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A new Ru-N-heterocyclic carbene (Ru-NHC) complex (3a), chloro(p-cymene)-1-methyl-3-pyrimidylimidazolideneruthenium(ii)-
hexafluorophosphate was synthesized from a non-annulated NHC precursor,1-methyl-3-pyrimidylimidazolium-
hexafluorophosphate (3). The half-sandwich geometry of the molecule is established with single crystals X-ray diffraction. The
absorption spectra and electrochemical nature of the complex are also investigated, supported by DFT analysis. Compound
3a is applied on lung (A549), colon (HCT116), and breast (MCF7) cancer cells to examine their in vitro cytotoxicity activity,
and results are summarized and compared with a recent report for Ru(11)-NHC complexes containing annulated NHC ligands.
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Introduction

The discovery of cisplatin in 1969 by Rosenberg shaped
the future research attention to developing new metal-based
antitumor drugs. For Pt-based anticancer drugs, genomic
DNAs are the main cellular targets. Exclusively for cisplatin,
it has been observed that the main antitumor activity insti-
gates intra-strand cross-linking and DNAkinking?. Therefore,
DNA targeting molecules remain in the public interest. There-
fore, the target-specific molecules acting selectively towards

cancer cells over normal cells attain more contemplation®.
The remarkable success of cisplatin over cancer cells im-
pelled the possibility of synthesizing alternative metal-based
anticancer drugs, with the possibility to overcome different
types of carcinoma®. Although cisplatin has long been used
as an antitumor drug, it suffers from dose-limiting nephrotox-
icity and drug resistance potential efficacy®. As a less toxic
alternative, ruthenium complexes propose excellent archi-
tect alternative anticancer compounds®. Interest in ruthenium-
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based complexes arises from the synthesis of ruthenium(iil)
ammine complex, RuCl;(NH;), by Clarke et al.’”. They re-
ported that Ru-based complexes are more soluble and ex-
hibit higher efficacy as anticancer and antitumor agents®?.
The chemical resemblance of the platinum (Pt) group met-
als (Pd, Rh, Ir, Ru, and Os) complexes is also a matter of
great interest for antitumor therapies 0. After the stable iso-
lation of bottleneck N-heterocyclic carbene (NHC)!", which
comprises a flexible and indispensable group of ligands for a
broad array of transition metals'2, NHC-metal complexes are
found to be a new class of alternative lead anticancer drug
candidates. NHCs, familiar as ‘phosphine mimics’ in chemi-
cal science, can bind with transition metals with a strong bond
and form highly stable complexes against air, moisture, and
heat!!~15. They have versatile applications starting from ca-
talysis, biomedical, electrochemical, luminescent, among
other activities'2-1°,

Ag(1)-NHC complexes are easier to synthesize in the M-
NHC category (M = Metal), and they have attracted attention
due to their therapeutic efficiency'®!7, specifically for can-
cer treatments and also as an alternative to combat drug-
resistant pathogens 18.1°.

In the coinage metal group, Au(l) analogs also hold ex-
cellent potential??. Indian alchemy documented gold (Au) as
medicine from the pre-Vedic period and found it active against
cancer?'=23, |t has been demonstrated that, due to its non-
toxic nature and better solubility, a series of ruthenium com-
plexes are taken into clinical trials for anticancer and antitu-
mor therapies?428. The report on the anticancer activity of
[Ru(||)-(n6-arene)-(en)CI][PF6] compound in both in vitro and
in vivo®, including efficacy against cisplatin-resistant can-
cer cells, makes Ru-NHC complexes more tempting as scaf-
folds for drug design, due to their slow ligand dissociation
rate in biological systems®0. Ru-arene complexes are dis-
tinctly inactive in normal cells of biological systems3'-2 and
have also been used in anticancer treatments. By contrast,
due to the concentration gradient between inter/extra-cellu-
lar chloride concentrations, ruthenium-chloro complexes
show better transportation towards object cells®3. The drug
activation occurs when chloride dissociates from one ruthe-
nium coordination site and makes that metal site exposed
and capable of binding to cancer cells’ DNA33, Inspired by
current findings, we have recently reported two ruthenium
complexes, named 1aand 2a; [Ru(1)-(p-cymene)-(L)CI|[PF],
(L = corresponding NHC ligand) (Fig. 1), and studied their
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Fig. 1. Schematic diagram for the complexes 1a, 2a, and 3a.

structures, electronic spectra, electrochemistry, cytotoxicity,
and binding properties trough molecular docking simula-
tions3. Here, we report a new pyrimidine (Pym) functionalized
non-annulated half-sandwich Ru(ll)-NHC complex, denomi-
nated 3a, and compared our main findings with those re-
cently reported®* for compounds 1a and 2a.

