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a b s t r a c t

In the present study, four palladium and four ruthenium complexes were synthesized with benzotriazole
substituted N-heterocyclic carbene ligands. The structures of complexes were established by appropriate
spectroscopic methods and elemental analyses. In addition, the crystal structure of a PdeNHC complex
(1c) was reported. Anticancer, antimicrobial and DNA interaction properties of the complexes were
examined. Antimicrobial effects of the complexes were tested against two bacteria strains and one fungi
strain. Cytotoxic effects of the complexes were tested against human breast (MCF-7) and colorectal
(Caco-2) cancer cell lines and non-cancer mouse fibroblast (L-929) cell lines. Ruthenium complexes were
found as more cytotoxic than palladium complexes against cancer cell lines. Especially, benzyl con-
taining, benzimidazole-based ruthenium complexes (3c and 3d) were found as non-cytotoxic against
non-cancer L-929 cell lines while performing comparable cytotoxicity against Caco-2 cancer cell lines
with cisplatin. In addition, DNA interaction studies were performed with pBR322 plasmid DNA and
ctDNA and results showed that both palladium and ruthenium complexes have weaker ability to interact
with DNA than cisplatin. The results from this study showed that although the cytotoxic properties of the
complexes are not stronger than cisplatin, selectivity of benzyl containing benzimidazole-based ruthe-
nium-NHC complexes against Caco-2 cell lines provides them an advantage, and they deserve further
research in the treatment of human colorectal cancer.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The success achieved by the application of cisplatin in cancer
treatment led to the research of metal-organic and organometallic
complexes, and inorganic compounds in modern medicine as drug
candidates [1]. Investigation of these compounds mainly focused on
the treatment of cancer and bacterial infections. For this purpose,
many transitionmetal complexes with various types of ligands have
been prepared for the last four decades [2]. Coordination numbers of
transition metals ranging from two to ten allow structural diversity
for drug design. Additionally, in organometallic complexes, strong
ertolgunkaratas@gmail.com
metal-carbon bond increases the stability which is highly important
for the biological activities of the complexes [3]. Although most
investigated organometallic complexes are metallocenes, metal-
arene and metal-carbonyl complexes, N-heterocyclic carbene
(NHC) complexes are the new and promising member of organo-
metallic complexes for drug design [4].

The first metal-NHC complexes were synthesized by Wanzlick
and Sch€onherr [5], and €Ofele [6] in 1968, however, research into
NHC chemistry rapidly increased after the isolation of the first
stable free NHC by Arduengo et al., in 1991 [7]. In the first years,
chemists mainly focused on the synthesis and catalytic properties
of NHC complexes [8]. According to the literature, the first study
about the biological activities of NHC complexes was reported by
Çetinkaya and co-workers. They reported the antibacterial prop-
erties of ruthenium and rhodium NHC complexes [9]. In 2004,
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silver-NHC complexes were reported as new antibacterial agents by
Youngs et al. [10] and anti-tumour activities of cationic gold(I)
eNHCs were displayed by Barnard et al. [11]. These pioneering
studies launched the investigation of metal-NHC complexes as
anticancer and antibacterial agents by many research groups [4].

In recent years, one of the new ideas is the biological evaluation
of metal complexes with functionalized NHC ligands. Themain goal
of this idea is increasing the effectiveness and bio-conjugation of
complexes by introducing biologically relevant substituents to NHC
scaffold. A number of research groups including our group syn-
thesized the functionalized NHC complexes and investigated their
biological properties for this purpose [12]. Benzotriazole is a bio-
logically active heterocycle [13] and triazole core is one of the
moieties used for the functionalization of NHCs [14]. Our group
recently reported the synthesis and biological evaluation of ben-
zotriazole functionalized silver-NHC complexes and stronger cy-
totoxicities were observed against human breast and colorectal
cancer cell lines in compare with cisplatin [15]. After the promising
results achieved with silver-NHCs and reported significant biolog-
ical activities of palladium and ruthenium complexes, we decided
to synthesize benzotriazole functionalized ruthenium and palla-
dium NHC complexes and evaluate their biological activities.

Although platinum, gold, and silver NHC complexes are most
investigated, it is known that some ruthenium [16] and palladium
[17] NHC complexes also perform significant anticancer effects. On
the other hand, ruthenium and palladium NHC complexes perform
lower antibacterial effects in comparison with their rhodium [9],
silver and gold derivatives [17], respectively. Some ruthenium-
based arene and N-coordinated complexes are capable of over-
coming the resistance induced by platinumdrugs in cancer cells [4].
However, the mechanisms of action of ruthenium NHCs as well as
other ruthenium anticancer complexes remains unclear. Results
indicate that ruthenium complexesmay inhibit enzymes or induces
the dysfunction of mitochondria [18]. Additionally, some studies
demonstrated that ruthenium complexes have more favourable
toxicological profile than corresponding gold and platinum com-
plexes [4,19]. On the other hand, palladium is another important
metal in medicinal research due to significant similarities of the
coordination chemistry with platinum. Some studies showed that
the main target of palladium NHCs in cancer cells is DNA similar to
cisplatin [17,20]. However detailed investigation is necessary in
order to understand the mechanisms of action of palladium-based
complexes.

In the present study, based on the above information, we aimed
the synthesis of benzotriazole functionalized NHCs complexes of
ruthenium and palladium in order to investigate their biological
properties. For this purpose, novel four ruthenium and four palla-
dium complexes were synthesized and characterized. Anticancer
properties of the complexes were tested against human breast
(MCF-7) and colorectal (Caco-2) cancer and mouse fibroblast (L-
929) cell lines. Antimicrobial activities of complexes were tested
against Escherichia coli, Bacillus subtilis bacterial strains and Candida
albicans fungi. DNA interaction properties of the ruthenium and
palladium NHC complexes were examined by using pBR322
plasmid DNA in agarose gel electrophoresis method and following
the effect of complexes on UVevisible absorption spectra and
fluorescence emission of ethidium bromide-ctDNA system.

