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ABSTRACT: Ruthenium compounds are promising anticancer
candidates owing to their lower side-effects and encouraging
activities against resistant tumors. Half-sandwich piano-stool type
Ru" compounds of general formula [(L)Ru"(r7%-arene)(X)]* (L =
chelating bidentate ligand, X = halide) have exhibited significant
therapeutic potential against cisplatin-resistant tumor cell lines. In
Ru" (p-cymene) based complexes, the change of the halide leaving
group has led to several interesting features, viz., hydrolytic
stability, resistance toward thiols, and alteration in pathways of
action. Tyramine is a naturally occurring monoamine which acts as
a catecholamine precursor in humans. We synthesized a family of
NN and N,O coordinated Ru" (p-cymene) complexes, [(L)-
Ru'(n%-arene)(X)]* (1—4), with tyramine and varied the halide (X
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= C, I) to investigate the difference in reactivity. Our studies showed that complex 2 bearing N,N coordination with an iodido
leaving group shows selective in vitro cytotoxicity against the pancreatic cancer cell line MIA PaCa-2 (IC, ca. S uM) but is less toxic
to triple-negative breast cancer (MDA-MB-231), hepatocellular carcinoma (Hep G2), and the normal human foreskin fibroblasts
(HFF-1). Complex 2 displays stability toward hydrolysis and does not bind with glutathione, as confirmed by "H NMR and ESI-
HRMS experiments. The inert nature of 2 leads to enhancement of cytotoxicity (ICs, = 5.3 = 1 uM) upon increasing the cellular

treatment time from 48 to 72 h.

B INTRODUCTION

Cancer, a globally threatening disease, takes a major toll on
human life every year." The growing resistance of cancer toward
existing chemotherapeutics’ > including Pt-based drugs have
led to new Pt and non-Pt metal complexes.(’_28 In this regard,
the Ru(II/III) complexes have shown promise owing to their
lower side-effects and encoura in§ activities,'® viz., targeting
DNA or protiens,g’g‘13'14’16'22’ *2° accumulation in various
cellular organelles and enhancement of oxidative stress, ' >*>%7
photoactivation,'* higher cytotoxicity to cancer cells,'"""”"* and
disruption of the cellular redox balance.””*"**** Several Ru
complexes like NAMI-A, NKP-1339, and TLD1433 have been
to clinical trials (Figure 1).””~** Ru™ complexes can act as “pro-
drugs,” that display kinetic inertness and can be reduced to Ru"
in physiology.”> Half-sandwich piano-stool type Ru" com-
pounds of general formula [(YZ)Ru"(yj%-arene)(X)]* (YZ =
chelating bidentate ligand, X = halide) exhibit significant
therapeutic potential against cisplatin-resistant tumor cell
lines,36_4o’3’5’41_43 and several of them, viz., RM175, RAPTA-
C, and RAPTA-T (Figure 1), have undergone pre-clinical
trials.”**~*® The aquated Ru" complexes display ligand
exchange kinetics which may differ from or be similar to Pt"
drugs.”’ In this class of complexes, a change of the halide leaving
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group leads to a change in kinetic inertness and also alters the
mechanism of action in many cases.”*™>*

In this work, we have selected tyramine, a naturally occurring
monoamine that acts as a catecholamine precursor, as part of a
bidentate ligand.”® Tyramine is part of our physiological system
and can be metabolized by monoamine oxidase.”*> Schiff base
derivatives of tyramine with pyridine-2-carbaldehyde have been
previously reported.’*">° They have been utilized for develop-
ing Cu'-conjugated phosphorus dendrimers bearing a cyclo-
triphosphazene core and also showed antitumoral/antimicrobial
activities as dual Au"—Cu'" conjugated dendrimers.”*™>* The
Au™—Cu" conjugated dendrimers designed exhibited cytotox-
icity in the range 3—600 nM against epithelial carcinoma (KB)
and promyelocytic leukemia (HL60) cell lines.”” The
corresponding Cu" and Ni"" complexes were investigated for
inhibition of urease and xanthine oxidase.”” In a recent study,
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Figure 1. Representation of Ru™ (NKP-1339 and NAMI-A),
organometallic half-sandwich Rul! (RM-175, RAPTA-C, and RAPTA-
T), and polypyridyl Ru'" (TLD1433) anticancer agents, along with the
p-cymene based Ru" complexes studied in this work.

