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a b s t r a c t 

( E )-2-((4-hydroxybenzylidene)amino)phenol (iminophenol a ) reacted with Pd(OAc) 2 giving place to com- 

pound 1a , in which the iminophenol was bonded to palladium(II) in a κ3 - C ortho ,N,O ortho tridentate chelat- 

ing mode. Thus, 1a was formed by neutral mononuclear units of schematic formula Pd(C,N,O), consisting

of two fused five-membered metallacycles. Self-assembly of the Pd(C,N,O) units gave place to the polynu- 

clear structure of 1a . Treatment of 1a with PPh 3 or PPh 2 CH 2 CH 2 PPh 2 in molar ratio Pd(II)/PPh 3 = 1/1 or 

Pd(II)/PPh 2 CH 2 CH 2 PPh 2 = 2/1 produced the mononuclear or dinuclear compound of schematic formula 

[Pd(C,N,O)(PPh 3 )] ( 2a ) or {[P d (C,N,O)] 2 ( μ2 -PPh 2 CH 2 CH 2 PPh 2 )} ( 3a ), respectively. Compounds a were char- 

acterized by elemental analysis, high resolution ESI-( + ) mass spectrometry, IR, and NMR. In addition, the 

crystal structure of the adducts 2a ·2(CH 2 Cl-CH 2 Cl) and 3a ·5(dmso) was determined by single crystal X- 

ray diffraction analysis. Most compounds a were noncytotoxic or poorly cytotoxic. Nonetheless, 2a was

moderately cytotoxic against the MCF-7 breast and HCT-116 colon human cancer cell lines, and presented

very low cytotoxicity towards normal skin human BJ cells. Compounds a showed moderate antibacterial

activity against some Gram-positive ( B. subtilis and S. aureus ) and Gram-negative ( E. coli ) bacterial strains,

and displayed also moderate antioxidant activity, producing 3a the best antioxidant activity. 1a changed

the electrophoretic mobility of the pBluescript SK + plasmid DNA. This change followed the pattern of 

cisplatin , but it started at a concentration twenty times higher than with cisplatin . Moreover, compounds

1a - 3a inhibited topoisomerase II α at concentrations of 10, 50 and 25 μM, respectively. 

© 2022 Elsevier B.V. All rights reserved.
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. Introduction

Potential applications of palladium(II) compounds in pharma- 

ology have been extensively studied in recent years [1–6] . This is 

ecause there is a great interest for finding new metallodrugs ca- 

able of overcoming the issues of toxicity and intrinsic or acquired 

esistance produced by the coordination square-planar platinum(II) 
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ompounds cisplatin, carboplatin and oxaliplatin nowadays in clini- 

al use worldwide for the treatment of different cancers in humans 

7–8] , and also because several palladium(II) compounds present in 

ivo , using mice as models, good profiles as anticancer [9–23] , an- 

iparasitic [24–26] and anticonvulsant agents [27] . 

Most of the palladium(II) compounds with good pharmaco- 

ogical activities in vivo are mononuclear [ 9 , 12 , 21 , 26 ] or din-

clear [ 14 , 16 , 18-19 , 22-25 , 27 ] palladium(II) cyclometallated com-

ounds, and in this latter case, bridging diphosphane [ 14 , 16 , 18-

9 , 22-24 ], acetato [27] , chlorido [27] or azido [25] ligands connect 

he palladium(II) centres. Furthermore, these in vivo pharmacologi- 

https://doi.org/10.1016/j.jorganchem.2022.122555
http://www.ScienceDirect.com
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al active palladium(II) cyclometallated compounds present biden- 

ate k 2 - C,N [ 12 , 14 , 16 , 18-19 , 21-27 ] or tridentate k 3 - C,N,N [9] chelat-

ng ligands, which form five-membered metallacycles and present 

n ortho -palladated carbon atom, and other ligands, such as 

cetato [27] , chlorido [ 14 , 16 , 18-19 , 22-24 , 27 ], azido [25] , diphos-

hanes [ 12 , 14 , 16 , 18-19 , 21-24 , 26 ] or a heterocyclic carbene [9] ,

omplete the coordination sphere of the palladium(II) centres. In 

ddition, a k 1 - C ortho -phenylpalladium(II) compound with a chelat- 

ng diphosphane ligand and a terminal N -thiocyanato ligand [20] , 

nd a few ionic or neutral mononuclear palladium(II) coordination 

ompounds containing k 3 - N,N,N [ 10-11 , 17 ], k 2 - N,N [13] or k 2 - O,O

15] chelating ligands also present a good anticancer activity in

ivo . In these latter compounds, the chelating ligands form very

table five- or six-membered metallacycles.

These reports reinforce the original idea that palladium(II) 

ompounds presenting chelating ligands, forming five- or six- 

embered metallacycles, good sigma donor or π-acceptors lig- 

nds, and steric hindrance around of palladium(II) centres, are suf- 

ciently stable in the biological medium in relation to substitution 

eactions, and therefore they can enter quite unaltered inside the 

ancer cells, parasites or microbes and produce their pharmacolog- 

cal effect [28] . 

The studies on the mechanism of the anticancer activity of pal- 

adium(II) compounds point to their permeabilization effect over 

he mitochondria and lysosome membranes, as the main event 

hat triggers a series of processes that ultimate end with the death 

f the cancer cells, in many cases, by apoptosis [ 12 , 16 , 21 , 29-30 ].

urthermore, some of these compounds are efficient inhibitors of 

he cysteine protease cathepsin B [31] and strongly bind to CT-DNA 

32] . These results suggest that they could present antimetastatic

ctivity [31] and that the nuclear DNA could be a primary tar- 

et for them [32] . The topoisomerase 1B inhibitory effect or the 

ntioxidant activity displayed by some of these compounds has 

lso been related with their antiparasitic [25] or anticancer activity 

33] , respectively.

In previous articles [34–39] , we studied the anticancer activity

n vitro of palladium(II) cyclometallated compounds derived from 

enzophenone imines (first series) [ 35 , 38–39 ], diimines (second 

eries) [36] , primary amines (third series) [37] and imine masked 

rimary amines (fourth series) [34] . The effect of the compounds 

n the electrophoretic mobility of the pBluescript SK + plasmid 

NA was also analysed. In addition, and for some selected com- 

ounds, we tested their inhibitory effect over topoisomerase I 
m

cheme 1. i) Ethanol, reflux, 4 h, ii) Pd(OAc) 2 , HOAc, 24 h, 60 °C, iii) PPh 3 , acetone, rt, 1 h

a ( n = 1)/PPh 2 CH 2 CH 2 PPh 2 = 2. 

2

35,36] and cathepsin B [ 34 , 38 ], and their antibacterial and antiox- 

dant activity [ 34 , 38 ]. 