2. Experimental

2.1. General considerations

Imidazolium and benzimidazolium salts [21], and silver-NHC
complexes [15] were available from our previous studies. Synthe-
sis of Pd(II)eNHC complexes were carried out under open air
conditions. Synthesis of Ru(II)eNHC complexes were carried out
under dry argon atmosphere with rigorous exclusion of air using
Schlenk tube techniques. PdCl2 and [Ru(p-cymene)Cl2]2 were pur-
chased from Aldrich Chem. Co (Istanbul, Turkey). All solvents were
provided as commercially, and dichloromethane (DCM) and n-
hexane were distilled over P2O5 before use. Melting points were
determined in open capillary tubes by Electrothermal-9200
melting point apparatus. The C, H and N elemental analyses were
determined by LECO CHNS-932 elemental analyser. IR spectra were
obtained in ATR Sampling Accessory with Perkin Elmer Spectrum
100 Spectrophotometer (400-4000 cm�1). The 1H and 13C NMR
spectra were recorded using Bruker UltraShield 300 operating at
300MHz (1H) and 75MHz (13C), and Bruker Ascend™ 400 Avance
III HD operating at 400MHz (1H) and 100MHz (13C). Chemical
Shifts (expressed in part per million (ppm)) are referenced to Tet-
ramethylsilane (TMS). Coupling constants, J, are given in Hz. NMR
multiplicities are abbreviated as follows: s¼ singlet, d¼ doublet,
t¼ triplet, q¼ quartet, quin¼ quintet, sex¼ sextet, sep¼ septet,
m¼multiplet. Spectral assignments for NHC complexes were
achieved by the combination of 1He1H COSYand 1He13C HSQC and
1He13C HMBC experiments.

2.2. Synthesis and characterization data

Synthesis of Pd(II)eNHC complexes, 1a-d. A solution of corre-
sponding carbene precursor (0.45mmol), PdCl2 (0.45mmol) and
K2CO3 (2.5mmol) in pyridine (5mL) was stirred at 80 �C for 3 h.
After this period of time, unreacted pyridine was removed under
vacuum. 5mL of DCM was added to mixture and the mixture was
passed through silica gel and Celite® column. The final DCM solu-
tion of target complex was concentrated to ca. 5mL and 5mL of n-
hexane was added to the mixture. Obtained crystals were collected
by filtration, washed with n-hexane (3� 5 mL) and dried under
vacuum.

[1-Methyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)imida-
zol-2-ylidene](pyridine) palladium(II) dichloride, 1a. Yellow
solid, yield: 75mg (36%), mp: 240e244 �C. Anal. Calcd. for
C16H16Cl2N6Pd: C, 40.9; H, 3.4; N, 17.9. Found: C, 41.1; H, 3.6; N, 18.0.
IR (cm�1): 3166, 3127, 3007, 1709, 1604, 1575, 1472, 1446. 1H NMR
(300MHz, DMSO‑d6, 298 K): 8.83 (d, 2H, J¼ 5.0 Hz, PyH-o), 8.38 (d,
1H, J¼ 8.4 Hz, ArH), 8.17 (d,1H, J¼ 8.3 Hz, ArH), 8.07 (m,1H, PyH-p),
7.84 (d, 1H, J¼ 1.8 Hz, Himidazole), 7.65 (m, 2H, PyH-m), 7.60 (t, 1H,
J¼ 7.5 Hz, ArH), 7.53 (d, 1H, J¼ 1.8 Hz, Himidazole), 7.49 (t, 1H,
J¼ 7.6 Hz, ArH), 7.40 (s, 2H, NCH2N), 4.05 (s, 3H, NCH3). 13C NMR
(75MHz, DMSO‑d6, 298 K): 151.7 (Pd-Ccarbene), 151.4, 145.9, 139.4,
132.9, 128.3, 125.4, 124.9, 124.8, 123.5, 119.9, 111.7, 60.2 (NCH2N),
38.2 (NCH3).

[1-Butyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)imida-
zol-2-ylidene](pyridine) palladium(II) dichloride, 1b. Yellow
solid, yield: 110mg (48%), mp: 173e175 �C (Decomposition). Anal.
Calcd. for C19H22Cl2N6Pd: C, 44.6; H, 4.3; N, 16.4. Found: C, 44.8; H,
4.5; N, 16.5. IR (cm�1): 3108, 2962, 2874, 1602, 1471, 1448. 1H NMR
(300MHz, CDCl3, 298 K): 9.05 (d, 2H, J¼ 5.1 Hz, PyH-o), 8.44 (d, 1H,
J¼ 8.3 Hz, ArH), 8.09 (d, 1H, J¼ 8.3 Hz, ArH), 7.84 (m, 1H, PyH-p),
7.55 (t, 1H, J¼ 7.7 Hz, ArH), 7.48e7.38 (m, 5H, NCH2N (2H), PyH-m
(2H), ArH (1H)), 6.99 (d, 1H, J¼ 1.9 Hz, Himidazole), 6.93 (d, 1H,
J¼ 1.9 Hz, Himidazole), 4.59 (t, 2H, J¼ 7.5 Hz, NCH2CH2), 2.08 (quin,
2H, J¼ 7.5 Hz, NCH2CH2), 1.50 (sex, 2H, J¼ 7.5 Hz, CH2CH3), 1.04 (t,
3H, J¼ 7.3 Hz, CH2CH3). 13C NMR (75MHz, CDCl3, 298 K): 151.3,
150.9 (Pd-Ccarbene), 146.4, 138.4, 133.5, 128.7, 124.9, 124.7, 123.1,
120.5, 120.0, 111.1, 60.8 (NCH2N), 51.3 (NCH2CH3), 32.6 (NCH2CH2),
19.9 (CH2CH3), 13.8 (CH2CH3).

