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a b s t r a c t 

Here, we present a study on the synthesis and biological properties of the ruthenium complexes hav- 

ing naphthyl substituted NHC ligands, which are of great importance for drug development studies. For 

this purpose, in our study, imidazolidine-functionalized Ru(II)NHC complexes containing naphthyl sub- 

stitute group were synthesized and in vitro anticancer activity as well as DNA binding properties us- 

ing agarose gel electrophoresis and ethidium bromide fluorescence quenching assay methods were de- 

termined in order to understand the biological activities. The Ru(II)NHC complexes were prepared from 

naphthyl-substituted Ag(I)NHC complexes and [RuCl 2 ( p -cymene)] 2 via the transmetallation method. These 

new complexes were characterized by using 1 H NMR, 13 C NMR, FTIR spectroscopic method and elemen- 

tal analysis techniques. Consequently, complex 1d showed the highest anticancer activity in terms of IC 30 

and IC 50 values against HepG2 cell line as 23.9 and 32.84 μM, respectively. Moreover, depending on the 

data obtained from agarose gel electrophoresis and fluorescence spectrophotometry techniques, 1b had 

the highest DNA binding property, which means that 1b behaved binding DNA in the cell as an intercala- 

tive manner rather than disrupting the integrity of cell membrane like 1d 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The studies on the use of organometallic compounds as an- 

icancer agents are increasing day by day after the first ex- 

mple of cis-diamminedichloroplatinum(II) (known as cisplatin) 

as approved for clinical use in the late 1970s [1] . Furthermore, 

latinum-based anticancer drugs are known to have restrictive 

roperties due to dose-limiting toxicities and intrinsic drug resis- 

ance [2] . Complexes of other transition metals such as Au [3] , Ag

4] , Rh [5] , Pd [6] , Cu [7] , and Ru [8] could also be used as an-

icancer agents like platinum-based complexes. The coordination 

ompounds offer different biological and chemical diversity from 

rganic drugs. This diversity is due to both the chemical behavior 

f the metal, the types and numbers of ligands coordinated to the 

etal, and the coordination geometry of the complex [ 9 , 10 ]. 

Recently studies on ruthenium-based complexes as anticancer 

gents have been published [ 11 , 12 ]. Ruthenium-based anticancer 
∗ Corresponding author. 
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etallotherapeutics [ 13 , 14 ] are shown as an alternative to other 

etal complexes in this field due to their different modes 

f action, they have also been found to have certain bene- 

ts over platinum-based therapeutics [15] . Ruthenium-based com- 

lexes have desirable properties for medical applications due to 

heir ruthenium scaffolds. These complexes have properties active 

gainst certain cisplatin-resistant cell lines and have low side ef- 

ects due to higher selectivity for cancer cells compared to nor- 

al cells. Furthermore, they have higher selective for target cells. 

hey may be associated with selective uptake by tumor compared 

o healthy tissue. In general, it is thought to be that ruthenium 

ay mimic iron in binding to certain biological molecules [ 15 , 16 ].

owever, Alessio described this phenomena from a different per- 

pective. According to the suggestions of Alessio, ruthenium’s char- 

cteristic related to high affinity for transferrin molecule is con- 

used with the low toxicity effects of ruthenium which mimics iron 

ince ruthenium and iron are in the same group in the periodic 

able [16–18] . The ruthenium-based organometallic compounds as 

n anticancer agent have physicochemical and biological proper- 

ies, intelligently adjustable, and promising candidates for clinical 

https://doi.org/10.1016/j.molstruc.2021.131350
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131350&domain=pdf
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evelopment [19–21] . Recently, clinical trials have been performed 

or ruthenium-based complexes such as NAMI-A and KP1019 [22] . 

Functional N -heterocyclic carbene (NHC) complexes containing 

u, Pt, Ag, Rh, Pd, Cu, and Ru exhibited hopeful pharmacological 

roperties as anticancer agents and most of them showed a high 

herapeutic effect [23] . Com pared to platinum-containing drugs, 

hese non-platinum complexes target different pathways and dis- 

lay different activity methods for the death of cancer cells [24] . 

uch new metal complexes could have therapeutic potential to ef- 

ectively treat platinum-based drug-resistant cancer types by re- 

ucing the side effects caused by platinum-based drugs. Thus, 

hese metal complexes may have therapeutic potential to reduce 

he side effects caused by platinum-based drugs and to effectively 

reat platinum-based drug-resistant cancer styles [1] . 

The biological activities of organometallic compounds depend 

n both the metal atom and the properties of the ligands bear- 

ng on the metal atom [ 25 , 26 ]. Recently, NHCs are known as flex-

ble ligands in both classical and modern chemistry with their 

nique features such as strong electron donation ability, steric 

ulky and electronically adjustable properties and ease of prepa- 

ation [27–29] . The NHC ligands have attracted the attention of or- 

anic and organometallic chemists because of these unique prop- 

rties. In fact, many studies have recently been reported on the 

nzyme inhibition effects of NHC precursors that do not con- 

ain metal atoms [ 8 , 30–33 ]. These studies revealed that transi- 

ion metal complexes containing NHC ligands exhibit biological 

ctivity. 

