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Fourteen cobalt() complexes with the non-steroidal anti-inflammatory drugs sodium meclofenamate,
tolfenamic acid, mefenamic acid, naproxen, sodium diclofenac, and diflunisal were prepared in the pres-
ence or absence of a series of nitrogen-donors (namely imidazole, pyridine, 3-aminopyridine, neocu-
proine, 2,2'-bipyridine, 1,10-phenanthroline and 2,2'-bipyridylamine) as co-ligands and were characterised
by spectroscopic and physicochemical techniques. Single-crystal X-ray crystallography was employed to
determine the crystal structure of eight complexes. The biological profile of the complexes was investi-
gated regarding their interaction with serum albumins and DNA, and their antioxidant potency. The inter-
action of the compounds with calf-thymus DNA takes place via intercalation. The ability of the complexes
to cleave pBR322 plasmid DNA at the concentration of 500 pM is rather low. The complexes demon-
strated tight and reversible binding to human and bovine serum albumins and the binding site of bovine
serum albumin was also examined. In order to assess the antioxidant activity of the compounds, the
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1. Introduction

The importance of transition metal ions in biological systems
is well established for many years and many bioinorganic che-
mists have focused their research studies on the biological
activity of metal ions and their compounds." Among these
metal ions, cobalt is included as a trace-element essential for
life.> The main biological role of cobalt is related with vitamin
B12; within this context, cobalt is involved in the synthesis of
DNA and the metabolism of fatty acids and amino acids.® For
this reason, cobalt is also involved in nutrition as a sup-
plement of vitamin B12.* Additionally, cobalt(n) ions may
interact with Z-DNA® or cleave DNA® and many cobalt com-
plexes of biological interest have been reported”® mainly
because of their potential antitumor, antiproliferative,’°
antimicrobial,**? antifungal,"® antiviral'**® and
antioxidant'®'” properties.

Non-steroidal anti-inflammatory drugs (NSAIDs) are a large
group of medicaments used to treat pain and inflammation
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ethylbenzothiazoline-6-sulfonic acid), and their ability to reduce H,O, were studied.

resulting from diseases and/or injuries.'®'® The main mecha-

nism of action of NSAIDs is the inhibition of the cyclooxygen-
ase-mediated production of prostaglandins.>** Moreover,
NSAIDs can act synergetically with antitumor drugs,*® and
exhibit cytotoxic activity against diverse cancer cell lines via
mechanisms involving free radical scavenging® or pro-
grammed cell death.”® Based on characteristic groups, NSAIDs
are categorised as anthranilic acids, phenylalkanoic acids,
derivatives of salicylic acid, oxicams, furanones and
sulfonamides."®

The NSAIDs used in the current research are the anthranilic
acids mefenamic acid (Hmef), tolfenamic acid (Htolf), and
sodium meclofenamate (Na meclf), the phenylalkanoic acids
naproxen (Hnap), and sodium diclofenac (Na dicl), and the
salicylate derivative diflunisal (H,difl) (Fig. 1). All of them are
common NSAIDs mainly used as analgesic, anti-inflammatory
and antipyretic agents in various treatments. Beside the afore-
mentioned general uses as NSAIDs: Hmef has mild side-effects
and is also used to treat migraines and pain from dysmenor-
rhea;** Htolf is also used in veterinary;>> Na meclofenamate is
also administered in osteoarthritis and painful musculoskele-
tal disorders;>® Hnap is also used to treat rheumatoid arthritis,
chronic migraine, osteoarthritis, and kidney stones,?” and its
use results in milder side-effects concerning blood pressure or
stomach ulcers than other NSAIDs;?®*° sodium diclofenac is
administered for treating symptoms of rheumatoid arthritis
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Fig. 1 The syntax formulas of the NSAIDs: tolfenamic acid (Htolf), mefenamic acid (Hmef), sodium meclofenamate (Na meclf), naproxen (Hnap),

sodium diclofenac (Na dicl) and diflunisal (Hdifl).

and osteoarthritis;*® diflunisal, because of its relatively long
half-life period of activity (~12 h), is used to alleviate acute
pain resulting from oral surgery,® and has been recently
reported to be safely administered to patients suffering from
transthyretin amyloidosis cardiomyopathy.>> Furthermore,
most of these NSAIDs were suggested for treatment of the
COVID-19 pandemic, regarding their analgetic and antipyretic
effects.*®** Several reports are found in the literature concern-
ing the synthesis, the characterisation, and the biological
evaluation of metal complexes with NSAIDs; a plethora of
manganese(i/m),>* % iron(m),>***° cobalt(u),’®>”*"*¢ nickel
(m),"”~*° copper(n), zinc(i),>* ¢ silver(1),>”*® cadmium(m),*®
tin(iv),*° gold(1)°* and lanthanides(m)®* complexes with the
NSAIDs under study have shown enhanced biological pro-
perties when compared to the corresponding free NSAIDs.'*%

Taken into consideration the enhanced biological profile of
metal-NSAID complexes, the significance of NSAID in medi-
cation, the biological relevance of cobalt, and as continuation
of our research projects concerning Co(u)-NSAID
complexes,'®'”*'™** we have prepared and characterised four-
teen cobalt(n) complexes with the NSAIDs Htolf, Hmef, Na
meclf, Hnap, Na dicl and H,difl in the presence or absence of
N-donors 1H-imidazole (Himi), pyridine (py) and 3-aminopyri-
dine (3-ampy) (Fig. 2(A)) or N,N-donors 2,9-dimethyl-1,10-phe-
nanthroline (neoc), 2,2"-bipyridine (bipy), 1,10-phenanthroline
(phen) and 2,2"-bipyridylamine (bipyam) as co-ligands (Fig. 2
(B)). All resultant complexes 1-14 were characterised by spec-
troscopic (FT-IR and UV-vis) and physicochemical techniques
and the crystal structures of eight complexes were determined
by single-crystal X-ray crystallography.

The in vitro biological profile of the novel compounds is
related with: (i) the antioxidant activity by determining the
ability to scavenge free radicals such as 2,2'-azinobis-(3-ethyl-
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Fig. 2 The syntax formulas of the nitrogen-donor ligands: (A) the
N-donor co-ligands: 1H-imidazole (Himi), pyridine (py) and 3-amino-
pyridine (3-ampy), and (B) the N,N’-donor co-ligands: 2,9-dimethyl-
1,10-phenanthroline (neoc), 1,10-phenanthroline (phen), 2,2'-bipyridine
(bipy) and 2,2’-bipyridylamine (bipyam).

benzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-
picrylhydrazyl (DPPH) and to reduce H,O,, (ii) the interaction
with calf-thymus (CT) DNA monitored by cyclic voltammetry,
viscosity measurements, UV-vis spectroscopy, and via compe-
tition with the intercalation marker ethidium bromide (EB) by
fluorescence emission spectroscopy, (iii) the ability to cleave

This journal is © The Royal Society of Chemistry 2024
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supercoiled circular pBR322 plasmid DNA (pDNA) examined
by agarose gel electrophoretic experiments, and (iv) the affinity
(calculation of binding strength and determination of binding
site location) for bovine serum albumin (BSA) and human
serum albumin (HSA), investigated by fluorescence emission
spectroscopy.

2. Experimental

2.1. Materials-instruments-physical measurements

All chemicals and solvents were of reagent grade and were
used as purchased from commercial sources without any
further purification. More specifically, CoCl,-6H,0, Dbipy,
bipyam, phen, neoc, Himi, py, 3-ampy, KOH, CT DNA, EB,
BSA, HSA, ABTS, K,S,0s, nordihydroguaiaretic acid (NDGA),
butylated hydroxytoluene (BHT) were purchased from Sigma-
Aldrich Co; Na dicl, Htolf, Hmef, Na meclf, Hnap, H,difl,
sodium warfarin, ibuprofen, DPPH from Tokyo Chemical
Industry (TCI); 6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (trolox) from J&K; 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,0, (30%
w/v) from PanReac Applichem; r-ascorbic acid (AA) Na,HPO,
and all solvents from Chemlab.

CT DNA stock solution was prepared by the dilution of CT
DNA to buffer (containing 15 mM trisodium -citrate and
150 mM NacCl at pH 7.0) followed by exhaustive stirring for
three days, and was kept at 4 °C for no longer than ten days.
The stock solution of CT DNA gave a ratio of UV absorbance at
260 and 280 nm (A,e0/Az50) Of 1.87, indicating that the DNA
used was sufficiently free of protein contamination.®* The CT
DNA concentration was determined by UV absorbance at
258 nm after 1 : 20 dilution using & = 6600 M~* ecm™*.%°

Infrared (IR) spectra (400-4000 cm™') were recorded on a
Nicolet FT-IR 6700 spectrometer with samples prepared as KBr
disk (abbreviations used: vs = very strong; s = strong; m =
medium; Ay(COO) = Va5m(COO) — Vgyrm(COO)). UV-visible (UV-
vis) spectra were recorded as nujol mulls and in solution at
concentrations in the range 107>-10"> M on a Hitachi U-2001
dual-beam spectrophotometer. C, H and N elemental analysis
was performed on a PerkinElmer 240B elemental analyzer.
Molar conductivity measurements were carried out with a
Crison Basic 30 conductometer. Room-temperature (RT) mag-
netic measurements were carried out by the Faraday method
using mercury tetrathiocyanatocobaltate(n) as calibrant.
Fluorescence spectra were recorded in solution on a Hitachi
F-7000 fluorescence spectrophotometer. Viscosity experiments
were carried out using an ALPHA L Fungilab rotational visc-
ometer equipped with an 18 mL LCP spindle and the measure-
ments were performed at 100 rpm.

Cyclic voltammetry studies were performed on an Eco
chemie Autolab Electrochemical analyzer. Cyclic voltammetry
experiments were carried out in a 30 mL three-electrode elec-
trolytic cell. The working electrode was platinum disk, a separ-
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ate Pt single-sheet electrode was used as the counter electrode
and a Ag/AgCl electrode saturated with KCI was used as the
reference electrode. The cyclic voltammograms of the com-
plexes were recorded in 0.4 mM 1/2 DMSO/buffer solutions at
v =100 mV s~' where buffer solution was the supporting elec-
trolyte. Oxygen was removed by purging the solutions with
pure nitrogen which had been previously saturated with
solvent vapors. All electrochemical measurements were per-
formed at 25.0 + 0.2 °C.

2.2. Synthesis of the complexes

2.2.1. Synthesis of the complexes bearing N-donors, 1-6.
Complexes 1-6 were prepared in a similar procedure. More
specifically, a methanolic solution (5-10 mL) containing the
potassium salt of the NSAID (generated in situ by the
addition of KOH (0.4 mmol, 0.4 mL of 1 M solution) into a
solution of the NSAID, ie. Htolf, Hmef and Hnap) or the
sodium salt of the NSAID (as it was commercially provided,
i.e. Na meclf and Na dicl) (0.4 mmol) was added into a
methanolic solution (~5 mL) of CoCl,-6H,0 (0.2 mmol,
48 mg) followed by the addition of the corresponding
N-donor co-ligand (Himi, py or 3-ampy). The solution was
stirred vigorously for an hour and was left for slow evapor-
ation at room temperature.