The results in relation to the preceding studies are summa- 

ized in Table 1 . Compounds A and B were the palladium(II) cy- 

lometallated compounds studied in our research group with the 

est profile as anticancer drugs in vitro [ 35 , 38-39 ]. In the three

rst series studied, a clear relationship was established between 

he lipophilicity of the compounds and their anticancer activity 

35–37] , and several compounds from the first, third and fourth 

eries showed moderate antibacterial and antioxidant activity 

 34 , 38 ]. Furthermore, none of the compounds interacted strongly 

ith the pBluescript SK + plasmid DNA at a concentration in which 

 strong binding to the pBluescript SK + plasmid DNA was observed 

or cisplatin , a strong covalent binder to DNA, or ethidium bromide, 

 strong intercalator binder to DNA, according to electrophoretic 

obility experiments. These results suggested that DNA was not 

he primary target for the tested compounds [34–39] . Furthermore, 

or a few selected compounds, their inhibitory effect on topoiso- 

erase I and cathepsin B was analysed, and they were neither ef- 

cient cathepsin B inhibitors (compounds A , B , I , J and K ) [ 34 , 38 ]

or topoisomerase I inhibitors (compounds L , M and N ) [ 35 , 36 ]. 

Following the preceding studies [34–39] , we describe here the 

reparation of a new series of palladium(II) cyclometallated com- 

ounds containing a k 3 - C ortho ,N,O ortho iminophenol chelating ligand, 

nd their anticancer, antibacterial, and antioxidant activity. Fur- 

hermore, the interaction of the compounds with the pBluescript 

K + plasmid DNA, and their ability to inhibit the topoisomerases I 

r II α by electrophoretic experiments are also addressed. 

It should be noted that the palladium(II) compounds described 

ere, once their target biomolecules could be coordinated to their 

alladium(II) centres, could establish secondary hydrogen bonds 

ith them through their phenoxido and phenol functions. This 

ould give place to stronger and more selective interactions with 

heir target biomolecules and therefore an improvement of their 

harmacological activities. 

. Results and discussion

.1. Synthesis and characterization of the compounds 

Scheme 1 shows the preparation method and numbering of the 

ompounds under study, together with the numbering of their aro- 

atic protons, for the discussion that follows. 
, molar ratio 1a ( n = 1)/PPh 3 = 1, iv) PPh 2 CH 2 CH 2 PPh 2 , acetone, rt, 1 h, molar ratio 
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Table 1

In vitro pharmacological activities of palladium(II) cyclometallated compounds reported by our research group [34–39] .

Compound In vitro pharmacological activity 1 , 2 , 3

A ( X = OAc), B (X = Cl) 

C ( X = OAc), D (X = Cl) 

a ) A and B were four times more cytotoxic than cisplatin against the MDA-MB-231 and the MCF-7 breast human cancer cell lines

[39] . A was three times less cytotoxic towards quiescent healthy HUVEC cells than cisplatin [35] .

b ) C and D were noncytotoxic towards the MDA-MB-231 and the MCF-7 breast human cancer cell lines [35] .

c ) B presented moderate antibacterial and antioxidant activity compared with the commercial antibiotic cefixime, and the natural

antioxidant ascorbic acid, respectively [38] .

E

F

a ) E presented similar cytotoxicity to cisplatin against MDA-MB-231 and MCF-7 breast and

HCT-116 colon human cancer cell lines, but F was noncytotoxic against these cancer cell lines

[36] .

G ( X = OAc) 

H (X = Cl) 

I ( X = Br) 

a ) G , H , and I were very cytotoxic toward different cancer cell lines [ 34 , 37 ] and G and H produced the death of the A549 human

lung cancer cells mainly by early apoptosis [34] .

b ) I was extremely cytotoxic towards normal skin human BJ cells, and presented moderate antibacterial and antioxidant activity

[34] .

J

a ) J (an imine masked form of I ) afforded a similar cytotoxicity to cisplatin for the HCT-116 human colon cancer cell line, but it

was almost noncytotoxic for the normal skin human BJ cells, and produced moderate antibacterial and antioxidant activity [34] .

K

a ) K (a structural isomer of J ) was almost noncytotoxic, but it presented moderate antibacterial and antioxidant activity [34] .

( continued on next page )

3
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Table 1 ( continued )

Compound In vitro pharmacological activity 1 , 2 , 3

L

M

N

a ) L , M and N were not efficient inhibitors of topoisomerase I

[35–36] .

1 The precursor imine of J and K of formula ( E ) −2,4,6-Me 3 C 6 H 2 –CH 

= N-2-PhC 6 H 4 displayed strong antibacterial and antioxidant activity [34] . 
2 A - N were not efficient covalent or intercalator binders for the pBluescript SK + plasmid DNA [34–39] . 
3 A, B, I, J and K were not efficient inhibitors of cathepsin B [ 34 , 38 ].
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Iminophenol a and compounds 1a - 3a were obtained by 

n adaptation of known procedures [40] . Thus, iminophenol 

 was synthesized by a condensation reaction between 4- 

ydroxybenzaldehyde and 2-aminophenol, 1a by concatenation in 

cetic acid of cyclopalladation and ortho phenol deprotonation re- 

ctions between iminophenol a and Pd(OAc) 2 , and 2a and 3a by 

plitting reactions in acetone at room temperature between com- 

ound 1a and the phosphanes PPh 3 or PPh 2 CH 2 CH 2 PPh 2 , respec- 

ively. 

Compounds a were yellowish (iminophenol a ), brownish ( 1a ) 

nd reddish ( 2a and 3a ) solids, which afforded satisfactory elemen- 

al analysis. Iminophenol a , and compounds 2a and 3a , were sol- 

ble in dmso, and compound 1a in acetone. Therefore, the NMR 

xperiments for the iminophenol a , and compounds 2a and 3a 

ere recorded in dmso-d 6 , and in acetone-d 6 for compound 1a . 

minophenol a protons were assigned by bidimensional 1 H – 1 H 

OSY and NOESY experiments. The same bidimensional experi- 

ents were used for the proton assignation of the κ3 - C ortho ,N,O ortho 

oordinated iminophenol of 1a and 2a . Furthermore, the proton 

ssignation of the κ3 - C ortho ,N,O ortho coordinated iminophenol of 2a 

erved as a guide for the assignation of these protons for 3a . 

Mono- and bidimensional 1 H NMR experiments for 1a - 3a 

ere consistent with the lack of the proton in ortho position of 

he phenyl group bonded to the iminic carbon, and the deprotona- 

ion of the ortho phenol function of the coordinated iminophenol. 

urthermore, the shift of the iminic proton of 1a - 3a to a lower 

hemical shift in relation to the free iminophenol by 0.98 ppm for 

a , 0.26 ppm for 2a , and 0.25 ppm for 3a , was consistent with the

oordination of the iminic nitrogen to the palladium(II) centre and 

n endo structure [40] . Thus, iminophenol a was bonded to the pal- 

adium(II) centre in an endo - κ3 - C ortho ,N,O ortho coordination mode in 

a - 3a . It should be noted that for an iminophenol coordinated 

o palladium(II) in an exo - κ3 - C ortho ,N,O ortho coordination mode, its 

minic proton appeared shifted to a higher chemical shift in rela- 

ion to its precursor ligand by 0.11 ppm [41] . The precedent endo 

nd exo descriptors refer to compounds having the iminic function 

nside ( endo compounds) or outside ( exo compounds) of the met- 

llacycle containing the Pd-C bond [42] . 