Metal complexes, including transition metals, have been inves- 

igated as an anticancer agent for a long time because of their se- 

ectivity to cancer cells, different oxidation states and high stabil- 

ty. These complexes are tried to be developed as an alternative to 

he first FDA approved drug cisplatin which is a platinum-based 

rug used in ovarian cancer. However, alternative solutions have 

een tried to be developed due to its disadvantages such as sys- 

emic toxicity, poor dissolution in water and drug resistance devel- 

pment [34] . In the last decades, ruthenium (II) complexes attract 

ttention due to their anticancer properties. The underlying reason 

or this anticancer feature is that the Ru ion makes Fe mimic and 

inds to various serum proteins such as albumin and transferrin in 

rganism. Ruthenium complexes show two oxidation states in the 

rganism as Ru 

2 + and Ru 

3 + , and biological properties may vary ac- 

ordingly [35] . Since DNA is extremely sensitive to oxidation, the 

ost of the studies related to metallonucleases have been focus- 

ng on the molecules which cleave DNA oxidatively. Thus, it is so 

bvious that the structure of the ligand with oxidation level of the 

etal have a specific characteristic for their interaction with DNA. 

hese ruthenium complexes also show wonderful in vitro cytotoxi- 

ity [36] . 

The binding properties and interactions of newly synthesized 

mall molecules to DNA is a significant parameter in the de- 

ign of novel drugs. DNA-drug interactions basically occur in 

hree ways: a) Through transcription factors and polymerases, b) 

hrough triple helix formed by RNA-DNA interaction, and c) Inter- 

ction of small aromatic molecules with DNA double helix. Drug 

olecules can basically interact with DNA as covalent and non- 

ovalent bonds. In covalent bonds, the molecule interacts with DNA 

rreversibly, causing cell death. Cisplatin, the most active agent 

sed in the treatment of cancer (high response rates especially 

n ovarian and small cell lung cancers), is one of the represen- 

atives of this group and it shows the effect of chloride groups 

n its structure with the interaction of nitrogen groups in DNA 

ases [37] . 

A cationic intercalator is attracted by DNA, which is electro- 

tatically polyanionic in aqueous solution. The intercalator ion is 

eplaced by a sodium or magnesium cation that is always bound 

o DNA and establishes a weak electrostatic bond with the outer 
C

2 
urface of the DNA. The ligand can slide from this hydrophilic lo- 

ation into the hydrophobic environment between the base pairs. 

he energy absorbed by the DNA molecule from collisions with 

he molecules in the solution allows the base pairs to open for a 

hort time. The intercalator can enter this gap during a temporary 

nterval [38] . In order for an intercalator to enter between base 

airs, DNA must be partially unwinded to make room between 

ase pairs. The degree of unwinding depends on the intercalator. 

or instance, ethidium cation, which is the ionic form of ethid- 

um bromide in aqueous solution, is loosening DNA up to 26 °, and 

roflavine opens the auger at an angle of 17 ° This opening causes 

he base pairs to separate or relative "rise" of one base pair to the 

ther, so that a 3.4 Å gap occurs in DNA. This loosening causes 

hanges in local structures related to DNA molecule, such as an 

xtension of the DNA double helix or twisting of the base pairs. 

n recent years, when designing synthesized intercalators, existing 

ntercalators that are often used in chemotherapy are based on, 

nd a number of side chains (ring or straight chain aminoalkyl 

roups) are attached to them, or hetero/carbocyclic rings are in- 

luded in the structure while protecting their main structure [39] . 

n addition, in order to increase the interest of the intercalator to 

he intercalation area and the time it will spend there, synergetic 

ntercalators to which two or more identical ( e.g. bisacridines) or 

ifferent syner getic groups (such as metallo intercalators, cisplatin 

ound with acridine alkyl chains) that have the feature of interca- 

ator in the structure are also synthesized. The visualization of sev- 

ral physical changes resulting from the interaction of intercalators 

nd biomacromolecules by spectroscopic methods such as UV-GB, 

MR, CD and fluorescence enables the structure and functions of 

hese molecules to be determined. Fluorescence spectrophotome- 

er is widely used especially in the analysis of organic compounds 

hat are connected to DNA by intercalation [40] . 

In this study, we synthesized imidazolidine-functionalized 

u(II)NHC complexes containing a novel series of naphthyl- 

ubstituted NHC ligands. The structures of these new Ru(II)NHC 

omplexes were fully characterized by using spectroscopic meth- 

ds and elemental analysis techniques. The biological activities of 

hese synthesized complexes were investigated in terms of anti- 

ancer as well as DNA binding activities using ct DNA with ethid- 

um bromide (EtBr) fluorescence quenching and pBR322 plasmid 

NA via agarose gel electrophoresis methods. 