Co" complexes of similar ligands have displayed electrochemical
hydrogen evolution at pH < 4.°" Hence, the ligands used are
known for their activity against various proteins depending on
the metal ions used. The work presented here involves Ru'(p-
cymene) complexes (1—4) of tyramine based Schiff bases with
pyridine-2-carbaldehyde and salicylaldehyde (L1, L2) leading to
variation in the coordination from N,N to N,O. In addition the
kinetic stability was also altered with variation of the halide (X =
Cl, 1) and the aldehyde. All the four complexes were well
characterized by various analytical techniques like FT-IR, UV—
visible spectroscopy, 'H NMR, *C NMR, and ESI-HRMS. The
structures of 1 and 2 were confirmed by single crystal X-ray
diffraction. Bulk purity was confirmed by elemental analysis.
Activities of 1—4 were probed in vitro against a panel of three
different carcinoma cell lines (MDA-MB-231, triple-negative
breast adenocarcinoma; Hep G2, hepatocellular carcinoma; and
MIA PaCa-2, pancreas ductal adenocarcinoma). The stability of
the complexes in solution varied based on the ligands used, and
it also influenced their cytotoxicity.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals and solvents were
purchased from commercial sources. Solvents were distilled and dried
prior to use by standard procedures.”> Pyridine 2-carbaldehyde,
salicylaldehyde, and reduced L-glutathione were purchased from
Sigma-Aldrich and used without any further purification. Tyramine
monohydrochloride was purchased from Spectrochem, India.
Ruthenium(III) trichloride was purchased from Precious Metals
Online, Australia. [Ru"(;%p-cymene)Cl,], was prepared using a
literature protocol.”> MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide] (USB), along with supplements and assay kits,
were purchased from Gibco and used as received. UV—visible
measurements were done using an Agilent Cary 300 UV-—vis
spectrophotometer. FT-IR spectra were recorded using a PerkinElmer
SPECTRUM RX I spectrometer in KBr pellets. 'H and proton
decoupled "*C NMR spectra were measured using either a JEOL ECS
400 MHz or Bruker Avance III 500 MHz spectrometer at room
temperature. The chemical shifts are reported in parts per million
(ppm). Electro-spray ionization mass spectra were recorded using a
Bruker maXis impact mass spectrometer by positive mode of
electrospray ionization. The synthetic yields reported are of isolated

analytically pure compounds. The ligands and complexes synthesized
were dried in a vacuum and stored in a desiccator in the dark.

Syntheses. Synthesis of 4-(2-(Pyridin-2-ylmethyleneamino)-
ethyl)phenol (L1). To a stirred solution of tyramine monohydro-
chloride (0.2 g, 1.15 mmol) in MeOH, LiOH (0.04 g, 1.15 mmol) was
added. The mixture was allowed to stir for 1 h and placed under ice.
Pyridine-2-carbaldehyde (0.123 g, 1.15 mmol) was added dropwise to
the above solution over a period of 15 min. The resulting solution was
allowed to stir at room temperature for 12 h. The solvent was
evaporated under reduced pressure, and the obtained crude product
was washed two times with petroleum ether, yielding a yellowish-white
solid. Yield: 85%. '"H NMR (500 MHz, DMSO-dg): 6 9.17 (s, 1H,
—OH), 8.61 (d, 1H, ] = 4.45 Hz, Py-H), 8.22 (s, 1H, —-CH=N), 7.94
(d, 1H,]=7.85Hz, Py-H), 7.88 (t, 1H, ] = 7.62 Hz, Py-H), 7.46 (t, 1H, ]
= 6.1 Hz, Py-H), 7.03 (d, 2H, ] = 8.3 Hz, Ar—H), 6.66 (d, 2H, ] = 8.3
Hz, Ar—H), 3.82 (t, 2H, ] = 7.17 Hz, —CH,), 2.83 (t, 2H, ] = 7.27 Hz,
—CH,) (Supporting Information, Figure S1). *C NMR (125 MHz,
DMSO-d,, 25 °C): & 161.9, 155.9, 154.2, 149.4, 137.0, 129.6, 125.1,
120.5, 115.5, 115.2, 62.3, 35.9 (Supporting Information, Figure S2).