Results and discussion
Synthesis and elementary analysis:

The non-annulated imidazolium proligand, 1-methyl-3-
pyrimidylimidazolium-hexafluorophosphate (3) was prepared
as previously reported3® using the neat reaction of 1-
methylimidazole and 2-chloropyrimidine with stoichiometric
amounts in a pressure-sealed tube at 90-95°C, refluxing in
toluene bath for 6 h, without using solvent, followed by anion
metathesis by saturated KPF solution. The imidazolium salt
(proligand) was recovered with a good yield. Elemental analy-
ses, including 'H NMR, 13C NMR, and absorption spectros-
copy, were used to characterize the proligand (3). In DMSO-
dg solvent, the TH NMR spectra of compound 3 show a
downfield resonance at & 9.86 ppm, which is a characteristic
of the NCHN imidazolium proton33-3%,

The complex 3a, [Ru(ne-p-cymene)(3-H)CI][PFG] was pre-
pared in situ using the transmetallation protocol from an Ag-
carbene®*35 complex of the proligand (3). The reaction of
[Ru,(p-cymene),Cl,] with the Ag-NHC complex in ACN sol-
vent atroom temperature resulted in the complex 3a (Scheme
1) as air-stable yellowish-orange solids. The development of
complex 3a was distinctly identified from the absence of
NCHN imidazolium proton (in ligand 3) at 9.86 ppm in its 'H
NMR spectra.The position and integrated intensity of other
protons of the imidazolium fragment range from 6 8.73-7.85
ppm. In the '3C NMR spectrum of 3a, the carbenic carbon
NCHN and o-carbon of pyrimidine shift from 24.0 to 14.8
ppm more than free ligand 3.

The complex 3a is soluble in general organic solvents,
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Scheme 1. Synthetic protocol for ligand 3 and complex 3a.

including DMF and DMSO, and poorly soluble in water. The
compound was fully characterized by elemental analysis and
spectroscopy. The solid-state structure was analyzed by the
single-crystal X-ray diffraction (XRD) technique.

Crystal structure:

The single-crystal XRD structure reveals that 3a presents
a pseudo-octahedral and half-sandwich geometry®+:36:37 The
molecular structure of 3a is shown in Fig. 2. Complex 3a
crystallizes in the monoclinic crystal system (space group:
P2,/n). The Ru center is bonded with pyrimidine nitrogen
N(4), carbene C(1), CI(1) of ligand 3, and p-cymene ring in
ann® manner3* (considering the p-cymene rings as a single
coordinating site) to satisfy the coordination of pseudo-octa-
hedral geometry. The crystallographic parameters are listed
in Table 1, and bond parameters are listed in Table 2. The
crystallographic unit of 3a has two asymmetric units, and
counter anion PFis present.

The p-cymene ring in the present complex is almost pla-
nar34, and the Ru(ll) center is at a distance of 1.716(4) A

Fig.2. ORTEP view (40% probability) of single-crystal X-ray struc-
ture of 3a (hydrogen and PFg have been removed for clarity).

Table 1. X-Ray experimental data for the complex 3a

Parameters
Formula

MW

Temp. (K)
Crystal system
Space group
a(A)

b (A)

¢ (A)

B ()

Volume (A3)
Z

O - range
Index ranges

Absorp. coeff. (mm~)
No. of reflns. collected
No. of ind. reflns.

3a
[C18H22CIN4RU]+!PF6‘
575.89

293(2)

monoclinic

P24/n

14.1263(11)
18.4047(15)
16.7018(13)

98.939(2)

4289.6(6)

8

1.66-28.99
-18<h<19;-22 <k<23;
-22</<21

0.995

10653

7172 [R(int) = 0.0556]

Goodness of fit (GOF) 1.090
Final R indices R1=0.0490,
[1> 20 (I)] wR2 = 0.1363
R indices (all data) R1=0.0870, wR2 = 0.1680
Largest diff. peak and hole (e A=3) 1.79 and -1.32
CCDC number 824311
Table 2. Selected bond lengths (A) and angles (°) for the
complex 3a
3a
Ru(1)-C(1) 2.017(4)
Ru(1)-N(3) 2.099(4)
Ru(1)-CI(1) 2.4036(1)
Ru(1)-Ceent 1.716(4)
C(1)-N(1) 1.389(5)
C(1)-N(2) 1.336(5)
C(1)-Ru(1)-CI(1) 85.23(12)
C(1)-Ru(1)-N(@3) 77.00(16)
N(1)-C(1)-N(2) 103.3(3)
Ceent-RU(1)-CI(1) 126.32

from the centroid of the arene ring (p-cyemen). The Ru-Cl
bond distance is 2.4036(11) A is standard and comparable
with our recent report®*, as well as other findings8. The C(L)-
Ru-Cl bond angle is found to be 85.23(12)° in complex 3a
and comparable to our recent report [86.57° (1a) and 86.33°
(2a)]. The N-C bond distances of imidazolidine {C(1)-N(1) =
1.389(5) A and C(1)-N(2) = 1.336(5) A} in the asymmetric
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(a) Asymmetric unit of 3a; (b) packing of 1D chain structure propagating along a-axis; (c) packing of 2D chain structure along ab plane

and (d) angle between two phenyl rings of p-cymene of two entities.

unit are different, which are slightly shorter than a single C-N
bond (1.47 A) and indicating the presence of double bond
character. The internal bond angle N(1)-C(1)-N(2) = 103.3(3)°
is comparable with our recent report3 and also with the other
imidazolidine systems*2.