In addition, the iminic proton appeared as a doublet with a 
 J HP coupling constant of 12 Hz for 2a , which agreed with the 

rans arrangement between the iminic proton and the phospho- 
a

4

rus atom in this compound [40].  Furthermore, the iminic pro-

ons and the phosphorus atoms of 3a produced an apparent AA’XX’ 

A = A’ = 

1 H and X = X’ = 

31 P) spin system, which afforded

n apparent triplet for the iminic protons. Similarly, the CH 2 pro- 

ons of 3a were part of an apparent A 2 A’ 2 XX’ (A = A’ = 

1 H and

 = X’ = 

31 P) spin system, which afforded a somewhat broad ap- 
arent singlet at 2.74 ppm for them. These results agreed with an 

pparent high symmetry for 3a in dmso solution due to a fast ro- 

ation through its single bonds. The 31 P{ 1 H} NMR of 2a and 3a in
mso-d 6 solution afforded a singlet at 34.06 and 34.33 ppm, re- 

pectively. Similar spin systems to that observed for 3a have been 

reviously reported in our research group [43].  The above dis-

ussed NMR experiments are given in the Supplementary Material 

Figures S1 - S12). 

It is worth to note that the nuclearity of compound 1a is not 

nown at present, and that the attempts to grow single crystals of 

a to determine its nuclearity by X-Ray diffraction analysis were 

nsuccessful. Similar compounds to 1a,  which are formed by neu-

ral Pd(C,N,O) units derived from an iminophenol and whose crys- 

al structure has been determined, presented in the selected crys- 

als for the X-ray diffraction analysis, a tetranuclear structure with 

he phenoxido functions bridging the palladium(II) centres, see for 

nstance references [44–45].  In addition, these tetranuclear com-

ounds with phenoxido bridges in dmso solution experience split- 

ing reactions, which convert them into mononuclear compounds 

f general formula [Pd(C,N,O)(dmso)], in which the dmso ligand is 

ocated in trans position to the iminic nitrogen [46].  

In the IR, iminophenol a produced a broad band at 3212 and 

 medium sharp signal at 1623 cm 

−1,  which were assigned to the

tretching of its phenol and iminic functions, respectively. In the IR 

f compounds 1a - 3a,  a broad band at 3260 for 1a,  3227 for 2a o

212 cm 

−1 for 3a,  and a medium sharp band at 1579 for 1a,  158

or 2a or 1586 cm 

−1 for 3a were assigned to the stretching of their 

henol and iminic functions, respectively [46].  Furthermore, 2a or

a presented in the IR a sharp medium band at 1098 or 1107 cm 

−1, 

espectively, which was assigned to the q X-sensitive band of the 

oordinated phosphane ligand [43].  

In the high-resolution ESI-( +)  mass spectrum, iminophenol a
fforded an intense peak at 214.0862 m/z,  which was assigned to

Ma  + H 

+ ] (calc. 214.0862). M represents the mass of the most

bundant isotopologue of the cation under discussion. Compound 
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Fig. 1. Proposed structures for the most intense cations A – E observed in the ESI-( + ) experiments. Cations A – C derived from 1a , cation D from 2a and cation E from 3a . 

The observed and calculated m/z values correspond to the most abundant isotopologue.
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Fig. 2. Crystal structure of 2a . Solvent molecules and hydrogen atoms have

been omitted for clarity. Selected bond distances ( ̊A) and angles ( °): Pd(1)- 

C(1) = 2.004(3), Pd(1)-N(1) = 2.026(2), Pd(1)-O(2) = 2.1210(18), Pd(1)- 

P(1) = 2.2529(7), C(1)-Pd(1)-N(1) = 82.54(10), C(1)-Pd(1)-O(2) = 162.50(9), N(1)- 

Pd(1)-O(2) = 80.21(8), C(1)-Pd(1)-P(1) = 95.85(8), N(1)-Pd(1)-P(1) = 177.91(6), 

O(2)-Pd(1)-P(1) = 101.46(5). 

Fig. 3. Crystal structure of 3a . Solvent molecules and hydrogen atoms have

been omitted for clarity. Selected bond distances ( ̊A) and angles ( °): Pd(1)- 

C(13) = 1.992(10), Pd(1)-N(1) = 2.013(8), Pd(1)-O(1) = 2.087(7), Pd(1)- 

P(1) = 2.254(2), C(13)-Pd(1)-N(1) = 82.4(4), C(13)-Pd(1)-O(1) = 163.5(3), N(1)- 

Pd(1)-O(1) = 81.2(3), C(13)-Pd(1)-P(1) = 97.6(3), N(1)-Pd(1)-P(1) = 177.8(2), O(1)- 

Pd(1)-P(1) = 98.90(19). 

t

t

t

c

t

i

t

a produced a quite complex high-resolution ESI-( + ) mass spec- 

rum with intense signals for the cations [M 1a ( n = 1) + H 

+ ] ( A )

t m/z 317.9746 (calc. 317.9741), [M 1a ( n = 1) + N 2 + H 

+ ] at m/z

45.9802 (calc. 345.9802) ( B ) and [M 1a ( n = 1) + MeCN + H 

+ ] at

/z = 359.0 0 08 (calc. 359.0 0 06) ( C ). The precedent cations were

ormed in the ionization process in the ESI experiment since a 

ixture of water and acetonitrile was used for transporting the 

ample to the spray needle and N 2 was utilized as drying gas. 

urthermore, the high-resolution ESI-( + ) mass spectrum of 1a pro- 

uced signals of low intensity, containing two and four palladium 

toms, but their molecular formula could not be assigned unam- 

iguously. In the high-resolution ESI-( + ) mass spectrum, 2a pro- 

uced an intense signal corresponding to the cation [M 2a + H 

+ ] 
 D ) at m/z 580.0 6 6 6 (calc. 580.0 670), while 3a produced an intense

ignal for the cation [M 1a ( n = 1) + PPh 2 CH 2 CH 2 PPh 2 + H 

+ ] at m/z

16.1100 (calc. 716.1095) ( E ). Fig. 1 gives the proposed structures 

or the cations A – E . 

.2. Crystal structures of the adducts 2a ·2(CH 2 Cl-CH 2 Cl) and 

a ·5(dmso) 

Single crystals for the X-ray diffraction analysis of the adducts 

a ·2(CH 2 Cl-CH 2 Cl) and 3a ·5(dmso) were obtained by slow evap- 

ration of the solvents of a solution of 2a in acetone and 1,2- 

ichloroethane, and by diffusion of 1,2-dichloroethane into a so- 

ution of 3a in dmso, respectively. Details on the crystal data 

nd structure refinement of the adducts 2a ·2(CH 2 Cl-CH 2 Cl) and 

a ·5(dmso) are given in the Supplementary Material (Tables S1 

nd S2). The adducts commented above constituted the asymmet- 

ic residue units of the studied single crystals. 

