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Copper(i) complexes with (E)-4-(2-(pyridin-2-
ylmethylene)hydrazinyl)quinazoline and non-
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Four novel Cu(i) mixed-ligand complexes containing the quinazoline (E)-4-(2-((pyridin-2-yl)methylene)
hydrazinyl)quinazoline (HL) or its methoxylated derivative (HL') and a non-steroidal anti-inflammatory
drug (mefenamic acid, flufenamic acid, diflunisal or diclofenac) as ligands were synthesized and charac-
terized using single-crystal X-ray crystallography. In these complexes, the quinazolines act as tridentate or
bridging tetradentate ligands. The studied biological properties of these complexes included the inter-
action with calf-thymus DNA, the ability to cleave supercoiled circular pBR322 plasmid DNA in the
absence or presence of irradiation of various wavelengths, the ability to reduce H,O, or to scavenge free
radicals such as 1,1-diphenyl-picrylhydrazyl and 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid),
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and the affinity for bovine serum albumin. These compounds can bind tightly to calf-thymus DNA via
intercalation, and most of them induce notable (photo)cleavage of plasmid DNA. They can also bind
tightly and reversibly to albumin and exhibit moderate-to-significant activity towards 2,2'-azino-bis-(3-
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1 Introduction

Being the third most abundant trace element in the human
body," copper plays a crucial in vitro role by participating in
the active center of many enzymes, such as Cu-Zn superoxide
dismutase, contributing thus to the protection from oxidative
damage in biological species."”” As a result of its biological
activity, copper is used as a bacteriostatic material in knobs
and contact surfaces in hospitals® and is present in medica-
ments such as CuAlgesal® (used for the treatment of arthritis)
or Casiopeinas® (in clinical trials for anticancer activity).*”
Recent literature reports revealed Cu(u) complexes with prom-
ising in vitro biological activities.®™®

4-Quinazoline-hydrazones are compounds containing two
scaffolds known for more than a century:’ quinazoline with
two fused aromatic (benzene and pyrimidine) rings'® and note-
worthy biological properties,"""'* and hydrazone with the
characteristic imine group'® and significant biological and
catalytic activities."*'® Within this context, 4-quinazoline-
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ethylbenzothiazoline-6-sulfonic acid) radicals and H,O,.

hydrazones are considered hybrid molecules combining the
structural features of both quinazolines and hydrazones in
order to enhance or differentiate their activities. In particular,
there are reports regarding 4-quinazoline-hydrazone deriva-
tives with noteworthy antiproliferative efficacy’” or phosphodi-
esterase inhibitory activity’® and their metal complexes with
interesting photophysical properties.'®*°

Non-steroidal anti-inflammatory drugs (NSAIDs) are analge-
sic and anti-inflammatory drugs used to treat symptoms, pain
and inflammation originating from injuries and/or
diseases.”™' NSAIDs are co-administered with anticancer
drugs®* and exhibit cytotoxic activity via apoptosis*® or radical
scavenging.>* The NSAIDs used in the present research are the
salicylate derivative diflunisal (Hdifl), phenylalkanoic acid
sodium diclofenac (Na dicl), and the fenamates mefenamic
acid (Hmef) and flufenamic acid (Hfluf) (Fig. 1). As typical and
commonly used NSAIDs, they were proposed to treat the symp-
toms of COVID-19 disease,”® besides their administration in
cases of migraine and acute pain (Hmef),*® moderate dysme-
norrhea pain (Hfluf),”” rheumatoid arthritis (Na dicl),*® oral
surgeries®® and transthyretin amyloidosis cardiomyopathy
(Hdifl).*

Combining our previous research projects regarding metal
complexes of (E)-4-(2-((pyridin-2-yl)methylene)hydrazinyl)qui-
nazoline (HL, Fig. 2) and its halogenated derivatives,>'* as
well as copper(n) complexes with NSAIDs,>"**>*° we have syn-
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Fig. 1 The syntax formula of the NSAIDs used in the present study: mefenamic acid (Hmef), flufenamic acid (Hfluf), sodium diclofenac (Na dicl),

and diflunisal (Hdifl).

HL!

Fig. 2 The syntax formula of HL and its methoxy derivative HL®.

thesized and characterized four novel hybrid Cu(i) complexes
containing a quinazoline (HL or its methoxy derivative HL")
and an NSAID (Hdifl, Hmef, Na dicl or Hfluf, Fig. 1). The
characterization of the complexes was performed using spectro-
scopic techniques (IR, UV-vis) and single-crystal X-ray crystallo-
graphy. The novel complexes were examined in vitro regarding
their (i) interaction with calf-thymus (CT) DNA and competition
with ethidium bromide (EB) with the aim of calculating the
DNA-interaction mode and DNA-binding, (ii) ability to cleave
supercoiled circular pBR322 plasmid DNA (pDNA) and the
effect of UVA, UVB or visible light on cleavage ability, (iii) ability
to reduce H,0, and to scavenge free radicals, such as 1,1-diphe-
nyl-picrylhydrazyl (DPPH) and 2,2'-azino-bis-(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS), and (iv) affinity for bovine serum
albumin (BSA) (with the purpose of calculating the binding con-
stant and determine the binding site).

2 Experimental
2.1 Materials - instrumentation — physical measurements

All chemicals and solvents were of reagent grade and were
used as purchased from commercial sources: CuCl,-2H,0,
Hfluf, Hmef, CT DNA, EB, BSA, ABTS, K,S,0s, nordihydro-
guaiaretic acid (NDGA), and butylated hydroxytoluene (BHT)
were from Sigma-Aldrich Co.; 6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox) was from J&K; Na dicl,
sodium warfarin, ibuprofen, and DPPH were from TCI; Hdifl
was from Fluka; trisodium citrate dihydrate, NaCl, and
NaH,PO, were from Merck; Tris base, boric acid, EDTA diso-
dium salt dehydrate, loading buffer and H,O, (30% w/v) were
from PanReac Applichem; supercoiled -circular pBR322
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plasmid DNA was from New England Bioline; and r-ascorbic
acid and all solvents were from Chemlab.

The CT DNA stock solution was prepared by the dilution of
CT DNA to buffer (containing 150 mM NaCl and 15 mM triso-
dium citrate at pH 7.0) followed by exhaustive stirring at 4 °C
for 2 days and was kept at 4 °C for a week. The stock solution
of CT DNA gave a ratio of UV absorbance at 260 and 280 nm
(Az60/Azg0) Oof ~1.88, indicating that the DNA was sufficiently
free from protein contamination.*' The DNA concentration per
nucleotide was determined by the UV absorbance at 260 nm
after a 1: 20 dilution using e = 6600 M~ " cm™".*?

Infrared (IR) spectra (400-4000 cm™") were recorded on a
Nicolet FT-IR 6700 spectrometer with samples prepared as KBr
pellets (abbreviations used: br = broad, m = medium, s =
strong, vs = very strong, w = weak, and Az(COO) = v,4m(COO)
— Ugym(COO)). UV-visible (UV-vis) spectra were recorded in solu-
tion at concentrations in the range of 5 mM-50 pM on a
Hitachi U-2001 dual-beam spectrophotometer. C, H and N
elemental analyses were carried out on a PerkinElmer 240B
elemental analyzer. Molar conductivity measurements were
carried out in 1 mM DMSO solution of the complexes using a
Crison Basic 30 conductometer. Fluorescence spectra were
recorded in solution with a Hitachi F-7000 fluorescence
spectrophotometer. Viscosity experiments were carried out
using an ALPHA L Fungilab rotational viscometer equipped
with an 18 mL LCP spindle and the measurements were per-
formed at 100 rpm.