[Co(tolf),(Himi),], 1. Htolf (0.4 mmol, 104 mg) was used as
the NSAID and Himi (0.4 mmol, 26 mg) was the N-donor used.
Purple single-crystals of complex 1 suitable for X-ray crystallo-
graphy were isolated after one week. Yield: 85 mg, 60%. Anal.
caled for C3,H;,ClL,CONgO, (MW = 716.49): C 57.00, H 4.22, N
11.73; found: C 57.10, H 4.30, N 11.65%. IR (KBr disk), Vmax/
em™ 't Vagym(COO): 1581 (VS); Veym(COO): 1385 (s); Ay(COO) =
196 cm™; p(C-H)yimi = 749 (m). UV-vis: as nujol mull, //nm:
545; in DMSO solution, A/nm (¢/M~* em™): 559 (150), 301
(15 000). iegr = 4.08 BM at RT. The complex is soluble in DMSO
and DMF and is non-electrolyte (Ay; = 12 mho cm® mol™" in
1 mM DMSO).

[Co(mef),(Himi),], 2. Hmef (0.4 mmol, 96 mg) was used as
the NSAID and Himi (0.4 mmol, 26 mg) was the corres-
ponding N-donor co-ligand. Purple-coloured single-crystals of
complex 2 suitable for X-ray crystallography were isolated
after ten days. Yield: 95 mg, 70%. Anal. caled for
C36H36CONgO, (MW = 675.65): C 64.00, H 5.37, N 12.44;
found: C 64.10, H 5.45, N 12.30%. IR (KBr disk), Vya/cm™:
Vagym(COO): 1577 (vS); Vgym(COO): 1386 (s); Av(COO) =
191 ecm™; p(C-H)yimi = 747 (m). UV-vis: as nujol mull, //nm:
540; in DMSO solution, A/nm (¢/M~' em™): 557 (120), 334
(7000), 300 (13 000). per = 4.02 BM at RT. The complex is
soluble in DMSO and DMF and is non-electrolyte (Ay =
11 mho cm”® mol™ in 1 mM DMSO).

[Co(nap),(Himi),], 3. The synthesis of the complex was per-
formed in acetonitrile. Hnap (0.4 mmol, 92 mg) was used as
the NSAID and Himi (0.4 mmol, 26 mg) was the N-donor used
as co-ligand. Purple-coloured microcrystalline product of
complex 3 was collected after a few days. Yield: 80 mg, 60%.
Anal. caled for C34H;3,CoN,O¢ (MW = 653.60): C 62.48, H 5.24,
N 8.57; found: C 62.35, H 5.20, N 8.45%. IR (KBr disk), Vmay/
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emM ™' Vagym(COO): 1606 (vS); Vgym(COO): 1390 (s); AV(COO) =
216 cm™; p(C-H)yimi = 755 (m). UV-vis: as nujol mull, //nm:
572; in DMSO solution, A/nm (¢/M™" em™): 581 (250), 332
(6100), 320 (12200). pegr = 4.29 BM at RT. The complex is
soluble in DMSO and DMF and is non-electrolyte (Ay =
15 mho em” mol™" in 1 mM DMSO).

[Co(meclf),(Himi),], 4. Sodium meclofenamate (0.4 mmol,
126 mg) was used as the sodium salt of the NSAID and Himi
(0.4 mmol, 26 mg) was the N-donor used as co-ligand. Purple-
coloured microcrystalline product of complex 4 was collected
after a few days. Yield: 95 mg, 60%. Anal. caled for
C34H,5C1,CoNgO, (MW = 785.38): C 52.00, H 3.59, N 10.70;
found: C 51.85, H 3.45, N 10.60%. IR (KBr disk), vya/cm™":
Vasym(COO): 1583 (8); Veym(COO): 1393 (s); Ay(COO) = 190 cm™;
P(C-H)uimi = 749 (m). UV-vis: as nujol mull, //nm: 559; in
DMSO solution, A/nm (¢/M~" em™): 555 (100), 317 (7500), 297
(13 900). piegr = 4.30 BM at RT. The complex is soluble in DMSO
and DMF and is non-electrolyte (Ay; = 11 mho cm® mol ™" in
1 mM DMSO).

[Co(meclf),(py).(H:0),]-2py, 5. Na meclf (0.4 mmol, 126 mg)
was used as the sodium salt of the NSAID and pyridine
(1.5 mL) was the N-donor used as co-ligand. Pink single-crys-
tals of complex 5, suitable for X-ray crystallography were iso-
lated after three weeks. Yield: 110 mg, 55%. Anal. caled for
C4sH44Cl,CONgOs (MW = 1001.66): C 57.56, H 4.43, N 8.39;
found: C 57.45, H 4.30, N 8.25%. IR (KBr disk), vp./cm™:
Vagym(COO): 1578 (vS); vem(COO): 1387 (s); Av(COO) =
191 em™'; p(C-H)py = 698 (m). UV-vis: as nujol mull, 2/nm: 530,
470; in DMSO solution, /nm (¢/M~" cm™): 548 (50), 461 (95),
317 (6500), 300 (15 500). pegr = 4.35 BM at RT. The complex is
soluble in DMSO and DMF and is non-electrolyte (Ay =
12 mho cm® mol™ in 1 mM DMSO).

{[Co(dicl),(3-ampy)(H,0);][Co(dicl),(H,0),]}, 6 (6a 6b).
Sodium diclofenac (0.4 mmol, 127 mg) was used as the
sodium salt of the NSAID and 3-ampy (0.2 mmol, 19 mg) was
the corresponding N-donor co-ligand. Pink single-crystals of
complex 6, suitable for X-ray crystallography, were isolated
after two weeks. Yield: 95 mg, 60%. Anal. caled for
C30.5H30C1;CON;05 5 (MW = 759.33): C 48.24, H 3.98, N 5.53;
found: C 48.50, H 3.95, N 5.69%. IR (KBr disk), vya/cm™":
Vagym(COO): 1578 (vS); Vgm(COO): 1381 (s); Av(COO) =
197 em™"; p(C-H)s.ampy = 809 (m). UV-vis: as nujol mull, 2/nm:
545, 475; in DMSO solution, //nm (¢/M ™" em™"): 525 (40), 485
(35), 291 (8100). pegr = 3.93 BM at RT. The complex is soluble in
DMSO and DMF and is non-electrolyte (Ay = 12 mho cm?
mol ™" in 1 mM DMSO).

2.2.2. Synthesis of complex [Co(meclf),(MeOH),], 7. A
methanolic solution (5 mL) containing Na meclf (0.4 mmol,
126 mg) was added into a methanolic solution (~5 mL) of
CoCl,-6H,0 (0.2 mmol, 48 mg). The reaction solution was
stirred for two hours. Afterwards, it was left to evaporate slow
at room temperature. Pink-coloured microcrystalline product
of complex 7 was collected after a few days. Yield: 85 mg, 55%.
Anal. caled for C3,H;36Cl,CoN,0O5 (MW = 777.39): C 49.44, H
4.67, N 3.60; found: C 49.30, H 4.55, N 3.45%. IR (KBr disk),
Vimax/CM ™"z Vagym(COO): 1580 (VS); Veym(COO): 1389 (s); Av(COO)
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=191 ecm™'. UV-vis: as nujol mull, //nm: 540, 476; in DMSO
solution, 2/nm (/M em™): 556 (10), 490 (35), 321 (8700), 299
(14 500). piegr = 3.97 BM at RT. The complex is soluble in DMSO
and DMF and is non-electrolyte (Ay = 15 mho em® mol™" in
1 mM DMSO).

2.2.3. Synthesis of the complexes bearing N,N’-donors,
8-14. Complexes 8-13 were prepared following a similar pro-
cedure. More specifically, a methanolic solution (5-10 mL)
containing the potassium salt of the NSAID (generated in situ
by the addition of KOH (0.4 mmol, 0.4 mL of 1 M solution)
into a solution of the NSAID, i.e. Htolf, Hmef and Hnap or the
sodium salt of the NSAID (as it was commercially provided, i.e.
Na meclf) (0.4 mmol) was added into a methanolic solution
(~5 mL) of CoCl,-6H,O (0.2 mmol, 48 mg) followed by the
addition of the corresponding N,N'-donor co-ligand (i.e. neoc,
phen, bipy or bipyam). After 1 hour stirring, the reaction solu-
tion was left to evaporate slow at room temperature.

[Co(tolf)s(neoc)], 8. Htolf (0.4 mmol, 104 mg) was used as the
NSAID and neoc (0.2 mmol, 40 mg) was the N,N-donor co-
ligand used. In order to isolate single-crystals of the complex,
the reaction solution was subjected to vapor diffusion with di-
ethylether. Red-coloured single-crystals of complex 8, suitable
for X-ray crystallography, were isolated after one week. Yield:
100 mg, 65%. Anal. calcd for C4,H34Cl,CoN,O, (MW = 788.59):
C 63.97, H 4.35, N 7.10; found: C 63.80, H 4.25, N 7.00%. IR
(KBr disk), Vimax/cM ™"t Vaeym(CO0): 1580 (vS); Veym(COO): 1406
(s); AV(COO) = 174 cm™; p(C-H)peoe = 729 (m). UV-vis: as nujol
mull, //nm: 537, 475; in DMSO solution, A/nm (¢/M~" cm™):
550 (80), 490 (65), 296 (17 000). g = 4.27 BM at RT. The
complex is soluble in DMSO and DMF and is non-electrolyte
(Ay = 16 mho ecm® mol™ in 1 mM DMSO).

[Co(mef),(neoc)], 9. Hmef (0.4 mmol, 96 mg) was used as the
NSAID and neoc (0.2 mmol, 40 mg) was the N,N-donor co-
ligand used. Vapor diffusion with diethylether of the reaction
solution resulted in the formation of brownish single-crystals
of complex 9, suitable for X-ray crystallography after ten days.
Yield: 90 mg, 60%. Anal. caled for C,3H;0CoN,O; (MW =
747.76): C 70.68, H 5.39, N 7.49; found: C 70.55, H 5.28, N
7.35%. IR (KBr disk), Vmax/CM ™" Vu0m(COO): 1581 (vs);
Veym(COO): 1401 (s); Av(COO) = 180 ecm™'; p(C-H)peoe = 732
(m). UV-vis: as nujol mull, 4/nm: 555, 480; in DMSO solution,
Anm (/M em™): 560 (55), 485 (35), 348 (6400), 311 (14 200).
Hege = 4.31 BM at RT. The complex is soluble in DMSO and
DMF and is non-electrolyte (Ay = 16 mho cm® mol™ in 1 mM
DMSO).

[Co(nap),(neoc)], 10. The synthesis of the complex was per-
formed in acetonitrile. Hnap (0.4 mmol, 92 mg) was used as
the NSAID and neoc (0.2 mmol, 40 mg) was the N,N’-donor co-
ligand used. Purple single-crystals of complex 10, suitable for
X-ray crystallography, were isolated after one week. Yield:
95 mg, 65%. Anal. caled for C,;,H33CoN,O6 (MW = 725.71): C
69.51, H 5.28, N 3.86; found: C 69.40, H 5.20, N 3.70%. IR (KBr
disk), Vmax/€M ™'t Vaqm(CO0): 1575 (vS); Veym(COO): 1393 (s);
Ay(COO) = 182 ecm™; p(C-H)peoe = 731 (m). UV-vis: as nujol
mull, //nm: 582, 480; in DMSO solution, A/nm (¢/M~" cm™):
590 (75), 475 (50), 333 (5900), 318 (13 500). yer = 4.24 BM at

This journal is © The Royal Society of Chemistry 2024
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RT. The complex is soluble in DMSO and DMF and is non-elec-
trolyte (Ay = 15 mho cm® mol™* in 1 mM DMSO).

