crown-6 (18C6) to obtain the corresponding phe-
nolate ion of the POCOP complex. The use of NaB(OMe),, in
addition to providing good yields, was chosen over other bases to
avoid the production of water as a by-product and prevent
possible hydrolysis reactions. Moreover, this, combined with
18C6, enhances the basicity of the tetramethoxyborate ion for
phenolate ion formation, as well as increases its nucleophilicity
to facilitate the substitution reaction on N-(chloromethyl)phtha-
limide, leading to the subsequent formation of NaCl as a by-
product. Upon observing a change in coloration in the reaction
mixture, N-(chloromethyl)phthalimide was added, and the reac-
tion was allowed to stir at room temperature for 24 h (Scheme 2).
The para-functionalized POCOP complexes were isolated as
yellow solids with moderate to good yields and were character-
ized by NMR spectroscopy, FT-IR, mass spectrometry, elemental
analysis, and single-crystal X-ray diffraction.

The yields obtained for both the precursors (1-3) and the
functionalized POCOP complexes (1-Ni-3-Ni) follow the same trend:
‘Bu > 'Pr > Ph. This is likely due to electronic effects on the
phosphorus atoms, where nucleophilicity is greater with ‘Bu sub-
stituents, leading to a more efficient binding to nickel in the case of
the precursors (1-3). Similarly, there is an increase in the nucleo-
philic character of the phenolate ion for the subsequent substitution
reaction on the N-(chloromethyl)phthalimide fragment.

The 'H, “C{'H}, and *'P{'"H} NMR spectra of the three
complexes exhibited the expected signals for a C,, symmetric
POCOP complex. The 'H NMR spectra of these new complexes
displayed the characteristic AB pattern for the aromatic frag-
ment of the phthalimide, and a single signal was observed, as
expected, for the methylene protons around 5.54-5.58 ppm. In
the *C{'H} spectrum, they exhibited a carbonyl carbon signal
at 167.12 ppm for 1-Ni, 169.35 ppm for 2-Ni, and 167.09 ppm

OH OH
/@\ NiCl,, 110 °C
e o Toluene, rt, N, 0O
] 16 h I I
PR, RZP—I\Ili—PRZ
]

(1), R =Pr (68%)
(2), R = Bu (80%)
(3), R =Ph (60%)

Scheme 1 General synthesis of the precursors of POCOP-Ni(i) pincer complexes.
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Scheme 2 Functionalization reaction of the POCOP-Ni(i) precursors (1-3) with the N-(chloromethyl)phthalimide fragment.

for 3-Ni. Additionally, the methylene carbon signal showed a
similar chemical shift (~65 ppm) for all three complexes. All
31p{'"H} NMR spectra showed a single signal consistent with a
symmetric structure around the phosphorus atoms. Mass spec-
trometry of the three compounds exhibited peaks corres-
ponding to the molecular ions at 610, 666, and 746 m/z for
1-Ni, 2-Ni, and 3-Ni, respectively.

Finally, the FT-IR spectra of these complexes showed sym-
metric and asymmetric frequency bands of the carbonyl (C=0)
group between 1722-1730 cm ™.

The molecular structures of complexes 1-Ni to 3-Ni were
unequivocally determined by X-ray diffraction (Table 1). Single
crystals were obtained by slow diffusion of a dichloromethane/
methanol mixture (1:3) at room temperature. 1-Ni and 3-Ni
crystallize in a triclinic (P1) system, while 2-Ni in a monoclinic
(P24/c) system. Molecular structures were visualized and drawn
with OLEX2?® v1.5 and they are found in Fig. 2. In all three

Table 1 Crystallographic data for compounds 1-Ni, 2-Ni and 3-Ni

complexes, the POCOP-type ligands coordinated tridentate to
the metal center through two phosphorus donor atoms and the
central carbon of the aromatic ring skeleton, with a chloride
ligand completing the coordination sphere of the complex
adopting a square planar geometry around the nickel atom.
Additionally, the functionalized phthalimide fragment is
observed in the para position of the aromatic ring. The topology
of the ligand leads to the formation of two five-membered
metallocycles where the symmetry around the aromatic back-
bone is evident. Intermolecular distances in the crystal struc-
tures of compounds were analyzed with MERCURY?’ v2023.3.0.
The selected bond distance (A) and angles (°) for the POCOP-
Ni(u) complexes are listed in Table 2.

The three complexes adopt a molecular geometry close to an
ideal square plane, as evidenced by the sum of bond angles
around the Ni(u) center: 360.01° (1-Ni), 359.96° (2-Ni), and
359.91° (3-Ni), respectively. The Ni-C bond distances in all

1-Ni 2-Ni 3-Ni
Formula C,,H;,CINNiO,P, Cs,H,,CINNiO,P, C3oH,CINNiO,P,
Formula weight 610.67 666.77 746.72
Temperature (K) 120(2) 120(2) 298(2)
Wavelength 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Triclinic
Space group P1 P2,/c P1
a (A) 8.2574(4) 8.0054(4) 8.7072(3)
b (A) 11.5280(8) 27.8419(12) 9.4954(4)
c(A) 15.9268(8) 14.9413(7) 22.8387(10)
() 89.739(5) 90 84.987(2)
B0 76.201(5) 103.937(5) 80.985(2)
7 () 76.225(5) 90 67.538(2)
Vv (A% 1427.79(15) 3232.2(3) 1722.67(12)
V4 2 4 2
Jeal (g em ™) 1.420 1.370 1.440
u (mm™) 0.922 0.821 0.780
F(000) 640 1408 768