The adducts 2a ·2(CH 2 Cl-CH 2 Cl) and 3a ·5(dmso) crystalized in 

he orthorhombic space groups Pbca with Z = 8 and Pca2 1 with 

 = 4, respectively. The phenol and the phenoxido functions of 

eighbouring molecules of 2a in the crystal of 2a ·2(CH 2 Cl-CH 2 Cl) 

ere bonded by hydrogen bond. This hydrogen bond gave place 

o a chain in the direction [100] in the crystal of the adduct 

a ·2(CH 2 Cl-CH 2 Cl). In the crystal of the adduct 3a ·5(dmso), two 

ydrogen bonds per molecule of 3a were observed, each one 

ormed by a phenol function and the corresponding neighbouring 

mso molecule. 

Figs. 2 and 3 show the X-ray molecular structure of 2a and 3a , 

ogether with some selected bond distances and angles. The X-ray 

olecular structure of 2a and 3a confirmed their proposed struc- 

ure by NMR spectroscopy. Thus, iminophenol a was bonded to the 

alladium(II) centres of 2a and 3a in an endo - κ3 - C ortho ,N,O ortho co-

rdination mode. Furthermore, the phosphorous atom of the PPh 3 

igand in 2a and those of the PPh 2 CH 2 CH 2 PPh 2 ligand in 3a , were

ocated in trans position to the iminic nitrogen of the Pd(C,N,O) 

nits. Moreover, the PPh 2 CH 2 CH 2 PPh 2 ligand acted as a bridging 

igand between the Pd(C,N,O) units of 3a . The distances and angles 

round of the palladium(II) centres and for the atoms determining 
5

he two fused five-membered metallacycles were in the usual in- 

ervals for this type of molecules [44–46] . It should be noted that 

he two halves of the molecule of 3a were not equivalent in the 

rystal of the adduct 3a ·5(dmso). Therefore, small differences in 

heir bond distances and angles were observed between them. 

The two fused five-membered metallacycles formed by 

minophenol a bonded in an endo - κ3 - C ortho ,N,O ortho coordina- 

ion mode to the palladium(II) centre of 2a were almost planar. 
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Table 2

IC 50 (μM) cell viability. Data are shown as the mean values of two experiments

performed in triplicate with the corresponding standard deviation.

Compound Trial MDA-MB-231 MCF-7 HCT-116 BJ

a 1 > 100 64 ± nd > 100 > 100

1a 1 > 100 > 100 > 100 > 100

2a 1 29 ± nd 7.8 ± 1.7 31 ± 5 86 ± nd

cisplatin a 1 4.4 ± 0.5 3.6 ± 1.7 19 ± 2 3 ± nd

3a 2 > 100 > 100 22 ± 5 15 ± 6

cisplatin a 2 13 ± 3 13 ± 2 3.6 ± 0.5 5.3 ± 0.7

a cis -[PtCl 2 (NH 3 ) 2 ] is taken as a reference anticancer compound. 
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M

he maximum deviated atoms from the planar metallacycles were 

(13) = 0.023(3) Å for the metallacycle Pd(1)-N(1)-C(8)-C(13)-O(2) 

plane 1) and N(1) = −0.025(2) Å for the metallacycle Pd(1)-C(1)- 

(6)-C(7)-N(1) (plane 2). The angle between planes 1 and 2 for 2a 

as 2.74(11) °. Furthermore for 2a , the angles of the coordination 

lane, which is formed by the atoms directly bonded to the 

alladium(II) centre, with planes 1 and 2 were 2.13(9) and 2.19(10) 

, respectively. Thus, the coordination plane and the two fused 

ve-membered metallacycles of 2a were almost co-planar. In spite 

f this, the coordination sphere of the palladium(II) centre in 2a 

as quite distorted due to the chelate bite angles of its two fused 

ve-membered metallacycles, which were 82.54(10) and 80.21(8) 

for C(1)-Pd(1)-N(1) and N(1)-Pd(1)-O(2), respectively. This gave 

lace to an angle C(1)-Pd(1)-O(2) of 162.50(9) ° for 2a , quite far 

rom 180 ° that should be expected for an ideal square-planar 

eometry of coordination. Similar arguments can be applied to 

escribe the structure of the molecule of 3a and in this case the 

ngles C(13)-Pd(1)-O(1) and C(26)-Pd(2)-O(3) were 163.5(3) and 

62.8(3) °, respectively. 

.3. Biological studies 

.3.1. Cytotoxic activity 

Table 2 shows the results of the cell viability assay regarding 

he cell lines MDA-MB-231 and MCF-7 breast and HCT-116 colon 

uman cancer cell lines, and the normal skin human BJ cells. The 

ffects of the assayed compounds a on the selected cell lines were 

ssessed after 72 h and the tabulated IC 50 values are the average 

f two experiments. Cisplatin was incorporated in the trials as a 

eference anticancer drug. 

The results of the cell viability assay showed that most com- 

ounds a were noncytotoxic or poorly cytotoxic against the cell 

ines studied. For instance, iminophenol a and compound 1a were 

oncytotoxic at concentrations of 100 μM for most of the cell 

ines studied. Nonetheless, iminophenol a was somewhat cytotoxic 

gainst the MCF-7 cell line (IC 50 = 64 μM). It should be noted 

hat in the same trial and cell lines, cisplatin presented IC 50 val- 

es in the interval between 3 and 19 μM. 3a was noncytotoxic 

s well for the MDA-MB-231 and MCF-7 breast cancer cell lines, 

nd poorly cytotoxic towards the HCT-116 colon cancer cell line 

IC 50 = 22 ± 5 μM). In fact, 3a was six times less cytotoxic than

isplatin against the HCT-116 colon cancer cell line. Furthermore, 

a was a nonselective compound since it was more cytotoxic to- 

ards the normal human skin BJ cells (IC 50 = 15 ± 6) than for the

CT-116 cancer cells (IC 50 = 22 ± 5 μM). 

Compound 2a displayed the best profile as anticancer drug. 

hus, 2a was moderately cytotoxic against the MCF-7 breast 

IC 50 = 7.8 ± 1.7 μM) and HCT-116 colon (IC 50 = 31 ± 5 μM) hu-

an cancer cell lines, and presented very low cytotoxicity towards 

ormal skin human BJ cells (IC 50 = 86 ± nd μM). Therefore, 2a 

as approximately two times less cytotoxic than cisplatin against 

he MCF-7 breast and HCT-116 colon human cancer cell lines, but 

t was almost noncytotoxic against the normal skin human BJ cells. 
6

The results obtained on the cell viability assay for 1a - 3a are in 

greement with previous findings in our research group about the 

elationship between the lipophilicity of palladium(II) cyclomet- 

llated compounds derived from imines or primary amines and 

heir cytotoxicity [35–37] . The phenol functions of the iminophe- 

ol a or the phenol and phenoxido functions of compound 1a 

ould explain their noncytotoxic or low cytotoxic character against 

he cell lines studied due to the high hydrophilic character that 

hese functions impart to them. Therefore, their transport by pas- 

ive diffusion inside the cells could not be efficient due to their 

on-well-balanced lipophilicity. In compound 2a , the PPh 3 ligand 

ncreases the lipophilia, and this could allow a better passive trans- 

ort of this compound through the cell membrane, explaining its 

etter profile as anticancer drug in relation to iminophenol a and 

ompound 1a . Ongoing from compound 2a to compound 3a , two 

henyl groups are formally replaced by a CH 2 –CH 2 group. This 

hould increase the hydrophilic character of compound 3a and dif- 

cult its passive transport inside the cells in relation to 2a . There- 

ore, the cytotoxic activity of compound 3a should decrease in re- 

ation to that of compound 2a , which is in fact what it is observed.