[1-Butyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)benzimi-
dazol-2-ylidene](pyridine) palladium(II) dichloride, 1c. Yellow
solid, yield: 140mg (55%), mp: 241e243 �C. Anal. Calcd. for
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C23H24Cl2N6Pd: C, 49.2; H, 4.3; N,15.0. Found: C, 49.4; H, 4.4; N,15.1.
IR (cm�1): 3110, 2953, 1606, 1481, 1449. 1H NMR (300MHz, CDCl3,
298 K): 9.08 (m, 2H, PyH-o), 8.71 (d,1H, J¼ 8.3 Hz, ArH), 8.06 (d,1H,
J¼ 8.3 Hz, ArH), 7.86 (m, 1H, PyH-p), 7.78 (s, 2H, NCH2N), 7.74e7.71
(m, 1H, ArH), 7.54e7.22 (m, 7H, PyH-m (2H), ArH (5H)), 4.93 (t, 2H,
J¼ 7.7 Hz, NCH2CH2), 2.24 (quin, 2H, J¼ 7.6 Hz, NCH2CH2), 1.63 (m,
2H, CH2CH3), 1.10 (t, 3H, J¼ 7.3 Hz, CH2CH3). 13C NMR (75MHz,
CDCl3, 298 K): 164.8 (Pd-Ccarbene), 151.3, 146.4, 138.5, 134.6, 133.8,
132.6, 128.5, 124.8, 124.7, 124.3, 124.2, 119.9, 111.9, 111.6, 110.7, 60.5
(NCH2N), 48.7 (NCH2CH2), 31.6 (NCH2CH2), 20.3 (CH2CH3), 13.9
(CH2CH3).

[1-Benzyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)benzi-
midazol-2-ylidene](pyridine) palladium(II) dichloride, 1d. Yel-
low solid, yield: 140mg (52%), mp: 212e215 �C. Anal. Calcd. for
C26H22Cl2N6Pd: C, 52.4; H, 3.7; N,14.1. Found: C, 52.6; H, 3.9; N,14.3.
IR (cm�1): 3041, 1606,1479, 1448. 1H NMR (400MHz, CDCl3, 298 K):
9.04 (m, 2H, PyH-o), 8.78 (d, 1H, J¼ 8.3 Hz, ArH), 8.08 (d, 1H,
J¼ 8.3 Hz, ArH), 7.83 (m, 3H, NCH2N (2H) and PyH-p (1H)), 7.75 (d,
1H, J¼ 8.0 Hz, ArH), 7.60e7.11 (m, 12H, ArH), 6.24 (s, 2H, NCH2Ph).
13C NMR (100MHz, CDCl3, 298 K): 166.1 (Pd-Ccarbene), 151.3, 146.4,
138.5, 134.7, 134.4, 134.0, 132.6, 129.0, 128.6, 128.4, 127.9, 124.8,
124.5, 124.3, 120.0, 111.9, 111.7, 111.6, 60.5 (NCH2N), 53.4 (NCH2Ph).

Synthesis of Ru(II)eNHC complexes (3a-d). A solution (20mL)
of corresponding Ag(I)eNHC (0.13mmol) and [RuCl2(p-cymene)]2
(0.13mmol) in DCM (20mL) was stirred at 40 �C for 24 h. After this
period, the mixture was filtered through Celite®, solvent and vol-
atile components were removed under reduced pressure. The crude
product was washed with n-hexane (2� 10mL) and dried under
vacuum.

Dichloro[1-butyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)
imidazol-2-ylidene](p-cymene) ruthenium(II), 3a. Orange solid,
yield: 70mg (48%), mp: 158e160 �C (Decomposition). Anal. Calcd.
for C24H31Cl2N5Ru: C, 51.3; H, 5.6; N, 12.5. Found: C, 51.6; H, 5.6; N,
12.2. IR (cm�1): 2959, 1615, 1496, 1451, 1424. 1H NMR (300MHz,
DMSO‑d6, 298 K): 8.26 (d, 1H, J¼ 8.5 Hz, ArH), 8.17 (d, 1H, J¼ 8.5 Hz,
ArH), 8.02 (d, 1H, J¼ 1.8 Hz, Himidazole), 7.79 (d, 1H, J¼ 14.1 Hz,
NCH2N), 7.75 (d,1H, J¼ 1.8 Hz,Himidazole), 7.72 (m,1H, ArH), 7.55 (m,
1H, ArH), 6.17 (d, 1H, J¼ 14.1 Hz, NCH2N), 6.06 (d, 1H, J¼ 6.0 Hz,
ArH-p-cymene), 5.93 (m, 2H, ArH (p-cymene)), 5.72 (d, 1H,
J¼ 6.0 Hz, ArH (p-cymene)), 4.18 (t, 2H, J¼ 8.0 Hz, NCH2CH2), 2.88
(sep, 1H, J¼ 6.8 Hz, CH(CH3)2), 2.13 (s, 3H, ArCH3), 1.91e1.67 (m, 2H,
NCH2CH2), 1.38 (m, 2H, CH2CH3), 1.24 (m, 6H, CH(CH3)2), 0.94 (t, 3H,
J¼ 7.3 Hz, CH2CH3). 13C NMR (75MHz, DMSO‑d6, 298 K): 173.3 (Ru-
Ccarbene), 145.1, 134.0, 129.6, 125.9, 122.8, 122.0, 118.6, 112.4, 110.5,
102.5, 87.9, 87.5, 87.3, 83.4, 58.9 (NCH2N), 50.0 (NCH2CH2), 32.1
(NCH2CH2), 30.7 (CH(CH3)2), 23.3 and 20.6 (CH(CH3)2), 19.5
(CH2CH3), 18.4 (ArCH3), 13.7 (CH2CH3).