. Experimental Part 

.1. Synthesis and Characterization of N -naphthyl Substituted 

u(II)NHC Complexes 

All imidazolidine-functionalized Ru(II)NHC complexes 1a-d con- 

aining naphthyl substitute group were synthesized by using the 

tandard Schlenk technique. The solvents used were purified by 

istillation over the drying agents indicated and the solvents 

sed for the synthesis of the complexes were purified by distil- 

ation on known drying were transferred under Ar: Et 2 O (Na/K 

lloy), CH 2 Cl 2 (P 4 O 10 ), hexane, toluene (Na). All other reagents 

ere commercially available from Alfa Aesar and Merck-Sigma- 

ldrich Chemical Co. and used without further purification. Melt- 

ng points were identified in glass capillaries under air with an 

lectrothermal-9200 melting point apparatus. FT-IR spectra were 

aved in the range 40 0–40 0 0 cm 

−1 on Perkin Elmer Spectrum 

00 FT-IR spectrometer. Proton ( 1 H) and Carbon ( 13 C) NMR spec- 

ra were recorded using either a Bruker 300 Merkur spectrometer 

perating at 300 MHz ( 1 H), 75.47 MHz ( 13 C) in CDCl 3 with tetram-

thylsilane as an internal reference. Elemental analyses were per- 

ormed by İnönü University Scientific and Technological Research 

enter (Malatya, TURKEY). 
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.1.1. Synthesis of dichloro[1-benzyl-3-naphthyl-imidazolidin-2- 

lidene]( p -cymene)ruthenium(II), 1a 

The complex 1a was prepared from the chloro[1-benzyl-3- 

aphthyl-imidazolidin-2-ylidene]silver(I) (0.124 g, 0.28 mmol) and 

RuCl 2 ( p -cymene)] 2 in 25 mL dichloromethane. This mixture was 

tirred for 24 h. at room temperature in dark condition. Then, the 

ixture was filtered through celite and the solvent were evapo- 

ated under vacuum to afford the product as a red solid. The crude 

roduct was recrystallized from dichloromethane/diethyl ether 

1:3) at room temperature [ 8 , 33 ]. Yield: 146 mg, (84%). m.p.: 202–

03 °C; ν(CN) : 1450 cm 

−1 . Anal. Calc. for C 31 H 34 Cl 2 N 2 Ru: C:61.38;

:5.65; N:4.62. Found: C:61.67; H:6.02; N:4.38. 1 H NMR (300 MHz, 

DCl 3 ); δ 1.02 and 1.14 (s, 6H, p- CH 3 C 6 H 4 CH(C H 3 ) 2 ); 1.95 ( s , 3H, p -

 H 3 C 6 H 4 CH(CH 3 ) 2 ); 2.64 ( m , 1H, p -CH 3 C 6 H 4 C H (CH 3 ) 2 ); 3.45, 3.57

nd 3.78 ( s , 4H, NC H 2 C H 2 N); 5.01 and 5.06 ( s , 2H, NC H 2 C 6 H 5 );

.19 ( s , 2H, NC H 2 C 10 H 7 ); 5.27 and 5.40 ( d , 4H, J : 5.9 and

.9 Hz, p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 7.20–8.10 ( m , 12H, Ar–H ); 13 C NMR

300 MHz, CDCl 3 ); δ 18.5 and 19.0 [ p -CH 3 C 6 H 4 CH( C H 3 ) 2 ]; 22.2

 p - C H 3 C 6 H 4 CH(CH 3 ) 2 ]; 30.7 [ p -CH 3 C 6 H 4 C H(CH 3 ) 2 ]; 4 9.2 and 4 9.7

N C H 2 C H 2 N); 52.9 ( - N C H 2 C 6 H 5 ); 56.0 ( s , 2H, N C H 2 C 10 H 7 ); 80.6,

1.3, 96.8, 97.2, 101.2 and 107.4 ( p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 122.4, 123.0,

25.2, 126.3, 126.7, 127.7, 128.0, 128.7, 128.8, 131.1, 133.6, 133.8 and 

37.1. (Ar–C ); 209.8 (Ru–C c arben e ). 