The asymmetric unit of the complex with PFg as counter
anion is shown in Fig. 3a. It forms a 1D chain structure propa-
gating along an a-axis (Fig. 3b). Moreover, it forms a 2D
chain where PFg anion acts as a bridge along the ab plane
(Fig. 3c). In the pseudo-octahedral geometry of the complex,
the arene ring occupies one face of the octahedron. The co-
ordination style of Ru(ll) center with chloride ion and one
pyrimidine nitrogen ‘N(1)" and C 4 pene ‘C(1)" of ligand 3 and
Ru(ll)-t interactions with p-cymene in n® manner is shown
in Fig. 3a. The RU-Npyq, RU-Cearpene: @nd Ru-Cl bond dis-
tances in the complex 3a are 2.099(4) A, 2.017(4) A, and
2.4036(1) A in that order, and the values are in agreement
with previously reported complexes3438-41. Two phenyl ring
of p-cymene of two entities (Fig. 3d) makes an angle
40.20(3)°. The crystal packing (Fig. 3c) is stabilized by a com-
bination of C-H-N, C-H---F, C-H ---Cl, C-H -, and anion - 't
interactions.
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Fig. 4. Absorption spectra of complex 3ain ACN solvent at room tem-
perature; experimental (green) and theoretical (red).

Electronic spectra:

Absorption spectra of Ru(il)-NHC complex 3a in ACN sol-
vent are shown in Fig. 4, and significant transition values of
absorption spectra are listed in Table 3. The moderately in-
tense band at 288 nm is owing to ligand-oriented transitions.
However, the absorption bands near 385 nm could have sub-
stantial metal donations in the complex. The absorption
maxima (385 nm) for 3a is found in between reported com-
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Table 3. Primary transition values in absorption spectra of complex
3a (experimental and theoretical data)

Wavelength (nm)  Osc. Major transitions
Expt.  Theory strength
288 262 0.0443  H-4->LUMO (71%), H-4- > L+1 (12%)
263 0.0324  H-1->L+5 (68%), H-1- > L+3 (4%),
H-1->L+4 (5%)
385 336 0.0301  H-2->LUMO (76%),
HOMO- > L+3 (11%), H-2- > L+2 (3%),
HOMO- > L+5 (2%)
338 0.0301  H-2->L+1(10%), H-1- > LUMO (15%),

H-1->L+1 (13%), HOMO- > L+1 (18%),
HOMO- > L+2 (27%)

plex 1a (372 nm) and 2a (403 nm)®*. The absorption maxima
of 3a are ~13 nm red-shifted from complex 1a, because of
electron-rich pyrimidine ligand and ~18 nm blue-shifted from
2a of a non-annulated 1-methyl imidazole fragment. A dis-
tinct blue shiftis found compared to [Ru(bpy)3]2+, due to solid
o-donor and weak m-acceptor character of pyrimidine
functionalized NHC ligand compared to bi-dentate bipyridine
ligand*32. The MLCT type transitions in absorption spectra
are supported by computational calculations*3® in the DFT
platform (Fig. 4, Table 3) by implementing B3LYP/def2-TZVP
basis set3 with Gaussian 09 W software.

The theoretical A5, values 25~50 nm varied from ex-
perimental values. The calculated transitions at 262—-263 nm
(288 nm in expt.) involve a significant contribution from
HOMO-1—LUMO+5 (68%), HOMO-4—LUMO (71%),

T
Ru

—Cl
MNHC-Ligand

p-Cymena
Total

PDOS

|
M AN

T T T T T
a 2 4 [ & 10

Energy (V)

Fig. 5. Partial density of states (PDOS) for complex 3a.

HOMO-4—LUMO+1 (12%). Transitions at 336-338 nm (385
nm in expt.) involve HOMO-2—LUMO (76%), HOMO-
—LUMO+2 (27%), HOMO—LUMO+1 (18%), HOMO-
1—LUMO (15%) (Table 3). To get insight into the structure
bonding correlation on the electronic transition of absorption
spectra, we have analyzed PDOS%*#4 using computational
techniques. The metal and ligand contributions to the forma-
tion of FMOs (Fig. 5) were also calculated in the same level
of theory; B3LYP/def2-TZVP. The compositions of occupied
FMOs show that these have significant Ru contribution (30 ~
40%), except for HOMO-5 (Ru, 14%), and some of the occu-
pied MOs also contain a high contribution from coordinated
Cl (36~45%). The unoccupied MOs exhibit a major share
from NHC ligand (LUMO, 93%; LUMO+1, 76%), and p-
cymene contributes to the LUMO of higher energy level
(LUMO+3~LUMO+5, 44~65%) (Fig. 5, Table 4). Hence, in-

Table 4. Orbital contribution (%) towards the formation of frontier molecular orbitals (FMOs)

Contribution of Cl
(%)

Contribution of ligand-3
(%)