[Co(meclf),(phen)], 11. Na meclf (0.4 mmol, 126 mg) was
used as the sodium salt of the NSAID and phen (0.2 mmol,
36 mg) was the corresponding N,N’-donor co-ligand. Pink
microcrystalline product of complex 11 was collected after a
few days. Yield: 100 mg, 60%. Anal. calcd for C4oH»5Cl,CoN,4O,
(MW = 829.43): C 57.92, H 3.40, N 6.75; found: C 57.80, H 3.25,
N 6.65%. IR (KBr disk), Vmax/cm ™' Vuem(COO): 1580 (vs);
Veym(COO): 1416 (s); Ay(COO) = 164 cm™'; p(C-H)phen = 728
(m). UV-vis: as nujol mull, //nm: 562, 485; in DMSO solution,
Anm (¢/M~* em™): 550 (40), 476 (55), 316 (6900), 292 (16 700).
Hetr = 4.30 BM at RT. The complex is soluble in DMSO and
DMF and is non-electrolyte (Ay = 12 mho cm® mol™" in 1 mM
DMSO).

[Co(meclf),(bipy)], 12. Na meclf (0.4 mmol, 126 mg) was used
as the sodium salt of the NSAID and bipy (0.2 mmol, 31 mg)
was the corresponding N,N’-donor co-ligand. Brownish micro-
crystalline product of complex 12 was collected after a few
days. Yield: 95 mg, 60%. Anal. caled for Cz;gH,gCl,CoN,O,
(MW = 805.41): C 56.67, H 3.50, N 6.96; found: C 56.55, H 3.40,
N 6.85%. IR (KBr disk), Vmax/cm™': Vuem(COO): 1579 (vs);
Veym(COO): 1415 (s); Av(COO) = 164 em™'; p(C—H)pipy = 763 (m).
UV-vis: as nujol mull, //nm: 565, 475; in DMSO solution, /nm
(e/M~" em™): 560 (20), 485 (50), 328 (7100), 289 (17 500). pieg =
4.19 BM at RT. The complex is soluble in DMSO and DMF and
is non-electrolyte (Ay = 5 mho cm® mol™* in 1 mM DMSO).

[Cao(meclf),(bipyam)], 13. Na meclf (0.4 mmol, 126 mg) was
used as the sodium salt of the NSAID and bipyam (0.2 mmol,
34 mg) was the corresponding N,N'-donor co-ligand. Orange
microcrystalline product of complex 13 was collected after two
weeks. Yield: 105 mg, 65%. Anal. calcd for C;gH,oCl;CoN5O,
(MW = 820.43): C 55.63, H 3.56, N 8.54; found: C 55.50, H 3.45,
N 8.40%. IR (KBr disk), Vmax/cm™': Vuem(COO): 1586 (vs);
Veym(COO): 1420(s); AV(COO) = 166 cm ™5 p(C—H)pipyam = 770
(m). UV-vis: as nujol mull, A/nm: 543, 469; in DMSO solution,
Anm (¢/M~! em™): 548 (15), 480 (65), 318 (7800), 296 (13 700).
Heer = 4.25 BM at RT. The complex is soluble in DMSO and
DMF and is non-electrolyte (Ay = 11 mho cm® mol™ in 1 mM
DMSO).

[Co,(difl),(neoc),]-MeOH, 14. For the synthesis of complex 14,
a methanolic solution of H,difl (0.2 mmol, 50 mg) containing
KOH (0.4 mmol, 0.4 mL of 1 M) was stirred for 1 h at RT. The
reaction solution was added into the methanolic solution of
solution (~5 mL) of CoCl,-6H,0 (0.2 mmol, 48 mg) simul-
taneously with neoc (0.2 mmol, 40 mg). Brown well-shaped
single-crystals of complex 14, suitable for X-ray crystallography,
were isolated after three days. Yield: 60 mg, 55%. Anal. caled
for C55H40C0,F4;N,O; (MW = 1062.80): C 62.16, H 3.79, N 5.27;
found: C 62.00, H 3.65, N 5.15%. IR (KBr disk), vp./cm™":
Vasym(COO): 1588 (vs); vem(COO): 1398 (s); Av(COO) =
190 cm™Y; p(C-H)peoe = 730 (m). UV-vis: as nujol mull, 4/nm:
548, 467; in DMSO solution, //nm (¢/M ™" em™"): 555 (35), 475
(75), 319 (6500), 296 (11 000). The complex is soluble in DMSO
and DMF and is non-electrolyte (Ay = 13 mho cm® mol™" in
1 mM DMSO).

This journal is © The Royal Society of Chemistry 2024
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2.3. X-ray structural determination

Single-crystals of the complexes suitable for crystal structure
analysis were mounted at room temperature on a Bruker
Kappa APEX2 diffractometer equipped with a Triumph mono-
chromator using Mo Ka (4 = 0.71073 A, source operating at 50
kv and 30 mA) radiation. Unit cell dimensions were deter-
mined and refined by using the angular settings of at least
188 high intensity reflections (>100(1)) in the range 10° < 26 <
20°. Intensity data were recorded using ¢ and w-scans. All crys-
tals presented no decay during the data collection. The frames
collected 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 crystal dimensions.®”” The structures were solved using
SUPERFLIP®® incorporated in Crystals. Data refinement (full-
matrix least-squares methods on F*) and all subsequent calcu-
lations were carried out using the Crystals version 14.61 build
6236 program package.®® All non-hydrogen non-disordered
atoms were refined anisotropically. For the disordered atoms,
their occupation factors were first refined under fixed isotropic
parameters. Their isotropic displacement factors were finally
refined under the fixed occupation factors previously observed.
Hydrogen atoms bonded to non-disordered atoms were
located from difference Fourier maps and refined using soft
constraints at idealised positions riding on the parent atoms
with isotropic displacement parameters Ujso(H) = 1.2Ucq(C)
and 1.5U.q (-NH and -OH hydrogens) at distances C-H 0.95 A,
N-H 0.84 A and O-H 0.82 A. Both NH and OH hydrogen atoms
were allowed to rotate. For the disordered hydrogen atoms
with disordered parent atoms, their positions were selected to
fulfil the previous demands as well as the hydrogen bonding
demands when necessary.

Crystallographic data for the complexes are presented in
Tables S1-S4.1 Further details on the crystallographic studies
as well as atomic displacement parameters are given as ESIT in
the form of cif files.

2.4. Invitro biological activity studies

In order to study in vitro the biological activity (i.e., antioxidant
activity and interaction with DNA or albumins) of complexes
1-14, the complexes were initially dissolved in DMSO (1 mM).
Mixing of such solutions with the aqueous buffer solutions of
the biomacromolecules (DNA or albumins) never exceeded 5%
DMSO (v/v) in the final solution, which was needed due to low
aqueous solubility of most compounds. Control experiments
with DMSO were performed and no significant effect on the
measurements was observed.

The antioxidant activity of the complexes was evaluated by
determining their ability to scavenge DPPH and ABTS free rad-
icals (expressed as percentage of radical scavenging, DPPH%
and ABTS%, respectively) and to reduce H,0O,. The interaction
of the complexes with CT DNA was investigated by UV-vis spec-
troscopy, viscosity measurements, and cyclic voltammetry and
via the evaluation of their EB-displacing ability which was
monitored by fluorescence emission spectroscopy. The serum
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albumin (BSA or HSA) binding studies were performed by
tryptophan fluorescence quenching experiments in the
absence or presence of the albumin site-markers warfarin and
ibuprofen. Detailed procedures regarding the in vitro study of
the biological activity of the complexes are given in the ESI
(sections S1-S47).

3. Results and discussion

3.1. Synthesis and characterisation

The complexes were synthesised in high yield via the aerobic
reaction of a methanolic solution of the corresponding depro-
tonated NSAID with CoCl,-6H,O and the corresponding
N-donor co-ligand (Himi, py or 3-ampy) in a 1:2:2
Co>": NSAID " : (N-donor) ratio for complexes 1-6. In a similar
manner, the use of corresponding N,N'’-donor co-ligand (neoc,
bipy, phen or bipyam) ina 1:2:1 Co*" : NSAID* : (N,N-donor)
ratio afforded complexes 8-13. For complex 14, a 1:1:1
Co*": difl™: neoc ratio was used, while a 1:2 Co>": meclf™
ratio yielded complex 7.

The complexes were characterised by IR and UV-vis spec-
troscopy, RT-magnetic measurements and X-ray crystallogra-
phy (for eight of the fourteen complexes X-ray crystal struc-
tures were determined). The proposed formulas of the com-
plexes were based on the results of elemental analysis. The
complexes are stable in the air, soluble in DMSO and DMF
and insoluble in most organic solvents and H,O.

According to the molar conductivity values (Ay = 5-16 mho
cm?® mol™" for 1 mM DMSO solution), the complexes are non-
electrolytes in DMSO solution (in the case of a 1:1 electrolyte,
the Ay value of a 1 mM DMSO solution should be higher than
70 mho cm® mol™")”° and do not dissociate in solution
keeping their integrity. From the magnetic measurements of
the mononuclear complexes 1-13 at RT, the obtained ucs
values were in the range 3.93-4.35 BM and are higher than the
expected spin-only value (e = 3.87 BM) as expected for mono-
nuclear high-spin Co(n) complexes.”*

IR spectroscopy was used to confirm the existence of the
NSAID ligands and nitrogen-donor co-ligands in the com-
plexes. In the IR spectra of the complexes, two intense bands
attributable to the characteristic stretching vibrations of their
carboxylate group, i.e. the antisymmetric (v,5m(COO)) and the
symmetric  (Vgym(COO)) were observed in the regions
1578-1606 cm ™" and 1381-1420 cm™ ', respectively. The para-
meter Ay(COO) is usually used to suggest the coordination
mode of the carboxylato group of a ligand when compared to
its salt. For complexes 1-7, and 14, the values of Ay(COO) were
in the range 190-216 cm™ "' and are higher than that of the
corresponding NSAID salt revealing a monodentate coordi-
nation mode.”* For complexes 8-13, bidentate chelating mode
was concluded since the Ay(COO) values were found in the
range 164-182 cm™ ' and were lower were than Av(COO) of the
corresponding NSAID salt.”> Furthermore, the co-existence of
the corresponding nitrogen-donor co-ligands in the complexes
was verified by the presence of the characteristic bands attribu-
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ted to the out-of-plane p(C-H) vibrations found at
747-755 em™" for p(C—H)gim; in 1-4, 698 cm ™" for p(C-H),, in
5, 809 cm ™" for p(C—H)z.ampy in 6, 729-732 cm™" for p(C-H)neoc
in 8-10 and 14, 728 cm ™" for p(C-H)ppen in 11, 763 cm™" for
p(C-H)pipy in 12, and 770 em™" for p(C—H)pipyam in 13.”* Such
features regarding the coordination of the carboxylato group of
the NSAID ligands and the presence of the nitrogen-donor co-
ligands are in good agreement with the crystal structures of
the complexes determined and discussed in section 3.2.

The electronic (UV-vis) spectra of the complexes were
recorded as nujol mull and in DMSO solution and were found
similar suggesting that the complexes retain their structure in
solution. In the visible region of the spectrum: for complexes
1-4, one band assigned to d-d transition (*A, — “Ty(P)) was
observed in the range 555-581 nm (¢ = 100-250 M~' em™)
which is typical for tetrahedral Co(i) complexes,”* and for
complexes 5-14, two low-intensity d-d bands were observed in
region 525-590 nm (¢ = 10-80 M cm™') and 461-490 nm (¢ =
35-95 M~! em™") attributable to “Ty4(F) — Ay, and “Tyy(F) —
*T,4(P) transitions,”" respectively. It may be noted that the ¢
values of the d-d transition bands for the four-coordinate Co
() complexes 1-4 are higher than those of the six-coordinate
Co(u) complexes 5-14, as expected.”’ In addition, one or two
bands in the range 289-334 nm assigned to intra-ligand tran-
sitions were observed in the UV region of the spectra.