Synthesis of 2-(((4-Hydroxyphenethyl)imino)methyl)phenol (L2).
To a stirred solution of tyramine monohydrochloride (0.2 g 1.15
mmol) in MeOH, LiOH (0.04 g, 1.15 mmol) was added. The mixture
was allowed to stir for 1 h. Salicylaldehyde (0.140 g, 1.15 mmol) was
added dropwise to the above solution and allowed to stir at rt for 12 h.
The solvent was evaporated under reduced pressure, and the obtained
crude was washed repeatedly with petroleum ether, yielding a bright
yellow solid. Yield: 83%. 'H NMR (500 MHz, DMSO-dg): 6 13.53 (s,
1H, Sal-OH), 9.24 (s, 1H, Ar—OH), 8.45 (s, 1H, —CH=N), 7.38 (d,
1H, J =9.3 Hz, Sal-H), 7.32 (t, 1H, ] = 10.1 Hz, Sal-H), 7.03 (d, 2H, ] =
10.35 Hz, Ar—H), 6.87 (t, 2H, ] = 9.15 Hz, Sal-H), 6.68 (d, 2H, ] = 10.4
Hz, Ar—H), 3.79 (t, 2H, ] = 8.62 Hz, —CH,), 2.84 (t, 2H, ] = 8.72 Hz,
—CH,) (Supporting Information, Figure S3). *C NMR (125 MHz,
DMSO-d,, 25 °C): 6 165.8, 161.0, 155.7, 154.4, 132.3, 131.6, 129.6,
129.2, 118.6, 118.3, 116.6, 115.2, 60.0, 35.9 (Supporting Information,
Figure $4).

[(L 7)Ru”(r]6—p—cym)(C/)](PFﬁ) (1). To a solution of L1 (0.1 g 0.44
mmol), dissolved in 10 mL of methanol, a 10 mL methanolic solution of
[Ru"(7®-p-cymene) Cl,],(0.130 g, 0.22 mmol) was added under stirring
conditions. The whole reaction mixture was allowed to reflux for 4 h,
followed by the addition of NH,PF (0.087 g, 0.53 mmol), dissolved in
ca. S mL of methanol. The solvent was evaporated under reduced
pressure, extracted with dichloromethane, and re-evaporated. The
resulting orange colored crude product was washed with chilled diethyl
ether multiple times. The pure product was isolated as a yellow powder,
which was soluble in methanol, ethanol, acetonitrile, and DMSO. Yield:
0.179 g (64%). Anal. Calcd for C,,H,CIF(N,OPRu: C,44.90; H, 4.40;
N, 4.36. Found: C, 44.67; H, 4.31; N, 4.41. '"H NMR (500 MHz,
DMSO-dg): §9.53 (d, 1H, J = 4.32 Hz, Py-H), 8.67 (s, 1H, —CH=N),
8.25 (t, 1H, ] = 6.12 Hz, Py-H), 8.14 (d, 1H, J = 6.04 Hz, Py-H), 7.82 (t,
2H, ] = 5.24 Hz, Py-H), 7.19 (d, 2H, ] = 6.68 Hz, Ar—H), 6.74 (d, 2H, ]
=6.68 Hz, Ar—H), 6.29 (d, 1H, ] = 5.04 Hz, p-cym-H), 6.21 (d, 1H, ] =
4.88 Hz, p-cym-H), 5.97 (d, 1H, ] = 4.88 Hz, p-cym-H), 5.92 (d, 1H, ] =
5.04 Hz, p-cym-H), 4.65 (m, 1H, —CH,), 4.54 (m, 1H, —CH,), 3.21
(m, 1H, —CH,), 2.93 (m, 1H, —CH,), 2.62 (m, 1H, p-cym-CH), 2.18
(s, 3H, p-cym-CH,), 1.03 (d, 3H, ] = 5.52 Hz, iPr-CH, ), 0.94 (d, 3H, ] =
5.52 Hz, iPr-CH,) (Supporting Information, Figure $5). 3C NMR
(125 MHz, DMSO-d,, 25 °C): § 167.3, 156.0, 155.8, 154.4, 139.8,
130.0, 128.6, 1282, 127.8, 115.2, 104.5, 103.2, 87.3, 84.9, 84.7, 84.3,
67.4, 34.6, 30.4, 22.0, 21.4, 18.3 (Supporting Information, Figure S6).
FT-IR (KBr pellets, cm™): 3541, 2970, 1613, 1515, 1261, 1202, 836,
553. UV—vis [CH;0H, 4., nm (&/dm> mol™ cm™)]: 271 (6600),
350 (2530), 406 (1820). ESI-HRMS (methanol) m/z (calcd):
497.0928 (497.0744) [C,,H,sCIN,ORu*].