.3.2. Antibacterial activity 

Table 3 summarizes the results obtained in the antibacterial as- 

ay for iminophenol a and compounds 1a - 3a by the disk diffusion 

ethod. Interestingly, 1a - 3a presented a moderate antibacterial 

ctivity towards the gram positive B. subtilis and S. aureus and the 

ram negative E. Coli bacterial strains. The palladium(II) cyclomet- 

llated imine compounds J and K in Table 1 presented a somewhat 

etter antibacterial activity than compounds 1a - 3a . Moreover, 

 and K were active against all the antibacterial strains given in 

able 3 [34] . In addition, a benzophenone imine palladium(II) cy- 

lometallated compound ( B in Table 1 ) afforded also moderate an- 

ibacterial activity in relation to the commercial antibiotic cefixime 

gainst the gram positive B. subtilis and the gram negative E. are- 

genes bacterial strains [38] . Futhermore, a palladium(II) cyclomet- 

llated primary amine quite related to J (compound I in Table 1 ) 

roduced a somewhat higher antibacterial activity and greater se- 

ectivity than J [34] . 

Iminophenol a was the most active antibacterial compound a . 

n a similar way, the precursor imine of compounds J and K of 

ormula ( E ) −2,4,6-Me 3 C 6 H 2 –CH 

= N-2-PhC 6 H 4 was also more active 

han them, regarding its antibacterial activity. Noteworthy, this lat- 

er imine presented an antibacterial activity approaching that of 

he commercial antibiotics cefixime and ciprofloxacin for several 

acterial strains [34] . Surprisingly, the iminophenol a or the imine 

 E ) −2,4,6-Me 3 C 6 H 2 –CH 

= N-2-PhC 6 H 4 presented the same antibac- 

erial selectivity than compounds 1a - 3a or compounds J and K , 

espectively. 

The antibacterial activity of palladium(II) organometallic or co- 

rdination compounds has not been extensively studied [47] . Nev- 

rtheless, related with the antibacterial activity of the palladium(II) 

yclometallated compounds discussed in this section, a κ1 - C ortho 

minophenylpalladium(II) compound displayed a high antitubercu- 

ar activity [48] , and one palladium(II) cyclometallated compound 

ontaining a κ3 - P,C,P diphosphane chelating ligand, a high an- 

ibacterial activity [49] . 

.3.3. Antioxidant activity 

Table 4 shows the results of the DPPH radical scavenging assay 

or iminophenol a and compounds 1a - 3a . In previous works, we 

tudied the antioxidant activity of: 1) a few palladium(II) cyclomet- 

llated compounds derived from benzophenone imine, including 

ompound B in Table 1 [38] , 2) the palladium(II) cyclometallated 

ompound I derived from the primary amine 2-phenylaniline [34] , 

nd 3) compounds J and K derived from the imine ( E ) −2,4,6- 

e C H 

–CH 

= N-2-PhC H [34] . The structural formula of com- 
3 6 2 6 4 
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Table 3

Antibacterial activity ( in vitro ) given as inhibition zone (mm).

Compound B. subtilis a S. aureus a S. pyogenes a E. coli b P. aeruginosa b S. typhi b

a 24 ± 1.5 26 ± 0.5 – 22 ± 0.5 – 20 ± 1 

1a 22 ± 1 18 ± 1 – 19 ± 1 – 18 ± 1 

2a 18 ± 0.5 20 ± 0.5 – 21 ± 1.5 – –

3a 20 ± 0.5 16 ± 1.5 – 16 ± 1.25 – –

cefixime 33 ± 1.5 31 ± 1 35 ± 1.5 29 ± 0.5 36 ± 1.25 31 ± 2 

5 - 10 mm = activity. 11 - 25 mm = moderate activity. 26 - 40 mm = strong activity [50] . 
a Gram-positive.
b Gram-negative. - = No activity. 

Table 4

Antioxidant activity expressed as the % ± sd of DPPH free radical scavenging. 

Compound 200 a 100 a 40 a 20 a 10 a 5 a IC 50 
a IC 50 

b 

a 79 ± 1 67 ± 1 58 ± 1 39 ± 2 25 ± 1 16 ± 1 32 ± 1 0.15

1a 73 ± 1 60 ± 1 48 ± 1 36 ± 1 23 ± 1 10 ± 1 50 ± 1 0.16

2a 66 ± 1 52 ± 2 41 ± 2 30 ± 2 20 ± 1 5 ± 1 87 ± 1 0.15

3a 81 ± 1 73 ± 2 64 ± 1 50 ± 1 33 ± 1 20 ± 1 82 ± 1 0.08

ascorbic acid 87 ± 0.5 84 ± 1 80 ± 0.25 70 ± 0.5 56 ± 1 35 ± 1 8.75 ± 0.5 0.05

a μg/mL.
b mM.
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ounds B , I , J and K is given in Table 1 . The antioxidant activity in

he DPPH radical scavenging assay for these latter compounds can 

e classified as moderate with IC 50 values in the interval between 

.22 and 0.13 mM related to the ascorbic acid (IC 50 = 0.05 mM). 

scorbic acid was used as a reference antioxidant agent in these 

xperiments. The antioxidant activity of 1a and 2a was also in 

he interval 0.22 and 0.13 mM. 3a was the compound a with the 

est antioxidant activity (IC 50 = 0.08 mM), approaching that of the 

scorbic acid. 

It should be noted that the precursor imine of compounds J and 

 presented a strong antioxidant activity (IC 50 = 0.06 mM) quite 

imilar to that of the ascorbic acid (IC 50 = 0.05 mM) [34] , while

he iminophenol a was only a moderate antioxidant compound. 

The antioxidant activity of the precedent palladium(II) com- 

ounds could be related with the redox properties of their palla- 

ium(II) centre. Thus, an accessible Pd(III) oxidation state for these 

ompounds could explain the reduction of the DPPH radicals when 

hey are used as scavengers in this assay [51] . Then, the dinuclear 

tructure of compound 3a could explain its better antioxidant ac- 

ivity in relation to compound 2a , with a mononuclear structure. 

oreover, the presence of HN-Pd(II) bonds in compounds B or I 

r the phenol function in compounds 1a or 2a did not increase 

heir antioxidant activity in relation to the palladium(II) imine cy- 

lometallated compounds J or K without N 

–H or O 

–H bonds in 

heir structure. These results suggest that the transference of a hy- 

rogen atom from compounds B , I , 1a , 2a and 3a to the DPPH radi-

al could not be their main mechanism for the scavenging of DPPH 

adicals [52] . 