3.2. Structural characterisation of the complexes

Continuous attempts in order to obtain single-crystals of the
complexes suitable for X-ray crystallography were successful
for eight of the complexes, namely complexes 1, 2, 5-9 and 13.
For the rest six complexes, their structural characterisation was
based on the other techniques used.

3.2.1. Structure of the complexes bearing N-donors, com-
plexes 1-6. Complexes 1 (CCDC 2336775) and 2 (CCDC
2336776)} bear the same general formula [Co(NSAID),(Himi),],
however they have some differences arising from the coordi-
nation mode of the NSAID ligands. Both complexes crystallised
in monoclinic crystal system and P2,/n space group
(Table S17). Their molecular structures are depicted in Fig. 3
and selected bond distances and angles are summarised in
Table S5.7

In complex 1, the tolfenamato ligands are coordinated to
cobalt(u) ion in a monodentate manner through O1 and O3
atoms with Co-O distances 1.980(2) A and 2.0078(18) A,
respectively. The distances of the non-coordinated carboxylato
oxygen atoms O2 and O4 from Co1l are 2.985 A and 2.559 A,
respectively. The two imidazole ligands are neutral and co-
ordinated to Co1 through N1 and N3 atoms (Co-N = 2.048(2) A
and 2.025(2) A, respectively). Quite similar is the arrangement
of the NSAID and imidazole ligands around Co(u) ion in com-
plexes [Co(dicl),(Himi),]** and [Co(indo),(Himi),]”> where
Hindo is the NSAID indomethacin.

In order to check the geometry around four-coordinated
Col, the following structural parameters were calculated: (a)
the tetrahedrality (it can be determined from the angle formed
by the two planes enclosing the cobalt ion and two adjacent

This journal is © The Royal Society of Chemistry 2024
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Complex 1

Complex 2

Fig. 3 Molecular structures of complexes 1 and 2. Methyl and aromatic hydrogen atoms are omitted for clarity. The intra-ligand H-bonds are

shown in light-blue dot lines.

coordinated atoms; in case of strictly square planar complexes
(Dan symmetry), the tetrahedrality equals 0°; for tetrahedral
complexes (D,q symmetry), the tetrahedrality is 90°),”* and (b)
the tetrahedral index as introduced by Yang (z, = (360° — (a +
£))/(360° — 2 x 109.5°), where a and f are the largest angles
around the metal)” or as introduced by Okuniewski (z'y = ((
— @)/(360° — 109.5°)) + ((180° — 4)/(180° — 109.5°)) where f > a
are the largest angles of the coordination sphere).”® For
complex 1, the tetrahedrality (as determined by the dihedral
angle of planes formed by atoms O1, Co1, N1 and O3, Co1, N3)
has a value of 87.80° (which is close to 90°) and the tetrahedral
indexes are close to 1 (z, = 0.85 and 7’4 = 0.81); all these values
support tetrahedral geometry for the chromophore CoO,N,.

In complex 2, the mefenamato ligands are bound to Col
ion in an asymmetric bidentate mode with two short Co-O
bond distances (2.042(2) A and 2.025(2) A) and two much
longer distances (2.420(3) A and 2.435(3) A). In such a case,
Col could be considered six-coordinate, its coordination
sphere (CoN,0,) is completed by N1 and N3 of the imidazole
ligands (2.035(2)-2.051(3) A) and its geometry would be
described as a distorted octahedron (with the largest angles
04-Co1-N1 = 162.02(9)°, 02-Co1-03 = 156.90(9)° and O1-
Co1-N3 = 143.01(11)° revealing the distortion). However, the
Co1-02 and Co1-04 distances can be considered too long for
a bonding distance; subsequently, Co1 is four-coordinate, and
the structural parameters tetrahedrality, 7, and 7', have values
79.23, 0.80 and 0.68, respectively, suggesting a distorted tetra-
hedral geometry around Co1, which is in good agreement with
electronic spectra discussed in section 3.1. It should be noted
that a structure of complex [Co(mef),(Himi),] has been
recently reported.*® That structure is similar to that of complex
2, with the difference that the reported structure was
centrosymmetric.*®

The structures of both complexes are further stabilised by
the formation of intraligand and intermolecular hydrogen-
bonds between the amino hydrogen of the NSAID (tolfenamato

This journal is © The Royal Society of Chemistry 2024

or mefenamato) ligands and their carboxylato oxygens in the
same ligand or in neighbouring complexes (Table S67).

Complexes 3 and 4 are isostructural with complexes 1, 2,
[Co(dicl),(Himi),]** and [Co(indo),(Himi),],”*> and are expected
to have similar structural features: they are mononuclear (yeg =
4.29-4.40 BM), with the naproxen and meclofenamato ligands,
respectively, monodentately bound to Co(u) ion via a carboxylato
oxygen atom (Ay(COO) = 190-216 cm™') and contain two co-
ordinated imidazole co-ligands (p(C-H)yim; = 749-755 cm™ ).
The Co(u) ions are four-coordinate with a CoN,O, chromophore
and a distorted tetrahedral geometry (Fig. 4).

Complex 5 (CCDC 23367771) crystallised in triclinic crystal
system and P1 space group (Table S21). In complex 5, the
meclofenamato ligands are coordinated monodentately to Co
(u) ion. Two pyridine solvate molecules were also found in the
unit cell. The molecular structure of complex 5 is depicted in
Fig. 5 and selected bond distances and angles are cited in
Table S7.7

The structure of complex 5 is centrosymmetric, with the
cobalt(n) ion (Col) being on the centre of symmetry and
bound to two meclofenamato, two pyridine and two aqua
ligands having a distorted octahedral geometry. The basal
plane of the octahedron consists of the carboxylate oxygen
atoms O1 and O1' and the aqua oxygen atoms O3 and 03!
while the pyridine nitrogen atoms N1 and N1’ are located at
the axial positions at 2.201(3) A. In the equatorial CoO, plane
of the octahedron, the bond distances Co-O.y, (Co1-O1 =
2.094(2) A) and Co-Oauqua (C01-03 = 2.097(2) A) are similar.
The uncoordinated carboxylate oxygen atoms 02 and 02’ are
lying at Col---O2 distance of 3.38 A. Similar arrangement of
the NSAID, pyridine and aqua ligands around the cobalt(u) ion
was observed in the structures of complexes [Co
(dicl),(py)2(H20),]** and [Co(nap),(py)»(H,0),],"° although the
latter is not centrosymmetric.

A series of hydrogen bonds contribute to further stabilis-
ation of the structure of complex 5; intra-ligand H-bonds are

Dalton Trans., 2024, 53,15215-15235 | 15221
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Fig. 4 Proposed structures for complexes 3, 4, 7 and 11-13.

Fig. 5 Molecular structure of complex 5 (symmetry code: (i) —x + 1, -y
+ 1, —z + 1). Aromatic hydrogen atoms, and solvate molecules are
omitted for clarity. The intra-ligand and intramolecular H-bonds are
shown in light-blue and orange dot lines, respectively.

developed between the amino H atoms and the coordinated car-
boxylato oxygens O1,
between aqua H atoms and the non-coordinated carboxylato
oxygen atoms O2, and intermolecular H-bonds between aqua H
atoms and the nitrogen atoms of solvate pyridines (Table S67).
Complex 6 (CCDC 2336778%) crystallised in monoclinic
crystal system and C2/c space group (Table S2%). The asym-

intramolecular H-bonds are formed

15222 | Dalton Trans., 2024, 53, 15215-15235

metric unit comprises the half of a cobalt(n) complex with the
metal atom on a special position, one fully occupied diclofenac
ligand, three aqua ligands with occupation factors of 1 and
finally one more aqua ligand as well as an aminopyridine
ligand with occupations of 1. From the four complexes present
in the unit cell, two of them were found to have the general
formula [Co(dicl),(3-ampy)(H,O);] (namely 6a) and the rest
two were found formulated as [Co(dicl),(H,0),] (namely 6b).
The molecular structures of the mononuclear complexes 6a
and 6b are given in Fig. 6 and selected bond distances and
angles are summarised in Table S8.t

In both complexes 6a and 6b, the cobalt(u) ions are six-co-
ordinated and the diclofenac ligands are coordinated in a
monodentate fashion. In the case of 6a, the Co(u) ion is bound
to two carboxylato oxygen atoms O1 and O1), three aqua
oxygen atoms O5, O5' and 06 and the aromatic nitrogen atom
N2 (aqua O6 and the 3-aminopyridine ligand being disordered
over two positions with equal occupation factors). In the case
of 6b, the coordination sphere comprises the oxygen atoms of
the diclofenac ligands O1 and O1' and four aqua oxygen atoms
03, 03!, 04 and 04'. So the chromophores are CoNOs in 6a
and CoOg in 6b, resulting in a distorted octahedral geometry
around Col in both cases. The bonding distances around Col
ion in both cases are in the range 2.065(12)-2.170(14) A, while
the non-coordinated diclofenac O2 atoms are lying at 3.280 A
away from Co1.

This journal is © The Royal Society of Chemistry 2024
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Complex 6a

Complex 6b

Fig. 6 Molecular structures of complexes 6a and 6b (symmetry code: (i) —x + 1, y, —z + 1/2). Methyl and aromatic hydrogen atoms are omitted for
clarity. The intra-ligand and intramolecular H-bonds are shown in light-blue and orange dot lines, respectively.

The non-coordinated carboxylato oxygen O2 of diclofenac
ligand participates in the formation of intraligand H-bonds
with the diclofenac amino H atoms and intramolecular
H-bonds with the aqua H atoms contributing to further stabil-
isation of the structure. Further intermolecular H-bonds are
developed between aqua H atoms and the coordinated carbox-
ylato oxygens O1 from adjacent molecules (Table S6%).

3.2.2. Structure of the complexes bearing N,N’-donors,
complexes 8-14. Complexes 8-13 bear the same general
formula [Co(NSAID),(N,N"-donor)], but only the structures of
complexes 8-10 with the formula [Co(NSAID),(neoc)] were
characterised by X-ray crystallography. Complexes 8 (CCDC
2336779) and 10 (CCDC 2336781)f crystallised in monoclinic
crystal system and P2,/c space group, while complex 9 (CCDC
23367807) crystallised in triclinic crystal system and P1 space
group (Tables S3 and S47). The molecular structures of com-
plexes 8-10 are depicted in Fig. 7 and selected bond distances
and angles are summarised in Table S9.t

These three structures bear similarities and are discussed
together. In the mononuclear complexes, the NSAID ligands
(tolfenamato in 8, mefenamato in 9, and naproxen in 10) are
coordinated to cobalt(u) ion in an asymmetric bidentate che-
lating mode through their two carboxylato oxygen atoms. The
six-coordinate Co(u) is surrounded by two NSAID ligands and
one bidentate neoc ligand completing a CoN,0O, chromophore
and shows a distorted octahedral geometry (largest angle
166.11(8)° in 8, 164.11(6)° in 9, and 160.99(9)° in 10) where
two N and four O atoms lying at the vertices of the octahedron.
In complexes 8 and 9, the asymmetric bidentate mode is
obvious from the differences in the Co1-O bond distances; for
each NSAID ligand, there is a short Co1-O distance (2.0630
(15)-2.1105(19) A) and a longer one (2.1869(17)-2.2472(15) A).
In complex 10, the case is similar for one naproxen ligand
(Co1-01 = 2.031(2) A and Co1-02 = 2.260(2) A), while for the
second naproxen ligand the Co1-O bond distances are much
closer (2.151(2) A and 2.172(2) A). In all three complexes, the
Col1-N bond distances are in the range 2.0966(18)-2.126(2) A.
The structures of complexes 8 and 9 are further stabilised by
the development of intraligand hydrogen-bonds between the

This journal is © The Royal Society of Chemistry 2024

amino group of tolfenamato and mefenamato ligands, respect-
ively, and their coordinated carboxylato group (Table S67).