2.2 Synthesis of the compounds

2.2.1 Synthesis of ligand HL. The synthesis of HL was
accomplished in three steps including the synthesis of the
4-aminoquinazoline and quinazolin-4-yl-hydrazine as inter-
mediates according to the procedure previously reported.**

2.2.2 Synthesis of complex {[Cu(HL")(p-Cl)](difl)},
(complex 1). A methanolic solution of KOH (9 mg, 0.16 mmol)
was added into a methanolic solution (~10 mL) of diflunisal
(40 mg, 0.16 mmol) and the solution was stirred for 1 h.
Afterwards, the solution was added simultaneously with a
methanolic solution (~8 mL) of HL (20 mg, 0.08 mmol) to a
methanolic solution of CuCl,-2H,0 (14 mg, 0.08 mmol). The
reaction solution was stirred for 30 min. After removing the

This journal is © The Royal Society of Chemistry 2025
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precipitate formed during the cooling process by filtration, the
solution was left for slow evaporation at room temperature.
After seven days, green single-crystals of complex 1 (25 mg,
50%) suitable for X-ray structure determination were deposited
and collected by filtration. Elemental analysis: caled for [Cu
(HL")(u-C1)](difl) (C,5H,;oCICuF,N50,, MW = 626.48): C 53.68,
H 3.06, N 11.18; found: C 53.55, H 3.24, N 10.90%. IR (KBr
disk), v (in em™): Y(C=N): 1634(S); Vagym(COO): 1600 (s);
Veym(COO): 1419 (m); Ay(COO) = 181; w(N-H): 764 (s); 1(Cu-N):
526 (m). UV-vis in Nujol, 4 (in nm): 665, 460, 435. UV-vis in
DMSO, / (in nm) (¢, in M~ ecm™): 661 (90), 457(sh) (9600), 424
(7980), 395 (sh) (8100), 372 (sh) (5720), 309 (sh) (11 520). The
complex is soluble in DMSO (Ay = 17 mho cm® mol™", 1 mM
DMSO).

2.2.3 Synthesis of complex [Cu(L)(mef)(CH;0H)]-CH;OH
(complex 2). Complex 2 was prepared in two steps. In the first
step, complex [Cu(mef),(H,0),] was synthesized according to a
previously reported procedure.®® In the second step, a warm
methanolic solution of HL (14 mg, 0.057 mmol) was added
dropwise into a methanolic solution (18 mL) of [Cu
(mef),(H,0),] (33 mg, 0.057 mmol) and the mixture was
stirred for 30 min. The reaction mixture was cooled at room
temperature and the formed brown precipitate was filtered.
The resultant solution was left for slow evaporation and red-
brown single-crystals of complex 2 (20 mg, 56%) suitable for
X-ray structure determination were deposited after two days
and collected by filtration. Elemental analysis: calcd for [Cu(L)
(mef)(CH;0H)]-CH;0H (C3;H;3,CuNgO;, MW = 616.18): C
60.43, H 5.23, N 13.64; found: C 60.58, H 5.04, N 13.43%. IR
(KBr disk), v (em™): ¥(N-H)secondary: 3300 (w); ¥(C=N): 1613
(), 1577 (vS); Vagym(COO): 1595 (s); veym(COO): 1381(w);
Ay(COO) = 214; y(Cu-N): 520 (m). UV-vis in Nujol, 4 (in nm):
640 (sh), 470, 435(sh). UV-vis in DMSO, 4 (nm) (¢, M~* cm™):
645 (sh) (30), 466 (6500), 440 (sh) (4500), 339 (sh) (3200), 294
(6400). The complex is soluble in DMSO, DMF and THF (Ay; =
2 mho em® mol™, 1 mM DMSO).

2.2.4 Synthesis of complex [Cu(L)(dicl)],, (complex 3). A
warm methanolic solution (5 mL) of HL (30 mg, 0.12 mmol)
and a warm methanolic solution (7 mL) of sodium diclofenac
(39 mg, 0.12 mmol) were added simultaneously in a methano-
lic solution (3 mL) of CuCl,-2H,0 (21 mg, 0.12 mmol). The
brown precipitate initially formed was removed by filtration.
The resultant solution was layered with diethyl ether and was
left to evaporate slowly at room temperature. Brown single-crys-
tals of complex 3 (25 mg, 35%) suitable for X-ray structure
determination were collected after two days. Elemental ana-
lysis: caled for [Cu(L)(dicl)] (C2sH20Cl,CuNgO,, MW = 606.96):
C 55.41, H 3.32, N 13.85; found: C 55.25, H 3.47, N 13.60%. IR
(KBr disk), v (in em™): (C=N): 1613 (m); Vaeym(COO): 1575
(m); rgym(COO): 1359 (W); Av(COO) = 216; (Cu-N): 525 (m). UV-
vis in Nujol, 4 (in nm): 690 (sh), 465, 437 (sh). UV-vis in DMSO,
2 (in nm) (g, in M~ em™): 695 (sh) (95), 464 (19 500), 439 (sh)
(17 080), 279 (23 620). The complex is soluble in DMSO (A =
4 mho ecm? mol™', 1 mM DMSO).

2.2.5 Synthesis of complex [Cuy(L"),(fluf),(Cl),]-2H,0
(complex 4). A methanolic solution (5 mL) containing Hfluf

This journal is © The Royal Society of Chemistry 2025
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(45 mg, 0.16 mmol) and KOH (9 mg, 0.16 mmol) was stirred
for 1 h. The resultant solution was added into the methanolic
solution (5 mL) of CuCl,-2H,0 (28 mg, 0.16 mmol) simul-
taneously with a methanolic solution (10 mL) of HL (20 mg,
0.08 mmol). The mixture was stirred for 30 min and then left
to cool at room temperature. A brown precipitate was formed
and separated by filtration. The filtrate was left for slow evapor-
ation at room temperature and green single-crystals of
complex 4 (20 mg, 25%) suitable for X-ray determination were
collected after one week. Elemental analysis: caled for
[Cuy(LYy(fluf),(C1),]-2H,0  (CgeHgsCl,CuyF1,N140q5, MW =
2038.61): C 50.67, H 3.16, N 9.62; found: C 50.55, H 3.34, N
9.75%. IR (KBr disk), v (cm™"): »(C=N): 1617 (S); Vagym(COO
1585 (s); Vgym(COO): 1410 (m); Ay(COO) = 175; y(Cu-N
525 (m). The complex is insoluble in the solvents tested.

):
):

2.3 X-ray crystal structure determination

Suitable single-crystals of the complexes were mounted on
thin glass fibers with the aid of epoxy resin. X-ray diffraction
data were recorded using a Bruker Kappa Apex II CCD area-
detector diffractometer, equipped with a Mo Ka (4 = 0.71073 A)
sealed tube source and a Triumph monochromator at 295 K,
using the ¢ and ® scans technique. The program Apex2
(Bruker AXS, 2006) was used for data collection and cell refine-
ment. The collected data were integrated with the Bruker
SAINT software package®® using a narrow-frame algorithm.
Data were corrected for absorption using the numerical
method SADABS,** based on the crystal dimensions.
Structures were solved using the SUPERFLIP package®® and
refined with full-matrix least-squares on F> using the Crystals
program package version 14.61 build 6236.*® Anisotropic dis-
placement parameters were applied to all non-hydrogen atoms
of the complexes and the non-disordered solvent atoms, while
hydrogen atoms were in general found and/or positioned geo-
metrically and refined using a riding model. Details of crystal
data and structure refinement parameters are shown in Tables
S1 and S2.F

2.4 Study of the biological profile of the compounds

All the procedures and relevant equations used in the in vitro
studies of the biological activity of the compounds (anti-
oxidant activity, interaction with CT DNA, (photo)cleavage of
pDNA, and affinity for BSA) can be found in the ESI file
(Sections S1-547).

