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A mononuclear zinc(I) complex and a tetranuclear copper(Il)
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Abstract

A quinazoline derivative containing a properly situated o—phenol ring, namely
(E)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L), was synthesized in order to
investigate the ability of this novel ligand for metal complexation. The interaction of deprotonated
HL"™ with Zn(II) resulted in the mononuclear complex [Zn(HL),]-1.5CH;0H-H,0 (complex 1). When
doubly deprotonated ligand L2 reacted with Cu(II), the tetranuclear complex [Cuy(L)4(DMF)4]-8H,0
(complex 2) was isolated, which can be described as an azametallacoronate compound. All three

compounds were characterized by spectroscopic techniques and single—crystal X-ray

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

crystallography. The biological profile of the compounds was evaluated in regard to their affinity for

calf—thymus DNA, the ability to cleave supercoiled circular pPBR322 plasmid DNA in the absence or

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

presence of irradiation of various wavelengths (UVA, UVB and visible light), their binding with

(cc)

bovine serum albumin and their capacity to scavenge 1,1—diphenyl—picrylhydrazyl and
2,2'-azinobis—(3—ethylbenzothiazoline—6—sulfonic acid) radicals and to reduce H,0O,. The
compounds can bind tightly to calf~thymus DNA via intercalation, and do not induce notable
cleavage of plasmid DNA. They can bind tightly and reversibly to the albumin and have shown

moderate antioxidant activity.

Keywords: Azametallacoronate; Bioinorganic chemistry; Biological activity; Metal complexes;

Quinazoline derivative
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1 Introduction
View Article Online

Zinc and copper are among the most abundant trace elements (second and thirdPréspeetivelypier
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in the human body.! They both have a crucial role in physiology (copper is involved in the
development of connective tissues and bones,'? while zinc is very important in maintaining
membrane barrier structure and function *) and participate in the active center of many enzymes !.
They co—exist in the active center of Cu—Zn superoxide dismutase (SOD), an enzyme that catalyzes
the dismutation of superoxide radicals into the less harmful O, and H,0,, thus contributing to
controlling oxidative damage in biological species.'> The application of ‘Baby Zinc’ and ZnO to
treat diarrhea in Asian and African countries and skin injuries and infections, respectively, is
well-known.3* Concerning copper, its use as material in knobs and contact surfaces in hospitals
results from its bacteriostatic activity.® In addition, in medicine, the copper(Il)—indomethacin
complex, called CuAlgesal®, is used for the treatment of arthritis and a mixture of
copper(I)/N,N’—donor complexes, called Casiopeinas®, is in clinical trials being tested for its
anticancer activity.®” A series of Zn(II) #!2 and Cu(II) '>-'¢ complexes have been reported in the
literature regarding promising in vitro biological activities.

Metallacrowns (MCs) constitute a class of polynuclear complexes, having a cyclic structure
analogous to crown ethers with the repeating pattern [-O—N—M—] in which the methylene carbons
are replaced by transition—metal ions and nitrogen atoms 72!, However, a limited class of MCs are
the azametallacrowns (azaMCs) which bear the repeating unit [-N—N—M-—] by replacing the O atom
with a N atom.??7?7 In all cases, the formation of such compounds can be designed by involving
diverse (mainly) trivalent metal ions such as Fe(III), Cr(III), Mn(III), Co(III), and Er(III)?32426-34 or
divalent metal ions such as Cu(II),??, and by choosing appropriate polydentate organic ligands such
as derivatives of pyrazole, triazole, hydrazide.?>-2426-31.32 Metallacoronates (MCor) can be considered
a special form of metallacrowns bearing the repeating motif [-O—C—O-M—] 333, while just one
report concerning analogous azametallacoronates (azaMCor) with a structural motif [-N—C—N—-M—]

was found in the literature.?®

N SN OH
J /
L1 H,L

Figure 1. The syntax formula of (£)—4—(2—((pyridin—2—yl)methylene)hydrazinyl)quinazoline (L1)
and (E£)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L).
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As a continuation of our previous project regarding the synthesis and characterization of
derivatives (E)—4—(2—((pyridin—2—yl)methylene)hydrazinyl)quinazoline (L1, Figure @Qla@doé%%ﬁgfgﬁ
complexes,**43 we have designed, synthesized and characterized a phenol analogue of L1, namely
(E)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L, Figure 1) as a novel ligand by
replacing the pyridine ring with a phenol ring. Besides the initial structural features of L1 (nitrogen
atoms providing multiple coordination sites and rigidity enabling DNA-—intercalation),**43 the
insertion of the phenol group is designed to provide the possibility of single and double deprotonation
of the quinazoline derivative upon reactions with metal ions. The H,L individual has been used as an
intermediate for the synthesis of thiazolidinone and azetidinone heterocyclic attachments on the
quinazoline scaffold taking advantage of the imine part of the hydrazone moiety, without, however,
the participation of the phenol ring itself.#4* On the contrary, the phenol part of 2—Ph—H,L
derivatives have participated in reaction with Zn(OAc), to form complexes that were found to have
enhanced fluorescent quantum yields compared to their respective ligands due to increased rigidity
of the system upon the complexation.*® Finally, another 2—substituted quinazoline derivative, the
2,4—[bis—(2—hydroxy—3—methoxybenzylidene)]|—dihydrazinoquinazoline was found to preferably
emit fluorescence when interacted with Zn(II).4

Therefore, the reaction of H,L, used as a novel ligand, with Zn(II) resulted in the mononuclear
complex [Zn(HL),]-1.5CH30H-H,O (complex 1), while the reaction with Cu(Il) yielded the
tetranuclear complex [Cuy(L)4(DMF)4]-8H,O (complex 2) which can be described as an

azametallacoronate [16—azaMCor—4] complex. The characterization of all three compounds was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

achieved by spectroscopic techniques (IR, UV-vis, 'H NMR) and single—crystal X-ray
crystallography.