The structures of complexes 8 and 9 are similar but not
identical with those previously reported by Smolkova et al.***>
However, there are some crystallographic differences. Complex
8 crystallised in different crystal system and space group from
the reported complex [Co(tolf),(neoc)] (orthorhombic crystal
system and Pna2, space group) which contained three crystal-
lographically independent units.*> For the reported complex
[Co(mef),(neoc)], three differently coloured and shaped crystal
polymorphs were isolated and characterised,** which was not
observed for complex 9. In addition, the structures were
resolved in slightly different temperatures. The arrangement of
the ligand atoms around cobalt(u) ion observed in complexes
8-10 is similar with that reported for isostructural complexes
of the formula [Co(NSAID),(N,N"-donor)], such as [Co(dicl),(-
bipy)], [Co(dicl),(bipyam)] and [Co(dicl),(phen)],** [Co(flufena-
mato),(bipyam)] and [Co(mef),(bipyam)],*>  [Co(tolf),(bi-
pyam)],*" and [Co(fenamato),(neoc)].*>

Complexes 11-13 are expected to have similar structural fea-
tures with complexes 8-10 and those reported in the
literature.**™* They are mononuclear complexes (ueg
4.19-4.30 BM) with the meclofenamato ligands bound to Co(u
ions in an asymmetrical bidentate chelating mode (Av(COO)
164-166 cm™') and contain a N,N'-donor (phen in 11 (p(C-
H)phen = 728 ¢cm ™), bipy in 12 (p(C-H)pipy = 763 cm™ '), and
bipyam in 13 (p(C-H)pipyam = 770 cm™")) as co-ligand. The Co
(u) ions are six-coordinate with CoN,0, chromophore and dis-
torted octahedral geometry (Fig. 4).

Complex 14 (CCDC 2336782%) crystallised in monoclinic
crystal system and C2/c space group (Table S4t). The molecular
structure of complex 14 is shown in Fig. 8 and selected bond
distances and angles are summarised in Table S10.f A metha-
nol solvate molecule was found in the unit cell.

In this centrosymmetric dinuclear Co(u) complex, the
centre of symmetry is lying on the middle of the interatomic
distance between the two cobalt(u) ions. The diflunisal ligands
are doubly deprotonated and are coordinated to the cobalt
ions in a tridentate bridging mode, ie. via the phenolato

=
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Complex 8
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Complex 9

Complex 10

Fig. 7 Molecular structures of complexes 8—-10. Methyl and aromatic hydrogen atoms are omitted for clarity. The intra-ligand H-bonds are shown

in light-blue dot lines.

Fig. 8 Molecular structure of complex 14. Methyl and aromatic hydro-
gen atoms, as well as solvate methanol molecules are omitted for
clarity.

15224 | Dalton Trans., 2024, 53, 15215-15235

oxygen atom O3 which bridges the two cobalt ions Col and
Col' and a carboxylato oxygen atom O1 which participate in
the formation of a six-membered chelate ring. Although such
coordination mode is rather usual for salicylato ligands,””
this is the first case reported for diflunisal ligands being in a
tridentate bridging mode. There are also two complexes
bearing doubly deprotonated diflunisal ligands which are co-
ordinated in a bidentate chelating mode; an iron(um) dinuclear
complex where the diflunisal ligands are terminal®® and a
gallium(m) mononuclear compound.® It should be also noted
that a series of dinuclear copper(u) complexes with the general
formula [Cu,(salicylato),(N,N-donor),] have similar structural
features with complex 14.5%:8%8¢

Each Co(n) is five-coordinate with a CoN,O3; chromophore
formed by two bridging phenolato oxygen atoms, one carboxy-
lato oxygen atom and two nitrogen atoms from the neoc

This journal is © The Royal Society of Chemistry 2024
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ligands. The geometry around cobalt(u) ions can be described
as distorted square pyramid, according to the value of the tri-
gonality index 75 = (159.05(9)° — 144.43(10)°)/60° = 0.244 (75 =
(p1 — 92)/60°, with @, and ¢, being the largest angles in the
coordination sphere; z; = 0 is found for a perfect square
pyramid and 75 = 1 is calculated for a perfect trigonal bipyra-
mid®”). Based on the largest angles around Co1, atoms O1, O3,
03, and N1 form the basal plane of the square pyramid, and
N2 lies on the apical position. The Co1-Ocarboxylato bONd dis-
tance is the shortest one in the coordination sphere (1.967(2)
A) while the Co1-Ophenolato and the Co1-Nye,. bond distances
are of similar lengths (2.051(2)-2.083(3) A).

The cobalt(u) ions are bridged by two phenolato oxygen
atoms forming a parallelogram (Co1-03-Co1-03') with sides
of 2.051(2) and 1.997(2) A and angles of 78.62(11)° and 100.56
(10)°. The interatomic Col--Col' separation distance is
3.114 A and is in the range (2.923-3.4753 A) found for two Co
() bridged by two oxo-atoms.**°* The solvate methanol mole-
cules are stabilised via the formation of hydrogen bonds
(Table S67).

3.2.3. Structure of complex 7. Complex 7 is the only
complex in the current research that does not contain any
nitrogen-donors as co-ligands. This is maybe the reason for
the unsuccessful efforts to isolate single-crystals suitable for
X-ray crystallography. However, the characterisation of complex
7 was based on all data collected (IR and UV-vis spectroscopy,
and RT-magnetic measurements) which were compared with
reported structures of similar Co(i)-NSAID complexes with
O-donor co-ligands. Complex 7 is a mononuclear high-spin
octahedral Co(u) compound based on the RT-magnetic data
(Hetr = 3.97 BM) and the UV-vis spectroscopic features.
According to IR spectroscopy, the meclofenamato ligands are
monodentately coordinated (Av(COO) = 191 ecm™*). Therefore,
complex 7 is suggested to have a CoOs coordination sphere;
two of the six oxygen atoms originate from the carboxylato
groups of two meclofenamato ligands and the other four
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I 60-min

\m%uhb«%q\eQQ@\uQG?@&

Compound

(A)

Fig. 9
(ABTS%) and H,O, reducing activity (H,O,%) for the compounds.
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oxygen atoms come from four methanol ligands (Fig. 4). Such
arrangement is similar with that observed for complex 6b and
the cobalt(n) complexes with the NSAIDs Hmef, H,difl and
niflumic acid (= Hnif), ie. [Co(mef),(MeOH),],"” [Co
(Hdifl),(MeOH),] and [Co(nif),(MeOH),],** respectively.

3.3. Antioxidant ability of the complexes

Free radicals are species with unpaired electron(s) and play a
crucial role in inflammatory process. Radicals may transfer
their unpaired electron(s) to adjacent molecule(s), and this
process may ignite a series of chain reactions which are
further responsible for diverse undesired side-effects in the
organisms such as inflammations, swelling, or even cancer.®?
The anti-inflammatory activity and potential subsequent anti-
cancer effects of NSAIDs and their compounds are often con-
nected with their activity against free radicals; they can either
inhibit or capture these radicals. As a result, compounds with
antioxidant properties might play an important role towards
inflammation and can be pioneers for developing effective
pharmaceuticals.”®

Within this context and taking into consideration the anti-
oxidant efficacy of the free NSAIDs used as ligands in the com-
plexes under study, the potential antioxidant activity of com-
plexes 1-14 was evaluated through their ability to scavenge
DPPH and ABTS radicals and to reduce H,0,. The results are
summarised in Table S111 and depicted in Fig. 9, and were
compared with the activity of well-known reference com-
pounds NDGA, BHT, trolox and 1-ascorbic acid (AA).>***

The neutralisation of DPPH radicals by antioxidants gains
continuous recognition due to its potential activity against
cancer, aging process and/or inflammation. The DPPH radical
is a stable free radical which exhibits an intense absorption
band at Aya = 517 nm.”° The ability of the compounds to sca-
venge DPPH radicals was found to be mainly time-indepen-
dent, as shown after measuring the absorbance after 30 min
and 60 min reaction, except for complexes 1 and 7 whose

[ aBts [ H,0,
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(A) % DPPH-scavenging ability (DPPH%) for the compounds after 30-min and 60-min incubation. (B) % ABTS radical scavenging activity
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activity increased by ~5-6% upon time. Almost all complexes
were more active towards DPPH than the corresponding free
NSAIDs. However, when compared with the reference com-
pounds NDGA and BHT, complexes 1-14 showed much lower
DPPH-scavenging activity (Table S11,T Fig. 9). Among the com-
plexes under study, [Co(tolf),(Himi),] (complex 1) exhibited
the highest DPPH-scavenging activity (DPPH% =
30.18-36.44%) which was close to the short-term (30 min)
activity of the reference compound BHT (31.30 + 0.10%).

The overall antioxidant activity of compounds is related to
their ability to scavenge the cationic ABTS radical (ABTS™).
This process is based on the discoloration of a dark green solu-
tion containing the cationic radical ABTS™ resulting from the
oxidation caused by a hydrogen-donating antioxidant agent.>*
In general, the activity of complexes 1-14 towards ABTS rad-
icals is higher than the activity of the corresponding free
NSAIDs (Fig. 9). When compared with the reference compound
trolox, the activity of most complexes is moderate-to-high with
complexes 1, 2, 6 and 9 being the most active compounds
(ABTS% = 97.81-99.07%) approaching the ABTS-scavenging
activity of trolox (= 98.10 + 0.48%).

Hydrogen peroxide is an oxidizing agent capable to gene-
rate dangerous hydroxyl radicals ("OH) when interacting with
transition metal ions causing high oxidative stress. Therefore,
scavengers of ‘OH or reductants of H,O, may relieve oxidative
stress and inhibit the production of reactive oxygen species.”
The interaction of complexes 1-14 with H,0, was studied
revealing that all complexes are more active (H,0,% =
83.73-98.64%, Fig. 9) than the corresponding free NSAIDs and
L-ascorbic acid (= 60.80 + 0.20%) which is the reference com-
pound.”® Complex 10 ([Co(nap),(neoc)]) was the most active
complex towards H,0, (H,0,% = 98.64 + 0.90%).

In total, all complexes 1-14 exhibited significant activity
especially towards the ABTS radicals and hydrogen peroxide
which is  comparable with  other  metal-NSAIDs
Complexes.16,17,37—39,41—43,47749,51,54,55,63,97,98 When comparing
the antioxidant activity of complexes 1-14 with that of the
reported Co(u)-NSAID complexes,'®'”****73 we may conclude
that complex 1 is among the top-three DPPH-scavengers
(DPPH%: 42.42 + 0.13% for [Co(nap),(phen)(H,0),];*® 36.8%
for [Co(mef),(phen)(MeOH),];'” 36.44 + 0.11% for 1), and com-
plexes 1, 2, 6 and 9 are among the most active ABTS-scavengers
(ABTS%: 99.07 + 0.07% for 6; 98.71 + 0.14% for 2; 98.48 +
0.13% for 1; 97.81 + 0.06% for 9; 96.7% for [Co

(mef),(py)(MeOH),]"").