Dichloro[1-butyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)methyl)
benzimidazol-2-ylidene](p-cymene) ruthenium(II), 3b. Orange
solid, yield: 90mg (57%), mp: 154e156 �C (Decomposition). Anal.
Calcd. for C28H33Cl2N5Ru: C, 55.0; H, 5.4; N, 11.5. Found: C, 55.2; H,
5.6; N, 11.1. IR (cm�1): 2960, 1612, 1488, 1412. 1H NMR (300MHz,
DMSO‑d6, 298 K): 8.64 (d,1H, J¼ 8.5 Hz, ArH), 8.53 (d,1H, J¼ 7.9 Hz,
ArH), 8.20 (d, 1H, J¼ 8.5 Hz, ArH), 7.95 (d, 1H, J¼ 14.6 Hz, NCH2N),
7.85 (d, 1H, J¼ 7.9 Hz, ArH), 7.78 (m, 1H, ArH), 7.60e7.43 (m, 3H,
ArH), 6.38 (d,1H, J¼ 14.6 Hz, NCH2N), 6.19 (d, 1H, J¼ 6.0 Hz, ArH (p-
cymene)), 6.11e6.02 (m, 2H, ArH (p-cymene)), 5.89 (d, 1H,
J¼ 6.0 Hz, ArH (p-cymene)), 4.52 (m, 2H, NCH2CH2), 2.96 (sep, 1H,
J¼ 6.9 Hz, CH(CH3)2), 2.16 (s, 3H, ArCH3), 1.91 (m, 2H, NCH2CH2),
1.53 (m, 2H, CH2CH3), 1.29 (m, 6H, CH(CH3)2), 1.00 (t, 3H, J¼ 7.3 Hz,
CH2CH3). 13C NMR (75MHz, DMSO‑d6, 298 K): 188.3 (Ru-Ccarbene),
145.2, 134.3, 133.6, 133.5, 129.7, 126.0, 123.9, 118.6, 114.3, 111.9, 111.3,
110.9, 102.8, 89.2, 89.1, 87.3, 84.0, 56.9 (NCH2N), 48.9 (NCH2CH2),
31.3 (NCH2CH2), 30.7 (CH(CH3)2), 22.9 and 20.9 (CH(CH3)2), 19.7
(CH2CH3), 18.4 (ArCH3), 13.7 (CH2CH3).
Dichloro[1-benzyl-3-((1H-benzo[d]1,2,3-triazole-1-yl)
methyl)benzimidazol-2-ylidene](p-cymene) ruthenium(II), 3c.
Orange solid, yield: 70mg (42%), mp: 163e165 �C (Decomposition).
Anal. Calcd. for C31H31Cl2N5Ru: C, 57.7; H, 4.8; N, 10.9. Found: C,
57.8; H, 5.0; N, 10.5. IR (cm�1): 2962, 1611, 1497, 1450, 1416. 1H NMR
(400MHz, DMSO‑d6, 298 K): 8.71 (d, 1H, J¼ 8.4 Hz, ArH), 8.60 (d,
1H, J¼ 8.2 Hz, ArH), 8.23 (d,1H, J¼ 8.5 Hz, ArH), 8.07 (d, 1H,
J¼ 14.6 Hz, NCH2N), 7.81 (m, 1H, ArH), 7.61 (m, 1H, ArH), 7.49 (m,
1H, ArH), 7.39e7.21 (m, 7H, ArH), 6.46 (d, 1H, J¼ 14.6 Hz, NCH2N),
6.14e5.70 (m, 6H, NCH2Ph (2H) and ArH (p-cymene, 4H)), 2.96 (sep,
1H, J¼ 6.7 Hz, CH(CH3)2), 2.14 (s, 3H, ArCH3), 1.33e1.20 (m, 6H,
CH(CH3)2). 13C NMR (100MHz, DMSO‑d6, 298 K): 189.8 (Ru-Ccar-
bene), 145.2, 136.3, 134.3, 134.0, 133.7, 129.7, 128.7, 127.8, 126.7, 126.0,
123.9, 118.6, 114.9, 112.0, 111.5, 111.0, 101.9, 89.6, 88.2, 87.4, 84.2, 57.1
(NCH2N), 52.0 (NCH2Ph), 30.6 (CH(CH3)2), 22.9 and 20.6 (CH(CH3)2),
18.5 (ArCH3).

Dichloro[1-(3,4,5-trimethoxybenzyl)-3-((1H-benzo[d]1,2,3-
triazole-1-yl)methyl)benzimidazol-2-ylidene](p-cymene) ruth-
enium(II), 3d. Orange solid, yield: 75mg (39%), mp: 142e144 �C
(Decomposition). Anal. Calcd. for C34H37Cl2N5O3Ru: C, 55.5; H, 5.1;
N, 9.5. Found: C, 55.8; H, 5.2; N, 9.2. IR (cm�1): 2961, 1614, 1441,
1418. 1H NMR (300MHz, DMSO‑d6, 298 K): 8.68 (m, 1H, ArH), 8.56
(m, 1H, ArH), 8.23 (d, 1H, J¼ 8.4 Hz, ArH), 8.01 (d, 1H, J¼ 14.5 Hz,
NCH2N), 7.95 (s, 1H, ArH), 7.80 (m, 1H, ArH), 7.59 (m, 1H, ArH), 7.50
(m, 1H, ArH), 7.35 (m, 2H, ArH), 6.71 (s, 2H, ArH), 6.43 (d, 1H,
J¼ 14.5 Hz, NCH2N), 6.13e5.79 (m, 6H, NCH2N (2H) and ArH (p-
cymene, 4H)), 3.67 (s, 9H, ArOCH3), 2.97 (sep, 1H, J¼ 6.7 Hz,
CH(CH3)2)), 2.18 (s, 3H, ArCH3), 1.31 and 1.23 (both d, 6H, J¼ 6.7 Hz,
CH(CH3)2). 13C NMR (100MHz, DMSO‑d6, 298 K): 189.9 (Ru-Ccar-
bene), 153.1, 145.2,137.0, 134.3, 134.1, 133.7, 131.6, 129.7, 126.0,124.01,
123.98, 118.6, 114.8, 112.1, 111.5, 111.0, 104.7, 102.2, 89.5, 88.0, 87.9,
84.2, 60.1 (ArOCH3), 57.0 (NCH2N), 56.0 (ArOCH3), 52.4 (NCH2Ph),
30.6 (CH(CH3)2), 23.1 and 20.5 (CH(CH3)2), 18.6 (ArCH3).