Contribution of p-cymene
(%)

FMOs Orbital energy Contribution of Ru
(eV) (%)
LUMO+5 -3.54 43
LUMO+4 -3.75 26
LUMO+3 -4.02 39
LUMO+2 -4.60 33
LUMO+1 -5.03
LUMO -5.37
HOMO -9.02 38
HOMO-1 -9.31 41
HOMO-2 -9.85 36
HOMO-3 -10.23 30
HOMO-4 -10.54 41
HOMO-5 -11.10 14

0 8 49
4 5 65
4 13 44
6 31 30
3 76 14
1 93 4
40 14
45 6
27 21 16
22 43

36 17

18 51 16
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Fig. 6. Frontier molecular orbitals (FMOs) for complex 3a.

stead of pure ligand characteristics (intra-ligand/inter-ligand)
transitions, the complex 3a bears a mixed-mode of metal-
ligand transitions. Under oxygen-free conditions, complex 3a
isfound to be nonemissive in ACN at room temperature. Some
selective FMOs are shown in Fig. 6.

Electrochemistry:

The electrochemical nature of complex 3a was analyzed
by cyclic voltammetry (CV) at a stationary Pt-electrode in
deoxygenated ACN solvent (ca. 5%10~* M) at 25°C.The ref-
erence electrode Ag/AgCl was used with 0.1 M TBAH as the
supporting electrolyte in +2.5 to —1.5 eV range. In cyclic
voltammograms (Fig. 7) for complex 3a, two consecutive ir-
reversible oxidation peaks were found. The computational
study replicates the complex character of the redox process.
In comparison to our recent report34, here we also observed
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Fig. 7. Cyclic voltammograms of 3a were recorded in dry ACN. Con-
ditions: scan rate = 200 mV s~! and using a cell that was
equipped with a Pt working electrode, an Ag/AgClI reference
electrode, and [N(Bu)4](PFg) (0.1 M) as supporting electro-
Iyte.

that no reduced peak appears subsequently to two oxidized
signals at 1.62 V, 1.84 V. Composition of FMOs (Table 4)
supports this data. Oxidation means take out electrons from
the occupied MO, and the opposite occurs for reduction pro-
cesses. From Table 4, we observed that the oxidation is not
related to the metal character only; rather, the HOMO and
other filled MOs consist of Ru, Cl, and NHC. When oxidized
species immediately allocate charge over the composed part-
ners, the character of the species on the electrode surface is
lost and, therefore, the reduction of the identical species is
not established. The electron population at unoccupied MOs
refers to the cathodic response. In this case, the same ten-
dency is noticeable (that is, no explicit function is recogniz-
able), and CV does not show any distinct reduction wave,
and thus experiment substantiates with the DFT results. The
result is congruent with our recent report34 and other Ru(ll)-
NHC complexes®®. According to Ang et al.6 the redox signal
of the Ru(n®-arene) unit is greatly governed by the arene
ligand and its number of alkyl substituents*6. The bulky size
of p-cymene ring certainly persuades the irreversibility of
Ru(n)/Ru(ii) redox path and retards the absorption of the com-
plex compound on the electrode surface. On the variation of
scan rate, the Epa value shows insignificant change (<10%),
which implies a steady redox state with electron removal from
the HOMO during the electrochemical process. Thus, the
chemical structure is stable under the influence of electrode
potential.

Cytotoxic activity:
The Ru-complex 3a was evaluated for its cytotoxic prop-
erties. This complex is soluble in organic solvents DMSO/
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DMF, but not in water. We have studied the in vitro cytotoxic
effects of complex 3a on lung (A549), colon (HCT116), and
breast (MCF7) cancer cell lines as previously de-
scribed3447:48 at varying molar concentrations. The com-
pound was also studied on non-carcinoma 3T3 cells (embry-
onic fibroblast of a healthy mouse). The results are summa-
rized in Table 5. For A549, the half-maximal inhibitory con-
centration (ICg,) value for 3a is 9-fold lower than 1a and
slightly higher than 2a. For HCT116 cells, the ICq for 3a is
nearly 50-times lower than 1a and 11-times lower than 2a.
When evaluated on MCF7 cells, the complex 3a presents an
ICs, 3-fold lower than 1a and 1.5-fold higher than 2a®*. Fi-
nally, the complex 3a was highly efficient against all cancer
cell lines tested4®-°0 compared to cisplatin.

Table 5. IC5, values (uM) againstA549, HCT116, MCF7 cell lines

Complex 3a 1a [Ref. 34] 2a [Ref. 34]  Cisplatin
A549 2.8+0.4 28.7+2.3 21+0.7 64
HCT116 2.3+0.3 >100 8.6+1.8 23.2
MCF7 4.7+0.7 14.842.3 3.3+0.4 13
3T3 8.56+1.6 44.6412.6 9.36+1.16 64

We have studied the cell viability (change of optical den-
sity) of all three compounds, including 1a, 2a, 3a, on three
different cell lines of different origin and compared these re-
sults in Fig. 8 to evaluate the antineoplastic activity of these
compounds. We have observed that compounds 3a and 2a
present 3 to 4-times better antineoplastic activity than 1a34
and cisplatin (Fig. 8).