0.550 x 0.350 x 0.290
3.460 to 29.532

Crystal size (mm?)
Theta range (°)

Reflaction collected 21794
Data/restraints/parameters 6923/0/342
Goodness-of-fit 1.083

Final R indices [I > 2sigma(J)] R; = 0.0368, WR, = 0.0792

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

0.450 x 0.290 x 0.250
3.537 to 29.403

0.369 x 0.231 x 0.155
2.322 to 25.391

17128 22789
7549/0/382 6336/0/442
1.054 1.088

R, = 0.0389, WR, = 0.0799 R, = 0.0459, WR, = 0.0905
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Fig. 2 Molecular structures of pincer compound (a) 1-Ni, (b) 2-Ni and (c) 3-Ni. The thermal ellipsoids are represented at 50% of probability and the

hydrogen atoms are omitted for clarity.

Table 2 Selected bond distance (A) and angles (°) for the POCOP-Ni(n)
complexes

Compound M-C ~ M-Cl M-P1 M-P2 P1-M-P2 C-M-Cl
1-Ni 1.881(2) 2.208(6) 2.161(6) 2.146(6) 163.62(2) 176.66(6)
2-Ni 1.877(2) 2.196(8) 2.185(5) 2.183(5) 163.55(3) 179.19(6)
3-Ni 1.883(2) 2.192(7) 2.159(4) 2.163(4) 163.48(3) 178.16(5)

complexes are similar of around 1.88 A. On the other hand, the
angles involving P1-Ni-P2 are quite similar in the three com-
plexes, approximately 163.6°. In contrast, the C-Ni-Cl angle
varies within the range of 176.66° to 178.16°. These obtained
values are consistent with other similar pincer complexes
previously reported (Table 2).*%*'

3. Supramolecular analysis

Different contacts were found in the pincer derivative com-
pounds to support the supramolecular arrangements via CH: - -x,
O---H, CH- - -0 and CH- - -Cl non-covalent interactions which are
summarized in Table 3. Additionally, to simplify these interac-
tions were described as graph set descriptors. The use of graph
sets to describe hydrogen-bond patterns in molecular crystals is
illustrated in Fig. 3. Molecular arrangement in crystal packing of

1-Ni and 2-Ni are supported by polymeric interactions CH: - -O
and CH---Cl, respectively (Fig. 3a and b) [graph set descriptor
C(12) and C(6)]. A dimeric interaction in complex 3-Ni supported
by two reciprocal CH---O interactions by the ether bridge
additionally the two aromatic phthalimide fragments were n-n
stacking for the most stable conformation (Fig. 3c) [graph set
descriptor R3(14)]. Despite containing many aromatic fragments
in the three complexes, just 3-Ni n-n-staking was found which is
further confirmed by Hirshfeld surface analysis (vide infra). All
intermolecular parameters of distances and angles were within
the expected range reported previously.*>

3.1. Hirshfeld surface

The proposed short interactions in the pincer-type Ni com-
plexes were studied by the Hirshfeld analysis using the Crystal
Explorer*® program, it was possible to obtain information about
the percentages of non-covalent interactions. Additionally, we
determined the two-dimensional fingerprints*’ plot derived
from the Hirshfeld surface based on our results from the
X-ray studies in CIF format. The plots are shown in Fig. 4; the
corresponding fingerprints were plotted and are shown in
Table 4. The HS over the dyorm function, evident red dots (close
contacts) were located over the oxygens of the ether and the
carbonyl groups of the phthalimide moiety due to O---H/H: - -O
contacts (Fig. 4a—c). The shape index shows long red spots

Table 3 Principal interactions in the molecular structures of complexes 1-Ni, 2-Ni and 3-Ni

Distance (A) Distance (A) Angle (%)
Compound Interaction D-X---A D---A D-X---A Symmetry operation
1-Ni C22H22- --04 2.534(2) 3.456(3) 153.13(4) 1+x, —-1+y2
C8HS8B- - -05 2.616(3) 3.510(2) 151.76(4) 1-x1-y1-2
C24H24C---03 2.532(2) 3.389(3) 146.12(5) 2-x1-y, -2
C25H25- --04 2.658(2) 3.424(2) 133.50(3) 2-x1-y, -2
2-Ni C22H22B---Cl1 2.697(3) 3.677(1) 179.34(4) x, —1/2 —y, —1/2 +2
C27H27A. - -C13 2.816(1) 3.603(3) 137.87(5) —x,1/2+y, —-1/2 — z
C31H31B- - -C4 2.658(2) 3.562(3) 153.64(3) —x,1/2+y, -1/2 — z
C31H31B---C12 2.6868(3) 3.643(2) 165.34(5) —x,1/2 +y, —1/2 — z
3-Ni C6H6- - -04 2.637(1) 3.559(1) 171.31(4) —1+x92
C5H5---03 2.628(2) 3.273(2) 127.05(5) 2—x-y,1—z
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Fig. 3 Representatives no-covalent interactions observed in the complexes: (a) graph set descriptor C(12) found in 1-Ni, (b) graph set descriptor C(6)
found in 2-Ni and (c) centrosymmetric dimer found in 3-Ni [graph set descriptor R3(14)]. Note: hydrogen atoms not involved in the hydrogen bonds were

omitted for clarity.