2.3. X-ray analysis

Intensity data of 1c were collected on a STOE IPDS II diffrac-
tometer at room temperature using graphite-monochromated Mo
Ka radiation by applying the u-scan method. Data collection and
cell refinement were carried out using X-AREA [22] while data
reduction was applied using X-RED32 [22]. The structure was
solved by a dual-space algorithm using SHELXT-2014 [23] and
refined with full-matrix least-squares calculations on F2 using
SHELXL-2017 [24] implemented in WinGX [25] program suit. All H
atoms were placed in geometrically idealized positions and con-
strained to ride on their parent atoms with CeH distances at 0.93,
0.97 and 0.96 Å for CH, CH2 and CH3 atoms, respectively. The butyl
moiety is disordered over two positions with a site-occupancy ratio
of 0.706(6):0.294(6)%. Crystal data, data collection and structure
refinement details are summarized in Table S1. The molecular
graphic was drawn by using ORTEP-3 [25].

2.4. Cytotoxicity studies

MCF-7 and Caco-2 cell lines were supplied from Bilkent Uni-
versity Institute of Materials Science and Nanotechnology UNAM j
National Nanotechnology Research Centre and sub-cultured in
_In€onü University, Cell Culture Lab of Chemistry Department. L-
929 cell line was supplied from Hacettepe University, Cell Culture
Lab of Chemistry Department and sub-cultured in _In€onü University,
Cell Culture Lab of Chemistry Department. The MCF-7, Caco-2 and
L-929 cell lines used for the assay were incubated in DMEM me-
dium at 37 �C in a 5% CO2 atmosphere until the cells were 80%
confluent. Cells were then removed by trypsin and counted with
the Thoma slide. Then, the cells were seeded to 96-well plates



Scheme 1. Synthesis and structures of Pd(II)eNHCs, 1a-d. a, imidazole, R¼/CH3; b,
imidazole, R¼eCH2CH2CH2CH3; c, benzimidazole, R¼eCH2CH2CH2CH3; d, benz-
imidazole, R¼eCH2C6H5.
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(7*103 cells/well for MCF-7, 8*103 cells/well for Caco-2, and
7*103 cells/well for L-929) and incubated at the same conditions for
24 h. Samples were prepared at different concentrations with
DMEM (contains less than 1% dimethyl sulfoxide (DMSO)) and
added to the wells after removing the media and incubated 24 h
under the same conditions. Compound solutions were removed
from the cells and replaced withmedia/MTT (5mg/ml in PBS) (9:1).
After incubation for 4 h in the dark under the same conditions, the
mixture was removed from the cells and 100 ml DMSO was added.
Then, the absorbance was measured at 550 nm by EON C micro-
plate reader and % viability and IC50 values were calculated. Control
wells were accepted as 100% live.

2.5. Antimicrobial studies

Antimicrobial activities of all complexes were determined based
on a micro-well dilution assay [26] and described with some
modifications as follows. Minimal inhibitory concentrations (MIC
values) for each compound were determined against standard
bacterial strains: E. coli (ATCC 25922), B. subtilis ATCC (21332) and
one fungal strain: C. albicans (ATCC 60193) were obtained from
_In€onü University in Turkey. Bacterial and fungal microorganisms
were sub-cultured in Luria-Bertani (LB) Broth (SigmaeAldrich
Chemie GmbH Taufkirchen, Germany). 1.6mg of each compound
was weighted and dissolved in (DMSO). Then, all of the dilutions
were performed using distilled water. The initial concentrations of
the tested compounds without adding bacterial and fungal cultures
were 400, 200, 100, 75, 50 and 25 mg/mL. After adding bacterial and
fungal cultures, the final concentrations of the tested compounds
were 200, 100, 50, 37.5, 25 and 12.5 mg/mL. Cefotaxime was used as
an antibacterial and antifungal standard drug, whose minimum
inhibitory concentration (MIC) values are given in Table 3. The
inoculated bacteria and yeast cultures were incubated at 37 �C until
reaching 0.5 McFarland standard turbidity. After the incubation,
100 ml of the liquid cultures was added into each well of sterile 96-
well plates containing different concentrations of 100 ml tested
compounds. After 24 h incubation time, MIC values for the com-
pounds were determined as in Table 3. The lowest concentration of
the compounds that prevented from visible growth via measuring
the absorbance at 625 nm was considered to be the minimal
inhibitory concentration (MIC) value.

2.6. DNA interaction studies

2.6.1. Agarose gel electrophoresis method
The DNA interaction activities of the complexes were studied by

agarose gel electrophoresis method using pBR322 plasmid DNA.
The complexes were dissolved in DMSO. Then, the test samples
were prepared in different final concentrations as 25, 50, 100 and
200 mg/ml by adding pBR322 plasmid DNA. After adding 4 ml of
pBR322 (0.05 mg/ml) into each tube containing 4 ml of cisplatin as
four controls and the test samples in different concentrations, we
incubated them for 24 h at 37 �C. After incubation, the plasmid DNA
sample was mixed with bromophenol blue dye (2 ml), loaded into
the electrophoresis chamber wells along with the control DNA
(0.05 mg/ml pBR322) and electrophoresed at 60 V for 40min using
1% agarose gel. After running the gel, it was removed and stained
with ethidium bromide solution and the image was taken in Syn-
gene G:BOX gel documentation system.