.1.2. Synthesis of dichloro[1-(2-methylbenzyl) −3-naphthyl - 

midazolidin-2-ylidene]( p -cymene) ruthenium(II), 1b 

The complex 1b was synthesized by performing the same 

rocedure for the synthesis of complex 1a . Here, the chloro[1- 

2-methylbenzyl) −3-naphthyl-imidazolidin-2-ylidene]silver(I) 

0.128 g, 0.28 mmol) was used as the starting material sil- 

er complex. Yield: 141 mg, (79%). m.p.: 214–215 °C; ν(CN) : 

447 cm 

−1 . Anal. Calc. for C 32 H 36 Cl 2 N 2 Ru: C:61.93; H:5.85; N:4.51.

ound: C:62.37; H:6.04; N:4.46. 1 H NMR (300 MHz, CDCl 3 ); 

1.01 and 1.14 (s, 6H, p- CH 3 C 6 H 4 CH(C H 3 ) 2 ); 1.94 ( s , 3H, p -

 H 3 C 6 H 4 CH(CH 3 ) 2 ); 2.32 ( s , 3H, -NCH 2 C 6 H 4 (C H 3 )); 2.62 ( m , 1H,

 -CH 3 C 6 H 4 C H (CH 3 ) 2 ); 3.46, 3.61 and 3.78 (s, 4H, NC H 2 C H 2 N);

.27 and 5.40 ( d , 4H, J : 5.9 and 5.9 Hz, p -CH 3 C 6 H 4 CH(CH 3 ) 2 );

.04 ( s , 2H, NC H 2 C 6 H 4 (CH 3 )); 5.18 ( s , 2H, NC H 2 C 10 H 7 ); 7.04–

.06 ( m , 11H, Ar–H ); 13 C NMR (300 MHz, CDCl 3 ); δ 17.4 and

7.9 [ p -CH 3 C 6 H 4 CH( C H 3 ) 2 ]; 20.5 (-NCH 2 C 6 H 4 ( C H 3 )); 21.1 [ p -

 H 3 C 6 H 4 CH(CH 3 ) 2 ]; 29.6 [ p -CH 3 C 6 H 4 C H(CH 3 ) 2 ]; 48.1 and 48.6

N C H 2 C H 2 N); 51.8 ( - N C H 2 C 6 H 4 (CH 3 )); 54.9 ( s , 2H, N C H 2 C 10 H 7 );

9.5, 80.3, 95.9, 100.2 and 106.3 ( p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 121.4,

22.0, 123.8, 124.2, 125.3, 125.7, 126.9, 127.5, 127.6, 127.8, 130.1, 

32.7,132.8, 136.4 and 137.4. (Ar–C ); 208.8 (Ru–C c arben e ). 

.1.3. Synthesis of dichloro[1-(4-methylbenzyl) −3-naphthyl- 

midazolidin-2-ylidene]( p -cymene) ruthenium(II), 1c 

The complex 1c was synthesized by performing the same 

rocedure for the synthesis of complex 1a . Here, the chloro[1- 

4-methylbenzyl) −3-naphthyl-imidazolidin-2-ylidene]silver(I) 

0.128 g, 0.28 mmol) was used as the starting material silver 

omplex. Yield: 144 mg, (81%). m.p.: 207–208 °C; ν(CN) : 1448 

m 

−1 . Anal. Calc. for C 32 H 36 Cl 2 N 2 Ru: C:61.93; H:5.85; N:4.51. 

ound: C:62.19; H:6.07; N:4.46. 1 H NMR (300 MHz, CDCl 3 ); 

1.09 and 1.22 (s, 6H, p- CH 3 C 6 H 4 CH(C H 3 ) 2 ); 2.03 ( s , 3H, p -

 H 3 C 6 H 4 CH(CH 3 ) 2 ); 2.37 ( s , 3H, -NCH 2 C 6 H 4 (C H 3 )); 2.72 ( m , 1H,

 -CH 3 C 6 H 4 C H (CH 3 ) 2 ); 3.53, 3.68 and 3.85 ( s , 4H, NC H 2 C H 2 N);

.11 ( s , 2H, NC H 2 C 6 H 4 (CH 3 )); 5.27 ( s , 2H, NC H 2 C 10 H 7 ); 5.35

nd 5.49 ( d , 4H, J : 5.9 and 5.9 Hz, p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 7.19–

.15 ( m , 11H, Ar–H ); 13 C NMR (300 MHz, CDCl 3 ); δ 18.5 and

8.9 [ p -CH 3 C 6 H 4 CH( C H 3 ) 2 ]; 21.1 [ p - C H 3 C 6 H 4 CH(CH 3 ) 2 ]; 22.2

-NCH 2 C 6 H 4 ( C H 3 )); 30.6 [ p -CH 3 C 6 H 4 C H(CH 3 ) 2 ]; 49.1 and 49.6

N C H 2 C H 2 N); 52.8 ( - N C H 2 C 6 H 4 (CH 3 )); 55.7 ( s , 2H, N C H 2 C 10 H 7 );

0.5, 81.3, 96.8, 100.2 and 107.3 ( p -CH C H CH(CH ) ); 122.4,
3 6 4 3 2 

3 
23.0, 125.2, 126.3, 126.7, 127.9, 128.8, 129.4,131.1, 133.7, 133.8, 

34.0 and 137.3. (Ar–C ); 209.6 (Ru–C c arben e ). 