We have also studied the DNA cleavage activity of com-
plex 3a (Fig. 9). Two types of DNA scission are observed in
these systems, leading to a nicked/relaxed plasmid (form II)
and alinear DNA (form I1). These two products may be sepa-
rated effectively from the substrate, the supercoiled plasmid
(form ). We have used 3a at 500 nM, given that at 250 nM to
1 uM, the same plasmid DNA form Il is generated. It is ob-
served that cleavage starts after 1 h reaction. Almost 10% of
DNA form Il is produced after a reaction time of 3 h, which
remains almost unchanged up to 9 h (Fig. 9). Remarkably,
form Il'is found to be double in percentage after 10 h incuba-
tion. These features reflect the ability of ruthenium to per-
form direct double-strand breaking. The DNA conformational
changes induced by Ru-complex 3a were investigated by
circular dichroism (CD) spectroscopy. The samples contain-

HCT116
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Fig. 8. Cell viability assay. 2x10° cells were treated with varying con-
centrations [0-100 wM] of complexes 1a, 2a [Ref. 34], and 3a
for 24 h, and an MTT assay was performed. O.D. at 595 nm
presents the viability of (a) A549 (b) HCT116 and (c) MCF7
cells. Results are from one of the three representative experi-
ments. Values are mean - S.D.

LR R R Fomm |

Fig. 9. (a) Gel mobility shift assay of circular pTZ57R/T plasmid DNA
by complex 3a; (b) time-dependent gel mobility shift assay
pTZ57RIT plasmid DNA by complex 3a.

ing CT-DNA in a concentration of 50 g mL™" in the pres-
ence or absence of compound 3a (250 nM and 500 nM) in
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10 mM phosphate buffer (pH 7.2) were recorded. The ionic
strength was kept constant, and the R-value remained con-
stantat0.1. CD spectra were recorded at 37°C. The changes
observed in the native right-handed B-form DNA upon inter-
action with the compound are shown in Fig. 10.

2 4 ~,
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W~ *\._,._‘_f—\
S N
J b
/ , ™
.- - M, o
= 7/ ’ AN
% P, s - T -“‘.“—u
E \ ",/n S
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220 240 260 280 300
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Fig. 10. Circular dichroism (CD) spectra of native right-handed B-form
DNA (blue line) 250 nM, Ru(i1)-complex (3a) at 250 nM (ma-
genta line) and 500 nM (red line).

The right-handed B-DNA exhibits remarkable transforma-
tions in its positive and negative bands at 272-275 nm and
248-250 nm, respectively, upon interaction with complex 3a
(Fig. 10). Complex 3a induces a decrease in intensity for
both the positive (272 nm) and negative bands (248 nm). A
new, negative band observed at 230 nm indicated the deg-
radation of DNA structure. The diminished intensity in the
positive band indicates destabilization of base-stacking, and
the decrease in the negative band intensity specifies a loss
in right-handed helicity?". The orderly diminution in the in-
tensities of the bands revealed a consistent, explicit type of
interaction of complex 3a with DNA. The observed changes
in the total loss of DNA helicity or DNA unwinding suggest
the strong interaction of 3a with DNA. Dyson and Sadler first
explored the anticancer activity of Ru-arene complexes®2.

Moreover, the fundamental blueprint of this type of com-
pound and its mechanisms of action were reviewed previ-
ously®3. In this perspective, it should be reminiscent that Ru()
compounds display low toxicity in response to other metals.
Although detailed research is required to unravel their mecha-
nism of action, it is supposed that Ru-compounds are exclu-
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sively gathered in fast-breaking cells, such as a tumor. It hap-
pens due to the capacity of Ru to mimic Fe (iron) in binding
to transferrin® with proteins that supply iron to cells, and
transferrin receptors are over uttered in cancer cells®. Sec-
ondly, in vivo studies have shown that Ru(ll)-compounds
present high kinetic and thermodynamic stability and, there-
fore, may be recommended as antitumor drugs®®a. In this
context, it should also be noted that Ru(l)-compounds ex-
hibit promising thermodynamic and kinetic stability and low
toxicity in comparison to other metals®6:57. Complex 3a is
efficient compared to other reported Ru(ll)-arene complexes
with anticancer properties34.

Molecular docking studies:

The molecular docking analysis is a suitable tool to in-
vestigate the interactions between proteins and bioactive
molecules (e.g. metallodrugs) in theiratomic levels®8. It lends
a hand to exemplify the nature of the bioactive molecule to-
wards the binding site of target proteins and shed light on
the elemental biochemical progression. Our experimental
findings included cytotoxic assays, DNA binding, and CD
spectroscopy with complex 3a, molecular docking (Fig. 11)
studies were performed. The crystal structure of a B cell CLL/
lymphoma 2 (BCL-2) (PDB entry: 4ivt)®® protein member and
a DNA dodecamer (PDB entry: 1bna)® were used as pri-
mary targets. BCL-2 is a member of the BCL protein family
and was selected for molecular docking studies because it is
a key regulator of apoptosis by controlling the outer mem-
brane permeabilization of mitochondria®!. Apart from this,
complex 3a binding affinity was also predicted in contact with
a DNA strand (Fig. 11). The predicted binding affinities are
summarized in Table 6.