revealing mainly CH---n contacts (Fig. 4d-f) and red/blue
triangles due to m- - -n stacking between phthalimide and phe-
nyl groups (Fig. 5). In their part, fingerprint plots show char-
acteristic appearance due to individual C---H/H---C, O---H/
H---0, and Cl.--H/H- - -Cl reciprocal contacts, as two symme-
trical wings or tips (see Table 4). However, the majority of
contacts were due to H---H and C---H/H---C (over 43% and

Fig. 4 Hirshfeld surface calculated for complexes over the function:
dnorm (@) 1-Ni, (b) 2-Ni and (c) 3-Ni; over the shape index (d) 1-Ni, (e) 2-
Ni and (f) 3-Ni.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

17%, respectively) of the total contributing contacts; individual
contributions are plotted in Chart 1.

4. Cytotoxic activity

The three Ni(u) pincer complexes were stable in the presence of
air. Additionally, a stability assay was conducted using the 1-Ni
complex dissolved in DMSO-d, and monitored by 'H NMR every
24 hours for three days. It was observed that there were no
apparent changes in the signals of the complex during this
period (Fig. S10, ESI). After confirming the stability of the
compounds, in vitro cytotoxicity studies were conducted using
the sulforhodamine B protocol with a concentration of 10 uM for
the complexes, and DMSO was used as the transport vehicle,
with an incubation period of 48 hours. Six human cancer cell
lines were employed: U251 (human glioblastoma), PC-3 (human
prostate adenocarcinoma), K562 (human chronic myelogenous
leukaemia), HCT-15 (human colorectal adenocarcinoma), MCF-7
(human breast adenocarcinoma) (these cell lines were donated
by the Nacional Cancer Institute, USA), SKLU-1 (human lung
adenocarcinoma) (provided by the Cancer Institute of Mexico).
Additionally, a healthy monkey kidney cell line (COS7) was
included for comparative purpose. Cisplatin was used as a
reference standard for evaluation and comparative purposes
(Table 5).

In a previous study conducted by our research group,*
cytotoxicity tests were performed on the POCOP-Ni(u) precur-
sors (1-3). The results showed that complexes 1 and 3 were the
most cytotoxic against U251, HCT-15, and MCEF-7 cell lines,
exhibiting better ICs, values than cisplatin. Based on these
results, we decided to incorporate a pharmacophore such as
N-(chloromethyl)phthalimide to assess whether selectivity
could be improved. In a primary screening, it was observed

New J. Chem., 2025, 49, 5173-5186 | 5177
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that the 1-Ni complex was the most cytotoxic in all cell lines,
both cancerous and healthy, showing a 100% inhibition rate.
This indicates that there was no change in cytotoxic activity
regardless of the presence of the methylphthalimide fragment
in the pincer complex skeleton. On the other hand, 2-Ni showed
lower cytotoxicity, being more selective against MCF-7 (43%)
and non-toxic in the healthy cell line. However, this complex
exhibited very low solubility in the transport vehicle due to the
incorporation of the pharmacophore, making it unsuitable for
comparison with precursor 2. Finally, compound 3-Ni did not
show cytotoxic activity in any of the cell lines, in contrast to 3,
which was active in all cell lines (Table 5).

Based on these primary screening results, we can infer that
in the case of 1-Ni, there was no modification in the cytotoxic

5178 | New J. Chem., 2025, 49, 5173-5186

TU T2 T4 T6 T8 20 T 7%

3.0%

TU T2 T4 T6 T8 20 7%

4.7%

properties compared to 1, while 2-Ni exhibited a decrease in
solubility, affecting the assay results. Compound 3-Ni, however,
proved to be the least toxic of all the evaluated compounds,
even compared to its counterpart 3, suggesting that the incor-
poration of such an organic fragment affected the cytotoxic
properties. Furthermore, when comparing the cytotoxicities of
the complexes to NiCl,, it is evident that there is a synergistic
effect between the POCOP ligands and the methylphthalimide
on the anticancer properties, enhancing them across the
cell lines.

Based on these results, the ICs, assay was conducted with
complex 1-Ni, which exhibited higher activity against all cancer
cell lines compared to cisplatin but was more toxic than
the metallopharmaceutical in the healthy cell line (Table 6).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 5 HS over shape index of complex 3-Ni, yellow circle encloses the
evident m- - - stacking.

128 .

2-Ni 11713 16.3 l

1-Ni 3] 17711 1753 l
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Other mH--H w®C---HH-C O---H/H---O mCl---H/H---Cl

Chart 1 A plot of percentages of contacts observed in complexes 1-Ni,
2-Ni and 3-Ni.