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

The three compounds (H,L, and novel complexes 1 and 2) were further evaluated in vitro for

their: 1) interaction with calf—thymus (CT) DNA studied by UV—vis spectroscopy, viscosity

(cc)

measurements, and via competitive studies with ethidium bromide (EB) by fluorescence emission
spectroscopy, (ii) ability to cleave supercoiled circular pBR322 plasmid DNA (pDNA) in the absence
or presence of irradiation including UVA, UVB and visible light monitored by agarose gel
electrophoresis, 1iii) antioxidant activity (ability to scavenge the free radicals
1,1—diphenyl—picrylhydrazyl (DPPH) and 2,2"—azinobis—(3—ethylbenzothiazoline—6—sulfonic acid)
(ABTS) and to reduce H,0,), and iv) affinity (calculation of binding constant and determination of
the binding site location) for bovine serum albumin (BSA) examined in vitro by fluorescence

emission spectroscopy.

2 Experimental

2.1 Materials — Instruments — Physical measurements
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All chemicals and solvents were reagent grade and were used as purchased from commercial
View Article Online

sources; i.e. 2—aminobenzonitrile from Fluorochem; ammonium acetate, triethylP@rthfotiiatesier
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hydrazine hydrate, p—toluenesulfonic acid monohydrate, salicylaldehyde, CT DNA, EB, BSA,
ABTS, K;S,05, nordihydroguaiaretic acid (NDGA), butylated hydroxytoluene (BHT) from
Sigma—Aldrich Co; 6—hydroxy—2,5,7,8—tetramethylchromane—2—carboxylic acid (trolox) from
J&K; sodium warfarin, ibuprofen, DPPH from TCI; Zn(NO3),-6H,0, CuCl,-2H,0, trisodium citrate
dihydrate, NaCl, NaH,PO, from Merck; supercoiled circular pBR322 plasmid DNA from New
England Bioline; Tris base, boric acid, EDTA disodium salt dehydrate, loading buffer and H,O, (30%
w/v) from PanReac Applichem; L—ascorbic acid, Na,HPO, and all solvents from Chemlab. All
reactions were monitored on commercially available pre—coated TLC plates (layer thickness 0.25
mm) of Kieselgel 60 F,s4. Yields were calculated after recrystallization.

CT DNA stock solution was prepared by dilution of CT DNA in buffer (containing 150 mM
NaCl and 15 mM trisodium citrate at pH 7.0) followed by exhaustive stirring at 4 °C for 2 days and
kept at 4 °C for no longer than a week. The stock solution of CT DNA gave a ratio of UV absorbance
at 260 and 280 nm (Aye0/Azs0) of ~1.86, indicating that the DNA was sufficiently free of protein
contamination.*® The DNA concentration per nucleotide was determined by the UV absorbance at
260 nm after 1:20 dilution using &€ = 6600 M~'cm™1.4

Infrared (IR) spectra (400—4000 cm™') were recorded on a Nicolet FT-IR 6700 spectrometer
with samples prepared as KBr pellets (Abbreviation used: s = strong, vs = very strong, br = broad, m
= medium, w = weak) (Figure S1). UV—visible (UV—vis) spectra were recorded as nujol mulls and
in solution at concentrations in the range 50 uM — 5 mM on a Hitachi U-2001 dual beam
spectrophotometer. C, H and N elemental analyses were carried out on a Perkin Elmer 240 B
elemental analyzer. '"H NMR spectra were recorded on an Agilent 500/54 (500 MHz) spectrometer
using DMSO—d as solvent. Chemical shifts (8) are given in ppm and J values in Hz using solvent as
an internal reference (Abbreviation used: s = singlet, d = doublet, br = broad). Molar conductivity
measurements were carried out in 1 mM DMSO solution of the complexes with a Crison Basic 30
conductometer. Fluorescence spectra were recorded in solution on 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 performed at 100 rpm.

2.2 Synthesis of the compounds
2.2.1 Synthesis of (E)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L)

The synthesis of the compound* was conducted in three steps including, the synthesis of the
4—aminoquinazoline (I) and quinazolin—4—yl—hydrazine (II) as intermediates. The synthesis of

intermediates I and II (Scheme 1) has been previously described in reference *3. In an ethanolic

4
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solution of quinazolin—4—yl—hydrazine (II) (335 mg, 2.02 mmol), salicylaldehyde (223 puL, 2.09
mmol) was added slowly with continuous stirring in the presence of p—‘[olueneSIEPFﬂoi‘PitOizgéi/jt:i)‘CTleag;l“gE
catalyst. The reaction mixture was refluxed at 90°C for 3 h. The reaction was monitored by TLC. The
reaction mixture was slowly allowed to cool to ambient temperature. Yellow crystalline product
suitable for X—ray structure determination precipitated (yield 72%, 394 mg), and was collected by
filtration. The product was washed with cold ethanol and dried in vacuo. HRMS (ESI) m/z calc. for
CisH;3sN4O™: 265.1084 [M+H]*; found 265.1082. 'TH NMR (500 MHz, DMSO-dj, ppm) (Figure S2):
0 =11.62 (s, 1H), 10.30 (s, 1H), 8.74 (d, J = 7.4 Hz, 1H), 8.20 (d, J = 7.5 Hz, 1H), 7.92-7.77 (m,
2H), 7.66 (brs, 1H), 7.50 (brs, 1H), 7.42 (brs, 1H), 7.30 (t, J= 7.5 Hz, 1H), 6.97-6.88 (m, 2H). IR
(KBr disk), v (cm™): 3413 (W) v(O—H)phenol T VIN—H)secondary; 1630 (vs), 1619 (vs) v(C=N); 1483 (m)
V(C—C)aromatic; 770 (m) w(N-H). UV—vis (DMSO, nm (M 'ecm™): A, (€) = 453 (1600), 402
(shoulder(sh)) (5240), 379 (8200), 361 (sh) (740), 288 (4500).