3.4. Interaction of the complexes with DNA

Coordination compounds can usually interact with DNA co-
valently (covalent binding to N atoms of DNA-bases) or nonco-
valently (via intercalation, electrostatically interactions, and/or
major/minor groove binding) and/or may induce cleavage of
the DNA-helix.’®'°® The interaction of herein reported com-
plexes 1-14 with CT DNA (which is linear DNA) was studied by
viscosity measurements, cyclic voltammetry, UV-vis spec-
troscopy, and via their ability to displace EB which was moni-
tored by fluorescence emission spectroscopy. In addition, the
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interaction of the complexes with plasmid DNA (which is circu-
lar DNA) was studied via gel electrophoresis.

3.4.1. Affinity for CT DNA. The interaction of the corres-
ponding free NSAIDs with CT DNA (viscosity measurements,
UV-vis spectroscopy, and EB-displacing ability) has been pre-
viously reported'®'7*14%31:52 and the data are given in Tables
1 and 3 for comparison reasons. The UV-vis spectra of com-
pounds 1-14 were recorded in the absence and presence of
increasing amounts of CT DNA solution. The changes of the
Amax Of the intra-ligand bands of the complexes were moni-
tored to investigate the interaction with CT DNA and calculate
the corresponding DNA-binding constants (Kp,). One or two
intra-ligand bands were observed in the UV-vis spectra of com-
plexes 1-14 (representatively shown in Fig. S1f). Upon incre-
mental addition of CT DNA solution, these bands I and II
exhibited slight hyperchromism or hypochromism. In most
cases, the changes in absorption were accompanied by a slight
red-shift (Table 5) which may reveal a stabilisation of the novel
complex-DNA adduct. The observed spectroscopic features
reveal the interaction between the complexes and CT DNA,
although their interaction mode cannot be safely con-
cluded."® For this purpose, more specific experiments, includ-
ing viscosity, cyclic voltammetry, and EB-displacement studies,
were employed to elucidate the DNA-interaction mode of the
compounds.

The Wolfe-Shimer equation (eqn (S1)7 and the plots
[DNA]/(ea — &f) versus [DNA] (Fig. S21) were used for the calcu-
lation of the Kj, values of the complexes. Almost all complexes
1-14 presented higher DNA-binding constants than the corres-
ponding free NSAIDs (Table 1) with complex 6 being the tightest
DNA-binder among the complexes according to its highest K,

)102

Table 1 UV-vis spectral features of complexes 1-14 with CT DNA. UV-
band (1 in nm) (percentage of the observed hyper-/hypo-chromism
(AA/Ao. %), blue-/red-shift of the Anax(A4, nm)) and DNA-binding con-
stants (Kj,)

Compound 4 (nm) (AA/A, (%)%, AA (nm)?) Ky (M7

Complex 1 I: 301 (-4, 0) 9.79(x0.28) x 10*
Complex 2 I: 300 (+3, +2), II: 334 (—10, 0) 3.58(x0.24) x 10°
Complex 3 I: 320 (+2, +2), II: 332 (-1, 0) 3.51(0.24) x 10°
Complex 4 I: 297 (+12, +4), II: 317 (+8, +2) 3.15(x0.08) x 10°
Complex 5 I: 300 (+10, +2), I1: 317 (+5, 0) 1.14(+0.14) x 10°
Complex 6 I: 291 (+4, +2) 1.62(+0.08) x 10°
Complex 7 I: 299 (+10, +3), II: 321 (+1, 0) 3.16(0.32) x 10°
Complex 8 I: 296 (+2.5, +1) 4.80(+0.13) x 10°
Complex 9 I: 311 (+20, +4), II: 348 (—40, elim9)  4.14(x0.12) x 10°
Complex10  I: 318 (—15, +2), II: 333 (—4, +1) 6.55(x0.12) x 10°
Complex11  1: 292 (-6, —2) II: 316 (-4, 0) 4.60(0.22) x 10°
Complex12  1: 289 (+1, 3), II: 328 (—11, 0) 3.18(x0.09) x 10°
Complex13  1: 296 (—4, +2), II: 318 (-8, 0) 1.01(+0.17) x 10°

Complex14  I: 296 (—4.5, 0), II: 319 (=12, 0) 4.59(+0.18) x 10°

Htolf*" 305 (+40, +5) 5.00(+0.10) x 10*
Hmef"’ 324 (+10, 0) 1.05(+0.02) x 10°
Hnap'® 325 (+22, 0) 2.67(+0.22) x 10*
Na meclf*! 302 (-12, —1) 1.51(¢0.12) x 10°
Na dicl® 295 (=7.5, 0) 3.16(+0.14) x 10*
H,difl"* 295 (+15, +2) 3.08(+0.15) x 10°
@17 denotes hyperchromism, “—” denotes hypochromism. 2+
denotes red-shift, “~” denotes blue-shift. ¢ “elim” = eliminated.
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value (= 1.62(0.08) x 10° M™"). The K, values of the complexes
were also higher than that of the classic intercalator EB (K, =
1.23 x 10° M™1).'® The DNA-binding constants of all complexes
were found in the range reported for similar Co()-NSAID com-
plexes in the literature.'®'”*'"**7® Comparing the DNA-binding
constants of the Co(u)-NSAID complexes, complexes 5, 6 and 13
are among the tightest DNA-binders bearing K;, values higher
than 10° M~ (K}, = 1.01(+0.17) x 10° M™" for 13; 1.14(+0.14) X
10° M™" for 5; 1.14 x 10° M™" for [Co(tolf),(MeOH),];*" 1.62
(£0.08) x 10° M~ for 6; 2.28 x 10° M™" for [Co(tolf),(phen)
(MeOH),];** 3.03 x 10° M for [Co,(indo),(bipy),(H,O)];"* 3.57 x
10° M for [Cos(fluf)s(bipy),] (Hfluf the NSAID flufenamic
acid);** 9.41 x 10° M~ for [Co(dicl),(bipy)];** 1.67 x 10" M™" for
[Co(dicl),(MeOH),]**).

Cyclic voltammetry is used to acquire additional infor-
mation for the DNA-interaction profile of coordination com-

-300
complex 1
2004 complex 1+ DNA
~~ -1004
<
3,
N—"
L) 0 i
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Fig. 10 Cyclic voltammograms of complexes 1 and 12 (0.33 mM, 1/2 DMSO/buffer), in the absence or presence of CT DNA. Scan rate = 100 mV s
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pounds. In general, certain changes in the cyclic voltammo-
grams of the complexes in the presence of CT DNA may shed
light to the interaction mode between the coordination com-
pounds and CT DNA. More specifically, the positive shift of a
potential is evidence of intercalation, while a negative shift
occurs in case of electrostatic interactions with DNA."%*

The cyclic voltammograms of compounds 1-14 (0.33 mM)
were recorded in the absence and presence of CT DNA solution
(representatively shown for compounds 1 and 12 in Fig. 10).
The cathodic potential (E,.) and the anodic potential (Ep,) con-
cerning the redox couple Co(u)/Co(1) for the complexes 1-14
and their shifts in presence of CT DNA are summarised in
Table 2. The positive shifts of the potentials of the redox
couple Co(u)/Co(1) for the complexes (up to +77 mV) may
suggest an intercalating mode of interaction with CT DNA
(Table 2). However, the presence of a negative shift is also

complex 12
complex 12 + DNA

[ (uA)

-1000

0 -200 -400 -600 -800
E (mV)

-1

Supporting electrolyte = buffer solution. The arrows show the changes upon addition of CT DNA.

Table 2 Cathodic (E,c) and anodic (E,,) potentials (mV) for the redox couples Co(i)/Col(i) of complexes 1-14 in (0.33 mM) 1: 2 DMSO : buffer solu-
tion in the absence (Epc(f), Epa(r) and presence (Epcp), Epaw) Of CT DNA as well as their shifts (AE., AE,,). Ratio of equilibrium binding constants (K,/

KOX)

Complex Epctf)a Epc(b)b AEPCC Epa[fjd Epa[b)e AEPaf Kred/l(ox
Complex 1 —780 —765 +15 =500 —480 +20 1.35
Complex 2 —755 —700 +55 —440 —480 —40 1.14
Complex 3 —-714 —-708 +6 —530 =520 +10 1.15
Complex 4 —765 —=700 +65 —475 -530 -55 1.09
Complex 5 =770 —=700 +70 —445 —495 —50 1.18
Complex 6 -730 —715 +15 -503 —-500 +3 1.17
Complex 7 —785 =710 +75 —450 —495 —45 1.29
Complex 8 =719 —-699 +20 —415 —445 -30 0.92
Complex 9 —-740 —745 =5 —460 —450 +10 1.04
Complex 10 —706 -711 =5 -537 —525 +12 1.06
Complex 11 -721 -711 +10 —528 -514 +14 1.23
Complex 12 —762 —=700 +62 —440 —525 -85 0.83
Complex 13 =777 -700 +77 —445 =520 =75 1.02
Complex 14 —-670 —675 =5 —492 —482 +10 1.04

“ Epe(t) = Epe in DMSO/buffer in the absence of CT DNA. ? Ey(y) = Epe in DMSO/buffer in the presence of CT DNA. ° AEpe = Epeqn) — Epe(t). * Epa(t) =
Ep, in DMSO/buffer in the absence of CT DNA. ° Epy(p) = Epe in DMSO/buffer in the presence of CT DNA./ AEp, = Epaw) — Epa(f)-

This journal is © The Royal Society of Chemistry 2024
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observed in some cases. In conclusion, these features cannot
lead to safe conclusions about the interaction mode between
the complexes and CT DNA, although the intercalation is the
most possible interaction mode which may be accompanied by
external interactions. The ratio of the DNA-binding constants
for the reduced (K.q) and oxidised forms (K,y) of the cobalt
ions (Kcq/Kox) Was calculated with eqn (S2)1 ' and is used to
evaluate the redox equilibrium. For most complexes, the ratio
Kiea/Kox is higher than 1 (Table 2) revealing that CT DNA may
interact selectively with the reduced form of the complexes.'®

The measurement of DNA-viscosity is usually employed to
monitor the interaction mode between compounds and CT
DNA. The viscosity of the DNA-solution is measured because it
is sensitive to changes in the relative length of the DNA chain
constituting viscometry a reliable method to clarify the DNA-
interaction mode. The presence of a compound that binds
externally to CT DNA (i.e. electrostatically or groove-binding)
will probably induce a slight bending of the double DNA-helix,
without significantly affecting its length (in some cases, a
slight shortening may occur) and subsequently resulting in
negligible changes (usually slight decrease) of the DNA-vis-
cosity. A classic intercalation of the compound in-between
DNA-bases will result in an increase in the length of the DNA
helix because of the increase of the separation distance
between DNA-base pairs in order to host the inserting com-
pound, and subsequently the viscosity of CT DNA will exhibit
an increase.'® Furthermore, in the case of DNA-cleavage
induced by the compound, the formation of much shorter
fragments with significantly shorter relevant length will be
revealed through a significant decrease of DNA-viscosity.