3 Results and discussion
3.1 Synthesis and characterization

The synthesis and characterization of (E)-4-(2-(pyridin-2-yl-
methylene)hydrazinyl)quinazoline (HL) have been previously
reported by our group.*" The aerobic reaction of quinazoline
(HL) with Cu(u) and the corresponding deprotonated NSAIDs
led to the formation of complexes 1-4. Particularly for the syn-
thesis of complex 2, the quinazoline was reacted previously
with complex [Cu(mef),(H,0),],>° since the one-pot reaction,
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as applied for the preparation of the other complexes, did not
yield any product. The resultant coordination compounds were
characterized using IR and UV-vis spectroscopy and single-
crystal X-ray crystallography.

In the case of complexes 1 and 4, the in situ formation of
the methoxy derivative of HL (Fig. 2), i.e. the addition of the
methoxy group -OMe on the imino carbon atom, leading to
ligand HL', was observed in their molecular structures as dis-
cussed below. In general, such addition of the methoxy group
catalyzed by the presence of a metal is described in organic
synthesis as C-O bond formation through transition metal-
mediated etherification; in the present case, it could be con-
sidered a ‘copper-mediated methoxylation”*”"*° and may affect
the biological behavior of the molecule.*

The complexes are stable in air, soluble in DMSO and in-
soluble in H,0. The molar conductivity values (Ay) of com-
plexes 1-3 were recorded in a 1 mM DMSO solution, and their
values were in the range of 2-17 mho cm® mol™" suggesting
that the complexes are not electrolytes.”® The complexes were
characterized using IR and UV-vis spectroscopy and single-
crystal X-ray crystallography.

The IR spectra of the complexes are rather complicated
since there are many peaks attributed to the characteristic
groups of the quinazoline and the NSAID ligands. In brief, the
coordination of quinazoline ligands was verified from the pres-
ence of a characteristic band in the range 1577-1634 cm ™"
assigned to y(C=N) and a medium intensity band in the
region 520-526 cm™ " which is assigned to y(Cu-N) and is not
observed in the spectrum of free HL.*'* On the other hand,
the existence and coordination of the NSAID ligands were con-
firmed from the presence of two strong bands in the regions
1575-1600 cm™" and 1359-1419 cm™ " which are attributed to
the antisymmetric (Vasym(COO)) and symmetric (vgm(COO))
stretching vibrations of their carboxylato group, respectively, as
well as their difference Ar(COO) (= Vagym(COO) — vgym(COO))
with values equal to 175-216 cm ™" indicating diverse modes of
coordination.>

The UV-vis spectra of the complexes and ligands were
recorded both in DMSO solution and as Nujol mulls. The
spectra of all compounds in the solid state (Nujol) displayed
similar patterns to those observed in DMSO solution, indicat-
ing that the complexes are likely stable in solution. In the
visible region of the electronic spectra of complexes 1-3, one
band was observed in the region 645-695 nm (¢ = 30-95 M~
em ') which is attributed to d-d transition, characteristic of
Cu(n) complexes with a square pyramidal geometry.>®
Furthermore, all the complexes exhibit at least three bands
which are also present in the spectrum of HL and can be
attributed to its intra-ligand (n — n* and n — n*) transitions.”*

3.2 Structure of the complexes

The molecular structures of all complexes 1-4 were determined
using single-crystal X-ray crystallography. All crystallographic
experimental data are summarized in Tables S1 and S2.}
Complex 1 crystallizes in the monoclinic system and P2,/c
space group (Table S1f). The molecular structure is given in
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Fig. 3, and selected bond lengths and angles are provided in
Tables 1 and S3.7

It is a polymeric Cu(u) complex consisting of a mono-
nuclear repeating unit [Cu(HL")(u-C1)](difl) containing the cat-
ionic complex [Cu(HL')(u-C1)]" and a difl " anion as a counter-
ion in the crystal lattice. The chlorido ligands function as brid-
ging ligands between two adjacent Cu(u) ions, thus facilitating
the formation of the polymeric structure. The quinazoline
ligand HL' is formed in situ in the reaction solution bearing a
CH;0O-group attached to the C9 atom, is neutral and is co-
ordinated to the Cul ion in a tridentate manner through three
nitrogen atoms, i.e. the quinazoline N1, the hydrazone N4, and
the pyridine N5, forming two chelating five-membered rings.
Cu(u) ion is penta-coordinated and its coordination sphere
CuN;Cl, comprises three nitrogen atoms from the HL' ligand
and two bridging chlorido ligands. The trigonality index,
defined as 75 = (p; — ¢,)/60° (where ¢, and ¢, are the largest
angles in the coordination sphere; 75 = 0 is found for a perfect
square pyramid and 75 = 1 for a perfect trigonal bipyramid),>
is 75 = (162.99-158.69)/60 = 0.07 suggesting a slightly distorted
square pyramidal geometry around the Cu atom, with N1, N4,
N5, and Cl1 (which are almost co-planar) forming the base of
the pyramid. The bridging Cl1' of an adjacent layer is at the
apex at an elongated Cul-Cl1' distance of 2.7175(7) A, as
expected for p-chlorido-bridged Cu(u) complexes.”®®” The
Cu1'-Cl1-Cu1l angle has a value of 100.13(2)° showing the
non-linearity of the three atoms and is rather close to angle
values found for p-chlorido-bridged Cu(u) complexes (in the
range of 107.38-179°).%%7°

As a result of this bent Cu1-Cl1-Cu1l angle, the interatomic
Cu---Cu distance is 3.818 A and is in the range (3.782-5.106 A)
found for Cu(u) ions bearing one chlorido-bridge.>®"**> The

¥,

Fig. 3 The molecular structure of complex 1. Methyl and most aromatic
H atoms as well as the difl™* counterions are omitted for clarity.
Symmetry codes: (i) x, -y + 3/2, z-1/2; (ii) x, -y + 3/2, z + 1/2.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Selected bond lengths (A) and angles (°) for complexes 1-4

Bond Length (A) Bond Length (A) Bond Angle (°)

Complex 1

Cul-Cl1 2.2459(6) Cul-N5 2.0122(19) N1-Cul-N5 158.69 (8)

Cul-N1 1.977(2) Cul-Clt’ 2.7175(7) N4-Cu1-Clt 162.99 (6)

Cul-N4 1.9559(19) Cu--Cu' 3.818 Clt'-Cu1-Cl1 97.72 (2)
cu1’-cl1-Cu1 100.13 (2)

Complex 2

Cu1-02 1.944 (2) Cul-N4 1.942 (2) N1-Cul-N5 158.30 (10)

Cu1-03 2.337 (3) Cul-N5 2.049 (3) 02-Cu1-N4 175.52 (11)

Cul-N1 1.984 (2)

Complex 3 A ) )

Cul-N5' 2.056 (4) Cul-N4' 1.962 (4) N5'-Cu1-N1' 156.65 (16)

Cu1-N1! 1.993 (3) Cu1-01 1.927 (3) N4'-Cu1-01 162.26 (15)

Cul-N2 2.281 (3)

Complex 4

Cu1-01 1.963(2) Cu2-N1 1.943 (3) 01-Cu1-02 167.06 (8)

Cul-02 1.957(2) Cu2-N4 1.971 (3) 03-Cu1-04 167.18 (7)

Cu1-03 1.9728(17) Cu2-N5 2.004 (3) N4-Cu2-Cl1 179.19 (9)

Cul-04 1.9685(17) Cu2-Clt 2.1897 (10) N1-Cu2-N5 158.54 (11)

Cul-N2 2.195(2) Cul---Cut' 2.6568 (7)

Symmetry codes for complex 1: (i) x, —y + 3/2, z — 1/2 and (ii) x, —y + 3/2, z + 1/2; for complex 3: (i) x + 1/2, —y + 1/2, —z + 1; for complex 4: (i) —x +

1, —y+1,-z+1.

Cu---Cu distance reported is in the range 3.4874-4.776 A for
complexes with two chlorido-bridges®*™®* and 3.192 A for the
rare case of a tri-p-chlorido-bridged complex.®® The structure
of the complex is further stabilized by hydrogen bonds. More
specifically, the anion of diflunisal is stabilized in the lattice
through hydrogen bonds developed between its carboxylate O3
and the hydrogen H21 of the quinazoline nitrogen N2
(Table S47).