.3.4. Electrophoretic DNA migration 

The results of the electrophoretic gel mobility shift assay of the 

Bluescript SK + plasmid DNA incubated with iminophenol a or 

ompounds 1a - 3a are presented in Fig. 4 . In this assay, cisplatin 

nd ethidium bromide were included as positive controls for an 

lkylating and intercalator agent for DNA, respectively. 1a was the 

nique compound of the series that changed the electrophoretic 

obility of the pBluescript SK + plasmid DNA. This change fol- 

owed the pattern of cisplatin , but it started to take place at a con-

entration twenty times higher than that of cisplatin . In addition, 

 comparison with ethidium bromide, revealed that none of the 

ompounds a , including iminophenol a , acted as a DNA intercala- 

or since no retardation in the mobility of pBluescript SK + plas- 

id DNA bands was observed when the pBluescript SK + plasmid 
7

NA was incubated with compounds a , contrary to what was ob- 

erved with ethidium bromide. These results suggest that the ge- 

omic DNA is not the primary target for iminophenol a or com- 

ounds 1a - 3a . Similar results have been obtained in the other 

eries of palladium(II) cyclometallated compounds studied in our 

esearch group [34–39] . 

.3.5. Topoisomerase I inhibition 

To evaluate the ability of iminophenol a or compounds 1a - 3a 

o inhibit topoisomerase I activity, pBluescript SK + plasmid DNA 

as incubated with topoisomerase I in the presence of compounds 

 at a concentration of 100 μM. Then, the incubated samples were 

ubjected to agarose gel electrophoresis to evaluate the extent of 

elaxed DNA. The results are presented in Fig. 5 and show that 

one of the compounds a prevented the unwinding of DNA by 

he action of the topoisomerase I. Therefore, these results indicated 

hat compounds a were not topoisomerase I inhibitors, thus point- 

ng out to another biological target for them. 

.3.6. Topoisomerase II α inhibition 

To test the putative inhibitory activity of iminophenol a or com- 

ounds 1a - 3a on the topoisomerase II α, pBluescript SK + plasmid 

NA was incubated at 37 °C with topoisomerase II α in the pres- 

nce of increasing concentrations of the preceding compounds. The 

esults are presented in Fig. 6 and show that 1a - 3a were able to 

nhibit topoisomerase II α activity. Compound 1a was the most ac- 

ive since inhibition of topoisomerase II α was observed at 10 μM, 

hile 2a and 3a produced the inhibition of the topoisomerase II α
t 50 and 25 μM, respectively. The inhibition in vitro of topoiso- 

erase II α by compounds 1a - 3a suggest that topoisomerase II α
ould be a biological target for them. 

Topoisomerases I and II are important enzymes, which are in- 

olved in the mechanism of DNA replication, and have been iden- 

ified as the primary target for drugs in clinical use for the treat- 

ent of cancer. Other Ru(II), Pd(II), Pt(II), Cu(II), Au(III) and Zn(II), 

etween other metallic centres, coordination or organometallic 

ompounds have been reported to be very efficient inhibitors of 

opoisomerases I or II [53] . 

. Final remarks

Although the pharmacological activities reported in this work 

re in most cases, low or moderate, they can be useful to un- 

erstand the relationship between the structure of palladium(II) 
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Fig. 4. Interaction of pBluescript SK + plasmid DNA (0.8 μg). 1 : DNA (0.8 μg). 4 : 1 + 2.5 μM of the tested compound. 5 : 1 + 5 μM of the tested compound. 6 : 1 + 10 μM 

of the tested compound. 7 : 1 + 25 μM of the tested compound. 8 : 1 + 50 μM of the tested compound. 9 : 1 + 100 μM of the tested compound. 10 : 1 + 200 μM of the 

tested compound. sc = supercoiled closed circular DNA; oc = open circular DNA. 

Fig. 5. Analysis of the compounds as topoisomerase I inhibitors. D : supercoiled

pBluescript SK + DNA (0.8 μg). T : D + topoisomerase I (3 units). 1 : T + 100 μM 

of a . 2 : T + 100 μM of 1a . 3 : T + 100 μM of 2a . 4 : T + 100 μM of 3a . 
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olecular compounds and their pharmacological properties. Accu- 

ulated data suggest a clear relationship between the cytotoxicity 

f these compounds and their lipophilicity. Thus, a well-balanced 

ipophilicity seems to be crucial for their incorporation by passive 

ransport inside the cancer cells, parasites, or microbes to produce 

hen their pharmacological activities [[ 35–37 ], 54 and this work]. 

n addition, the antioxidant activity of 3a and the inhibitory effect 

f 1a on the topoisomerase II α reported in this work are remark- 

ble. 

. Experimental part

C, H, N microanalyses were performed with a Carlo-Erba EA 

108 instrument. High resolution ESI( + ) mass spectra were ac- 

uired with an LC/MSD-TOF mass spectrometer using H 2 O/CH 3 CN 

1:1) as eluent. IR spectra were collected with a Nicolet Avatar 300 

T-IR spectrometer using KBr discs. 1 H and 

31 P{ 1 H} NMR spectra 

ere recorded in a Varian Mercury 400 and Bruker 400 Avance 

II, respectively. Chemical shifts were measured relative to SiMe 4 
or 1 H and to trimethylphosphate ( δ = 2.39 ppm) for 31 P Chemical 

hifts are reported in ppm and coupling constants in Hz. Chemical 

ompounds were commercial and were used as received. 

The crystal structures of the adducts 2a ·2(CH 2 Cl-CH 2 Cl) and 

a ·5(dmso) have been deposited at The Cambridge Crystallographic 
ig. 6. Analysis of compounds as topoisomerase II α inhibitors. D : supercoiled pBluescript 

 : T + 10 μM of tested compound. 3 : T + 25 μM of tested compound. 4 : T + 50 μM of te

8

ata Centre (CCDC) and they have been assigned with the deposi- 

ion numbers: CCDC 2,192,023 and CCDC 2,192,024, respectively. 

.1. Preparation of compounds 

a : A suspension formed by 2.442 g (20 mmol) of 4- 

ydroxybenzaldehde, 2.182 g (20 mmol) of 2-aminophenol and 

0 mL of ethanol was stirred under reflux for 4 h. The solution 

as concentrated in vacuum and 5 mL of ethanol was added to 

he residue. Then, the suspension was stirred at room temperature 

or 1 h, and the yellow solid was filtered and dried in vacuum. 

ield: 3.436 g (82%). Anal. Calc. for C 13 H 11 NO 2 (%): C, 73.23; H, 

.20; N, 6.57. Found: C, 73.2; H, 5.3; N, 6.5. High resolution ESI-( + )

 m/z ): 214.0862 (calculated for C 13 H 12 NO 2 = 214.0862) [M a + H] + .
R (cm 

−1 ): 3212 (st OH), 1623 (st C = N). 1 H NMR (400 MHz,

mso-d 6 ): 10.03 (br s, OH), 8.72 (br s, OH), 8.54 (s, 1H, CH 

= N),

.86 (d, 3 J HH = 8, 2H, 1 and 4), 7.15 (dd, 3 J HH = 8, 4 J HH = 2, 1H, 5),

.04 (td, 3 J HH = 8, 4 J HH = 2, 1H, 7), 6.88 (d, 3 J HH = 8, 2H, 2 and 3),

.87 (dd, 3 J HH = 8, 4 J HH = 2, 1H, 8), 6.81 (td, 3 J HH = 8, 4 J HH = 2,

H, 6). 