_3a Leu201
v -
A,.gm7f [ Yoy,
&
L o
X x, JOSR }n
SEUw 202 o
Phe104 Phe198 N>
P
A-5

Fig. 11. Complex 3a docked with BCL-2 (left) and DNA (right), respec-
tively. BCL-2 residues and DNA nitrogenous bases involved in
atomic interactions are highlighted as cyan sticks.
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Fig. 12. Superpositionof complexes1a, 2a [Ref. 34] and 3a bound to
BCL-2 (A) and DNA (B). 1a is represented as white sticks, 2a
as light pink sticks, and 3a as orange sticks. Adaptive Pois-
son-Boltzmann solver (APBS) electrostatic potential of BCL-2
(A), with potentials ranging from — 5 kT.e™" (red) to + 5 kT.e™
(blue).

Table 6. Predicted binding affinities (kcal mol~") for the molecular
complex heterocyclic carbenes-DNA and BCL-2

Complex 3a 1a [Ref. 34] 2a [Ref. 34]
BCL-2 71 -6.7 -7.0
DNA -7.3 -7.3 -8.2

Compared with our previous computational data reported
for complexes 1a and 2a, we observed that complex 3a binds
to a different hydrophobic pocket in BLC-2 with the highest
binding affinity, whereas both complexes 1a and 2a®* bind to
the same region. Interestingly, the opposite is observed when
these complexes are simulated in contact with a DNA strand,
as the complexes 3a and 2a3 are superimposed, whereas
complex 1a binds to the other side of the DNA strand. Never-
theless, although complex 3a and 2a®* bind to the same po-
sition in the DNA, the binding affinity predicted for 2a%* is
higher than 3a. Finally, according to the results summarized

Table 7. Predicted atomic interactions between BCL-2 and

complex 3a
BCL-2 (PDB entry: 4Ivt) Complex 3a
Residue Position  Atom Distance  Atom  Compound
name (A name
Phe 104 CD1 3.6 C36 3a
Phe 104 CE1 34 C35 3a
Arg 107 NH1 35 N5 3a
Phe 198 CE1 34 C35 3a
Leu 201 CD2 35 C35 3a
Tyr 202 CE1 3.6 C29 3a

in Tables 7 and 8, the 3a-BCL-2 molecular complex is stabi-
lized mainly by hydrophobic interactions and a single hydro-
gen bond. By contrast, hydrogen bonds, H-boding (H---Cl),
and hydrophobic interactions were predicted for the com-
plex 3a-DNA. Similar patterns of atomic interactions were
predicted in our recent study for complex 1a and 2a in con-
tact with BCL-2 and DNA34,

Table 8. Predicted atomic interactions between DNA and

complex 3a
DNA (PDB entry: 1bna) Complex 3a
Residue Position ~ Atom  Distance ~ Atom  Compound
name (A name
Cytosine 23 C1 3.5 C31 3a
Adenine 5 C5 29 H---Cl 3a
Guanine 4 C1 2.8 H---Cl 3a
Guanine 4 04 3.6 N8 3a

Experimental
Materials:

The synthesis of proligand 3 and the corresponding Ru
complex 3a was prepared under an open atmosphere other-
wise stated. All the required reagents 1-etylimidazole, 2-
chloropyrimidine, Ag,0, KPF¢ and [Ru(p-cymene)Cl,], used
in this synthesis were purchased from Sigma Aldrich and
used without further purification. All solvents (ACN, THF, and
DMSO) were distilled over suitable drying agents. NMR spec-
tra were recorded at room temperature using DMSO-dg as a
solvent on a Bruker 300 Mz NMR-spectrometer with TMS as
internal standard. Elemental analyses were performed us-
ing a Perkin-Elmer 2400C analyzer. The absorption spec-
trum of the complex was recorded with a Shimadzu UV-1601.
Electrochemical data were collected with a PAR model 273A,
and El-mass spectra were recorded on an Esquire 3000 plus
instrument.