Complex 2 is a neutral mononuclear Cu(u) complex that
crystallizes in the monoclinic system and P2,/n space group
(Table S1t). The molecular structure of the complex is shown
in Fig. 4 and selected bond lengths and angles are listed in
Tables S5 and 1.

In this complex, the Cul ion is five-coordinated with a
CuN;0, coordination sphere. The quinazoline ligand (L7) is
deprotonated (for the first time reported) at N2 of the quinazo-
line ring and is coordinated to the Cu1l ion in a tridentate bi-
chelating manner through the quinazoline N1, hydrazone N4,
and pyridine N5 nitrogen atoms, similarly to its previously
reported complexes.** The coordination sphere is com-
pleted with two oxygen atoms: one carboxylato oxygen O2 from
the deprotonated monodentate mefenamato ligand and a
methanol oxygen O3. According to the trigonality index 75 =
(172.51-158.30)/60 = 0.29,> the geometry around the Cul ion
can be described as a distorted square pyramid with 02, N1,
N4, and N5 forming the basal plane (the Cul-O/Np,se dis-
tances are in the range 1.942(2)-2.049(3) A and the sum of the
base angles is 359° suggesting the co-planarity of these atoms)
and O3 being at the apex of the pyramid with a Cu1-O3 dis-
tance of 2.337(3) A. The non-coordinated carboxylato oxygen
01 of the mefenamato ligand lies at 2.731(3) A, contributing to
a rather pseudo-octahedral geometry.

The structure of the complex is stabilized by hydrogen
bonds. More specifically, intraligand H-bonds between the

This journal is © The Royal Society of Chemistry 2025

Fig. 4 The molecular structure of complex 2. The solvate methanol
molecule and aromatic and methyl H atoms are omitted for clarity.

amino H61 and the coordinated carboxylato O2 of the mefena-
mato ligand are developed. The methanol solvate molecule
participates in the formation of two H-bonds with the metha-
nol ligand and quinazoline N2' of an adjacent molecule and is
thus stabilized in the lattice (Table S47).

Complex 3 is a polymeric Cu(un) complex crystallized in the
orthorhombic system with the P2,2,2; space group
(Table S2t). The molecular structure of the complex is depicted
in Fig. 5 and selected bond lengths and angles are listed in
Tables S6t1 and 1.
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Fig. 5 The molecular structure of complex 3. The aromatic H atoms are omitted for clarity. Symmetry codes: (i) x + 1/2, —y + 1/2, —z + 1; and (i) x —

1/2, -y +1/2, -z + 1.

The asymmetric unit of the complex contains a Cu(u) ion, a
deprotonated quinazoline (L™) and a deprotonated diclofenac
ligand (dicl™"). Each Cul ion generally is penta-coordinated
with a CuN,O coordination sphere which contains N1, N4 and
N5 of one quinazoline ligand, N2 from a second quinazoline
ligand and oxygen O1 from the monodentate diclofenac
ligand. The quinazoline ligand is deprotonated and is bound
in the tetradentate mode; the quinazoline N1', the hydrazone
N4', and the pyridine N5' bind to the Cul ion forming two
five-membered chelate rings and the deprotonated quinazoline
nitrogen N2 is bound to an adjacent Cu1' ion. According to
the trigonality index z5 = 0.09 ((162.26-156.65)/60), the geome-
try around Cul is described as a slightly distorted square
pyramid®® with 01, N1!, N4' and N5' forming the base of the
pyramid and N2 being at the apical position (Cul-N2 = 2.281
(3) A). The Cu1-O/Np,q distances are in the range 1.927(3)-
2.056(4) A and the interatomic Cul---Cu1l' distance (they are
bridged via N1'-C1'-N2!) is 6.043 A. The intra-ligand H-bond
developed between the amino H62 and the non-coordinated
carboxylato O2 of the diclofenac ligand stabilizes the structure
further (Table S47).

Complex 4 crystallized in a triclinic system and the P1 space
group (Table S21). The molecular structure of the complex is
shown in Fig. 6 and selected bond lengths and angles are
listed in Tables S7+ and 1.

It is a neutral tetranuclear Cu(i) complex containing four
Cu(n) ions, four flufenamato ligands, two deprotonated (L)~
ligands and two chlorido ligands. The structure of the complex
is centrosymmetric and can be described as ‘two [Cu(L')Cl]

7120 | Dalton Trans., 2025, 54, 7115-7129

complexes bridged via a dinuclear [Cu,(flufenamato),]
complex’. The structure of the dinuclear complex bears the
typical paddlewheel motif reported for many copper(u) carbox-
ylato complexes with the molecular formula [Cu,(p-carboxy-
lato-0,0")4(L),], where L = O- or N-donor.*>**%7-%% [n particular,
the four deprotonated bidentate flufenamato ligands form
syn-syn carboxylato bridges between the two isolated copper
ions, Cul and Cul’, which are separated by 2.6568(7) A. The
Cul and Cu1' ions are penta-coordinated with CuNO, coordi-
nation spheres which include four carboxylato oxygen atoms
(one from each flufenamato ligand) and a nitrogen atom (N2)
from the adjacent ‘mononuclear’ [Cu(L")Cl] complex. Based on
the value of the trigonality index 75 = 0.002 ((167.18-157.06)/
60), the geometry around the Cul and Cul' ions is square pyra-
midal,>® with the four oxygen atoms forming the basal plane
and N2 being at the apical position (Cu1-N2 = 2.195(2) A).

In the two [Cu(L")Cl] complexes, the deprotonated quinazo-
line ligands (L')™ are bound in the tetradentate mode similar
to that of the L ligand in complex 3; they are coordinated to
Cu2 and Cu2' ions via the quinazoline, the hydrazone and the
pyridine nitrogen atoms (N1, N4, and N5, respectively) in a tri-
dentate bichelating fashion while the deprotonated quinazo-
line nitrogen atoms N2 lie at the apical positions of Cul and
Cu1' ions as previously mentioned. The interatomic Cu1---Cu2
distance (bridged via N1-C1-N2) is 5.854 A. The Cu2 and Cu2'
ions are tetra-coordinated with a CuN;Cl coordination sphere
and square planar geometry (as concluded from (i) the sum of
the angles around Cu2 which is 359.99°, (ii) the tetrahedrality
value of 5.14° (the tetrahedrality is determined from the angle

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The molecular structure of complex 4. The aromatic H atoms and solvate molecules are omitted for clarity (symmetry code: (i) —x + 1, -y +

1, -z+1).

formed by the two planes enclosing the metal ion (Cu2) and
two adjacent coordinated atoms; for square planar complexes
(Dan symmetry), tetrahedrality is 0°; for tetrahedral complexes
(D2q symmetry), tetrahedrality is 90°),%° and (iii) the tetrahedral
index 7, = 0.16, as introduced by Yang (z, = (360° — (« + f3))/(360°
— 2 % 109.5°), where a and f are the largest angles around the
metal),”® or ), =0.10, as introduced by Okuniewski
(th = ((B — a)/(360° — 109.5°)) + ((180° — ) /(180° — 109.5°))

where > a are the largest angles of the coordination sphere)).”*

The structure of complex 4 is further stabilized by the devel-
opment of hydrogen bonds, i.e. intraligand H-bonds between
the coordinated carboxylato O2 and O3 atoms and the amino
H61 and H71 atoms, respectively, of the flufenamato ligands,
and intermolecular H-bonds between the hydrogen atoms of
the solvate water molecules and coordinated oxygen atoms of
the flufenamato ligands (Table S4t).