2.2.2 Synthesis of [Zn(HL),] 1.5 CH;0H-H,0, complex 1

A methanolic solution of KOH (6.34 mg, 0.113 mmol) was added into a methanolic solution
(10 mL) of H,L (30 mg, 0.113 mmol) and the reaction solution was stirred for 1 h. The solution was
added dropwise into a warm methanolic solution (5 mL) of Zn(NOj3),-6H,0 (15 mg, 0.057 mmol).
The reaction mixture was stirred for 30 min, 1 mL of H,O was added, and the solution was left to
evaporate slowly in room temperature. After 5 days, yellow needle—like single—crystals (27 mg, 65%)
suitable for X—ray structure determination were deposited and collected by filtration. Elemental
analysis calcd for [Zn(HL),]-1.5CH30H-H,0 (Cs; 5H30NgO45Zn, MW = 658.02): C 57.50, H 4.60, N
17.03; found: C 57.65, H 4.49, N 16.86%. IR (KBr disk), v (cm™): 1619 (vs), 1600(s) v(C=N); 1473
(8) V(C—C)aromatic; 751 (m) w(N—H); 552 (m) v(M—N); 495 (m) v(M—0). UV—vis (nujol, nm): A,y =
450, 425, 397; ( DMSO, nm (M"'em™): Apnax(€) = 449 (1200), 423 (1500), 401 (1300), 380 (1050),
359 (1350), 341 (7500), 290 (7200). The complex is soluble in DMSO (Ay =9 S:cm? mol ™!, 1 mM
in DMSO).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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2.2.3 Synthesis of [Cuy(L)4(DMF)4]-8H,0, complex 2

A methanolic solution of KOH (8.5 mg, 0.152 mmol) was added into a DMF solution (8 mL)
of H,L (20 mg, 0.076 mmol). After 1-h stirring, the solution was added dropwise into a DMF solution
(2 mL) of CuCl,-2H,0 (6.4 mg, 0.0378 mmol). The solution was stirred at 50 °C for 15 min and was
left to cool and evaporate at room temperature. Green single—crystals (35 mg, 50%) suitable for X—ray
structure determination were deposited after two months and were collected. Elemental analysis calcd
for [Cuy(L)4(DMF)4]-8H,0, (C7,HgsCusN»O16, MW = 1739.77): C 49.71, H 4.87, N 16.10; found: C
49.55, H 4.74, N 15.90%. IR (KBr disk), v (cm™): 1628 (vs) v(C=N); 1471 (m) V(C—C)aromatic; 750
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(m) w(N—H); 560 (m) v(M—N); 495 (w) v(M—0). UV-vis: (nujol, nm): Ay.x = 615, 445, 415, 395;
View Article Online

(DMSO, nm (M~'em™)): Amax(€) = 610 (160), 443 (1850), 419 (9900), 391 (5100), 360 (3700); 3435157

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.
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(3000), 275 (11,500). The complex is soluble in DMSO (Ay; = 11 S:cm? mol™!, 1 mM in DMSO).

2.3 X-ray crystal structure determination

Suitable single—crystals of the compounds were mounted on thin glass fibers with the aid of
epoxy resin. X-—ray diffraction data were recorded on a Bruker Apex II CCD area—detector
diffractometer, equipped with a Mo Ka (A = 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 refinement. 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.>3 Anisotropic displacement parameters were
applied all non—hydrogen non disordered atoms of the complexes and the non—disordered solvent
atoms, while hydrogen atoms were in general found and/or positioned geometrically and refined using
a riding model. All disordered atoms (water solvate molecules and coordinated DMF) were
isotropically refined with fixed occupation factors. Details of crystal data and structure refinement

parameters are shown in Table S1.

2.5 Study of the biological profile of the compounds

All the procedures and relevant equations used in the in vitro study of the biological activity
(antioxidant activity, and interaction with CT DNA, plasmid DNA and BSA) of the compounds can
be found in the Supporting Information file (Sections S1-S4).

3 Results and discussion
3.1 Synthesis and characterization

The synthesis of compound H,L was performed in three steps (Scheme 1). The synthesis of
4—aminoquinazoline (step I) and quinazolin—4—yl-hydrazine (step II) has been previously
reported.***3 Quinazolin—4—yl-hydrazine (compound II) reacted with salicylaldehyde to give in high
yield (72%) (E)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L). The data obtained for the
known compounds I and II were in full accordance with the literature reported.**** Compound H,L
was fully characterized by IR, 'H NMR, HRMS and UV-vis spectroscopies (Figures S1-S3) and
single—crystal X—ray crystallography.
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/NH /N View Article Online
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Scheme 1. Synthesis of compound H,L. a) NH,OAc, HC(OEt);, EtOH reflux, 3.5 h, 78% yield; b) NH,NH,,
reflux, 24 h, 53% yield; ¢) salicylaldehyde, p—TsOH, EtOH reflux, 3 h, 72 % yield.

The complexes were prepared via the aerobic reaction of a solution deprotonated quinazoline
with the corresponding metal salts of Zn(Il) and Cu(Il). The reaction of Zn(II) with deprotonated
quinazoline (HL ') in a 1:2 Zn(II):HL! ratio resulted in complex 1, while the reaction of Cu(II) with
doubly deprotonated (L™?) in a 1:1 Cu(Il):L™? ratio led to the formation of complex 2. The
coordination compounds were characterized by IR and UV—vis spectroscopies, and single—crystal
X-ray crystallography.

The complexes are stable in air, soluble in DMSO and insoluble in H,O. The molar
conductivity values of the complexes were recorded in a I mM DMSO solution. Both complexes bear
Ay values in the range 9—11 S-cm? mol™! showing their non—electrolytic nature®* which is in
accordance with the formulas found from single—crystal X—ray crystallography.