1a : A suspension formed by 0.250 g (1.113 mmol) of palla- 

ium(II) acetate, 0.237 g (1.113 mmol) of iminophenol a and 5 mL 

f acetic acid was stirred at 60 °C for 24 h. The solution was 

oncentrated in vacuum and the residue was purified by column 

hromatography, using silica gel-60 as the stationary phase and 

thyl acetate as the mobile phase. The red band was collected 

nd concentrated in vacuum. Addition of 7 mL of CH 2 Cl 2 to the 

esidue and stirring for 1 h afforded a reddish solid, which was 

ltered and dried in vacuum. Yield: 0.230 g (65%). Anal. Calc. for 

 13 H 9 NO 2 Pd (%): C, 49.16; H, 2.86; N, 4.41. Found: C, 49.2; H,

.9; N, 4.4. High resolution ESI-( + ) ( m/z ): 317.9746 (calculated for 

 13 H 10 NO 2 Pd = 317.9741) [M 1a ( n = 1) + H 

+ ], 345.9802 (calcu- 

ated for C 13 H 10 N 3 O 2 Pd = 345.9802) [M 1a ( n = 1) + N 2 + H 

+ ],
59.0 0 08 (calculated for C 15 H 13 N 2 O 2 Pd = 359.0 0 06)

M 1a ( n = 1) + MeCN + H 

+ ]. IR (cm 

−1 ): 3260 (st OH), 1579

st C = N). 1 H NMR (400 MHz, acetone-d 6 ): 7.92 (s, OH), 7.56 (s,

H, CH 

= N), 7.32 (dd, 3 J HH = 8, 4 J HH = 2, 1H, 8), 7.00 (d, 3 J HH = 6.9,

H, 4), 6.85 (td, 3 J HH = 8, 4 J HH = 2, 1H, 7), 6.69 (dd, 3 J HH = 8,
DNA (0.3 μg). T : D + Topoisomerase II α (4 units). 1 : T + 5 μM of tested compound. 

sted compound. 5 : T + 100 μM of tested compound. 



J. Albert, B.A. Janabi, J. Granell et al. Journal of Organometallic Chemistry 983 (2023) 122555

4
 

3

 

(

p

o

f  

H  

5  

1  

d  

6  

5  

3  

3

p  

o

n

d

H

E  

[

1  

N

7
3

 

6  

3

4

c

g

M

a

f

t

4

p

D

m

0

i

n

[

c

c

μ

c

l

w

f

u

m

m

s

c

w  

t

b

E

4

r

l  

t  

S  

o

p

(

4

l

i

p

l

s

t

T

i

c

4

w

n  

c

o  

1

c

D

w

a

v

a

a

m

t

c

i

c

v

a

c

r . 

T  

f

4

t

(

S

m

c  

r

a

y

m

e

 J HH = 2, 1H, 5), 6.29 (td, 3 J HH = 8, 4 J HH = 2, 1H, 6), 6.25 (dd,
 J HH = 8, 4 J HH = 2, 1H, 3), 5.80 (d, 4 J HH = 2, 1H, 2). 

2a : A suspension formed by 0.100 g (0.314 mmol) of 1a , 0.082 g

0.314 mmol) of PPh 3 and 5 mL acetone was stirred at room tem- 

erature for 1 h. The garnet solid was filtered, washed with 5 mL 

f acetone and dried in vacuum. Yield: 0.130 g (73%). Anal. Calc. 

or C 31 H 24 NO 2 PPd (%): C, 64.20; H, 4.05; N, 2.42. Found: C, 64.2;

, 4.2; N, 2.5. High resolution ESI-( + ) ( m/z ): 580.0 6 6 6 (calculated

80.0670 for C 31 H 25 NO 2 PPd) [M 2a + H 

+ ]. IR (cm 

−1 ): 3227 (st OH),

586 (st C = N), 1098 (q X-sensitive of PPh 3 ). 
1 H NMR (400 MHz,

mso-d 6 ): 9.45 (br, OH), 8.28 (d, 4 J HP = 12, CH 

= N), 7.63 - 7.55 (m,

H, o-pH), 7.54 - 7.50 (m, 9H, p- and m-pH), 7.23 (d, 3 J HH = 8, 1H,

), 7.04 (d, 3 J HH = 8, 1H, 4), 6.78 (t, 3 J HH = 8, 1H, 6), 6.27 - 6.17 (m,

H, 7, 3, and 8), 5.51 (s, 1H, 2). 31 P{ 1 H} NMR (162 MHz, dmso-d 6 ):

4.06 (s). 

3a : A suspension formed by 0.100 g (0.317 mmol) of com- 

ound 1a , 0.062 g, (0.157 mmol) of PPh 2 CH 2 CH 2 PPh 2 and 5 mL

f acetone was stirred at room temperature for 2 h. The gar- 

et solid formed was filtered, washed with 5 mL of acetone and 

ried in vacuum. Yield: 0.144 g (89%). Anal. Calc. for (%): C, 60.42; 

, 4.10; N, 2.71. Found: C, 60.4; H, 4.2; N, 2.8. High resolution 

SI-( + ) ( m/z ): 716.1100 (calculated 716.1095 for C 39 H 34 NO 2 P 2 Pd)

M 1a ( n = 1) + PPh 2 CH 2 CH 2 PPh 2 + H 

+ ]. IR (cm 

−1 ): 3213 (st OH),

582 (st C = N), 1107 (q X-sensitive of PPh 2 CH 2 CH 2 PPh 2 ). 
1 H

MR (400 MHz, dmso-d 6 ): 8.29 (apparent triplet, 2H, CH 

= N), 7.97–

.94 (m, 8H, o-pH), 7.48–7.44 (m, 12H, m-pH and p-pH), 7.26 (d, 
 J HH = 8, 2H, 5), 7.05 (d, 3 J HH = 8, 2H, 4), 6.89 (t, 3 J HH = 8, 2H, 6),

.38–6.19 (m, 6H, 3, 7 and 8), 5.49(s, 2H, 2), 2.74 (br s, 4H, CH 2 P).
1 P{ 1 H} NMR (162 MHz, dmso-d 6 ): 34.33 (s). 

.2. Cell culture 

MBA-MD-231 and MCF-7 breast, and HCT-116 colon human 

ancer cells and primary normal fibroblasts human BJ cells were 

rown as a monolayer culture in Dulbecco’s Modified Eagle 

edium-High Glucose (450 mM) (DMEM-HG), with l -glutamine 

nd without sodium pyruvate, in presence of 10% heat-inactivated 

oetal calf serum, and 0.1% streptomycin/penicillin, in standard cul- 

ure conditions (humidified air with 5% CO 2 at 37 °C). 