A brief comparison of the bond distances between Cu(u)
ions and nitrogen atoms of quinazoline ligands in complexes
1-4 with the corresponding bond distances previously reported
for diverse metal complexes of HL and its halogenated deriva-
tives (E)-4-(2-((3-fluoropyridin-2-yl)methylene)hydrazinyl) qui-
nazoline (HL?) and (E)-4-(2-((6-bromopyridin-2-yl)methylene)
hydrazinyl)quinazoline (HL?) reveals that, with the exception
of Co(m)-N bond distances found in the complex [Co(HL),]
(NO;3);,*? the Cu(u)-N bond distances found in complexes 1-4
are among the shortest ones observed for metal()-Ny,) in
these complexes (Table 2). In almost all of these complexes,
the metal-Nyyqrazone bond distances are the shortest metal-N
bond distances in the coordination sphere and the metal-
Npyrigine distances are the longest ones (Table 2).°'7%*
Specifically for the reported copper(n) complexes, the neutral
complexes 1-4 and [Cu(HL?)(Cl),]** presented shorter Cu(u)-N

This journal is © The Royal Society of Chemistry 2025

Table 2 Comparison of selected bond distances (A) for complexes 1-4
and previously reported metal-quinazoline analogues

Compound M-Ng“ (A)  M-N,“(A) M-N,“(A)  Ref.
Complex 1 1.977(2) 1.9559(19)  2.0122(19)  tw’
Complex 2 1.984(2) 1.942(2) 2.049(3) tw?
Complex 3 1.993(3) 1.962(4) 2.056(4) tw”
Complex 4 1.943(3) 1.971(3) 2.004(3) tw?
Cu(HL),]Cl, 2.110(3) 2.001(2) 2.132(3) 32
Ni(HL),]Cl, 2.105(3) 1.993(2) 2.126(2) 32
Ni(HL),](NO3), 2.077(3), 2.000(3), 2.130(3), 32
2.098(3) 2.011(3) 2.132(3)
Zn(HL),|(NO;), 2.188(2) 2.070(2) 2.199(2) 31
Zn(HL)(dicl),] 2.169(4) 2.133(3) 2.238(4) 31
Mn(HL)(Cl),] 2.268(3) 2.198(3) 2.269(3) 33
Mn(HL)(H,0)(HCOO)  2.301(2) 2.258(2) 2.319(3) 33
cl]
Co(HL),]Cl, 2.105(2) 1.9964(18)  2.132(2) 32
Co(HL),](NO3), 2.206(2) 2.085(2) 2.186(3) 32
Co(HL),](NOs); 1.912(2), 1.836(3), 1.934(3), 32
1.931(2) 1.871(2) 1.950(2)
[Cd(HL)(CI),] 2.375(3) 2.308(3) 2.366(3) 32
[CA(HL)(CH;0H)(H,0) 2.365(3) 2.318(3) 2.380(3) 32
(NO,)|(NO,)
[Cu(HL?)(C1),] 1.986(4) 1.959(4) 2.043(4) 34
[Zn(HL?),](NO3)(PFs)  2.139(2), 2.070(2), 2.271(2), 34
2.135(2) 2.090(2) 2.253(2)
[Cd(HL?)(H,0) 2.348(3) 2.339(3) 2.377(3) 34
(CH;0H)(NO;)](NO;)
[Ni(HL?),](NOs), 2.105(3), 1.984(3), 2.129(3), 34
2.097(2) 1.988(2) 2.141(3)
[Mn(HL*)(CH;0H) 2.254(3) 2.234(2) 2.299(3) 34
cl),
ENi)(I-]ILs)Z](NOg)Zd 2.088(3) 2.007(3) 2.189(3) 34

“N, = quinazoline N; N;, = hydrazone N; N, = pyridine N. ? tw = this
work. HL? = (E)-4-(2-((3-Fluoropyridin-2-yl)methylene)hydrazinyl)qui-
nazoline. “HL? = (E)-4-(2-((6-Bromopyridin-2-yl)methylene)hydrazinyl)
quinazoline.
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bond distances (Cu()-Npydrazone = 1.942(2)-1.971(3) A, Cu(u)-
Nguinazotine = 1.943(3)-1.993(3) A, and Cu(n)-N pyrigine = 2.004
(3)-2.056(4) A) than those reported for the cationic complex
[Cu(HL),]Cl, (Cu(i1)-Nnydrazone = 2-001(2) A, Cu(i1)-Nguinazotine =
2.110(3) A and Cu(u)-N pyrigine = 2.132(3) A).*

3.3 Interaction of the complexes with CT DNA

The interaction of the compounds with CT DNA was studied
directly by UV-vis spectroscopic titrations and DNA-viscosity
measurements and indirectly through competitive studies with
EB with fluorescence emission spectroscopy.

UV-vis spectroscopy is a fundamental technique for the
initial assessment of how the compounds interact with DNA. It
can offer valuable insights into the interaction mode (whether
covalent or noncovalent interactions, or even cleavage, occur)
and help calculate its strength through the DNA-binding con-
stant (Kp,). During UV-vis spectroscopic titrations, any changes
in the charge-transfer or intraligand bands of the compounds
can be monitored. These experiments may provide the first
indication of DNA interaction, as shifts or alterations in the
bands of the compounds could suggest the presence of inter-
calation or other binding mechanisms.

The UV-vis spectra of the compounds were recorded in the
presence of increasing concentrations of CT DNA solutions
(Fig. S11). The alterations observed in the bands of the com-
plexes were rather complicated including hypochromism and/
or hyperchromism, accompanied by hypsochromic and/or
bathochromic shifts (Table 3). Such changes in the UV-vis
spectra may confirm the interaction between the compounds
and CT DNA suggesting the formation of a new DNA-complex
adduct. The overall changes in the electronic spectra suggest
an interaction between the complexes and CT DNA; however, a
clear interaction mode cannot be determined necessitating
more experiments such as DNA-viscosity measurements and
competitive studies with EB.

The DNA-binding constants of the compounds (Table 3)
were calculated using the Wolfe-Shimer equation (eqn (S1)1)”>
and the corresponding plots of [DNA]/(ey, — &) versus [DNA]
(Fig. S2t). Complexes 1-3 interact tightly with CT DNA and
present higher K, than the classic intercalator EB (= 1.23 x 10°
M™).”? The DNA-binding constants of complexes 1-3 studied
herein fall in the same range as the K} values reported for
diverse metal complexes bearing HL or its halogenated deriva-
tives as ligands.>' *
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The measurements of the viscosity of a CT DNA solution
were conducted to determine the type of interaction between
the complexes and DNA. DNA viscosity is sensitive to changes
in length (relative DNA viscosity is proportional to the relative
DNA length), making it a useful technique to investigate the
interaction mode between compounds and DNA. A significant
increase in DNA viscosity typically results from classic interca-
lative agents, which penetrate DNA bases and thus increase
the overall DNA length. Less pronounced or no changes in
DNA viscosity usually indicate nonclassical intercalation (i.e.
external interaction including groove-binding or electrostatic
interactions).”*”> The viscosity of a CT DNA solution (0.1 mM)
was monitored with the addition of increasing amounts of
complexes 1-3 (up to a ratio value of r = 0.36, Fig. 7). Initially
(for r values up to 0.10), a slight lowering of relative DNA vis-
cosity was observed suggesting an initial external interaction
letting the compounds approach closer to DNA. Afterwards,
the relative DNA viscosity increased significantly, suggesting
that the complexes may intercalate to CT DNA.

As a typical DNA intercalation marker, EB intercalates
between adjacent DNA base pairs. When a solution containing
the EB-DNA complex is subjected to excitation at 540 nm, an
intense emission band characteristic of EB-DNA appears at

—&— Complex 1
—o— Complex 2
v— Complex 3

0.9 T T T T
0.0 0.1 0.2 0.3 0.4

r = [compound]/[DNA]

Fig. 7 Relative viscosity of CT DNA (4/50)"> in buffer solution (150 mM
NaCl and 15 mM trisodium citrate, pH 7.0) in the presence of complexes
1-3 at increasing amounts (r = [compound]/[DNA]).