The FT-IR spectra of the compounds (Figure S1) are complicated due to the presence of the

phenol and quinazoline groups. The IR spectrum of H,L shows a weak band at 3413 cm™! which can

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

be assigned to the v(O—H)phenol and the v(N—H) group and intense bands at 1630 cm™! and 1619 cm™!
which can be associated with the hydrazone v(C=N) group.*** In the IR spectra of compounds 1 and

2, these bands have shifted slightly suggesting the formation of the complexes.>> The formation of

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

the complexes may be also verified by the appearance of medium—intensity bands in the regions

552-560 cm! and 494—495 cm™! which can be assigned to v(M—-N) and v(M—0), respectively.40+2

(cc)

The UV—vis spectra of the compounds (Figure S3) were recorded in DMSO solution and as
nujol mull. The UV—vis spectra of both complexes in solid state (nujol) showed similar patterns with
those recorded in DMSO solution; therefore, their stability in solution may be proposed. In these
spectra, the bands observed in the UV or near—UV region of the spectrum located at 270—290 nm and
350—453 nm may be attributed to intra—ligand transitions, typical to C=N and C=C bonds. In the
spectra of the complexes, these bands are shifted indicating the formation of the complex. In
particular, the band of H,L at 379 nm which is related to the hydrazone group suffered a bathochromic
shift in the UV—vis spectra of the complexes. In addition, the bands located at 400—453 nm may be

attributed to charge—transfer transitions. In the visible region of the spectrum of complex 2, the band
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observed at 610 nm (¢ = 160 M~'cm™) is attributed to a d—d transition and is typical for a square
View Article Online

pyramidal geometry for copper(Il) complexes.>® DOI: 10.1039/D4DTO3518F

3.2 Structure of the compounds
The structures of all three compounds were determined by single—crystal X-ray

crystallography.

3.2.1 Structure of H,LL
The compound crystallized in orthorhombic crystal system and Pbca space group (Table S1).

The molecular structure is depicted in Figure 2 and selected bond lengths and angles are summarized

in Table S2.

Figure 2. The molecular structure of H,L.

It should be noted that almost all atoms seem to be almost co—planar, since all three aromatic
rings are lying in the same plane with slight deviations. Hydrogen—bonds contribute to the
stabilization of the structure (Table S3). More specifically, an intramolecular hydrogen—bond is
formed between the phenolic hydrogen H11 and hydrazine N4, and an intermolecular hydrogen—bond

exists between H12 of the quinazoline nitrogen N1 and quinazoline N2! of an adjacent molecule.

3.2.2 Structure of complex [Zn(HL),]-1.5CH;OH-H,0
The compound crystallized in monoclinic crystal system and P2,/n space group (Table S1).

The molecular structure is depicted in Figure 3 and selected bond lengths and angles are summarized

in Table S4.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03518f

Page 9 of 25 Dalton Transactions

View Article Online

J)380.1039/D4DT03518F

2B
Figure 3. The molecular structure of complex 1A and 1B. The C—bonded hydrogen atoms and solvate

molecules are omitted for clarity reasons.

The asymmetric unit comprises two crystallographically independent neutral mononuclear
Zn(Il) complexes, notated as complex 1A and 1B, as well as three methanol and one water solvate
molecules. Both H,L ligands in each complex act as monoanions (HL™) after deprotonation of the
phenolic hydrogen atom. All ligands are coordinated to Zn(II) in a tridentate fashion through two
nitrogen atoms —coming one from the quinazoline and one from the hydrazine parts— and the

phenolate oxygen, i.e. in complex 1A N1, N4 and O1 for the first ligand and N5, N8 and O2 for the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

second ligand respectively. This coordination mode leads to the formation of two fused chelate rings

for each ligand, a five— and a six—membered one and gives rise to a six—coordinated Zn(II) cation

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

with a N4O, environment. In both complexes, the resulting disordered coordination octahedron has

(cc)

as most axial vector the Niydrazone=ZN—Nhydrazone CONtaining nitrogen atoms forming angles i.e. N4—
Zn1—N8 = 165.41(10)° for complex 1A and N12—Zn2—N16 = 164.29(10)° for 2A.
A series of intermolecular H-bonds between adjacent molecules of the complexes and with

solvate molecules result in further stabilization of the structure (Table S3).

3.2.3 Structure of complex [Cuy(L)4(DMF),]-8H,0, complex 2
The complex crystallized in tetragonal crystal system and /4/a space group (Table S1). The
molecular structure is shown in Figure 4 and selected bond distances and angles are given in Table

SS.
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(A) (B)
Figure 4. The molecular structure of complex 2 (A) highlighting the metallacoronate ring (in bold)

and (B) showing the coordination spheres of Cu(Il) ions. The hydrogen atoms and solvate H,O
molecules are omitted for clarity reasons. Symmetry codes: (i) —y+5/4, x+1/4, —z+5/4; (i1) y—1/4,
—x+5/4, —z+5/4.

Complex 2 is a neutral tetranuclear copper(Il) complex consisting of four Cu(Il) ions, four
doubly deprotonated L> ligands and four DMF ligands, while there are also eight solvate water
molecules. In the complex, the four doubly deprotonated quinazoline ligands (L?") are coordinated to
Cu(Il) ions in a tetradentate bridging manner. More specifically, the quinazoline nitrogen atom N1,
the hydrazine nitrogen atom N4, and the phenolate oxygen atom O1 are coordinated to Cul, leading
to the formation of two fused chelate rings, a five— and a six—membered one. The coordination sphere
of the pentacoordinate Cu(Il) ion is completed by the deprotonated quinazoline nitrogen atom N2! of
an adjacent ligand and the oxygen atom O2 of the DMF ligand. According to value of the trigonality
index 15 = 0.10 (= (175.9°-169.9°)/60°, 15 = (¢;—¢»)/60°, ¢; and @, are the largest angles in the
coordination sphere;’’ t = 0 is found for a perfect square pyramid and t = 1 for a perfect trigonal
bipyramid)), the geometry around each Cu(Il) ion can be described as slightly distorted square
pyramid with O1, N1, N4 and N2/ forming the basal plane and O2 being at the apical of the pyramid.

The four Cu(Il) ions are bridged by four L?~ ligands via the quinazoline atoms N1-C1-N2
creating a l6—membered saddle—like azametallacoronate (azaMCor) ring of the type
[16—azaMCor—4] with a [-N—C—N—Cu—] repeating unit. To the best of our knowledge,?>273-37
complex 2 is among the very few examples of an azametallacoronate compound of the type
[16—azaMCor—4] reported.’* The interatomic distances between the neighboring Cu(Il) ions

(Cul...Culi) and the non—neighboring Cu(Il) ions (Cul...Culi) are 5.797 A and 6.574 A,

10
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respectively. Similar arrangement of the Cu(Il) ions was also observed in a series of [16—MCor—4]
metallacoronates of the formula [Cuy(carboxylato)s(X),] (X = CI~, C1047).3338 The @ﬁ*a&@g@;’gé;g%%fgﬁ
the four Cu(II) participating in the azametallacoronate ring results in the formation of a hollow space
in the [16—azaMC—4] ring where four DMF ligands are encapsulated. Each DMF ligand is
coordinated to a ring Cu(Il) ion via its oxygen atom O2 orientated towards the center of the
[16—azaMC—4] (Figure 4).