Synthesis of 1-methyl-3-pyrimidylimidazolium-hexafluoro-
phosphate (3):

The proligand 3 was synthesized by mixing N-methyl-
imidazole and 2-chloropyrimidine as previously reporteds3®.
N-methylimidazole 2.0 g (24.7 mmol) and 2-chloropyrimidine
3.0 g (26.5 mmol) were stirred in a sealed tube using neat
reaction (without solvent) condition at the 90-95°C in an oil
bath for 6 h, which lead to the formation of light brown solid
with significantly good yields. The resulting crude solid was
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washed with dry THF and shaken in a mechanical shaker for
1 h to eliminate impurities, and the process was repeated 2-
3 times to get the pure product of 1-methyl-3-pyrimi-
dylimidazolium chloride, and the product was then dried in a
vacuum. Dried solid chloride salt was converted to its PFg
salt using the simple anion transferred method; by dissolv-
ing the chloride salt in a minimum amount of distilled water
and then added with excess saturated aqueous KPF¢ solu-
tion. White ppt of compound 3 was formed immediately. The
ppt was filtered, washed with ether, dissolved in ACN sol-
vent, recrystallized from ACN and diethyl ether. The solid
mass was dried in a vacuum. The product formed with satis-
factory yield with 72% (2.56 g, 7.18 mmol). 'H NMR (DMSO-
dg, 25°C, 300 Mz, ppm) &: 9.86 (s, 1H2, NCHN), 8.72 (d,
2H4f J 3.8 Hz), 8.36 (s, 1HS), 7.94 (s, 1HP), 7.68 (t, 1HE J 4.5
Hz), 3.61 (s, 3H, CH,)."3C NMR (DMSO-dg, 25°C, 400 Mz,
ppm) o: 157.8 (m-C of pym.), 149.6 (NCN of pym.), 134.8
(NCHN), 124.2 (NCH), 121.8 (NCH), 117.8 (p-C of pym.),
34.2 (N-CH,). Anal. Calcd. for CgHgN,PFg: C, 31.37; H, 2.91;
N, 18.30. Found: C, 31.32; H, 2.90; N, 18.28%.

Synthesis of chloro (p-cymene)-1-methyl-3-pyrimidylimid-
azolideneruthenium(ll)-hexaflurophosphate (3a):

Preparation of 3a was done following the transmetallation
protocol162.160b.24e.34 " gimilarly to our recent report®4.
Proligand 3 (0.15 g, 0.49 mmol) and black Ag, O powder (0.06
g, 0.26 mmol) was stirred in 15~20 ml ACN for 5 h at room
temperature, under exclusion of light. The resultant blend
was then filtered with a G-4 filter to obtain a clear Ag-carbene
complex solution and eliminate the untreated reagents. [Ru(p-
cymene)Cl,], (0.15 g, 0.25 mmol) was dissolved in a mini-
mum amount of ACN in round bottom flux and heated up to
120°C, and this solution freshly prepared solution of Ag-
carbene complex was added dropwise, and the mixture was
stirred in the same condition for 4 h. The yellowish-orange
product indicates the formation of complex 3a. The solution
was then filtered to eliminate the AgCI. The yellowish-orange
colored filtrate was evaporated to dryness to get the product
to reduce of 3a. The compound 3a was recrystallized from
ACN/diethyl ether. The orange, yellowish microcrystalline
product was separated by filtration and washed several times
with petroleum benzene. Yield was 87% (0.25 g, 0.43 mmol).
"HNMR (DMSO-dg, 25°C, 300 Mz): 6 9.72 (d, J 7.0 Hz, 2H,
HO-PYM) 8.73 (d, J 7.2 Hz, 1H, H™), 8.62 (d, J 7.1 Hz, 1H,
HimY, 7.85 (t, J 7.3 Hz, 1H, HP-PY™) 6.48(d, J 6.6 Hz, 4H,
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CH,om)> 3-12 (s, 3H, N-CH3), 2.61 (m, 1H, CH, o ), 2.12 (s,
3H, -CHs arom), 0.87-0.80 (m, 6H, -CH3). 13C NMR (DMSO-
dg, 100.5 MHz, 25°C, ppm) &: 172.6 (m-C of pym.), 162.5
(NCH), 161.3 (m-C of pym.), 158.8 (Cpene)s 1572 (i-C of
pym.), 154.6 (i-C of pym.), 127.3 (NCH), 122.4 (NCH), 119.6
(p-C of pym.), 92.4, 90.3, 88.4, 84.5, 36.9 (N-CH,), 22.6,
20.3,19.3. Anal. Calcd. for C4gH,,N4RUCIPF, C, 37.52; H,
3.82; N, 9.72. Found: 37.22; H, 3.67; N, 9.57%.

Theoretical studies:

To get insightinto the electronic configuration and nature
of absorption spectra of the complex 3a, we have performed
DFT computation using B3LYP/def2-TZVP level of the theory
in the Gaussian 09W52 suit. The imaginary frequency of the
molecule comes out to zero, infer to corresponding energy
minima structure on the potential energy surface®3. The FMOs
of the molecule were generated with Gauss view 6.0. During
TD-DFT analysis upon UV-Vis spectra, pseudo potential on
the metal (Ru) was included. PDOS was also calculated to
scrutinize the structure-bonding relationship and the orbital
contribution of Ru(l) and ligands towards the formation of
FMOs.