Table 3 UV-vis spectral features of the interaction of complexes 1-3 with CT DNA. UV-vis bands (lmayx in nm), percentage of observed hyper-/
hypo-chromism (AA/Ao, in %), blue-/red-shift of Amax (A4, nm), and DNA-binding constants (K, in M)

Compound Band Apmax (nm) (A4/A," (%), AZ® (nm)) Ky (M)
Complex 1 287(sh)° (—17, elim%); 309(sh) (—21, elim); 372(sh) (—51, elim); 1.80(% 0.01) x 107
395(sh) (—29, elim); 424 (+12, +3); 457(sh) (+23, —6)

Complex 2 294 (+8, +5); 339 (sh) (—13, elim); 440 (sh) (+4, —3); 466 (—13, —5) 6.69(+ 0.11) x 10°
Complex 3 279(+4, +5); 439(sh) (-2, —1); 464 (=12, —6) 4.62(+ 0.04) x 10°
HL* 294(-3, —2); 365(—8, 0); 433(sh) (+5, 0) 5.70(« 0.27) x 10
@« denotes hyperchromism and “-” denotes hypochromism. ? “+” denotes red-shift and “~” denotes blue-shift. ¢ “sh” = shoulder. ? “elim” =
eliminated.

7122 | Dalton Trans., 2025, 54, 7115-7129
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592-594 nm. The competition of the complexes with EB for
DNA intercalation sites may confirm the intercalation of the
compounds into DNA.”® The EB-DNA conjugate was formed
after 1 h of pre-treatment of an EB solution (20 pM) with CT
DNA (26 pM) and exhibited an intense fluorescence emission
band at 593 nm. The fluorescence emission spectra (dexc =
540 nm) of the EB-DNA solution were recorded with increasing
concentrations of the compounds (shown representatively for
complex 2 in Fig. 8(A)) and the characteristic emission band
showed a significant quenching (up to 84.2% of the initial EB-
DNA fluorescence, Fig. 8(B) and Table 4), verifying the displa-
cement of EB from EB-DNA.

The observed quenching agrees with the linear Stern-
Volmer equation (eqn (S2) and (S3)1) according to the corres-
ponding Stern-Volmer plots (R ~ 0.99, Fig. S31) where the
Stern-Volmer constants (Ksy) were determined (Table 4). The
quenching constants (K) of complexes 1-3 (Table 4) were cal-
culated using eqn (S3)t applying the value of 23 ns as the fluo-
rescence lifetime of the EB-DNA system (z,),”” and they are sig-
nificantly higher than the threshold of 10 M™ s7},
suggesting that the observed quenching occurs through a
static quenching mechanism.”® The high quenching values in
combination with the high K, values lead to the conclusion
that the EB molecule can be replaced by the complexes from
its EB-DNA adduct because of their intercalation to CT DNA.

3.4 Interaction of the compounds with plasmid DNA

The ability of the compounds to interact with DNA, combined
with their diverse electronic spectra, prompted investigations
into the degradation of plasmid DNA both in the presence and
absence of irradiation. This research aimed to assess the com-
pounds’ potential as synthetic nucleic acid degradation agents
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Table 4 Fluorescence features of the EB displacement studies of com-
plexes 1-3. Percentage of EB-DNA fluorescence emission quenching
(Alllo, in %), Stern—Volmer constants (Ksy, in M%) and quenching con-
stants (K, in Mt s™?)

Compound AIlL, (%) Ksy M) KqM™s™h

Complex 1 71.4 6.93( 0.30) x 10" 3.01(+ 0.13) x 10*?

Complex 2 84.2 3.05(+ 0.16) x 10° 1.33(% 0.07) x 10*?

Complex 3 67.9 3.47(% 0.16) x 10° 1.51(% 0.05) x 10"*
P

HL*! 54.4 1.05( 0.03) x 10° 1.05(+ 0.03) x 10"

and their capacity for photoactivation. Initially, the com-
pounds were dissolved in DMSO at various concentrations
(500 pM, 300 uM, 200 uM, and 100 pM) and combined with a
Tris buffer solution (25 pM, pH 6.8) that contained pDNA
(Form I). The DMSO concentration in the final solution was
maintained below 10% v/v. The effectiveness of the complexes
in degrading pDNA was evaluated through gel electrophoresis.
The free NSAIDs diflunisal, mefenamic acid and diclofenac
did not show any significant ability to cleave pDNA during the
experiments. During electrophoresis, the supercoiled pDNA
appears as Form I in the gel. The extent of DNA damage was
assessed by calculating the percentage of single-stranded (ss)
and double-stranded (ds) DNA affected. The DNA was categor-
ized into three forms: Form I (supercoiled), Form II (relaxed),
and Form III (linear plasmid DNA). The ss% and ds% damage
were calculated according to eqn (54) and (S5).1

The reaction mixtures were incubated in the dark for
150 min and then analyzed by 1% agarose gel electrophoresis
with EB staining. In the absence of light, compounds 1 and 2
(500 pM) did not practically cleave pDNA (Fig. 9, Lanes 2 and
3). Quite similar was the behavior of HL and its copper(u)
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(B)

(A) Fluorescence emission spectra (lexcitation = 540 nm) of EB—DNA ([EB] = 20 pM, [DNA] = 26 pM) in buffer solution in the absence and pres-

ence of increasing amounts of complex 2 (r = [compound]/[DNA] = 0-0.12). The arrow shows the changes in intensity upon increasing the amounts
of the complex. (B) Plot of relative EB—DNA fluorescence intensity (//lg, %) at Aemission = 592 nm versus r (r = [compound]/[DNA]) in the presence of
complexes 1-3 (up to 28.6% of the initial EB—DNA fluorescence for complex 1, 15.8% for complex 2 and 32.1% for complex 3).

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Agarose gel analysis of pDNA after incubation with complexes
1-3, stained with EB and run for 60 min of electrophoresis. Top: gel
image showing the lanes as follows: Lane 1: pDNA (control), Lane 2:
pDNA + complex 1 (500 pM), Lane 3: pDNA + complex 2 (500 pM), Lane
4: pDNA + complex 3 (300 uM), Lane 5: pDNA + complex 3 (200 pM).
Bottom: calculation of % damage in single-stranded (ss) and double-
stranded (ds) pDNA forms. pDNA forms: Form | = supercoiled, Form Il =
relaxed, and Form Ill = linear plasmid DNA.

complex [Cu(HL),]Cl, which were practically inactive under
similar conditions.*”** In contrast, at high concentrations
(300 pM), complex 3 cleaved pDNA into multiple fragments,
making them undetectable by EB staining (Fig. 9, Lane 4). At
lower concentrations (200 uM), complex 3 induced ss nicks at
a percentage of 58% (Fig. 9, Lane 5).

The exposure of pDNA complexes to radiation resulted in
more active compounds. Although HL and [Cu(HL),]|Cl, were
practically inactive after exposure to UVB radiation,*"
complex 1 (500 pM) exhibited moderate activity, resulting in
approximately 50% ss nicks (Fig. 10(A), Lane 2), while complex
2 (500 uM) showed enhanced but still limited activity (Fig. 10
(A), Lane 3). Complex 3 demonstrated the highest activity
among the compounds leading to complete degradation (for
concentration >300 pM), rendering the DNA undetectable by
EB staining (Fig. 10(A), Lane 4). At lower concentrations
(200 pM), complex 3 induced 79% ss nicks and 4% ds nicks
(Fig. 10(A), Lane 5). Except for complex 1 which presented sig-
nificantly higher activity, UVB irradiation did not seem to
affect the activity of the compounds, as they were capable of
cleaving DNA even without light exposure.

After exposure of the pDNA complex to UVA radiation, the
activity of complexes 1 and 2 increased (Fig. 10(B), Lanes 2 and
3), inducing damage to pDNA at 52% and 35%, respectively.
Complex 3 maintained its high activity, although it induced
lower damage to pDNA (total damage of 69% at the concen-
tration of 300 pM, Fig. 10(B), Lanes 4 and 5) than in the pres-
ence of UVB radiation.