Table 5 Growth inhibition (100%) of cancer cell lines by pincer com-
plexes (10 pM)

Entry Compound U251 K562 HCT-15 MCF-7 SKLU-1 COS7
1 1-Ni 100 100 100 100 100 100
2 2-Ni 24.5 1.1 — 43.0 — —
3 3-Ni — — — — — —
4 NiCl, 9.90 — 4.15 2.07 — —
5 Cisplatin 35.7 244 133 28.8 38.9 34.7

The range of the selectivity index (SI) for the complex is within a
range of 0.64 to 0.97, indicating that the pincer complex
possesses a high degree of toxicity.
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Table 7 Antioxidant of functionalized POCOP-Ni pincer complexes from
lipid peroxidation (rat brain)

Compound Concentration (uM) Inhibition (%)
1-Ni 1 —3.40
10 9.92
100 34.24
2-Ni 1 1.85
10 4.39
100 3.13
3-Ni 1 2.02
10 —2.12
100 4.42
a-Tocopherol 1 21.13
10 59.00
100 79.09

Homogenized in: PBS; vehicle: DMSO; peroxidation: induced with
FeSO, at 10 uM, 1 h of incubation; EDTA: 2 pM.

The marked cytotoxic effects observed in these complexes
(1-Ni-3-Ni) could be attributed to the substituents present on the
phosphorus atom, primarily due to steric factors. A possible
explanation for this is that, for the 1-Ni compound, the chloride
ion is less hindered from leaving the coordination sphere, thus
enabling a coordination site on the Ni(n) center. This allows the
center to interact with other biological targets through covalent
bonds, thereby increasing its antitumor activity. However,
further biochemical studies are required to confirm these
hypotheses and to elucidate a potential mode of action for these
compounds at the cellular level.

5. Antioxidant activity

Different studies have revealed that the antioxidant activity of
certain compounds can help prevent cancerous tumors. It is
believed that this disease can be generated by the uncontrolled
formation of reactive oxygen species (ROS), which promote
the onset of malignant tumor formation. For that reason, the
antioxidant activity of the functionalized POCOP-Ni com-
pounds was evaluated. The assays were conducted using the
thiobarbituric acid reactive substances (TBARS) protocol, which
leads to the formation of ROS from FeSO, in the presence of
lipids obtained from rat brains. The studies were performed
using three different concentrations of the evaluated complexes
(1, 10, and 100 pM) and using o-tocopherol as a control
(Table 7). In a previous study,** complexes 1-3 were evaluated
as potential antioxidant agents, demonstrating very promising
activities, especially complex 2, whose IC5, was the highest
compared to the other two complexes (1.55 % 0.08), being a
better antioxidant than the organic compound o-tocopherol
(6.78 & 2.16). Here, the electronic properties of the ‘Bu groups
have a significant influence on the higher activity, favoring a

Table 6 [Csq values for complex 1-Ni (uM)

Compound U251 K562 HCT-15 MCF-7 SKLU-1 COS7

1-Ni 0.74 + 0.07 0.66 + 0.07 1.38 £+ 0.01 1.0 + 0.05 0.88 4+ 0.03 0.64 + 0.03
Cisplatin 4.7 £ 04 1.2 £+ 0.08 17.0 + 1.6 5.5+ 0.5 4.3 £ 0.5 7.2 £ 0.6
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Fig. 6 Fluorescence spectrum of EB-DNA in the presence of increasing concentrations of complexes 1-Ni (A) and 3-Ni (B). The arrows indicate changes
in emission intensity as a function of the concentration of the complexes. On the right are the Stern—Volmer plots of the fluorescence titration data.

better charge distribution over the phenolate ion, allowing it to
trigger collateral reactions in the formation of free radicals.
To compare the antioxidant properties of the precursors (1-3)
with the functionalized compounds (1-Ni-3-Ni), the same studies
were performed. In a primary screening, it was observed that all
three complexes did not exhibit significant antioxidant activity,
with complex 1-Ni showing the highest inhibition rate at 100 pM
(34.24%), but still lower than that of a-tocopherol at the same
concentration (79.09%). Unlike complexes 1-3, the compounds
functionalized with the phthalimide fragment did not prove to
be good antioxidants. This can be explained by the fact that the
formation of the phenolate ion is crucial, as the generation of
this species leads to possible radical inhibition by the ROS
generated in situ. When phthalimide is attached to the pincer
through an ether bond, this bond, being more stable, does not
satisfactorily generate the phenolate ion, which implies an
inhibition of the antioxidant activity by the POCOP complexes.

6. Ethidium bromide (EB)
displacement assay

Competitive displacement studies were conducted for com-
plexes 1-Ni and 3-Ni, while complex 2-Ni could not be evaluated

due to its low solubility. This assay was used to understand how
these compounds can interact with the DNA target. The test

5180 | New J. Chem., 2025, 49, 5173-5186

involves performing competitive fluorescence titrations with
ethidium bromide (EB). EB is a good intercalator with very weak
fluorescence, but when intercalated into DNA, it shows an
increase in fluorescence. If a compound can intercalate with
DNA, it will gradually displace EB from the binding sites, which
can be observed as a decrease in the fluorescence intensity of the
EB-DNA adduct as the presence of the compound under evalua-
tion increases. As shown in Fig. 6, as the concentration of
complexes 1-Ni and 3-Ni increases from 0 to 37 puM (Fig. 6A)
and 0 to 10 uM (Fig. 6B), they have the capacity to decrease the
fluorescence intensity of the EB-DNA adduct, suggesting that the
POCOP-Ni(n) complexes functionalized with the phthalimide
fragment intercalate into the DNA double helix, displacing EB
from this molecular target.