[(L I)Ru”(né-p-cym)(l)](l) (2). To a solution of L1 (0.08 g 0.35
mmol), dissolved in 10 mL of methanol under stirring conditions,
[Ru"(#®-p-cymene)L,], (0.173 g, 0.17 mmol) dissolved in 10 mL of
methanol was added. The whole reaction mixture was allowed to reflux
for 5 h. The solvent was evaporated under reduced pressure, extracted
with dichloromethane, and re-evaporated. The resulting deep orange
crude was washed with chilled diethyl ether for purification. The pure
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Table 1. Selected Crystallographic Parameters of Complexes 1 and 2

1 2
empirical formula C,,H,3CIF,N,OPRu C,HyL,N,ORu
radiation Mo Ka (1 =0.71073) Mo Ka (1 =0.71073)
formula weight 641.99 715.35
temperature (K) 100.00(10) 178(100)
crystal system orthorhombic monoclinic
space group P2,2,2, P2,/c
a(A) 38.570(4) 10.2017(3)

b (A) 16.2804(9) 14.4742(3)
¢ (A) 7.7893(3) 17.2490(5)
a (deg.) 90.00 90.00

B (deg.) 90.00 100.885(3)
v (deg) 90.00 90.00
volume (A%) 4891.2(6) 2501.18(12)
Z 4 4

calculated density (mg/m®) 1.744 1.900
F(000) 2592.0 1376.0
y/mmf1 0.884 3.113
goodness-of-fit on F* 1.149 1.053

final R indices [I > 26(I)] R, = 0.0426, wR, = 0.0882 “R, = 0.0208,” wR, = 0.0517
Ry 0.0389 0.0306
Rigma 0.0662 0.0266

R, = YIE| — IEI/YIF. ®wR, = [Y[w(F,> — 2]/ Sw[(F,2)*]"2

product was obtained as a reddish-brown solid which was soluble in
methanol, ethanol, acetonitrile, and DMSO. Yield: 0.175 g (70%). Anal.
Calcd for C,,H,I,N,ORu: C, 40.30; H, 3.95; N, 3.92. Found: C, 40.11;
H, 3.89; N, 4.01. "H NMR (500 MHz, DMSO-d,): 69.51 (d, 1H, J = 4.4
Hz, Py-H), 9.33 (s, 1H, —OH), 8.66 (s, 1H, —CH=N), 8.23 (m, 2H,
Py-H),7.76 (t, 1H, ] = 5.88 Hz, Py-H), 7.21 (d, 2H, ] = 6.72 Hz, Ar—H),
6.76 (d, 2H, ] = 6.68 Hz, Ar—H), 6.17 (t, 2H, ] = 6 Hz, p-cym-H), 5.97
(t, 2H, J = 4.9 Hz, p-cym-H), 4.55 (m, 2H, —CH,), 3.23 (m, 1H,
—CH,), 3.07 (m, 1H, —CH,), 2.72 (m, 1H, p-cym-CH), 2.39 (s, 3H, p-
cym-CH,), 1.07 (d, 3H, J = 5.32 Hz, iPr-CH;), 0.90 (d, 3H, ] = 5.52 Hz,
iPr-CH;) (Supporting Information, Figure S8). *C NMR (125 MHz,
DMSO-d,, 25 °C): & 166.6, 157.1, 156.1, 154.4, 139.5, 129.9, 128.9,
127.8,127.6,115.3,107.0, 101.6, 86.6, 85.8, 85.3, 84.7, 68.1, 35.7, 31.0,
21.9, 21.3, 20.0 (Supporting Information, Figure S9). FT-IR (KBr
pellets, cm™): 3534, 2964, 1616, 1514, 1262, 1207, 836, 557. UV—vis
[CH,0H, A, nm (&/dm® mol™! cm™)]: 223 (27600), 272 (8700),
365 (2800), 437 (1480). ESI-HRMS (methanol) m/z (calcd):
589.0284 (589.0261) [C,,H,3IN,ORu*].