The extended hydrogen—bonded system involving the solvate water molecules as well as the

n—n stacking interactions between the ligands from neighboring complexes offer further stabilization

of the structure (Table S3).

3.3 Interaction with DNA
3.3.1 Affinity for CT DNA

The interaction of the compounds with CT DNA was investigated by UV—vis spectroscopy,
DNA-—viscosity titrations, and via competitive studies with EB which were monitored by fluorescence
emission spectroscopy.

Titration studies using UV—vis spectroscopy were employed in order to investigate the
interaction of the compounds with CT DNA and the strength of this interaction by calculating the
corresponding DNA—binding constant (K;). Within this context, initially the UV—vis spectra of a CT
DNA solution in buffer were recorded in the presence of H,L or complexes 1 and 2 at diverse ratios

of [compound]/[DNA] (= r). Upon addition of increasing amounts of the compounds, a slight change

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of the absorbance (either hypochromism or hyperchromism) of the CT DNA band located at Ay =
258 — 260 nm was observed (Figure S4) indicating the existence of an interaction.

On the reverse titrations, the UV—vis spectra of the compounds were recorded upon addition

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

of increasing amounts of CT DNA and a series of changes of the charge—transfer or intraligand

(cc)

band(s) of the compounds were observed (Figures 5(A) and S5, Table 1). The overall changes of
these bands were rather complicated showing hypochromism and/or hyperchromism which may be
accompanied by slight blue— or red—shift (Table 1). The features in the UV spectra of CT DNA
confirmed the interaction between the compounds and CT DNA suggesting the formation of a new
adduct between CT DNA and the compound. Because of the complicated UV spectra of the
compounds bearing so many transition bands, it is not easy to suggest a discrete mode of
DNA-binding and more studies such as DNA—viscosity measurements and competitive studies with

EB were conducted to reach a safer conclusion regarding the interaction mode.

11
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| —®— Complex 2
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r = [compound]/[DNA]

(A) (B)
Figure 5. (A) UV—vis spectra of a DMSO solution of complex 1 (0.05 mM) in the presence of
increasing amounts of CT DNA. The arrows show the changes upon increasing amounts of CT DNA.
(B) Relative viscosity (n/mg)"? of CT DNA (0.1 mM) in buffer solution (150 mM NaCl and 15 mM
trisodium citrate at pH 7.0) in the presence of H,L and its complexes 1 and 2 at increasing amounts

(r = [complex]/[DNA]).

Table 1. UV-vis spectral features of H,L and its complexes 1 and 2 with CT DNA. UV-band (A in
nm) (percentage of the observed hyper—/hypo—chromism (AA/Ay, %), blue—/red—shift of the Amax (AR,
nm)) and DNA-binding constants (Ky).

Compound Mnm) (AA/A, (%)?, AL (nm) P) K, M)
H,L 361(sh)c (=128, +1°); 379 (=122, —1°), 401(sh) (+3, —1); 2.04(£0.59)x10°
453 (>+509, -10)
Complex 1 341 (=3, +1); 359 (-9, 0); 380 (-9, —2); 401 (-2, 0); 1.44(£0.32)x107
423 (-5, +1); 449 (-8, 0)
Complex 2 343 (=3, —1); 360 (-2, —1); 391 (+2, elim®); 8.38 (+0.50)x10°

419 (-9, —2); 443 (~10, -2)

a“+> denotes hyperchromism, “~" denotes hypochromism.
b <+ denotes red—shift, “— denotes blue—shift.

¢ sh = shoulder

4>+50 denotes high hyperchromism

¢ elim = eliminated

The Wolfe—Shimer equation (equation S1)3® and the plots [DNA]/(ea—€f) versus [DNA]

(Figure S6) were used for the calculation of the Ky, values of the compounds. All three compounds

12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03518f

Page 13 of 25 Dalton Transactions

presented significantly high DNA—binding constants which were higher than that of the classic
intercalator EB (= 1.23x103 M1).5° Both complexes exhibit high DNA—affinity thanDHQE-ipﬁvvbﬁlga%ng
with complex 1 showing the highest DNA—binding constant (Kj, = 1.44(+0.32)x10” M) among the
compounds. A comparison of the K, values derived for the compounds with reported compounds
bearing a series of pyridine analogues of H,L, ie.
(E)—4—(2—(pyridin—2—ylmethylene)hydrazinyl)quinazoline and its halogenated derivatives,***3 may
reveal that the existence of the phenol ring in H,L resulted in higher affinity for CT DNA.

The viscosity of a DNA—solution was measured because DNA-—viscosity is sensitive to
changes in the relative DNA chain—length making viscometry a useful method to clarify the DNA—
interaction mode. The viscosity of a CT DNA solution (0.1 mM) was measured in the presence of
incrementally increasing amounts of compounds (up to » = [compound]/[DNA] = 0.36). For all
compounds, the viscosity increased significantly (Figure 5(B)) suggesting intercalation as the most
possible mode of their interaction with CT DNA; the increase of relative DNA—viscosity is related to
increase of the relative DNA—length as a result from the increase of the distance between DNA—bases
due to intercalation of the inserting compounds.®®®! A slight lowering of DNA-viscosity was also
observed at the early steps of incremental addition of H,L. and complex 1 (for » values up to 0.10),
indicating an initial external interaction resulting in closer approach which was followed by
intercalation.