The Kgy values for the quenching of the fluorescence inten-
sity of EB bound to DNA for complexes 1-Ni and 3-Ni were
determined from the Stern-Volmer plot, which showed good
linearity. The quenching constant values for complexes 1-Ni
and 3-Ni were found to be 8.7 x 10® and 3.67 x 10* mol L™},
respectively. This suggests that complex 3-Ni intercalates more
strongly into DNA than complex 1-Ni, possibly due to the
greater number of aromatic rings in complex 3-Ni compared
to complex 1-Ni. This could favor a higher number of n-n and
o-T interactions, promoting better intercalation. These suppo-
sitions can be clarified through molecular docking studies to
strengthen this hypothesis.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 8 RMSD (A) between crystal structure and DFT-optimized

geometries
Complex RMSD (A) Structure
1-Ni 0.23
2-Ni 0.31
JJ | JJ
N\
3-Ni 0.29

7. Computational calculations

To verify the accuracy of the electronic structure method, we
made a comparison between the optimized geometry using
density functional theory (DFT) and the X-ray crystallography
structure. This comparison is crucial as it validates the compu-
tational method’s reliability in predicting these complexes’
structural parameters. As observed in Table 8, the comparison
shows no significant differences between the DFT-optimized
geometries and the experimentally determined X-ray structures,
with low root mean square deviation (RMSD) values consis-
tently. This low RMSD indicates a high level of agreement
between the theoretical and experimental geometries, reinfor-
cing the accuracy of the DFT method in modeling these nickel
complexes.

After the molecular docking simulations, all three com-
plexes present the same conformation in the methylphthali-
mide group, where hydrogen bonds are found with both
carbonyl groups. These intramolecular interactions allow for
a better conformation of the methylphthalimide fragment,
enabling it to bind with DNA, which could be crucial for more
optimal intercalation as well as for the activity of the com-
plexes. As shown in Fig. 7.

However, the R substituents on the phosphines significantly
influence the overall interaction patterns by increasing or
decreasing hydrophobic interactions. Specifically, the n-n
stacking interactions of the phenyl groups in the 3-Ni complex

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 7 Interaction between DNA and complex 1-Ni, where blue interac-
tions represent hydrogen bonds with distances in A.

Table 9 Binding energy of Ni complexes with DNA and exponential
consensus ranking (ECR)

Binding energy kcal mol "

Complex ATD Vina Smina ECR rank
1-Ni —6.5 —8.6 —8.6 14.6
2-Ni —4.2 —-8.3 —-8.3 12.0
3-Ni —5.6 -9.5 -9.6 18.2

enhance its stability and binding affinity due to the additional
non-covalent interactions (see Table 9). This enhanced inter-
action indicates the importance of aromatic groups in stabilizing
such complexes through n-n stacking, which could be further
explored for designing more efficient binding molecules.

In contrast, 1-Ni and 2-Ni complexes exhibit repulsion
effects. The 2-Ni complex shows notable electrostatic repulsion
with DNA. This is attributed to its bulkier nature, which
introduces steric hindrance and reduces the effective binding
interactions. The electrostatic repulsion observed with the 2-Ni
complex, as shown in Fig. 8, highlights the balance required
between size and binding efficiency. Too large substituents can
disrupt the binding process, leading to lower affinity and
potential loss of function.

Moreover, these findings underscore the role of electrostatic
and hydrophobic interactions in the binding process. While the
hydrophobic interactions provided by the R substituents can
enhance stability and affinity, excessive bulkiness or inap-
propriate electrostatic environments can lead to repulsion
and decreased binding efficiency.

8. Conclusion

Three new functionalized POCOP-Ni(u) pincer complexes with
a phthalimide fragment (1-Ni, 2-Ni, and 3-Ni) were synthesized.
Single crystals were obtained for three compounds, whose
molecular structures were unequivocally elucidated by X-ray
diffraction (XRD). The presence of multiple and variable donor
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Fig. 8 Interaction between DNA and complex 3-Ni (blue), 2-Ni (pink).

and acceptor groups in these compounds allowed for various
non-covalent interactions, such as CH---w, O---H, CH---O,
CH:---Cl, and m---m, supporting the 1D and 2D polymeric
frameworks. Cytotoxicity studies revealed that complex 1-Ni
was the most active but also more toxic to the healthy cell line.
In competitive displacement assays, complexes 1-Ni and 3-Ni
efficiently displaced ethidium bromide (EB), indicating that
their planarity and the presence of aromatic groups allowed
them to intercalate into the DNA target. Additionally, antioxidant
assays revealed that these complexes were not good antioxidants
compared to POCOP-Ni(n) complexes functionalized with a
hydroxyl group in the para position, suggesting that the phtha-
limide group blocks processes related to free radical inhibition.
All three Ni complexes show consistent conformation with
strong DNA binding via the N-(methyl)phthalimide group. Mole-
cular docking simulations indicate that R substituents on phos-
phines significantly affect binding interactions, with bulkier
groups causing electrostatic repulsion. These findings are key
for designing effective Ni-based binding agents.