.3. Cell viability assay 

A stock solution (50 mM) of each tested compound was pre- 

ared in high purity DMSO. Serial dilutions were made with 

MSO/DMEM-HG (1:1) and finally a 1:500 dilution on culture 

edium was prepared. The final assay concentration of DMSO was 

.2% in all experiments. In the case of cisplatin , a stock solution 

n water of cisplatin (1 mg/mL) was diluted with water until fi- 

al assay concentrations. The assay was performed as described 

55] . MDA-MB-231, MCF-7, and HCT-116 cells were plated at 50 0 0

ells/well and BJ cells at 10,0 0 0 cells/well in 10 0 μL media in tissue

ulture 96-well plates. After 24 h, the media was replaced by 100

L/well of drug serial dilutions. Control wells did not contain the

ompounds under study. Each point concentration was run in trip- 

icate. Reagent blanks, containing media and colorimetric reagent 

ithout cells were run on each plate. Blank values were subtracted 

rom test values and were routinely 5 - 10% of the control val- 

es. Plates were incubated for 72 h. Hexosaminidase activity was 

easured according to the following protocol. The media were re- 

oved, and cells were washed once with PBS. 60 μL of substrate 

olution p-nitrophenol- N -acetyl- β- D -glucosamide 7.5 mM, sodium 

itrate 0.1 M at pH 5.0, and 0.25% Triton X-100 was added to each 

ell and incubated at 37 °C for 1 - 2 h. After this incubation

ime, a bright yellow appeared. Then, the plates were developed 

y adding 90 μL of developer solution (Glycine 50 mM, pH 10.4; 

DTA 5 mM) and the absorbence was recorded at 410 nm. 
9

.4. Antibacterial assay 

Tested compounds were screened to determine their antibacte- 

ial activity against six bacterial strains, three gram positive Bacil- 

us subtilis, Staphylococcus aureus and Streptococcus pyogenes,  and

hree gram negative Escherichia coli, Pseudomonas aeruginosa,  and

almonella typhi by using the disc diffusion method [56–57].  The

rganisms were cultured in nutrient broth at 37 °C for 24 h. One 

er cent broth culture containing approx. 10 6 colony-forming units 

CFU/mL) of test strain were added to nutrient agar medium at 

5 °C and poured into sterile petri plates. The medium was al- 

owed to solidify. Five microliters of the test compound (10 mg/mL 

n DMSO) were poured on 4-mm diameter sterile paper disks and 

laced on nutrient agar plates respectively. In each plate, 5 micro- 

iters of DMSO served as negative control and 50 microliters of 

tandard antibacterial drug cefixime (1 mg/mL) served as a posi- 

ive control. Triplicate plates of each bacterial strain were prepared. 

he plates were incubated at 37 °C for 24 h. The antibacterial activ- 

ty was determined by measuring the diameter of zones showing 

omplete inhibition (mm). 

.5. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay 

The scavenging activity of tested compounds for DPPH radicals 

as determined according to the method reported earlier with mi- 

or modifications [58].  A stock solution (5 mg/mL) of each tested

ompound was prepared in DMSO. Serial dilutions were carried 

ut to obtain concentrations of 20 0, 10 0, 40, 20, 10 and 5 μg/mL.

5 μL of each test sample or DMSO in the case of the negative 

ontrol was mixed with 2985 μL of 0.1 mM methanolic solution of 

PPH in glass vials so that the final volume was 3 mL. The vials 

ere capped, and the reaction mixture was incubated for 30 min 

t 37 °C in dark. After incubation the change in colour (from deep- 

iolet to light-yellow) of DPPH solution was measured by taking 

bsorbence of reaction mixtures at 517 nm on a PDA (photo diode 

rray) spectrophotometer (Agilent 8453). A mixture of 2985 μL of 

ethanol and 15 μL of DMSO was used as a blank for spectropho- 

ometric measurements. Each concentration was assayed in tripli- 

ate. Ascorbic acid was used as a reference standard and dissolved 

n distilled water to make the stock solution with the same con- 

entration (5 mg/mL). A control was prepared containing the same 

olume without any test solution and reference ascorbic acid. The 

ntioxidant activity of the synthesized compounds is expressed 

omparing with standard ascorbic acid. Lower absorbence of the 

eaction mixture indicates higher free radical scavenging activity

he % scavenging of the DPPH radical was calculated by using the

ollowing formula: 

%  sca v enging act i v it y 

= 

absorbance of control − absorbance of test sample 

absorbance of control 
× 100 

.6. DNA migration studies 

All compounds under study were prepared at 10 mM concen- 

ration in DMSO and afterwards, serial dilutions in MilliQ water 

1:1) were made. For DNA interaction studies, plasmid pBluescript 

K + (Stratagene) was used at a concentration of 40 μg/mL. Plas- 

id DNA (0.8 μg) was incubated with different concentrations of 

ompounds ranging from 0 to 200 μM at 37 °C for 24 h in a final

eaction volume of 20 μL. The final DMSO concentration in the re- 

ctions was always lower than 1%. DNA-drug interaction was anal- 

sed by agarose gel electrophoresis following a modification of the 

ethod described [59] . Cisplatin (1–10 μM) was used as a refer- 

nce control. The gel was stained at the end of the electrophoretic 
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rocess with ethidium bromide at 0.5 mg/mL for 1 hour and DNA 

ands were visualized under UV light. 

.7. Topoisomerase I inhibition assay 

Topoisomerase I assay was performed as previously described 

60] . Supercoiled pBluescript DNA was treated with topoisomerase 

 in the absence or presence of the compounds under analysis. As- 

ay mixtures contained supercoiled pBluescript DNA (0.8 μg), calf 

hymus topoisomerase I (3 units), and the compounds under anal- 

sis at 100 μM in 20 μL of relaxation buffer Tris–HCl buffer (pH 

.5), containing 175 mM KCl, 5 mM MgCl 2 and 0.1 mM EDTA. Re- 

ctions were incubated for 30 min at 37 °C and stopped by the 

ddition of 2 μL of agarose gel loading buffer. Sam ples were then 

ubjected to electrophoresis and DNA bands stained with ethidium 

romide as described in the DNA migration studies experimental 

art. 

.8. Topoisomerase II α inhibition assay 

Topoisomerase II α inhibitory activity was measured as previ- 

usly described [60] . Briefly, pBluescript DNA was incubated with 

opoisomerase II α in the absence or presence of compounds under 

nalysis. Assay mixtures contained supercoiled pBluescript DNA 

0.3 μg), tested compounds at concentrations 5 - 100 μM in 20 

L of Topo II reaction buffer and Topoisomerase II α (4 units). Re- 

ctions were incubated for 45 min at 37 °C and stopped by the 

ddition of 2 μL of agarose gel loading buffer. After agarose gel 

lectrophoresis, DNA bands were visualized by ethidium bromide 

taining as described in the DNA migration studies experimental 

art. 
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