The planar phenanthridine ring of the typical DNA—intercalator EB inserts in—between two

adjacent DNA-bases resulting in an intense fluorescence emission band at 592-594 nm upon

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

excitation of the solution at 540 nm. In order to explore the potential intercalation effect of the
compounds, the fluorescence emission spectra of a solution containing EB—DNA (after 1-h

pretreatment of EB (40 uM) and CT DNA (40 uM) in buffer solution) were recorded in presence of

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

increasing amounts of solution of the compounds. The addition of the compounds in the EB-DNA

(cc)

solution led to a quenching of the fluorescence emission band at 594 nm (representatively shown for
complex 2 in Figure 6(A)). The quenching was significant (up to ~69% of the initial fluorescence,

Table 2, Figure 6(B)), and may be assigned to the displacement of EB from the EB-DNA adduct 2.
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Figure 6. (A) Fluorescence emission spectra (Aexcitation = 540 nm) for EB-DNA conjugate ([EB] =40
uM, [DNA] =40 uM) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH = 7.0) in
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the absence and presence of increasing amounts (up to r = [complex] / [DNA] = 0.21) of complex 2.

The arrow shows the changes of intensity upon increasing amounts of the complexes. (B) Plot of EB—

DNA relative fluorescence emission intensity at Aemission = 592 nm (I/lo, %) versus r (r =

[complex]/[DNA]) in the presence of H,L and its complexes 1 and 2 (up to 37.1 % of the initial EB—

DNA fluorescence emission intensity H,L, 31.2 % for 1, and 46.3% for 2).

Table 2. Fluorescence features of the EB—displacement studies of H,L and its complexes 1 and 2.

Percentage of EB-DNA fluorescence emission quenching (Al/ly, in %), Stern—Volmer constants

(Ksv, in M) and quenching constants (kq, in M~!'s™!).

Compound Al/Ty (%) Ksy (M) kM 1s71)

HoL 62.9 7.67(£0.15)x10° 3.34(+0.06)x10"3
Complex 1 68.8 3.65(:0.14)x105 1.59(0.06)x 1013
Complex 2 53.7 4.22(+0.09)x10° 1.84(+0.04)x10"3

The quenching ability of the compounds can be evaluated through the values of the Stern—

Volmer constant (Kgy) and quenching constant (ky) which were calculated with the Stern—Volmer

equations (equations S2 and S3 after using the value of 23 ns as the fluorescence lifetime of EB—

DNA system (17)),%, and the corresponding Stern—Volmer plots (Figure S7). The Kgy values of the

compounds are relatively high (Table 2) and are similar with reported compounds bearing pyridine

analogues of H,L.40-8 In addition, the quenching constants are of the order 10'> M~!s™! (Table 2) and

are three orders higher than the value of 10'° M!s™!, suggesting the existence of a static quenching

mechanism which may confirm the formation of a new adduct between DNA and each complex.5?

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03518f

Page 15 of 25 Dalton Transactions

3.3.2 Interaction of the compounds with plasmid DNA

In the attempt to investigate the nuclease—like activity of the compounds, th@%b@é@%%ﬁ%fg?
photocleavage of pBR322 plasmid DNA (pDNA) by them was monitored via agarose gel
electrophoretic experiments. For this purpose, DMSO solutions (500 uM, DMSO within the final
mixture never exceeded 10% v/v) of the compounds (H,L, complexes 1 and 2) were mixed with
pBR322DNA (tris buffer solution, 25 uM, pH = 6.8). Four experiments have been performed with
plasmid DNA and the results were analyzed by gel electrophoresis on 1% agarose stained with EB:
1) in dark upon incubation of the components for 150 min (Figure S8(A)); ii) upon irradiation at 312
nm (UV—-B) for 30 min (Figure S8(B)); iii) upon irradiation at 365 nm (UV—A) for 120 min (Figure
S8(C)) and iv) upon irradiation under visible light for 120 min (Figure S8(D)). The supercoiled pPDNA
in an agarose gel during electrophoresis is shown as Form I (Figure S8, Lane 1). (For the
photocleavage experiments all compounds have been incubated with pDNA for 30 min at 37 °C prior
to irradiation. Dark control experiments have been performed upon incubation of the compounds with
pDNA for 150 min, in order to cover incubation time (30 min) and the 120 min of incubation of the
samples which were irradiated—total incubation time 150 min).

The potential DNA—cleaving activity of the compounds was quite negligible upon lack of
irradiation (Figure S8(A)) or upon irradiation at 312 nm (Figure S8(B)). In all experiments, complex
1 proved incapable of cleaving or photocleaving pDNA. In some cases, i.e. for H,L upon irradiation
at 365 nm (Figure S8(C)) and for complex 2 upon irradiation with UVA (Figure S8(C)) and visible
light (Figure S8(D)), the pDNA—cleavage was revealed only as single—stranded (ss) nicks in the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

supercoiled DNA forming relaxed circular DNA (Form II), while no signal (double—stranded (ds)

nick) attributed to the formation of linear DNA (Form III) was observed. For these cases, the

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.

percentages of the cleavage (shown in Figure S8) were calculated with equations S4 and S5. At the

high concentration of 500 uM used in the experiment, these compounds present rather low—to—

(cc)

negligible ability to cleave DNA with complex 2 showing the highest photocleavage activity of 10%
(Figure S8(D), Lane 4).

The lack of pPDNA—cleavage activity of the herein reported compounds, when compared to a
series of metal complexes bearing (E)—4—(2—(pyridin—2—ylmethylene)hydrazinyl)quinazoline*?-43
and its halogenated derivatives as ligands (they are the pyridine analogues of H,L), may be possibly
attributed to the exchange of the pyridine ring by the phenol ring in H,L which results to formation

of anionic ligands and six—membered chelate rings when coordinated to metal(I) ions.

3.4 Antioxidant activity of the compounds
Taking into consideration that compounds with antioxidant properties might play an important

role in the development of effective pharmaceuticals®* as well as that anti—inflammatory activity has
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been reported for a series of quinazoline derivatives,®-% the potential antioxidant activity of the

View Article Online

compounds was assessed through monitoring their ability to scavenge DPPH and ABPS!fiteé@ ¥ddieals1er
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and to reduce H,O,. The results are summarized in Table 3, and the activities were compared with

the activity of well-known reference compounds NDGA, BHT, trolox and L—ascorbic acid.®467:68

Table 3. %DPPH-scavenging ability (DPPH%), %ABTS radical scavenging activity (ABTS%) and
H,0,—reducing ability (H,0,%) for the compounds.