.1.4. Synthesis of dichloro[1-naphthyl-3-(2,3,5,6- 

etramethylbenzyl)imidazolidin-2-ylidene]( p -cymene)ruthenium(II), 1d 

The complex 1d was synthesized by performing the 

ame procedure for the synthesis of complex 1a . Here, the 

hloro[1-naphthyl-3-(2,3,5,6-tetramethylbenzyl)imidazolidin-2- 

lidene]silver(I) (0.128 g, 0.28 mmol) was used as the starting 

aterial silver complex. Yield: 145 mg, (78%). m.p.: 265–266 °C; 

(CN) : 1448 cm 

−1 . Anal. Calc. for C 35 H 42 Cl 2 N 2 Ru: C:63.43; H:6.39;

:4.23. Found: C:63.69; H:6.52; N:4.17. 1 H NMR (300 MHz, 

DCl 3 ); δ 1.15 and 1.27 (s, 6H, p- CH 3 C 6 H 4 CH(C H 3 ) 2 ); 2.06 ( s , 3H,

 -C H 3 C 6 H 4 CH(CH 3 ) 2 ); 2.28 and 2.38 ( s , 12H, -NCH 2 C 6 H(C H 3 ) 4 );

.76 ( m , 1H, p -CH 3 C 6 H 4 C H (CH 3 ) 2 ); 3.30, 3.53 and 3.67 ( s , 4H,

C H 2 C H 2 N); 5.24 ( s , 2H, NC H 2 C 6 H(CH 3 ) 4 ); 5.41 and 5.49 ( s ,

H, p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 6.11 ( s , 2H, NC H 2 C 10 H 7 ); 7.00 ( s , 1H,

NCH 2 C 6 H (CH 3 ) 4 ); 7.28–8.13 ( m , 7H, Ar–H ); 13 C NMR (300 MHz,

DCl 3 ); δ 16.5 [ p -CH 3 C 6 H 4 CH( C H 3 ) 2 ]; 18.5 [ p - C H 3 C 6 H 4 CH(CH 3 ) 2 ];

0.5 and 22.7 (-NCH 2 C 6 H( C H 3 ) 4 ); 30.9 [ p -CH 3 C 6 H 4 C H(CH 3 ) 2 ];

 8.7 and 4 8.9 (N C H 2 C H 2 N); 49.7 ( - N C H 2 C 6 H(CH 3 ) 4 ); 53.0 ( s , 2H,

 C H 2 C 10 H 7 ); 85.3, 96.3, and 106.4 ( p -CH 3 C 6 H 4 CH(CH 3 ) 2 ); 122.2,

23.0, 125.2, 126.3, 126.6, 127.7, 128.8, 131.1, 131.7, 132.4, 133.8 and 

33.9. (Ar–C ); 209.3 (Ru–C c arben e ). 

.2. The Anticancer Activity Determination of The Synthesized 

omplexes 

HepG2 (liver cancer cell line) cells were cultured in a medium 

DMEM) containing 10% fetal bovine serum (FBS) and 1% Peni- 

illin/Streptomycin solution (10,0 0 0 units penicillin and 10 mg 

treptomycin/mL) with an incubator having 5% CO 2 at 37 °C. The 

ultured cells were seeded in 96-well plates with a density of 

0 4 and incubated for 24 h under the same conditions. The com- 

lexes were dissolved in DMEM medium containing no more than 

ne percent of DMSO and dilutions of the solutions at the spec- 

fied concentrations as 6.25, 12.5, 25, 50, 100, 200 μM were car- 

ied out with DMEM medium. The medium of the cells attached 

nto 96-well plates was replaced with solutions of the complexes. 

he media in control wells were replaced with fresh medium. The 

repared complex-cell system was incubated for 24 h under the 

ame conditions. Then, the medium was removed and a mixture 

f 10 μL MTT (5 mg/mL) and 90 μL DMEM was added onto the 

dhered cells. After incubation under the same conditions for 4 h 

n dark, 100 μL DMSO was added after discarding the solution on 

ells and absorbance measurements were carried out in Biotek Eon 

icroplate reader at 540 nm. The control wells were considered 

s 100% alive. Based on the absorbance results, IC 30 (The cyto- 

tatic concentration), which is defined as 30% of reducing in cell 

eproduction activity via using an active substance which is mostly 

pplied for cancer treatment, and IC 50 (The half of maximal in- 

ibitory concentration), which is a inhibiting potential measure- 

ent of a substance against a specific biological or biochemical 

aterial, values of the complexes were found. 