In the present study, the viscosity of a CT DNA solution
(0.1 mM) was measured in the presence of incrementally
increasing amounts of compounds 1-14 (up to r = [com-
pound]/[DNA] = 0.35). For all compounds 1-14, the viscosity
increased (Fig. 11) suggesting intercalation as the most poss-
ible mode of their interaction with CT DNA.'®” In some cases,
the lowering of DNA-viscosity at the early steps of incremental
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addition of the compounds (r values up to 0.15) indicated an
initial external interaction which aided to closer approach fol-
lowed by intercalation.

Ethidium bromide is a typical DNA-intercalator since its
planar phenanthridine ring inserts in-between two adjacent
DNA-bases. As a fluorescent compound, EB exhibits an intense
emission band at 592-594 nm when bound to CT DNA. For
this reason, the changes of the fluorescence emission spectra
of the EB-DNA adduct induced by the addition of a compound
are monitored to investigate its potential interaction mode
with CT DNA. The EB-DNA emission band at 592 nm will
decrease upon addition of a compound which binds to CT
DNA as strongly as or more strongly than EB does. A slight or
negligible decrease in fluorescence emission indicates an
inability to displace EB from the EB-DNA adduct and is
usually observed for compounds that do not act as
intercalators.%®

In the current study, the fluorescence emission spectra of
the EB-DNA adduct (which was formed after 1 h pretreatment
of EB (40 pM) and CT DNA (40 uM) in buffer solution) were
recorded in the presence of increasing amounts of solutions of
complexes 1-14 and the occurring changes were monitored.
The addition of the complexes in the EB-DNA solution led to a
significant decrease in fluorescence emission band at 594 nm
(Fig. 12). In total, the decrease of the intensity of the emission
band attributed to the EB-DNA adduct was significant (up to
74.5% of the initial fluorescence, Table 3, Fig. S31), and may
be assigned to the displacement of EB from the EB-DNA
adduct.

The ability of the compounds to induce quenching of the
fluorescence emission EB-DNA band is evaluated through the
value of the Stern-Volmer constants (Ksy) which were calcu-
lated with the Stern-Volmer equation (eqn (S3)f) and the
corresponding Stern-Volmer plots (Fig. S4f). All complexes
show relatively high Kgy values (Table 3), with complex 13
bearing the highest Stern-Volmer constant (Ksy = 5.68(+0.10) x
10° M™"). In addition, the quenching constants (k,) of the

mmy"”
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Fig. 11 Relative viscosity (3/570)"> 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

complexes 1-14 at increasing amounts (r = [complex]/[DNA]).
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Fig. 12 Fluorescence emission spectra (lexcitation = 540 hm) for EB—DNA conjugate ([EB] = 40 pM, [DNA] = 40 pM) in buffer solution (150 mM NaCl
and 15 mM trisodium citrate at pH = 7.0) in the absence and presence of increasing amounts (up to r = [complex]/[DNA] = 0.21) of complex (A) 1 and
(B) 8. The arrows show the changes of intensity upon increasing amounts of the complexes.

Table 3 Fluorescence features of the EB-displacement studies of the
NSAIDs and complexes 1-14. Percentage of EB—DNA fluorescence
emission quenching (Al/lo, in %), Stern-Volmer constants (Ksy, in M™%
and quenching constants (kq, in M~ s™)

Compound AIl, (%) Ky M kM s™

Complex 1 74.5 3.50(+0.06) x 10° 1.52(+0.03) x 10"
Complex 2 66.8 1.89(0.04) x 10> 8.21(+0.02) x 10"
Complex 3 41.2 2.71(+0.06) x 10* 1.18(0.03) x 10'?
Complex 4 50.9 1.01(+0.02) x 10° 4.39(+0.09) x 10"
Complex 5 72.6 2.04(+0.06) x 10° 8.87(+0.03) x 10"
Complex 6 43.3 1.09(0.02) x 10> 4.75(+0.07) x 10>
Complex 7 53.2 1.08(0.03) x 10° 4.68(+0.12) x 10"
Complex 8 69.6 4.55(+0.08) x 10° 1.98(0.04) x 10"
Complex 9 43.4 5.50(+0.10) x 10* 2.39(+0.04) x 10"?
Complex 10 42.0 3.52(+0.05) x 10* 1.53(+0.02) x 10"
Complex 11 49.4 1.01(+0.02) x 10° 4.38(+0.08) x 10"
Complex 12 49.3 9.87(+0.20) x 10* 4.29(+0.09) x 10"
Complex 13 51.6 5.68(+0.10) x 10° 2.47(+0.42) x 10"
Complex 14 68.9 5.42(+0.13) x 10° 2.36(0.06) x 10"
Htolf"! 74.0 1.15(+0.04) x 10° 5.00(x0.17) x 10"
Hmef"’ 80.0 1.58(0.06) x 10> 6.87(+0.26) x 10"
Hnap'® 82.0 1.47(+0.04) x 10° 6.39(+0.17) x 10"?
Na meclf** 80.1 8.20(+0.26) x 10* 3.57(0.11) x 10"
Na dicl®® 65.0 2.47(+0.06) x 10° 1.07(+0.03) x 10"
H,difl** 65.0 8.59(+0.35) x 10° 3.73(+0.15) x 10"

complexes were calculated with eqn (S4)f (the value of fluo-
rescence lifetime of EB-DNA system (o) is equal to 23 ns'%?),
and have significantly higher values (Table 3) than the value of
10" M~ 57, indicating a static quenching mechanism which
may confirm the formation of a new adduct between CT DNA
and each complex.

3.4.2. Cleavage of pBR322 plasmid DNA. In order to
explore the ability of the complexes to act like nucleases, the
cleavage of pBR322 plasmid DNA (pDNA) by the compounds
was examined via agarose gel electrophoretic experiments. The
supercoiled pDNA in an agarose gel during electrophoresis is
shown as Form I (Fig. S5, Lane 1). Complexes 1-13 (500 pM
in DMSO solution, the amount of DMSO within the final

This journal is © The Royal Society of Chemistry 2024

mixture never exceeded 10% v/v) were mixed with pDNA
(25 pM, pH = 6.8, in tris buffer solution). After incubation for
30 min at 37 °C, the effect of the complexes on pDNA was ana-
lysed by gel electrophoresis on 1% agarose stained with EB
(Fig. S57).

The potential DNA-cleaving activity of complexes 1-13
(Fig. S5, Lane 2-14) was revealed only as single-stranded (ss)
nicks in the supercoiled DNA forming relaxed circular DNA
(Form II), since no signal (double-stranded (ds) nick) attribu-
ted to the formation of linear DNA (Form III) was observed.
The percentages of the cleavage (shown in Fig. S51) were calcu-
lated with eqn (S5) and (S6).f At the high concentration of
500 pM used in the experiment, the compounds present low-
to-negligible ability to cleave DNA with complex 8 being the
only active among the compounds showing a 35% of cleavage
(Fig. S5,1 Lane 9). Although the reports concerning the pDNA-
cleavage ability of metal-NSAID complexes are quite few,"'? it
seems that herein reported Co(un)-NSAID complexes cannot
induce significantly the cleavage of pDNA.

3.5. Interaction of the complexes with albumins

3.5.1. Affinity of the complexes for albumins. Serum
albumin (SA) is probably the most predominant protein in
bloodstream of mammals having various roles, mainly the
maintenance of the osmotic pressure (it is essential for the
maintenance of tissues) and the reversible binding of bioactive
compounds (in order to transfer them towards their targets
through the bloodstream).""" Furthermore, the interaction
with albumin may alter the biological properties of bioactive
compounds and may reveal mechanistic pathways contributing
to drug circulation and delivery. BSA is extensively studied
because of its structural similarity with HSA, and possesses
two tryptophan residues, Trp-134 and Trp-212, while HSA con-
tains a single tryptophan at position 214.'°® Within this
context, the interaction of complexes 1-14 with both albumins
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HSA and BSA was investigated by fluorescence emission
spectroscopy.

The interaction of complexes 1-14 with the albumins was
studied by monitoring the quenching of tryptophan fluo-
rescence emission band in the presence of incremental
addition of the complexes. The fluorescence emission spectra
of the albumins (3 mM) in buffer solution were recorded in
the range 300-500 nm for Aexcitation = 295 nm (Fig. S67). The
incremental addition of complexes 1-14 resulted in a decrease
of the intensity of the corresponding albumin emission band
(Amax,emission = 340 nm for HSA and 345 nm for BSA), while in
the case of complex 14 an additional emission band (as pre-
viously reported for diflunisal and its complexes)''> appeared
at 415 nm (Fig. S61). All complexes induced significant
quenching of the albumin emission band which was more pro-
nounced in the case of BSA than HSA (Fig. S7 and S8t). Such
quenching may be attributed to re-arrangement of the SA sec-
ondary structure or its modifications as a result from the
association with the complexes.'”® For the quantitative evalu-
ation of this interaction, the fluorescence emission spectra
(With Aexcitation = 295 nm) of the free complexes were subtracted
from the overall spectra. The influence of the inner-filter effect
on the measurements was assessed with eqn (57),7 '** and was
found negligible to affect the measurements.

The Stern-Volmer constant (Kg), the SA-quenching con-
stant (k) and the SA-binding constant (K) of the compounds
were calculated with the Stern-Volmer and Scatchard
equations (eqn (S3), (S4) and (S8)1) and plots (Fig. S9-S12%)
considering that the fluorescence lifetime of tryptophan in SAs
(7o) has the value of 107° s."*® The calculated &, values of com-
plexes 1-14 are significantly higher (in most cases by two-to-
three orders) than the value of 10'° M~ s™* (Table 4) and indi-
cate that the quenching takes place via a static mechanism'°®
which subsequently may confirm the interaction of the com-
plexes with the albumins.
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The values of the SA-binding constants of complexes 1-14
are of the 10"-10° M~" magnitude (Table 4) and fall within the
range reported for many metal(u)-NSAID
complexes.16,17,37743,47749,51,54,55,63,97,98 COmpIeXeS 1 and 5
possess the highest K values for BSA among the compounds
under study, while the highest HSA-binding constant was
found for complex 5 (Table 4). Therefore, complex 5 is found
to exhibit the highest affinity for both albumins among the
herein studied complexes. A comparison with the albumin-
binding  constants of the reported  Co(i)-NSAID
complexes'®'7*17*%73 may reveal that complexes 1-14 under
study, especially complexes 1 and 5, bear some of the highest
BSA-binding constants (>2 x 10° M™") among such complexes.
The K values observed for complexes 1-14 are significantly
lower than the value of the association constants of avidin
with various compounds (ca. 10> M™") which is considered
the borderline for reversible noncovalent interactions. So, the
SA-binding constants of the complexes suggest their reversible
binding to the albumins, and the potential to be transferred
by the albumins, and get released at their specific targets."**

3.5.2. Binding site of BSA. Each albumin contains four
potential sites to encapsulate drugs and metal ions and the
most critical sites are Sudlow’s site 1 (or drug site I) and
Sudlow’s site 2 (or drug site II) in subdomains IIA and IIIA,
respectively.""®> The potential albumin-binding site of a com-
pound may be revealed by using the most common site-
markers warfarin and ibuprofen, which bind selectively to
drug sites I and II, respectively."°>''® For this purpose, the
BSA-binding constants of the complexes were calculated in the
presence of warfarin and ibuprofen by fluorescence emission
spectroscopy and compared with those found in the absence
of any site-marker (values in Table 4).