9. Experimental section

All reactions were carried out under nitrogen with standard
Schlenk techniques unless otherwise stated. All chemical com-
pounds were commercially obtained and used as received
without purification. Melting points were recorded on a
MELT-TEMP 1I laboratory devices and are reported without
correction. The FT-IR spectra were obtained FT-IR NICOLET
IS-50 Thermo Fisher Scientific spectrometer, using attenuated
total reflectance (ATR) technique. The 'H, "*C{"H} and *'P{'H}
NMR spectra were recorded on a Bruker Advance III 400 MHz
spectrometer. Chemical shifts are reported in ppm down field
of TMS employing the residual signals in the solvent (CDCl;) as
internal standard. Direct analysis real-time (DART') mass
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spectra were recorded on a the AccuTOF JMS-T100LC spectro-
meter. Elemental analyses were performed in a Thermo Scien-
tific Flash 2000 elemental analyzer, using a Mettler Toledo XP6
Automated-S Microbalance and sulfanilamide as standard
(Thermo Scientific BN 217826, attained values N = 16.40%,
C = 41.91%, H = 4.65%, and S = 18.63%; certified values N =
16.26%, C = 41.81%, H = 4.71%, and S = 18.62%).

9.1. General procedure for the synthesis of para-phthalimide
functionalized POCOP-Ni(u) pincer complexes

The pincer compounds 1-3 were synthesized following an
analogous procedure reported earlier by our research group®”
with slight modifications, which include the use of anhydrous
NiCl, (Scheme 1) instead of NiCl,-6H,0. A Schlenk flask was
charged with the compounds 1-3 (1 eq.), NaB(OMe), (2 eq.) and
18-crown-6 (10% mol, 18-c-6) in dry THF (35 mL) was stirred at
room temperature for 2 h under a nitrogen atmosphere. Then,
was added N-(chlorometyl)phthalimide (1 eq. CIMePht) to the
Schlenk and the reaction mixture was stirred at room tempera-
ture for 24 h. After this time, all volatiles were removed under
high vacuum. The crude product was purified by chromato-
graphic column using CH,Cl, as eluent.

9.1.1. Synthesis of 1-Ni. Compound 1-Ni was isolated as
yellow solid. Yield: 86%. Melting point: 235-238 °C. "H NMR
(400 MHz, CDCl3): 6 7.93 (dd, 2H, *Jy.; = 5.5 Hz, CHy,), 7.78
(dd, 2H, *Jy_y = 5.5 Hz, CHy,), 6.21 (s, 2H, CHy,), 5.54 (s, 2H,
-CH,-Pht), 2.40 (m, 4H, *J;_;; = 7.1 Hz ~CH(CH,),), 1.43 (q, 12H,
um = 6.9 Hz, -CH(CH;),), 1.34 (q, 12H, *J,n = 7.3 Hz,
-CH(CH3),). “C{'H} NMR (100.5 MHz, CDCl;): § 168.96
(vt, 2C, Jp-¢ = 10.0 Hz, C—OP(iPr]), 167.12 (s, 2C, C=0), 158.16
(s, 1C, Ca-0), 134.54 (s, 2C, Cy;), 131.88 (s, 2C, Cay), 123.90
(s, 2C, Ca;), 116.61 (vt, 1C, C-Ni), 93.89 (vt, 2C, Jp_c = 6.03 Hz,
CHy,), 65.15 (s, 1C, O-C-Pht), 27.79 (s, 4C, -CH(CH,),), 17.47
(s, 4C, -CH(CH,),), 16.71 (s, 4C, -CH(CHj3),). *'P{"H} NMR
(162 MHz, CDCl;): § 186.63. MS-DART", m/z (%): 610 (100)
[M'], 574 [M" — HCI] (65). IR (ATR, vem-1): 1777 (C—=0)gym, 1725
(C—=0)asym- Elem. anal. calc. for C,,;H;sCINiOsP, (610.7 g mol ):
C 53.10, H 5.94, N 2.29; found: C 53.32, H 5.93, N 2.31.

9.1.2. Synthesis of 2-Ni. Compound 2-Ni was isolated as
yellow solid. Yield: 95%. Melting point: 310-312 °C. "H NMR
(400 MHz, CDCl,,): § 7.93 (dd, 2H, s = 5.5 Hz, CH,,), 7.78
(dd, 2H, %]y = 5.5 Hz, CH,,), 6.18 (s, 2H, CHy,), 5.54 (s, 2H,
-CH,-Pht), 1.48 (t, 36H, */p_y = 7.1 Hz, -C(CH3);). "*C{"H} NMR
(100.5 MHz, CDCl;): 6 169.44 (vt, 2C, Jp_c = 10.0 Hz, C-OP('Pr)),
167.11 (s, 2C, C=0), 157.73 (s, 1C, Cx~0), 134.52 (s, 2C, Cy,),
131.91 (s, 2C, Cay), 123.89 (s, 2C, Ca,), 116.18 (vt, 1C, C-Ni), 93.63
(vt, 2C, Jp_c = 6.03 Hz, CH,,), 65.21 (s, 1C, O-C-Pht), 39.24 (vt, 4C,
Jec = 6.03 Hz -C(CH,);), 27.99 (vt, 12C, Jp_¢ = 3.01 Hz, -C(CH,),).
3'p{'H} NMR (162 MHz, CDCly): § 189.21. MS-DART", m/z (%):
666 (100) [M']. IR (ATR, vem-1): 1781 (C=0)gym, 1730 (C=0)a5ym-
Elem. anal. calc. for C;;H4,CINiO;P, (666.8 g mol ): C 55.84, H
6.65, N 2.10; found: C 56.15, H 6.62, N 2.07.