The activity of complexes 2 and 3 decreased (Fig. 10(C),
Lanes 3-5) after exposure to visible light, while complex 1
(500 pM) demonstrated its high activity, inducing ss nicks at a
percentage of 73% (Fig. 10(C), Lane 2). Complex 3 still is the
most active among the compounds since it induced 74% ss
nicks at a lower concentration (300 pM, Fig. 10(C), Lane 4).

Complexes 1-3 are more active than HL and [Cu(HL),]Cl,
after exposure to any type of radiation used.**? In general, the
introduction of the NSAID ligands appears to increase the
ability to cleave pDNA in comparison with the free quinazoline
HL and the corresponding NSAID-free Cu(u) complex [Cu
(HL),]Cl,. The irradiation seems to lead to more active com-
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Fig. 10 Agarose gel analysis of pDNA after incubation with complexes
1-3, exposure to (A) UVB radiation, (B) UVA radiation, (C) visible radiation,
and EB staining, followed by 60 min of electrophoresis. Top: gel image
showing the lanes as follows: Lane 1: pDNA (control) + radiation; Lane 2:
pDNA + complex 1 (500 pM) + radiation; Lane 3: pDNA + complex 2
(500 pM) + radiation; Lane 4: pDNA + complex 3 (300 pM) + radiation;
Lane 5: pDNA + complex 3 (200 pM) + radiation. Bottom: calculation of
% damage in single-stranded (ss) and double-stranded (ds) pDNA forms.
pDNA forms: Form | = supercoiled, Form Il = relaxed, and Form Ill =
linear plasmid DNA.

pounds whose photocleavage efficacy is dependent on the
light used, since complexes 1, 2 and 3 showed their highest
activity after exposure to visible light, UVA and UVB radiation,
respectively. Complex 3 is the most active among the com-
pounds tested since its high activity was observed for lower
concentrations than the other complexes. The overall (photo)
cleavage behavior of the complexes indicates their potential
chemotherapeutic effects.

3.5 Antioxidant activity of the compounds

The antioxidant activity of complexes 1-3 was evaluated using
DPPH and ABTS radical scavenging assays, along with H,0,
reduction experiments considering that quinazoline deriva-
tives have shown anti-inflammatory activity,”®”® and their anti-
oxidant profiles may reveal possible effective pharmaceutical
applications.®® Their antioxidant activity was also compared to
those of well-established reference antioxidants namely NDGA,
BHT, Trolox, and r-ascorbic acid.®*8>

The scavenging of DPPH radicals is often related to poten-
tial anticancer, antiaging process and/or anti-inflammatory
activity.*® Studies on DPPH radical scavenging revealed that
complexes 1-3 exhibit low DPPH-scavenging capacity (Table 5),
even lower than that of free HL and corresponding NSAIDs Na

This journal is © The Royal Society of Chemistry 2025
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Table 5 %DPPH-scavenging ability (DPPH%), %ABTS radical scavenging activity (ABTS%) and H,O,-reducing ability (H,O,%) for the compounds. All

measurements were carried out in triplicate

Compound DPPH%, 20 min/60 min ABTS% H,0,%
Complex 1 7.76 £ 0.72/8.09 + 0.93 39.89 + 0.93 66.35 + 0.72
Complex 2 6.37 + 0.46/5.98 + 0.36 74.69 + 0.07 74.97 +0.14
Complex 3 9.54 + 0.42/10.36 + 0.19 71.63 +0.94 90.11 + 0.30
p
HL*! 20.63 +0.33/21.97 + 0.69 58.91 £ 0.85 66.85 + 0.13
Cu(HL),]Cl1,*? Negligible/3.33 + 0.22 58.09 + 1.60 70.27 +0.22
glig

Hdifl*? 10.42 + 0.56/14.31 + 0.45 76.58 + 0.74 78.46 + 0.08
Hmef®? 5.72 + 0.08/11.74 + 0.20 66.32 + 0.38 76.42 + 0.21
Na dicl®® 18.26 + 0.60/17.43 + 0.23 76.35 + 0.75 76.78 + 0.17
BHT 61.30 + 1.16/76.78 + 1.12 Not tested Not tested
NDGA 87.08 + 0.12/87.47 + 0.12 Not tested Not tested
Trolox Not tested 98.10 + 0.48 Not tested
L-Ascorbic acid Not tested Not tested 60.80 + 0.20

dicl, Hmef, and Hdifl, but slightly higher than that of [Cu
(HL),]Cl,.*

Considering the scavenging of the cationic ABTS radicals
(such scavenging is indicator of total antioxidant activity),
complexes 2 and 3 are the most active among the compounds
(74.69 = 0.07% and 71.63 + 0.94%, respectively), presenting
better activity than HL and [Cu(HL),]JCL,*"** and similar
activity with the free corresponding NSAIDs. Their activity is
relatively high, albeit lower than that of the reference com-
pound Trolox (Table 5).

Any compound able to scavenge or reduce H,0, is con-
sidered a potential agent that can offer relief from oxidative
stress and/or inhibit the production of reactive oxygen
species.®® All three complexes present satisfactory activity
against hydrogen peroxide and are more active than the refer-
ence compound r-ascorbic acid (Table 5). Among the com-
pounds under study, complex 3 stands out, demonstrating the
highest H,0,-reduction capacity at a percentage of 90.11 +
0.30%.

The overall activity of the complexes is poor against DPPH
radicals, moderate-to-significant against ABTS radicals and sig-
nificant-to-high towards H,O,. Similar profiles of antioxidant
activity were reported for a series of complexes containing HL
or its halogenated derivatives.>'*

3.6 Interaction of the compounds with BSA

The interaction of the complexes with BSA was examined to
assess their potential to bind to the most abundant serum
protein, albumin,® enabling their transport to potential bio-
logical targets. This interaction with the most studied
albumin, BSA, which is a homologue of human serum
albumin, was performed by fluorescence emission quenching
experiments.”® The fluorescence emission spectra of a BSA
solution (3 mM) were recorded for Aegcitation 295 nm.
Incremental addition of the compounds to the BSA solution
(Fig. 11(A)) resulted in significant quenching of the fluo-
rescence emission BSA band at 343 nm (the quenching was up
to 83.0% of the initial fluorescence intensity, Fig. 11(B) and
Table 6). Such quenching is attributed to changes in the sec-
ondary structure of the albumin resulting from the association
of the compounds with BSA.”® Furthermore, the inner-filter

This journal is © The Royal Society of Chemistry 2025

effect was assessed using eqn (S6)73¢ and it is too low to affect
the measurements.

The BSA-quenching constants (K,) associated with the inter-
action of the compounds with BSA were determined (Table 6)
with the Stern-Volmer quenching equation (eqn (S2) and
(S3)T) and the corresponding Stern-Volmer plots (Fig. S4t),
using the value 7, = 107% s as the fluorescence lifetime of
tryptophan in BSA.*” The K, values are of the 10" M™' s™*
order, exceed significantly the value of 10’ M™" s, and indi-
cate the presence of a static fluorescence quenching mecha-
nism,”® thus confirming the interaction of the compounds
with BSA. The K, values of complexes 1-3 are higher than that
of HL and [Cu(HL),]JCL,*"** with complex 2 exhibiting the
highest K (= 2.55(x0.09) x 10"* M~ s71).

The BSA-binding constants (K) of complexes 1-3 were calcu-
lated with the Scatchard equation (eqn (S7)t) and the corres-
ponding plots (Fig. S5%). For all compounds (Table 6), the
binding constants to BSA are of the 10° M™" order, of the same
magnitude as that of HL or its halogenated derivatives and
their metal complexes,®*>* and complex 3 presents the
highest K (= 5.61(+ 0.18) x 10° M™'). When comparing the
binding constants of the compounds to that of avidin (K = 10"
M), which represents the upper limit for the strongest
known non-covalent interactions,®® it is concluded that the
compounds bind reversibly to BSA.