Compound DPPH% 30 min DPPH% 60 min ABTS% H,0,%

H,L 6.52+0.12 7.98+0.17 54.73+1.56 87.98+0.46
Complex 1 9.54+0.42 10.36+0.19 71.63+£0.94  60.59+0.47
Complex 2 Inactive Inactive 19.97+1.32 67.76+0.74
NDGA 87.08+0.12 87.47+0.12 Not tested Not tested
BHT 61.30+1.16 76.78£1.12 Not tested Not tested
Trolox Not tested Not tested 98.0+0.48 Not tested
L—ascorbic acid Not tested Not tested Not tested 60.80+0.48

The neutralization of DPPH radicals by potential antioxidants is often related with potential
activity against cancer, aging process and/or inflammation.®* The ability of the compounds to
scavenge DPPH radicals was time—independent, as shown after measuring the absorbance after 30—
min and 60—min reaction. Complex 2 was proved inactive towards DPPH radicals while H,L and
complex 1 showed quite low scavenging activity (up to 10.36+0.19%), especially when compared
with the reference compounds NDGA and BHT (Table 3).

The activity of the compounds towards the cationic ABTS radicals (the ABTS—scavenging is
related to the overall antioxidant activity of compounds) is more enhanced (up to 71.63+0.94% for
complex 1) when compared to DPPH but still lower than the activity of the corresponding reference
compound trolox (Table 3).

The scavenging or the reduction of hydrogen peroxide is related to the relief from oxidative
stress and/or inhibition of reactive oxygen species.®® The interaction of the compounds with H,O,
revealed that the complexes are less active (H,0,% = 60.59 — 67.76%, Table 3) than free H,L
(87.98+0.46%). However, all compounds present equal or better activity than the reference
compounds L—ascorbic acid (= 60.80+0.20%).

The overall antioxidant behavior of the compounds is rather poor towards DPPH radicals,
moderate towards ABTS radicals and significant towards H,O,. Such antioxidant profile is in

accordance with the results reported for compounds containing the pyridine analogues of H,L.40-43

16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03518f

Page 17 of 25 Dalton Transactions

3.5 Interaction of the compounds with BSA
3.5.1 Affinity of the compounds for BSA DO 10.1035/DADTO3515F

The interaction of the compounds with BSA was investigated as a means to monitor whether
the compounds under study have the potency to bind to BSA in order to get transferred to their
potential biotargets. The two main roles of the abundant protein in bloodstream, serum albumin, are
the maintenance of the osmotic pressure (which is important for the maintenance of cells and tissues)
and the transportation of bioactive compounds.”’® BSA is the most extensively studied albumin and is
structurally similar to human serum albumin possessing two tryptophan residues at positions 134 and
212. The interaction was studied by fluorescence emission quenching experiments.%?

The fluorescence emission spectra of a BSA solution (3 mM) were recorded in the range 300—
500 nm for Aexcitation = 295 nm in the presence of incrementally increasing amounts of the compounds
(up to » = [compound]/[BSA] = 6.2). The initial BSA emission band with Ayax, emission at 343 nm
showed upon addition of the compounds a significant decrease with complex 2 inducing the highest
percentage (>97%) of the BSA quenching (Figure 7). The observed quenching can be assigned to re—
arrangement or modifications of the SA secondary structure which may result from the association

of the compounds with BSA.®? The influence of the inner—filter effect on the measurements was

calculated with equation S67! and it was too negligible to affect the measurements.

6000 100
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—o— Complex 2
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Figure 7. (A) Fluorescence emission spectra (Aexcitation = 295 nm) of a buffer solution (150 mM NaCl
and 15 mM trisodium citrate at pH 7.0) of BSA (3 uM) in the presence of increasing amounts of
complex 2. The arrow shows the changes of intensity upon increasing amounts of the complex. (B)
Plot of % relative fluorescence intensity at A, = 343 nm (I/1o, %) versus r (r = [complex]/[BSA]) for
H,L and its complexes (up to 22.4% of the initial BSA fluorescence for H,L, 20.0% for 1, and 2.7%
for 2).
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The Stern—Volmer constants (Ksv), the BSA—quenching constants (ky) and the BSA-binding
View Article Online

constants (K) of the compounds were calculated with the Stern—Volmer and Scatchard €quations1er

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:45:42 PM.
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(equations S2, S3 and S7) and plots (Figures S9 and S10) applying the value of 1078 as the
fluorescence lifetime of tryptophan in SAs (1,).%? The calculated k, values of the compounds are
significantly higher (in most cases by three—to—four orders) than the value of 10'° M~!s™! (Table 4)
suggesting a static mechanism for the observed quenching,%> which confirms the interaction of the

compounds with BSA.

Table 4. Fluorescence features of the BSA—binding studies of H,L and its complexes 1 and 2. BSA—

quenching constants (kq, in M~!'s™!), and BSA-binding constants (K, in M!) of the compounds in the

absence (Kgsa)) or presence of a site-marker warfarin (K(gsa warfy) Or 1buprofen (Kgsa ibu))-
Compound kg M5 Kgsa) (M) Kgsa,ibuy (M) K@gsa,warn (M)
H,L 1.84(+0.06)x10"3 1.30(£0.08)x10°  2.32(£0.03)x10>  1.32(+0.04)x10°
Complex 1 2.16(+0.09)x10"3 1.05(+£0.04)x10°  4.07(£0.19)x10°  3.16(+0.09)x10°
Complex 2 2.05(x0.09)x104 5.60(x0.18)x10°  1.17(£0.06)x10°  1.17(+0.64)x10°

The values of the BSA-binding constants of the compounds are of the order 10° M~! (Table
4) with complex 2 showing the highest K value (= 5.60(+£0.18)x10° M) among the compounds under
study. The affinity of the compounds is within the range also reported for the pyridine analogues of
H,L.4* However, the BSA—binding constants found for the compounds observed are lower than the
value of 10'> M~! which is considered as the limit for reversible noncovalent interactions. Within this
context, the BSA—binding constants of the compounds reveal their reversible binding to the BSA in

order to get transported and get released upon arrival at their potential biological targets.”?