9.1.3. Synthesis of 3-Ni. Compound 3-Ni was isolated as
yellow solid. Yield: 60%. Melting point: 236-237 °C. "H NMR
(400 MHz, CDCl,): 6 7.97 (m, 8H, OP-CHy,,), 7.92 (dd, 2H, *Jy7p; =
5.5 Hz, CHy,), 7.77 (dd, 2H, *J;sr = 5.5 Hz, CH,,), 7.48 (m, 12H,
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OP-CH,,), 6.44 (s, 2H, CH,,), 5.58 (s, 2H, -CH,-Pht). "*C{'H}
NMR (100.5 MHz, CDCly): § 167.19 (vd, 2C, Jp.¢ = 12.1 Hz, C-
OP('Pr)), 167.09 (s, 2C, C=0), 158.87 (s, 1C, C5~0), 134.56 (s, 2C,
Can), 132.41 (vt, 4C, Jp.¢ = 24.1 Hz, OP-Cy,), 131.92 (s, 2C, Ca),
131.84 (8, 4C, OP-CHy,), 131.80 (vt, 8C, OP-CHy,,), 128.77 (vt, 8C,
Jp-c=5.02 Hz, OP-CHy,), 123.92 (s, 2C, Ca,), 117.72 (vt, 1C, C-Ni),
95.40 (vt, 2C, Jp¢c = 7.03 Hz, CH,,), 65.26 (s, 1C, O-C-Pht).
*'p{'H} NMR (162 MHz, CDCl;): § 142.31. MS-DART", m/z (%):
746 (6.92) [M'], 747 (3.81) [M" + H], 710 (100) [M" — MeOH]. IR
(ATR, vem—1): 1775 (C=0)sym, 1722 (C—=0),4ym. Elem. anal. calc.
for C3oH,5CINiOsP, (746.7 ¢ mol '): C 62.73, H 3.78, N 1.88;
found: C 62.07, H 3.79, N 1.88.

9.2. Cytotoxic evaluation

The compounds were screened in vitro against human cancer
cell lines: HCT-15 (human colorectal adenocarcinoma), MCF-7
(human mammary adenocarcinoma), K562 (human chronic
myelogenous leukaemia), U251 (human glioblastoma), PC-3
(human prostatic adenocarcinoma), SKLU-1 (human lung ade-
nocarcinoma), COS-7 (cell line monkey African green kidney) cell
lines were supplied by the National Cancer Institute (USA) and
were donated by the Cancer Institute of Mexico. The cell lines
were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 2 mM 1-glutamine, 25 ug mL~" amphotericin
B (Gibco) and 1% non-essential amino acids (Gibco). They were
maintained at 37 °C in a humidified atmosphere with 5% CO,.
Cytotoxicity after treatment of the tumors cells and normal cells
with the test compounds was determined using the protein-
binding dye sulforhodamine B (SRB) in a microculture assay to
measure cell growth.*® The cultures were exposed for 48 h to the
compound at concentrations 25 pM. After the incubation period,
cells were fixed to the plastic substratum by addition of 50 pL of
cold 50% aqueous trichloroacetic acid. The plates were incubated
at 4 °C for 1 h, washed with H,O, and air-dried. The trichloroacetic-
acid-fixed cells were stained by the addition of 0.4% SRB. Free SRB
solution was the removed by washing with 1% aqueous acetic acid.
The plates were then air-dried, and the bound dye was solubilized
by the addition of 10 mM unbuffered tris base (100 uL). The plates
were placed on and shaken for 10 min, and the absorption was
determined at 515 nm using an ELISA plate reader (Bio-Tex
Instruments). The inhibitory concentration 50 (ICs) values were
calculated on extrapolated fit curves based on doses/response data
analysed for each compound through lineal regression analysis.

9.3. Lipid peroxidation inhibition

9.3.1. Animals. Adult male Wistar rat (200-250 g) was
proveed by Instituto de Fisiologia Celular, Universidad Nacio-
nal Auténoma de México (UNAM). Procedures and care of
animals were conducted in conformity with Mexican Official
Norm for Animal Care and Handling (NOM-062-ZO0O-1999).
They were maintained at 23 £ 2 °C on a 12/12 h light-dark
cycle with free access to food and water.

9.3.2. Rat brain homogenate preparation. Animal eutha-
nasia was carried out avoiding unnecessary pain with CO,. The
cerebral tissue (whole brain) was rapidly dissected and homo-
genized in phosphate buffered saline (PBS) solution (0.2 g of
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KCl, 0.2 g of KH,PO,, 8 g of NaCl, and 2.16 g of NaHPO,-7H,0
per 1, pH adjusted to 7.4) as reported elsewhere***° to produce
a 1/10 (w/v) homogenate. The homogenate was centrifuged for
10 min at 800 rcf (relative centrifugal field). The supernatant
protein content was measured using the Folin and Ciocalteu’s
phenol reagent® and adjusted wih PBS at 2.66 mg of protein
per ml.