.3. Revealing DNA Interaction Models of The Synthesized Complexes 

.3.1. The determination of DNA interactions using agarose gel 

lectrophoresis 

The DNA binding activities of the ruthenium complexes 

ere investigated using agarose gel electrophoresis technique via 

BR322 plasmid DNA. Since 1a , 1b , 1c , and 1d complexes are insol-

ble in water, we used DMSO as the solvent. The test samples were 

iluted in different final concentrations as 25, 50, and 100 μg/mL 

ith 4 μL addition of pBR322 plasmid DNA (the final concentration 
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Scheme 1. Synthesis of imidazolidine-functionalized Ru(II)NHC complexes bearing naphthyl substitute 1a - d . 
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Table 1 

IC 30 and IC 50 values of the synthesized complexes 

against HepG2 cell line. 

Complex IC 30 , μM (HepG2) IC 50 , μM (HepG2) 

1a 41.82 ± 2.53 84.27 ± 2.00 

1b 41.60 ± 1.42 103.81 ± 0.28 

1c 78.36 ± 11.47 133.56 ± 0.73 

1d 23.90 ± 0.32 32.84 ± 0.44 

Cisplatin 91.64 ± 12.18 147.97 ± 7.70 

d

b
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o
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d
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s
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t
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a

h

s

e

p

c

n the solution is 0.025 μg/mL). Cisplatin was used as positive con- 

rol. The different concentrated samples were incubated for 24 h 

t 37 °C. After incubation period, gel loading dye was added into 

ach tube and the complexes were loaded into the wells of the 

reviously prepared 1% of agarose gel. Electrophoresis procedure 

as occured at 75 V during 40 min. Then, the gel was stained with

tBr and the photo was taken using Syngene G:BOX gel documen- 

ation system. 

The DNA binding properties of the synthesized complexes were 

nvestigated with pBR322 DNA. When DNA binding was happened, 

he supercoiled form (I) of pBR322 DNA structure was changed 

nto the nicked form (II). The relatively rapid migration of intact 

upercoiled DNA form (I) is occured compared to the nicked DNA 

orm (II), which binded to any complex, during electrophoresis. 

.3.2. The determination of DNA interactions with fluorescence 

pectrophotometer 

In this ethidium bromide (EtBr) exchanging also known as EtBr 

uorescence quenching assay, stock solutions of 1a , 1b , 1c , and 

d ruthenium complexes were prepared using dimethyl sulfoxide 

DMSO). Then, using Tris–HCl buffer, all complexes were diluted as 

2.5, 25, 50, 100, 150, 200, and 250 μg/mL from the master stock. 

he main stock of calf thymus DNA (calf thymus DNA- ct DNA) was 

repared as 1 mg/mL in Tris–HCl buffer. The concentration ratio 

f ct DNA/EtBr was adjusted to 10 in each well of the 96-well plate, 

nd ct DNA was pretreated with EtBr. Then, solutions prepared with 

ifferent concentrations of ruthenium complexes were respectively 

dded on top of the mixture of ct DNA and EtBr in each well of the

6-well plate. After incubating for half an hour at room tempera- 

ure, the 96-well plate was measured in the range of 575–700 nm 

t 545 nm excitation wavelength using a multi-mode microplate 

eader named BioTek Synergy TM H1. 

. Results and Discussion 

The imidazolidine-functionalized Ru(II)NHC complexes 1a-d 

ontaining naphthyl substitute group were synthesized from 

g(I)NHC complexes containing naphthyl substitute [RuCl 2 ( p - 

ymene)] 2 via transmetallation method ( Scheme 1 ). The Ru(II)NHC 

omplexes were obtained as a red-brown solid in 78% to 84% 

ield. All Ru(II)NHC complexes were air and moisture resistant. 

ll Ru(II)NHC complexes were dissolved in halogenated (such as 

hloroform and dichloromethane) and polar solvents (such as 
4 
imethylformamide and dimethyl sulfoxide). They were less solu- 

le in protic solvents such as water and alcohol. Also, they were 

artially dissolved in toluene which is apolar. The formations of 

he imidazolidine-functionalized Ru(II)NHC complexes 1a-d were 

onfirmed by 1 H NMR, 13 C NMR, and FT-IR spectroscopic meth- 

ds and elemental analysis techniques. All spectra of the syn- 

hesized Ru(II)NHC complexes are consistent with the proposed 

ormula. NMR spectra show that the Ru–C carbene resonances of 

he Ru(II)NHC complexes in the 13 C NMR spectra appeared highly 

ownfield shifted at δ 209.8, 208.8, 209.6 and 209.3 ppm for 1a- 

 , respectively. Also, the results of the elemental analysis calcu- 

ated with the experimental elemental analysis results of Ru(II)NHC 

omplexes 1a-d were observed very closer to each other. The FT- 

R data clearly indicated the presence of ν(CN) at 1450, 1447, 

448, and 1448 cm 

−1 for these complexes 1a-d , respectively. The 

pectroscopic data obtained for the imidazolidine-functionalized 

u(II)NHC complexes 1a-d containing naphthyl substitute group 

re compatible with the literature [ 8 , 34 , 38 ]. 