The DNA interaction ability of the complexes was investigated
using pBR322 DNA. It is well established that when circular plasmid
DNA was subjected to gel electrophoresis, relatively fast migration
was observed for the intact supercoiled form (I). If binding of DNA
to the complex occurs, the supercoiled form (I) will move slowly
compared to pBR322 without the complex.
2.6.2. UVevis absorption studies and competitive displacement
assay

Interaction mode of the complexes with ctDNA was explored
using UVevis absorption spectroscopy and ethidium bromide (EB)
competitive displacement assay. All the absorption and fluores-
cence measurements were performed by using FS5 spectro-
fluoremeter. Absorption spectra of the studied systems were
recorded between 350 and 600 nm. The measurements were car-
ried on the fixed ethidium bromide and DNA concentrations.
Various amount of Ru and Pd complexes were added onto the EB-
ctDNA complex. All experiments were performed at room
temperature.

In the competitive displacement assay, EB-ctDNA complex was
formed by mixing the 1.97 mg/mL EB and 19.8 mg/mL ctDNA and the
concentrations were fixed all along the experiments. Obtained EB-
ctDNA complex was titrated by adding various amounts of Ru and
Pd complexes on it. Fluorescence emission spectra were recorded
between 500 and 800 nm upon excitation of the system at 526 nm.
3. Results and discussion

3.1. Synthesis and spectral characterization

Pd(II)eNHC complexes (1a-d) were synthesized by the reaction
of corresponding imidazolium and benzimidazolium chlorides and
PdCl2. The carbene precursors were available from our previous
study [21]. The reaction was carried out in pyridine at 80 �C for 3 h
and K2CO3 was used as an external base. The crude products were
re-crystallized from dichloromethane (DCM)/n-hexane and mod-
erate yields were observed between 36 and 55%. Synthesis and
structures of Pd(II)eNHC complexes are outlined in Scheme 1. The
complexes were fully characterized by 1H NMR, 13C NMR, IR spec-
troscopic techniques and elemental analyses. Additionally, all
spectral assignments were made with the help of COSY, HSQC and
HMBC spectra of 1a (See SI for spectra). In the 1H NMR spectra of
1a-d, the disappearance of downfield signals which had been
observed in the range of 9.82e10.93 ppm [21] clearly indicates the
deprotonation of carbene carbons. The signals of methylene hy-
drogens between two nitrogen atoms were observed as singlets in
the range of 7.38e7.83 ppm. In the 13C NMR spectra of 1a-d, the
resonances of carbene carbons were observed at 151.7 and
151.3 ppm for imidazole-based 1a,b and at 164.8 and 166.1 ppm for
benzimidazole-based 1c,d, respectively and these signals are in
agreement with the literature [17,27].

Ru(II)eNHC complexes (3a-d) were synthesized by the carbene
transfer route. The used silver-NHCs (2a-d) were ready from our
previous study [15]. Ru(II)eNHCs were synthesized in dry DCM and
rigorous inert conditions in contrast to Pd(II)eNHCs. The target
complexes were obtained in moderate yields between 39 and 57%
by the reaction of corresponding silver(I)eNHCs and ruthenium p-
cymene dimer in DCM at 40 �C for 24 h. Synthesis and structures of



Fig. 1. The molecular structure of 1c with thermal ellipsoids at 20% probability. H
atoms are shown as small spheres of arbitrary radii and only the major part of the
disordered fragment is shown.

Table 1
Selected geometric parameters for 1c.

Bond lengths (Å)
Pd1eC14 1.955(2) N4eC7 1.450(3)
Pd1eN6 2.085(2) N4eC14 1.355(3)
Pd1eCl1 2.2931(8) N5eC14 1.344(3)
Pd1eCl2 2.3055(8) N4eC8 1.397(3)
N1eN2 1.358(3) N5eC13 1.396(3)
N3eN2 1.298(4) N6eC19 1.308(4)
N1eC6 1.364(3) N6eC23 1.326(4)
N3eC1 1.378(5) N5eC15 1.457(4)
N1eC7 1.440(3)
Bond angles (�)
C14ePd1eN6 176.50(10) N4eC14eN5 106.9(2)
Cl1ePd1eCl2 179.52(3) N2eN1eC7 119.7(2)
C14ePd1eCl1 91.15(7) N3eN2eN1 108.5(2)
C14ePd1eCl2 88.41(7) C19eN6ePd1 120.4(2)
N6ePd1eCl1 91.79(7) N5eC14ePd1 126.91(19)
N6ePd1eCl2 88.64(7) N4eC14ePd1 125.94(17)
N1eC7eN4 113.3(2) C14eN5eC15 125.5(2)
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Ru(II)eNHCs are given in Scheme 2. The structures of complexes
were established by 1H NMR, 13C NMR and IR spectroscopic tech-
niques and elemental analyses. Spectral assignments were ach-
ieved with the help of COSY and HSQC spectra of 3b (See SI for
spectra). In the 1H NMR spectra of 3a-d, additional signals belong to
p-cymene ring were observed as expected. Methylene hydrogens
between two nitrogen atoms were observed as doublets in the
range of 7.79e8.07 and 6.17e6.46 ppm with geminal coupling
constants that 14.1 Hz for 3a and 14.6, 14.6, and 14.5 Hz for 3b-d,
respectively. In the 13C NMR spectra of 3a-d, resonances of carbene
carbons were observed at 173.3 ppm for imidazole-based 3a, and
188.3, 189.8, and 189.9 ppm for benzimidazole-based 3b-d,
respectively.

The other observed signals of Pd(II)- and Ru(II)eNHCs in the 1H
and 13C NMR spectra are in good agreement with expected integral
values and coupling patterns. In addition, the results of elemental
analysis are in accordance with the proposed structures. Suitable
crystals for X-ray analysis were obtained by the slow diffusion of n-
hexane into the concentrated DCM solution for 1c.

3.2. Description of the crystal structure of 1c

An ORTEP-3 view of 1c is shown in Fig. 1, and selected
geometrical parameters obtained from X-ray analysis are listed in
Table 1.