The BSA sites where compounds 1-3 may bind selectively
were investigated using competitive binding assays with the
most common site-markers warfarin and ibuprofen. Warfarin
is a typical site-marker for Sudlow’s site 1 (or drug site I) in
BSA-subdomain IIA and ibuprofen is a characteristic binder at
Sudlow’s site 2 (or drug site II) in BSA-subdomain IIIA.*
Within this context, the fluorescence spectra of BSA were ana-
lyzed in the presence of warfarin or ibuprofen upon addition
of compounds 1-3 (Fig. 12, S6 and S71) and the BSA-binding
constants in the presence of warfarin or ibuprofen (Table 6)
were determined with the Scatchard equation (eqn (S7)f) and
corresponding plots (Fig. S8 and S97).

Any lowering of the BSA-binding constant in the presence
of the site-marker may reveal a competitive binding of the
compound which is influenced by the presence of the marker
inhibiting the approach of the compound towards the same

Dalton Trans., 2025, 54, 7115-7129 | 7125
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Fig. 11 (A) Fluorescence emission spectrum (1ex = 295 nm) of a buffer solution (150 mM NaCl, 15 mM sodium citrate, pH 7.0) of BSA (3 uM) in the

presence of increasing amounts of complex 2. The arrow shows the changes in intensity as the concentration of the complex increases. (B) Plot of %
relative fluorescence intensity at lem, = 343 nm (I/lo, %) versus r (r = [compound]/[BSA]) for complexes 1-3 (up to 27.2% of the initial BSA fluorescence
for 1, 17.0% for 2, and 25.4% for 3).

Table 6 Fluorescence features of the BSA-binding studies of HL' and complexes 1-3. BSA-quenching constants (K, in M~ s™) and BSA-binding
constants (K, in M™) of the compounds in the absence (Kssa)) or presence of a site-marker warfarin (Kgsa warf)) of ibuprofen (Kgsa.ibw)

Compound KgM™s™h Kgsay M7 Kpsa,ibu) (M) Kpsawars) M)
Complex 1 1.49(+ 0.08) x 10 2.77(+ 0.11) x 10° 2.31(+ 0.12) x 10° 3.10( 0.13) x 10°
Complex 2 2.55( 0.09) x 10" 3.11( 0.15) x 10° 8.99(x 0.19) x 10* 4.84(+ 0.12) x 10°
Complex 3 1.58( 0.04) x 10'* 5.61(+ 0.18) x 10° 1.03(+ 0.04) x 10° 2.47(+ 0.11) x 10°
HL* 1.05(+ 0.03) x 10" 8.68(+ 0.06) x 10* 5.18(x 0.30) x 10" 1.03(% 0.07) x 10°
5000
8000 - _me
4000 R
BSA-+warfarin 60004 BSA Ibuprofen
2 3000 2
g g
= = 4000
= 2000 000
1000 2000
0 T T T T T T T 0 T T T T T T T
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Fig. 12 Fluorescence emission spectra (lexc = 295 nm) of BSA (3 pM) in a buffer solution (150 mM NaCl and 15 mM sodium citrate, pH 7.0) in the
presence of (A) warfarin (3 pM) recorded upon the gradual addition of compound 2, and (B) ibuprofen (3 uM) recorded upon the incremental addition
of compound 3. The arrows illustrate the intensity changes upon addition of the complexes.

31,90 site II in subdomain IIIA. For complex 3, the binding constants

to BSA decrease in the presence of both site-markers, with the
largest lowering observed in the presence of ibuprofen. This

binding site. The binding constants of complexes 1 and 2
show a significant decrease in the presence of ibuprofen,
suggesting that their primary binding site on BSA is Sudlow

7126 | Dalton Trans., 2025, 54, 7115-7129 This journal is © The Royal Society of Chemistry 2025
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indicates that this complex can bind to both sites, showing a
preference for Sudlow site II.

4 Conclusions

Four novel hybrid Cu(u) complexes with the quinazoline (E)-4-(2-
((pyridin-2-yl)methylene)hydrazinyl)quinazoline (HL) or its in situ
generated methoxylated derivative (HL') were synthesized in the
presence of the NSAIDs Hmef, Hfluf, Hdifl or Na dicl. The resul-
tant complexes {[Cu(HLY)(p-CD)](dif1)},, [Cu(L)(mef)
(CH;0H)]-CH;0H, [Cu(L)(dicl)], and [Cuy(LY),(fluf),(Cl),]-2H,0
were characterized using spectroscopic techniques and single-
crystal X-ray crystallography. The biological properties of the com-
plexes were also evaluated with regard to their in vitro interaction
with BSA and DNA and their antioxidant potency.

In these complexes, the quinazoline ligands exhibited some
structural features for the first time: their deprotonation at N2
of the quinazoline ligand (in complexes 2-4) and a tetraden-
tate coordination mode. More specifically, in complexes 1 and
2, the quinazoline ligands are coordinated in a tridentate
fashion, as previously reported complexes of HL or its haloge-
nated derivatives.’’* In complexes 3 and 4, the deprotonated
quinazoline ligands are coordinated in a tetradentate bridging
mode, which is reported for the first time.

The complexes seem to interact with CT DNA via intercalation
and the highest DNA-binding constant was found for complex 1
(K» = 1.80(x 0.01) x 107 M™"). The ability of the complexes to
cleave plasmid DNA to relaxed circular DNA was high and depen-
dent on the concentration and light used for irradiation. Complex
3 is the most active among the compounds tested, since its high
activity was observed at a lower concentration (200 pM) than the
other complexes (500 pM). Furthermore, complexes 1, 2 and 3
showed their highest activity after exposure to visible light, UVA
and UVB radiation, respectively.

The ability of the complexes to scavenge DPPH and ABTS
free radicals and to reduce H,0, was explored within the
context of antioxidant activity investigation. Although the com-
plexes were practically inactive towards DPPH radicals, they
presented notable scavenging activity towards ABTS radicals,
albeit lower than that of the corresponding reference com-
pound Trolox. All complexes were found to be more active
towards H,O, than the reference compound tr-ascorbic acid,
with complex 3 being the most active (H,0,% = 90.11 + 0.30%)
among the compounds.

The binding of the complexes to BSA was found to be tight
and reversible, indicating their transport and release at poten-
tial biotargets. Competitive studies with the typical site-
markers warfarin and ibuprofen revealed the preferable
binding of most complexes at Sudlow’s site II in subdomain
IIIA.

In conclusion, the hybrid Cu(u) complexes reported herein
present significantly high (photo)cleavage activity of plasmid
DNA and high affinity for CT DNA, which, accompanied by the
antioxidant activity and the tight and reversible binding to
BSA, make them potential candidates to target DNA.

This journal is © The Royal Society of Chemistry 2025
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ABTS 2,2'-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic
acid)

BHT Butylated hydroxytoluene

BSA Bovine serum albumin

CT Calf-thymus

dicl™ Anion of diclofenac

difl™* Anion of diflunisal

DPPH 1,1-Diphenyl-picrylhydrazyl

EB Ethidium bromide

fluf " Flufenamato anion

Hdicl Diclofenac

Hdifl Diflunisal

Hfluf Flufenamic acid

HL (E)-4-(2-((Pyridin-2-yl)methylene)hydrazinyl)
quinazoline

HL' The methoxylated derivative of HL

Hmef Mefenamic acid

K BSA-binding constant

K DNA-binding constant

Ky Quenching constant

Ky Stern-Volmer constant

mef " Mefenamato anion

NDGA Nordihydroguaiaretic acid

NSAID Non-steroidal anti-inflammatory drug

pDNA pBR322 plasmid DNA

Trolox 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid

AY(COO)  Uygym(COO) = gy (COO)

75 Trigonality index
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