From the data on Table 1 , all the synthesized compounds 

howed high anticancer activities with presenting lower IC 30 and 

C 50 values compared to cisplatin against liver cancer cell line, 

epG2. In particular, the compound 1d presented the highest an- 

icancer activity, while 1a and 1b had similar IC 30 values. The 

eason for the difference in IC 50 values of these complexes is 

hought to be since 1a exhibits a steeper linear curve than 1b 

nd therefore, this complex 1a kills more cells compared to 1b 

t high concentrations. Compared to other complexes, 1c has the 

ighest cytostatic and cytotoxic values. All of these values are 

maller than cisplatin. In order to kill cancer cells which means 

xhibiting anticancer activities, our Ru(II)NHC complexes has to 

ass through the cell membrane because of their hydrophobic 

haracteristics. 
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Fig. 1. The agarose gel electrophoresis image shows changes in the supercoiled 

DNA form (I) and the open circular DNA form (II) of plasmid pBR322 (lanes 1, 2, 12, 

and 13) after 24 h incubation at 37 °C with the final concentrations of 25, 50, and 

100 μg/mL cisplatin controls (lanes 3, 4, 5 and 14, 15, 16), 25, 50, and 100 μg/mL 

concentrations of 1a complex (lanes 6, 7, and 8), 1b complex (lanes 9, 10, and 11), 

1c complex (lanes 17, 18, and 19), and 1d complex (lanes 20, 21, and 22), respec- 

tively. 
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Table 2 

ct DNA quenching coefficients ( K SV ) of the 

complexes 1a - 1b - 1c - 1d in EtBr exchang- 

ing assay. 

Complex K SV [M 

−1 ] x 10 −2 

1a 4.13 ± 0.50 

1b 9.11 ± 0.12 

1c 2.79 ± 0.43 

1d 3.92 ± 0.23 

p

a

t  

t

p

t

D

i

(

r

t

a

d

(

s

m

a

m

R

r

c

1

p

t

s

t

t

m

t

1

i

4

f

s

N

t

i

a

w

fi

a

l

b

t

u

1

The steric bulky of the Ru(II)NHC complexes ( 1a-d ) as well as 

heir electronic interactions with the cancer cells and DNA chain 

re important in the biological activities of complexes. Ru(II)NHC 

omplexes 1a-d must be able to pass through the cell mem- 

rane with their lipophilic (hydrophobic) characteristics in order 

o affect cancer cells. These complexes exhibit higher activities if 

hey pass through membrane into the cell. When the biological 

ctivity results are analyzed, it is seen that in anticancer activ- 

ty against HepG2 cell line, 1c shows the lowest activity. When 

u(II)NHC complexes 1a-d are examined, it is seen that tetram- 

thyl substituted complex 1d having the most hydrophobic struc- 

ure shows the highest anticancer activity against HepG2 cells. The 

wo Ru(II)NHC complexes 1b and 1c are structural isomers and ex- 

ibit anticancer activities against HepG2 cell line. According to this 

esult, the lipophilic properties of these complexes are decisive in 

nticancer activities. 

The complexes can either get close to DNA helix, interact with 

NA grooves, and then bond with DNA with secondary bonds 

Van der Waals interactions) [37] or chemically bond to DNA 

olecules with alkyl groups on them [36] . For these interac- 

ions to be sufficient, Ru(II)NHC complexes must approach or en- 

er DNA grooves. As steric volumes of the complexes shrink, they 

ill get closer to approach or interact with DNA minor/major 

rooves. 

The slightly binding properties of 1a , 1b , 1c , and 1d ruthenium 

omplexes to pBR322 plasmid DNA were observed. Increased con- 

entrations of 1a and 1b supercoiled form (I) of the plasmid run 

apidly compared to the others unlike 1c and 1d In addition, the 

and patterns for 1a are similar to 1b in contrast to 1c and 1d 

uthenium complexes. As seen in Fig. 1 , cisplatin controls have ef- 

ects on all the forms of pBR322 plasmids (lanes 3, 4, 5, 14, 15, and

6) compared to the pure pBR322 plasmids (lanes 1, 2, 12, and 13). 
5 
The ct DNA quenching coefficients ( K SV ) of the synthesized com- 

lexes were determined by EtBr exchanging assay ( Table 2 ). By 

dding 1a , 1b , 1c , and 1d complexes in increasing concentra- 

ions onto EtBr bound to ct DNA, it is clearly seen from Fig. 2

hat EtBr’s emission intensity decreases in the order of com- 

lexes. This shows that the binding of complexes to DNA is in- 

ercalated, that is, between the bases, or to the minor grooves of 

NA [41–45] . The ability of complexes to quench, namely bind- 

ng to DNA, is evaluated with the Stern-Volmer quenching constant 

 K SV ) [ 46 , 47 ]. 