Analysis of the X-ray crystallographic data revealed that the
compound crystallized in triclinic system space group P1 with two
molecules in the unit cell. The structure of 1c consists of a square
planar molecule with a palladium centre surrounded by a pyridine
ring, two chloro ligands in the trans configuration, and NHC ligand.
The Cl1ePd1eCl2 [179.52(3)º] and N6ePd1eC14 [176.50(10)º]
bond angles showed that there was slight distortion in the square
planar coordination of metal centre. The PdeCcarbene and PdeCl
bond lengths are quite similar to that shown by other palladium-
related species [28]. The PdeNpy bond length is longer than those
shown for complexes with non-NHC ligands, representing the high
trans influence of NHCs [29].

In the NHC ligand, the N]C imine bond lengths are shorter than
the amine NeC bond lengths as expected, and the NeCeN bond
angles are in good agreement with the typical angles of 104e107�

known for NHCs [30]. In the benzotriazole rings, the bond lengths
and angles agree well with standard values except for NeN bonds.
The variation of NeN bonds is attributed to the tautomerism of the
benzotriazole ring [31].

3.3. Cytotoxicity studies

The cytotoxic properties of all complexes were evaluated against
human colorectal (Caco-2) and breast (MCF-7) cancer cell lines and
non-cancer mouse fibroblast (L-929) cell lines. Cisplatin was used
Scheme 2. Synthesis and structures of Ru(II)eNHCs, 3a-d. a, imidazole, R¼/CH2CH2CH2CH3; b, benzimidazole, R¼eCH2CH2CH2CH3; c, benzimidazole, R¼eCH2C6H5; d,
benzimidazole, R¼eCH2C6H5-3,4,5-(OCH3)3.



Table 3
MIC values (mg/mL) of complexes at 24 h.

Compound Escherichia coli
(Gram-negative)

Bacillus subtilis
(Gram-positive)

Candida albicans
(Fungi)

1a 100 200 200
1b 100 200 200
1c 200 200 200
1d 200 200 200
3a 100 200 200
3b 200 200 200
3c 200 100 200
3d 100 200 200
Cefotaxime 250 250 250
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as the standard for comparison. IC50 values of all complexes and
cisplatin after 24 h of incubation time are listed in Table 2.
Morphological changes of cells after 24 h of treatment of complex
solutions were monitored by inverted microscope (Fig. S16-S18).

When the results were evaluated, it was observed that Ru(II)
eNHCs are more cytotoxic against Caco-2 and MCF-7 cancer cell
lines than Pd(II)eNHCs. Among all the complexes, only benzyl-
substituted benzimidazole-based RueNHCs, 3c and 3d performed
comparable cytotoxicity with cisplatin against Caco-2 cell lines.
These complexes did not show cytotoxicity against non-cancer L-
929 cell lines. In our previous study, we had reported that 2c, the
corresponding silver-NHC of 3c was a promising candidate for the
treatment of human colorectal and breast cancers. 2c had per-
formedmuchmore cytotoxicity against Caco-2 andMCF-7 cell lines
than cisplatin, however, cytotoxicity of 2c was stronger than
cisplatin against non-cancer L-929 [15]. When the cytotoxic prop-
erties of ruthenium-NHC complexes compared with literature, we
must note that more active complexes were reported previously by
other groups. For example, Tacke and co-workers reported the
synthesis and anticancer properties of highly lipophilic ruthenium-
NHCs and three of those complexes performed stronger cytotoxic
properties against MCF-7 cell lines than cisplatin [32].

In the cancer treatment, platinum complexes are the most used
metal-based anticancer agents. However, they have some limita-
tions such as toxicity and resistance for application [2]. In addition
to the activities of drugs, their selectivity is also highly important
for the prevention of side effects in the treatment. Therefore,
alternative metallopharmaceuticals are being investigated for
platinum complexes, and the ruthenium complexes are one of
these candidates. Moreover, it is also an important advantage that
ruthenium-NHCs were reported as less toxic than the corre-
sponding gold-NHCs [19]. If we evaluate the findings of this study
based on above information, we think that the selectivity of 3c and
3d against human colorectal cancer cells is an advantage compared
with cisplatin and corresponding silver-NHCs.

3.4. Antimicrobial studies

Antimicrobial activities of all complexes were tested against E.
coli, (Gram-negative), B. subtilis (Gram-positive), and C. albicans as
fungi. The minimum inhibitory concentration (MIC) values of all
complexes at 24 h were listed in Table 3. Cefotaxime was used
standard for comparison. As seen from Table 3, all complexes
inhibited the growth of bacterial and fungi strains with 100 or
200 mg/mL MIC values. The obtained results are comparable with
their carbene precursors and Cefotaxime but corresponding silver-
NHCs had performed much better activity than 1a-d and 3a-d [15].
As we previously mentioned, palladium and ruthenium complexes
are not strong antimicrobial agents in literature and these results
are not surprising. The non-promising results led us to concentrate
more on the anticancer effects of complexes [15].
Table 2
IC50 values (mM) of complexes at 24 h.

Compound Caco-2 MCF-7 L-929

1a 376± 52 530 ± 2 N.D.
1b N.D. 210 ± 41 231± 1
1c 219± 27 192 ± 8 N.D.
1d 162± 5 410 ± 5 221± 15
3a 201± 11 407 ± 66 51± 1
3b 158± 11 256 ± 39 75± 1
3c 100± 7 137 ± 2 N.D.
3d 90± 1 270 ± 12 N.D.
Cisplatin 76± 6 81 ± 1 46± 7

N.D.: Not Determined.
3.5. DNA interaction studies

DNA interaction studies were carried out by using two different
model system. Firstly, agarose gel electrophoresis was performed to
investigate the ability of synthesized palladium and ruthenium
NHC complexes to interact with the supercoiled (SC) pBR322
plasmid DNA. The influence of the complex on the structure of DNA
can be evaluated by their DNA-interaction ability. The mobility
behaviours of the pure plasmid DNA, the plasmid DNA with
cisplatin as controls and the plasmid DNA treated with the com-
plexes in increasing amounts as 50 and 100 mg/ml final concen-
trations of the sample with pBR322 plasmid DNA (0.025 mg/ml final
concentration in the solution) are shown in Fig. 2 and Fig. 3.