X-Ray structure determination of complex 3a:

Single-crystal X-ray diffraction data of complex 3a was
recorded, and diminution of data was performed using the
Bruker SAINT programb. The data set was integrated with
the Denzo-SMN package®® and corrected for Lorentz, polar-
ization, and absorption effects (SORTAV)B6. The structure of
3a was determined by direct methods (SIR97)%7 and refined
using full-matrix least-squares with all non-hydrogen atoms
anisotropically, and hydrogens were included in calculated
positions riding on their carrier atoms. All calculations were
carried out using SHELXL-9768 PARST®® and WINGX? pro-
grams. The CIF data was recorded at The Cambridge Crys-
tallographic Data Centre with CCDC no. 824311 and avail-
able at http://www.ccdc.cam.ac.uk.

Cell viability assay:

For the in vitro cytotoxic evaluation of the Ru-NHC com-
plex 3a, human cancer cell lines (A549, MCF7, HCT116) and
non-carcinoma embryonic fibroblast cells from healthy mice
(3T3) were cultured and maintained at 37°C and 5% CO,.
Before treatment with the complex 3a, cells (3000 cells per
well) were plated in 96-well culture plates for 24 h. The cell
lines were then treated with DMSO solution of complex 3a at
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increasing (0-100 wM) concentrations for 48 h. At the same
time, the cells were also treated with 0.5% (v/v) DMSO and
considered a control. After incubation, the MTT assay was
used for cell viability analysis®*. MTT reagent (20 uL of 5
mM MTT solution) was added in each and further incubated
for 4 h at 37°C. The IC; data were calculated from the plot
of cell viability vs concentration of complex 3a.

DNA cleavage study:

To explore the DNA-cleaving performance of molecule
3a, its explicitaction to relax the plasmid DNA was investi-
gated. The pTZ57R/T plasmid DNA was incubated with dif-
ferent complex 3a concentrations. The study of DNA cleav-
age by the ruthenium compound 3a over time was carried
out to determine whether the direct double-strand cleaves
further, and it is analyzed by Agarose gel Electrophoresis
under the UV-Transilluminator.

Circular dichroism spectra:

CD spectra were recorded at 37°C using a Jasco J-810
CD spectropolarimeter, with the scanning rate 100 nm min~",
and with response time 1 s. The scanning range was 350-
190 nm, and the spectra were measured at standard sensi-
tivity (100 mdeg) with a data pitch of 0.5 nm in unremitting
mode. The other instrumental setup is followed as per our
previous report?*¢. CD spectra were collected from the reac-
tion mixture containing CT-DNA and Ru-compound 3a in
phosphate buffer (pH 7.2) incubated at 37°C for 12 h, and
blank CT-DNA was used as control. All the spectral data re-
corded were the average of three consequent results.

Molecular docking simulations:

Molecular docking simulations were performed to predict
the binding affinities and atomic interactions for the complex
3a in contact with DNA and BCL-2. For this, the single crys-
tal XRD structure of 3a was optimized using Mercury v.3.8""
software package, and the ruthenium atom, which is not sup-
ported in AutoDock 4.0 tools’2, was replaced by carbon at-
oms on Maestro v.10.2.011 (Schrodinger). Crystal structures
of a DNA dodecamer (PDB entry: 1bna) and BCL-2 (PDB
entry: 4Ivt) were set as receptors using of (40x40x60) A3
and (40x40x40) A3 grid boxes, respectively3*. Fifty runs of
molecular docking simulations were programmed, and the
complexes were ranked according to their binding affinities
in kcal mol~!. The highest affinity values for complex 3a, BCL-
2, and DNA were selected, and the respective ligand coordi-
nate file (3a resulting from docking) was used as input in

Maestro v.10.2.011 for ruthenium atom reintegration. The to-
pologies for the final Ru(ll)-complex 3a were generated us-
ing PRODRG followed by energy minimization using the
GROMOS96 43a2 force field from the GROMACS v.5.0.4
software package. The visualization of the molecular com-
plexes and atomic interactions measurement were done us-
ing PyMOL v.2.0 software.

Conclusion

In summary, Ru(I)-NHC complex 3a; [chloro(p-cymene)-
1-methyl-3-pyrimidylimidazolideneruthenium(i)-hexafluoro-
phosphate], was synthesized and structurally and function-
ally characterized. Complex 3a shows excellent absorption
spectra obeying mixed-mode metal-ligand transitions. It
shows the irreversible oxidation character of the redox pro-
cess in the cyclic voltammograms. This study also presents
anew Ru(I)-NHC complex as to lead drug candidate against
lung (A549), colon (HCT116), and breast (MCF7) cancer cell
lines with optimistic cell viability results. All these findings
were also supported by in silico studies. Therefore, we are
confident that the data reported here can be used for further
anticancer evaluations using Ru(ll)-NHC complexes as an
alternative to conventional treatments.

Abbreviation

ACN = Acetonitrile, THF = tetrahydrofuran, DMF =
dimethylformamide, DMSO = dimethylsulfoxide, TMS =
tetramethylsilane, en = ethylenediamine, DFT = density func-
tional theory, TDDFT = time dependent DFT, PDOS = partial
density of states, FMO = frontier molecular orbital, TBAH =
tetrabutylammonium hexafluorophosphate, CD = circular
dichroism, CTDNA = calf thymus DNA, MTT = 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, ICx
= half maximal inhibitory concentration.
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