The incremental addition of each complex in a solution
containing BSA and the site-marker (warfarin or ibuprofen)
resulted in a quenching of the initial fluorescence emission

Table 4 Albumin (BSA or HSA)-quenching constants (kq, in M~ 57! and albumin (BSA or HSA)-binding constants (K, in M~%) of the compounds

kq[HSA) (M71 Sil)

Kusa) (1Y

Compound kqmsay M's™H Ksay M)

Complex 1 1.08(0.06) x 10" 2.40(+0.29) x 10°
Complex 2 3.92(+0.29) x 10" 8.37(+0.10) x 10°
Complex 3 3.70(+0.11) x 10" 2.47(+0.07) x 10°
Complex 4 8.74(+0.44) x 10" 1.01(+0.04) x 10°
Complex 5 7.57(+0.52) x 10"* 2.36(+0.11) x 10°
Complex 6 1.98(+0.08) x 10" 6.44(+0.19) x 10°
Complex 7 9.26(+0.58) x 10"* 1.19(+0.04) x 10°
Complex 8 9.99(+0.42) x 10" 1.56(+0.37) x 10°
Complex 9 8.14(+0.21) x 10" 7.90(+0.24) x 10°
Complex 10 4.16(+0.17) x 10> 3.01(+0.14) x 10*
Complex 11 7.16(+0.40) x 10" 7.67(+0.38) x 10°
Complex 12 6.35(+0.39) x 10"* 1.11(0.05) x 10°
Complex 13 1.03(0.05) x 10" 9.24(+0.51) x 10°
Complex 14 3.14(+0.20) x 10" 6.09(+0.15) x 10°
Htolf*! 2.18(+0.12) x 10"* 1.60(+0.14) x 10°
Hmef"’ 2.78(+0.20) x 10"? 1.35(+0.22) x 10°
Hnap'® 1.18(0.06) x 10" 5.35(+0.42) x 10°
Na meclf° 4.84(+0.32) x 10"* 1.78(+0.11) x 10°
Na dicl® 8.11(+0.34) x 10'? 3.55(+0.03) x 10°
H,difl*? 1.53(+0.08) x 10"? 1.93(+0.15) x 10°
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3.87(+0.14) x 10"
1.41(20.07) x 10*?
3.93(+0.17) x 10"
1.47(0.07) x 10"
1.08(+0.04) x 10"
1.35(0.04) x 10™?
1.38(+0.08) x 10"
4.43(+0.17) x 10"?
3.93(+0.10) x 10*?
8.14(+0.31) x 10!
1.89(+0.08) x 10"
1.80(0.04) x 10™?
2.05(+0.10) x 10"
1.42(20.05) x 10™?
6.10(+0.38) x 10"
7.13(+0.34) x 10'?
1.24(+0.09) x 10*?
2.98(+0.31) x 10*?
1.81(¢0.17) x 10"
2.67(+0.16) x 10'?

6.45(+0.20) x 10*
9.44(+0.30) x 10*
1.92(+0.07) x 10*
1.32(+0.07) x 10°
1.80(+0.08) x 10°
4.68(+0.16) x 10*
8.36(+0.39) x 10*
1.12(+0.37) x 10°
9.59(+0.50) x 10*
1.98(0.06) x 10*
7.63(+0.31) x 10*
1.73(+0.07) x 10*
8.13(+0.41) x 10*
5.38(+x0.21) x 10*
3.12(+0.25) x 10°
1.32(+0.15) x 10°
3.27(+0.30) x 10*
1.05(0.03) x 10°
1.63 x 10

1.22(+0.07) x 10°

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Fluorescence emission spectra (lexcitation = 295 nm) of a buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) of BSA (3 uM)
(A) in the presence of warfarin (3 pM) upon addition of increasing amounts of complex 1, (B) in the presence of ibuprofen (3 pM) upon addition of
increasing amounts of complex 2. The arrows show the changes of intensity upon increasing amounts of the complexes.

band (representatively shown in Fig. 13). A decrease of the K
value in presence of the site-marker indicates that the binding
of the compound to albumin is influenced by the presence of
this marker and can be attributed to the competition for the
same binding site.'*>"'® The SA-binding constants of the com-
pounds in the presence of warfarin or ibuprofen were calcu-
lated (with the Scatchard equation (eqn (S8)f) and plots
(Fig. S13 and S14t)) and their values (Table 5) are compared
with those determined in the absence of any site-marker in
order to check for the preferable drug site.

For almost all complexes (Table 5), a significant decrease of
the BSA-binding constants in the presence of both warfarin
and ibuprofen was found showing that the complexes may
bind to Sudlow sites I and II, respectively. However, for com-
plexes 1, 2, 5 and 10, lower K values were calculated in the
presence of ibuprofen than warfarin suggesting their prefer-
ence for drug site II. On the other hand, for complexes 3, 4, 7,
8, and 11-12, a selective binding to drug site I may be

Table 5 BSA-binding constants (in M™Y) of the complexes in the
absence (K(gsa) or presence of the site-markers warfarin (Kgsa warf)) and
ibuprofen (Kgsa.ibw)

Complex Kpsa) Kissa,ibu) Kinsa,warf)

Complex1  2.40(+0.29) x 10°  2.29(+0.07) x 10°  3.76(x0.15) x 10°
Complex2  8.37(x0.10) x 10°  9.42(+0.34) x 10" 2.54(+0.09) x 10>
Complex3  2.47(+0.07) x 10°  9.31(+0.58) x 10*  2.90(0.28) x 10*
Complex4  1.01(+0.04) x 10°  6.23(£0.26) x 10°  5.42(0.21) x 10°
Complex5  2.36(+0.11) x 10°  4.60(0.13) x 10°  7.18(0.23) x 10°
Complex 6  6.44(+x0.19) x 10°  2.20(x0.06) x 10°  2.38(+0.11) x 10>
Complex7  1.19(+0.04) x 10°  6.51(0.18) x 10°>  1.59(=0.06) x 10°
Complex8  1.56(+0.37) x 10°  3.55(+0.14) x 10°  2.67(0.13) x 10°
Complex9  7.90(+0.24) x 10°  2.21(+0.06) x 10°>  2.30(0.09) x 10°
Complex 10 3.01(+0.14) x 10*  8.27(0.56) x 10°  1.37(0.04) x 10°
Complex 11 7.67(+0.38) x 10°  7.13(0.25) x 10°  5.76(x0.20) x 10°
Complex 12 1.11(+0.05) x 10°  9.49(+0.38) x 10°  4.53(x0.15) x 10°
Complex 13 9.24(+0.51) x 10°  5.25(+0.14) x 10°  4.83(x0.15) x 10°
Complex 14 6.09(x0.15) X 10°  4.99(+0.15) x 10°  5.08(+0.09) x 10>

This journal is © The Royal Society of Chemistry 2024

suggested since the presence of warfarin led to lower K values
than the presence of ibuprofen did.****'® For complexes 6, 9,
13 and 14, the presence of both site-markers resulted in simi-
larly decreased K values revealing the lack of selectivity for
Sudlow sites I and II.

4. Conclusions

Fourteen cobalt(i) complexes with diverse carboxylate NSAIDs
as ligands in the presence of a series of nitrogen-donors as co-
ligands have been isolated and characterised. The crystal struc-
tures of eight out of the fourteen cobalt(i) complexes, i.e. com-
plexes 1, 2, 5, 6, 8-10 and 14, were determined by single-crystal
X-ray crystallography. In complexes 1-13, the NSAIDs are
simply deprotonated acting as monodentate or bidentate che-
lating ligands. In complex 14, diflunisal is doubly deproto-
nated and is bound as a tridentate bridging ligand leading to
the formation of the dinuclear complex
[Co,(difl),(neoc),]-MeOH. This is the first structure that diflu-
nisal is coordinated in a tridentate bridging mode.

The in vitro potential biological profile of the complexes
was evaluated regarding their interaction with biomacro-
molecules (albumins and DNA), and their antioxidant ability.
The complexes may interact with CT DNA via intercalation and
the highest DNA-binding constant was found for complex 6 (K,
= 1.62(+0.08) x 10° M™"). The ability of the complexes to cleave
pBR322 plasmid DNA to relaxed circular DNA is rather low at
the concentration of 500 pM, since only complex 8 showed
noteworthy cleavage activity (up to 35%).

The binding of complexes 1-14 to bovine and human
serum albumins is tight and reversible showing their potency
for effective transportation towards potential biological targets
of the complexes where they may get released in order to fulfil
a possible biological mission. Furthermore, competitive
studies with the typical site-markers warfarin and ibuprofen
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were employed to explore whether the complexes bind selec-
tively to typical BSA-binding sites. A clear selectivity tendency
was not revealed since almost equal numbers of the complexes
prefer to bind at Sudlow’s site 1 (in competition with warfarin)
or Sudlow’s site 2 (in competition with ibuprofen) or both
sites (almost equal BSA-binding constants in the presence of
warfarin and ibuprofen).

Regarding the antioxidant potency of the complexes, their
ability to scavenge DPPH and ABTS free radicals and to reduce
H,0, was monitored. Almost all complexes were more active
than the corresponding free NSAIDs. The DPPH-scavenging
ability of the complexes is relatively low except for [Co
(tolf),(Himi),] (complex 1) which was the most active DPPH-
scavenger with relatively moderate time-dependent activity
(DPPH% = 30.18-36.44%). Most complexes showed significant
ability to scavenge ABTS radicals with complexes 1, 2, 6 and 9
(ABTS% = 97.81-99.07%) being as active as the reference com-
pound trolox. Concerning the activity towards H,0,, all com-
plexes were found more active than the reference compound
L-ascorbic acid.

In conclusion, the cobalt(i)-NSAID compounds showed sig-
nificant ABTS scavenging and hydrogen peroxide reduction
activity and may bind tightly to CT DNA. Such biological
activity is a prerequisite for potential anticancer activity. Thus,
the herein reported data combined with the affinity of the
compounds for albumins may reveal a group of potentially bio-
active compounds deserving further biological studies.

Abbreviations

AA L-Ascorbic acid

ABTS 2,2'-Azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid)

3-ampy  3-Aminopyridine

BHT Butylated hydroxytoluene

bipy 2,2"-Bipyridine

bipyam  2,2-Bipyridylamine

BSA Bovine serum albumin

CT Calf-thymus

dicl™ Anion of diclofenac

difl=2 Dianion of diflunisal

DPPH 1,1-Diphenyl-picrylhydrazyl

EB Ethidium bromide

fluf™ Flufenamato anion

Hdicl Diclofenac

Hdifl™ Anion of diflunisal

Hfluf Flufenamic acid

Himi 1H-Imidazole

Hindo Indomethacin

Hmeclf  Meclofenamic acid

Hmef Mefenamic acid

Hnap Naproxen

Hnif Niflumic acid

HSA Human serum albumin

Htolf Tolfenamic acid

15232 | Dalton Trans., 2024, 53, 15215-15235

View Article Online

Dalton Transactions

H,difl Diflunisal

indo™ Anion of indomethacin

K SA-binding constant

Ky DNA-binding constant

Kox DNA-binding constant for the oxidised form

kq Quenching constant

K, DNA-binding constant for the reduced form

Ky Stern-Volmer constant

meclf~  Meclofenamato anion

mef™ Mefenamato anion

nap~ Anion of naproxen

NDGA Nordihydroguaiaretic acid

neoc Neocuproine, 2,9-dimethyl-1,10-phenanthroline

nif~ Niflumato anion

NSAID Non-steroidal anti-inflammatory drugs

RT Room-temperature

phen 1,10-Phenanthroline

py Pyridine

SA Serum albumin

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

tolf ~ Tolfenamato anion

AYCOO)  Vy5ym(COO) = Vg (COO)
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