F 0 / F = 1 + K SV [Q] = 1 + ƙq τ 0 [Q] 

F 0 : Fluorescence intensity without complex ƙq : The quenching 

ate coefficient 

F : Fluorescence intensity with complex [Q]: Concentration of 

he complex 

τ 0 : Average lifetime of the EtBr- ct DNA-linked complex in the 

bsence of quencher ( τ 0 = 10 −8 s) 

DNA interactions of Ru(II)NHC complexes can be explained by 

ifferent mechanisms. Some metal complexes, such as ruthenium 

II), electrostatically bind to DNA from the negatively charged 

ugar-phosphate backbone of the nucleic acid. Furthermore, mostly 

ulti-ring, aromatic, and planar structures are used to dye nucleic 

cids [37] . Therefore, it is obvious that multi-ring, planar, and aro- 

atic structures such as benzene and naphthyl in the structure of 

u(II)NHC complexes will increase the interaction with DNA. As a 

esult, when complexes are examined in terms of DNA binding ac- 

ording to the K SV values obtained from Table 2 , it is seen that 

b has the highest DNA binding property compared to other com- 

lexes. However, 1a , 1c , and 1d have very similar properties in 

erms of DNA binding via the EtBr- ct DNA system. Since it has less 

teric bulky, it can be assumed that 1a-c complexes can be closer 

o the DNA helix than 1d complex. Furthermore, it can be related 

o the interaction difference of 1b ( ortho -methyl) and 1c ( para - 

ethyl) complexes on the DNA helix to the position isomerism ( or- 

ho / para ) in each complex [48] . The interactions between complex 

b and DNA helix are considered to be high due to this position 

somerism. 

. Conclusions 

We have reported the synthesis of the imidazolidine- 

unctionalized Ru(II)NHC complexes 1a-d containing naphthyl 

ubstituent group and their structures were confirmed by using 1 H 

MR, 13 C NMR, FTIR spectroscopic method and elemental analysis 

echniques. The biological activities of the novel complexes were 

nvestigated in vitro. By finding IC 30 and IC 50 values, anticancer 

ctivities of the synthesized complexes against HepG2 cell line 

ere determined. The values of inhibited cell proliferation by 

fty percent (IC 50 ) in terms of 1a and 1d have presented better 

nticancer activity results compared to other human cancer cell 

ines [ 49 , 50 ]. Moreover, DNA binding properties via observing 

and patterns on agarose gel and using a fluorescence spectropho- 

ometer with EtBr exchanging assay were performed in order to 

nderstand the biological activities. Consequently, the complexes 

a and 1b had similar anticancer (in terms of IC ) and DNA 
30 
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Fig. 2. Fluorescence emission spectra of different concentrations for the complexes 1a - 1b - 1c - 1d in the EtBr- ct DNA system. 

6 
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Fig. 2. Continued 
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inding activities. In addition, 1b had the highest DNA binding 

roperty as an intercalative manner. Unlike 1b , 1d may attach to 

ell membrane and disrupt its integrity. 
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niversity Faculty of Science Department of Chemistry for the 

haracterization of compounds. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.molstruc.2021.131350 . 

eferences 

[1] C. Chen , S. Ni , Q. Zheng , M. Yu , H. Wang , Synthesis, structure, biological eval-
uation, and catalysis of two pyrazole-functionalized NHC–Ru II complexes, Eur. 

J. Inorg. Chem. (2017) 616–622 . 
[2] B. Rosenberg , L. VanCamp , J.E. Trosko , V.H. Mansour , Platinum compounds: a

new class of potent antitumour agents, Nature 222 (1969) 385–386 . 

[3] M.G. Karaaslan , A. Akta ̧s , C. Gurses , B. Ate ̧s , Y. Gök , Chemistry, structure, and
biological roles of Au-NHC complexes as TrxR inhibitors, Bioorg. Chem. 95 

(2020) 103552 . 
[4] A. Akta ̧s , Ü. Kele ̧s temur , Y. Gök , S. Balcıo ̆glu , B. Ate ̧s , M. Aygün , 2-Morpholi-

noethyl-substituted N -heterocyclic carbene (NHC) precursors and their sil- 
ver(I)NHC complexes: synthesis, crystal structure and in vitro anticancer prop- 

erties, J. Iran Chem. Soc. 15 (1) (2018) 131–139 . 
[5] S.A . Patil , A .P. Hoagland , S.A . Patil , A . Bugarin , N -heterocyclic carbene-metal

complexes as bio-organometallic antimicrobial and anticancer drugs, an up- 

date (2015–2020), Future Med Chem 12 (2020) 24 . 
[6] T. Scattolin , E. Bortolamiol , F. Rizzolio , N. Demitri , F. Visentin , Allyl palla-

dium complexes bearing carbohydrate-based N-heterocyclic carbenes: Anti- 
cancer agents for selective and potent in vitro cytotoxicity, Appl Organomet 

Chem 34 (10) (2020) e5876 . 
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