As an index of lipid peroxidation, TBARS levels were mea-
sured using rat brain homogenates according to the method
described by Ng et al.,”> with some modifications. Supernatant
(375 pL) was added with 50 pL of 20 uM EDTA and 25 pL of each
sample concentration solved in DMSO (25 pL of DMSO for control
group) and incubated at 37 °C for 30 min. Lipid peroxidation was
started adding 50 pL of freshly solution FeSO, 100 pM and
incubated at 37 °C for 1 hour. The TBARS content was determined
as described by Ohkawa et al.>* with 500 uL of TBA reagent (0.5%
2-thiobarbituric acid in 0.05 N NaOH and 30% trichloroacetic
acid, in 1: 1 proportion) was added at each tube and cooled on ice
for 10 min, centrifugated at 13400 rcf for 5 min and heated at
80 °C in a water bath for 30 min. After cooling at room tempera-
ture, the absorbance of 200 pL of supernatant was measured at 4 =
540 nm in a Bio-Tek Microplate Reader Synergy HT. Concen-
tration of TBARS was calculated by interpolation in a standard
curve of tetra-methoxypropane (TMP) as a precursor of MDA.>*
Results were expressed as nmoles of TBARS per mg of protein.
The inhibition ratio (Ix[%]) was calculated using following for-
mula Iy = (C — E) x 100/C, where C is the absorbance of control
and E is the absorbance of the test sample. Butylated hydroxyto-
luene (BHT) and o-tocopherol were used as positive standards.

All data were represented as mean =+ standard error (SEM).
Data were analyzed by one-way ANOVA followed by Dunnett’s
test for comparison against control. Values of p < 0.05 (*) and
p < 0.01 (**) were considered statistically significant. The
inhibitory concentration 50 (ICs,), was estimated by means of
a linear regression.

9.4. Competitive displacement assay

A 4 mM working solution of salmon sperm DNA (ss-DNA) (SIGMA)
was prepared in 5 mM Tris-HCl and 5 mM NaCl buffer at pH
7.4.>> Compounds 1-Ni, 2-Ni and 3-Ni were dissolved in DMSO at
concentrations of 10, 6.66 and 3.3 mM respectively. To get insight
whether compounds 1-Ni, 2-Ni and 3-Ni may interact with DNA,
an ethidium bromide (EB) displacement assay was performed as
mentioned in the literature.>® Briefly, a 3 mL buffer containing
5 mM Tris-HCI, 5 mM NaCl buffer at pH 7.4 and 5.0 x 10~°> M EB
was mixed in a 1 em fluorescence cuvette with 2.5 x 10~* M of ss-
DNA. The cuvette was placed in an Agilent Cary Eclipse spectro-
fluorometer and titrated with different amounts of the stock
solution of the compounds 1-Ni, 2-Ni and 3-Ni, after thorough
mixing the fluorescence spectra were recorded at 25 °C in the
range of 540 and 700 nm (Ze = 520 nm).

9.5. Data collection and refinement for compound 1-Ni, 2-Ni
and 3-Ni

All crystals were grown by slow evaporation of CH,Cl,, then
placed on a Bruker Smart Apex II diffractometer with a
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Mo-target X-Ray source (1 = 0.71073 A). The detector was placed
at 5.0 cm from the crystals and frames were collected with a
scan width of 0.5 cm in @ and an exposure time of 10 s per
frame. Frames were integrated with the Bruker SAINT software
package using a narrow-frame integration algorithm. Non-
systematic absences and intensity statistics were used for space
group determination of orthorhombic unit cell for 2-Ni. The struc-
tures were solved using Patterson methods using the SHELXS-2014/7
program.”” The remaining atoms were located via a few cycles of least
squares refinements and difference Fourier maps. Hydrogen atoms
were input at calculated positions and allowed to ride on the atoms
to which they were attached. Thermal parameters were refined for
hydrogen atoms on the phenyl groups using a Uy = 1.2 A to
precedent atom. The final cycles of refinement were carried out on
all non-zero data using SHELXIL-2014/7.>® Absorption corrections
were applied using the SADABS program.>®

9.6. Computational details

To begin the study of nickel complexes, we utilized reference
structures from X-ray crystallography data. The geometry of
these complexes was optimized using the B3LYP functional
combined with the 6-31+G(d) basis set for all atoms. Following
the optimization, frequency calculations were performed to
ensure the stability of the optimized geometries. All these
calculations were carried out using Gaussian 16 software.®
Additionally, natural bond orbital (NBO) charge calculations
were conducted to support the molecular docking studies.®*
For the molecular docking process, we employed the DNA
structure reported in PDB entry 1AIO,** a well-established
reference in various docking studies. The DNA structure was
prepared using AutoDock Tools,®® where Gasteiger charges
were assigned to the DNA atoms.®* After preparing both ligand
and DNA structures, molecular docking was carried out using
AutoDock 4, Vina, and Smina software. To achieve a consensus
among the different docking results, an exponential consensus
ranking (ECR) method was applied.®® Finally, interaction maps
were generated using Maestro,’® PyMOL,%” and Chimera
software®® to visualize and analyze the docking results.
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