3.5.2 Binding site of BSA

The albumin has four sites where drugs and metal ions can be hosted with Sudlow’s site 1 (or
drug site I) and Sudlow’s site 2 (or drug site II) in subdomains IIA and IIIA, respectively, being the
most known.” In order to recognize the potential BSA—binding site of the compounds, warfarin and
ibuprofen are used as common site—markers for Sudlow’s site 1 and Sudlow’s site 2, respectively
4374 Within this context, the BSA-binding constants of the compounds were determined in the
presence of the site—markers by fluorescence emission quenching experiments and were compared
with those found in the absence of any site—marker (values in Table 4).

The incremental additions of the compounds in a solution containing BSA and the
corresponding site—marker (warfarin or ibuprofen) resulted in a significant quenching of the initial

fluorescence emission band (Figures S11 and S12 and representatively shown for complex 2 in Figure
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8). The BSA-binding constants of the compounds were determined with the Scatchard equation
(equation S7) and plot (Figures S13 and S14). Any decrease of the BSA—binding @@nmq%t?/??ﬁ%ﬁé’s”fgﬁ
presence of the site—marker will show that the binding of the compound to BSA is influenced by the
co—existence of this marker inhibiting the approach of the compound due to the competition for the
same binding site.*!*>7* From the K values shown in Table 6, a safe conclusion concerning a

preferable drug site can be given only for complex 2 which showed a significant decrease of the BSA—

binding constant in the presence of warfarin indicating its selective binding to Sudlow’s site 1 in

. subdomain IIA.
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E Figure 8. Fluorescence emission spectra (Aexcitation = 295 nm) of a buffer solution (150 mM NaCl and
2]
B 15 mM trisodium citrate at pH 7.0) of BSA (3 uM) (A) in the presence of warfarin (3 uM) or (B)
B
2 u ,u u X 2. W W
2 ibuprofen (3 uM on addition of increasing amounts of complex 2. The arrows show the changes
'_

of intensity upon increasing amounts of the complexes.
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4 Conclusions

(cc)

A novel quinazoline ligand containing a phenol ring, namely
(E)—2—((2—(quinazolin—4—yl)hydrazono)methyl)phenol (H,L) and its Zn(II) and Cu(Il) complexes,
[Zn(HL),]-1.5CH;0H-H,0 (complex 1) and [Cuy(L)4(DMF),]-8H,0 (complex 2), respectively, were
isolated and characterized with spectroscopic techniques and single—crystal X—ray crystallography.
In mononuclear complex 1, the quinazoline derivative is simply deprotonated acting a tridentate
ligand via the quinazoline and the hydrazone nitrogen atoms and the deprotonated phenolate oxygen
atom. In tetranuclear complex 2, the doubly deprotonated quinazoline acted as a tetradentate bridging
ligand via the quinazoline and the hydrazone nitrogen atoms and the deprotonated phenolic oxygen
atom to a Cu(Il) ion and the second quinazoline nitrogen atom to an adjacent Cu(Il) ion. A cyclic
16—membered structure containing four [-N—C—N—Cu—] repeating units is formed and complex 2 is

a characteristic [16—azaMCor—4] example among the few reported azametallacoronate compounds.
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The potential biological profile of the compounds was evaluated regarding their interaction
View Article Online

with biomacromolecules (BSA and DNA), and their antioxidant ability. The compounds! ritayiteracts1sr
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with CT DNA via intercalation and the highest DNA—binding constant was found for complex 1 (K,
= 1.44(+0.32)x107 M1). The ability of the compounds to cleave pBR322 plasmid DNA to relaxed
circular DNA was rather low—to—negligible at the high concentration of 500 uM.

The binding of compounds to BSA is tight and reversible, suggesting they can be transported
by the albumins and released at potential biotargets. Furthermore, competitive studies with the typical
site—markers warfarin and ibuprofen were employed to explore whether the compounds bind
selectively to typical BSA-binding sites. A safe conclusion was reached only for complex 2 regarding
its selective binding to Sudlow’s site 1 in subdomain ITA.

Regarding the antioxidant activity of the compounds, their ability to scavenge DPPH and
ABTS free radicals and to reduce H,O, was explored. The compounds were practically inactive
towards DPPH radicals; Zn(II) complex 1 was the most active compound towards ABTS radicals,
albeit moderately active when compared with the reference compound trolox. Concerning the activity
towards H,O,, the compounds were found more active than the reference compound L—ascorbic acid,
H,L being by far the most active (H,0,% = 87.98+0.46 %) among the compounds.

In conclusion, the phenolic quinazoline derivative H,L and its two complexes present
differentiated biological properties when compared to their pyridine quinazoline analogues which
bear the skeleton of (E)—4—(2—((pyridin—2—yl)methylene)hydrazinyl)quinazoline. Apart from the
structural differences and the diversity of deprotonation states, the herein reported compounds
presented negligible cleavage activity of plasmid DNA and lower antioxidant potency but much

higher affinity for CT DNA, a fact that may include them to potential candidates targeting DNA.

Appendix A. Supplementary material

CCDC deposition numbers 2401516—2401518 contain the supplementary crystallographic data for
the complexes. These data  can  be obtained  free of  charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12

Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

Supplementary data associated with this article can be found in the online version, at doi: ...

Abbreviations

ABTS = 2,2"—azinobis—(3—ethylbenzothiazoline—6—sulfonic acid); BHT = butylated hydroxytoluene;
BSA = bovine serum albumin; CT = calf~thymus; DPPH = 1,1-diphenyl-picrylhydrazyl; EB =
ethidium bromide; K = BSA-binding constant; Ky, = DNA-binding constant; k, = quenching constant;
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Kgy = Stern—Volmer constant; MC = metallacrown; Mcor = metallacoronate; NDGA =
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nordihydroguaiaretic acid; pDNA = pBR322 plasmid DNA; SA = serum albumin. DOl 10.1039/D4DT03518F
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