The concentration-dependent retardation in the supercoiled
plasmid DNA mobility is observed due to the binding of ruthenium
complexes in different concentrations from Fig. 3. With increasing
concentrations of ruthenium NHC complexes especially for 3c and
3d, supercoiled forms (I) of the plasmid move slowly compared to
the pure pBR322 plasmid DNA (lanes 1 and 2). On the other hand,
palladium NHC complexes, unlike ruthenium NHC complexes, have
no binding ability to the plasmid DNA. From Fig. 2 with increasing
concentrations of palladium complexes except 1d complex, which
has an oxidation also known as negative effect over plasmid DNA,
supercoiled forms (I) of the plasmid are on the same level as pure
pBR322 plasmid DNA bands (lanes 1 and 2). Moreover, cisplatin
controls for palladium and ruthenium complexes (lanes 3 and 4)
have also effects on both supercoiled form (I) and nicked circular
form (II) compared to the pure pBR322 plasmid (lanes 1 and 2 both
for Figs. 2 and 3). Ruthenium complexes have been known for the
generation of reactive oxygen species (ROS). As it can be realized
from Fig. 3, band intensities of the only plasmid pBR322 (lanes 1
and 2) are slightly brighter than the ruthenium complexes, which
indicates ROS generation by these complexes [33].

Secondly, UVevis absorption studies were performed to
remarkable information about the interaction mode of the small
molecules with double-stranded DNA. EB is a well-known inter-
calative DNA binding probe [34]. Addition of ctDNA on EB solution
resulted in hypochromism and slight red shift at absorption max-
ima of the EB, which is the characteristic behaviour of the inter-
calative binding. Effect of the various amounts of the Ru complexes
(3c and 3d) on the EB-ctDNA system were investigated and the
decrease in absorption values was observed (Fig. 4b and d.). This
behaviour can be considered as intercalative binding continues
after displacement of the EBwith Ru complexes. Addition of various
amount of the Pd complex on the EB-ctDNA system resulted in
hyperchromocity and the disappearing of the characteristic shape
of the absorption band (Fig. S19).

To further examination of the binding mode of ruthenium and
palladium complexes with ctDNA, a series of competitive
displacement assays were carried out with EB. The weak fluores-
cence intensity of the EB increases upon intercalation between base



Fig. 3. The above agarose gel electrophoresis showing changes in electrophoretic mobility of the super helicoidal form (I) and the open circular form (II) of only plasmid pBR322
(0.025 mg/ml) (lanes 1 and 2) and plasmid pBR322 (0.025 mg/ml final concentration in the solution) (lanes 3e12) after incubation (24 h at 37 �C) with 50 and 100 mg/ml cisplatin
controls (lanes 3 and 4), 50 and 100 mg/ml final concentrations of 3a-d ruthenium NHC complexes (lanes 5e12), respectively.

Fig. 2. The above agarose gel electrophoresis showing changes in electrophoretic mobility of the super helicoidal form (I) and the open circular form (II) of only plasmid pBR322
(0.025 mg/ml) (lanes 1 and 2) and plasmid pBR322 (0.025 mg/ml final concentration in the solution) (lanes 3e12) after incubation (24 h at 37 �C) with 50 and 100 mg/ml cisplatin
controls (lanes 3 and 4), 50 and 100 mg/ml final concentrations of 1a-d palladium NHC complexes (lanes 5e12), respectively.
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pairs of ctDNA. However, the enhanced fluorescence can be
quenched evidently when there is a second molecule that can
replace DNA-bound EB [35]. Effects of the ruthenium complexes (3c
and 3d) on the fluorescence emission of the EB-ctDNA system are
shown in Fig. 4a and c. The fluorescence titration results were
analysed by using Stern-Volmer equation (1) and the KSV values of
EB-ctDNA in the presence of the ruthenium complexes were
calculated the slope of the graphs [36];

F0=F ¼ 1þ Ksy½Q �

F0 and F represent the steady-state fluorescence intensities of EB-
ctDNA in the absence and presence of the ruthenium complexes,
respectively. [Q] refers to the concentration of complexes as a
quencher. Ksv indicates the SterneVolmer quenching constant.

Ruthenium complex additions resulted in the decrease of the
fluorescence intensity gradually. These results suggested that the
ruthenium complexes could interact with DNA via a similar inter-
calative mode and was able to replace EB being sandwiched be-
tween adjacent base pairs of the ctDNA duplex. Addition of the
palladium complex didn't cause any significant change in the
fluorescence emission of the EB-ctDNA system (Fig. S19). It can be
considered that there is not binding in an intercalative manner. The
results are consistent with the UVevis absorption studies.

4. Conclusion

In conclusion, we reported the synthesis, characterization and
biological investigation of palladium(II) and ruthenium(II) com-
plexes with benzotriazole functionalized NHC ligands. Antimicro-
bial studies showed that the complexes are not promising
antimicrobial agents. DNA interaction studies revealed that these
complexes have weaker DNA binding ability compared to cisplatin.
On the other hand, two ruthenium(II)eNHC complexes, 3c and 3d
performed comparable cytotoxicity against Caco-2 cancer cell lines
with cisplatin. At the same time, these complexes were found out as
non-cytotoxic against non-cancer L-929 cells. Even if there are no
high cytotoxic properties of the complexes reported here, func-
tionalization of RueNHCs may contribute to selectivity against
different cell lines.



Fig. 4. Effect of the ruthenium complexes 3c and 3d on the (a;c) fluorescence emission and (b;d) absorption of the EB-ctDNA complex.
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