[(L2)Ru"(175-p-cym)(Cl)] (3). To a solution of L2 (0.1 g, 0.41 mmol),
dissolved in 10 mL of methanol, KOH (0.09 g, 0.373 mmol) and
[Ru"(5%-p-cymene)CL,], (0.127 g, 0.207 mmol), also dissolved in
methanol, were added subsequently. The whole reaction mixture was
allowed to stir at 25 °C for 12 h. The solvent was filtered and evaporated
under reduced pressure, and the resulting orange crude was extracted
with DCM. The DCM layer was evaporated under reduced pressure
and washed two times with chilled diethyl ether to obtain a reddish-
brown crude. The crude was purified by means of column
chromatography, packed with neutral alumina, using 0.1% MeOH in
DCM as an eluent. Product was isolated as a reddish-orange powder.
Yield: 0.156 g (74%). Anal. Calcd for C,sH,CINO,Ru: C, 58.76; H,
5.52; N, 2.74. Found: C, 58.94; H, 5.50; N, 2.68. "H NMR (500 MHz,
CDCly): § 7.51 (s, 1H, —CH=N), 7.17 (m, 3H, Sal-H and Ar—H),
6.96 (d, 1H, J = 8.52 Hz, Sal-H), 6.81 (m, 3H, Sal-H and Ar—H), 6.41
(t, 1H, J = 7.26 Hz, Sal-H), 5.40 (s, 2H, p-cym-H), 5.36 (d, 1H, ] = 5.68
Hz, p-cym-H), 5.06 (d, 1H, J = 5.64 Hz, p-cym-H), 447 (m, 1H,
—CH,), 423 (m, 1H, —CH,), 3.32 (m, 1H, —CH,), 3.16 (m, 1H,
—CH,), 2.79 (m, 1H, p-cym-CH), 2.23 (s, 3H, p-cym-CH3), 1.24 (d,
3H, J = 692 Hz, iPr-CH,), 1.14 (d, 3H, J = 6.88 Hz, iPr-CH,)
(Supporting Information, Figure S11). BC NMR (125 MHz, CDCl,,
25°C): § 164.6, 164.2, 155.3, 134.9, 134.5, 130.0, 129.9, 122.1, 119.6,
116.1, 114.7, 101.9, 97.8, 85.7, 83.2, 81.9, 80.6, 70.0, 36.6, 30.7, 22.8,

21.9, 18.8 (Supporting Information, Figure S12). FT-IR (KBr pellets,
cm™1): 3406, 2964, 2925, 1620, 1518, 1449, 1318, 1233, 754. UV—vis:
[CH;OH, 4,,,, nm (¢/dm® mol™ cm™)]: 226 (68050), 284 (19700),
384 (6250), 487 (1700). ESI-HRMS (methanol) m/z (calcd):
476.1158 (476.1135) [C,H,NO,Ru*]

[ (L2)Ru"(175-p-cym)(l)] (4). Compound 4 was prepared following a
procedure similar to that reported for 3, starting from L2 (0.08 g, 0.331
mmol), KOH (0.016 g 0.298 mmol), and [Ru"(#’-p-cymene)1,],
(0.162 g, 0.165 mmol). Product was obtained as a deep brown solid
after column chromatography, packed with neutral alumina, using 0.1%
MeOH in DCM as an eluent. Yield: 0.122 g (61%). Anal. Calcd for
C,sH,INO,Ru: C, 49.84; H, 4.68; N, 2.32. Found: C, 49.49; H, 4.43;
N, 2.45. "H NMR (500 MHz, DMSO-d,): §9.31 (s, 1H, —OH), 8.36 (s,
1H, —CH=N), 7.27 (m, 2H, Sal-H), 7.18 (d, 2H, ] = 8.36 Hz, Ar—H),
6.87 (d, 1H, J = 8.4 Hz, Sal-H), 6.75 (d, 2H, ] = 8.36 Hz, Ar—H), 6.60 (t,
1H, J = 7.32 Hz, Sal-H), 6.01 (br.s, 4H, p-cym-H), 4.35 (t, 2H, ] = 6.94
Hz, —CH,), 3.11 (t, 2H, J = 7.02 Hz, —CH,), 2.55 (m, 1H, p-cym-CH),
2.08 (s, 3H, p-cym-CHj), 1.07 (d, 6H, ] = 5.56 Hz, p-cym-iPr-CH;)
(Supporting Information, Figure S14). *C NMR (125 MHz, DMSO-
dg 25 °C): 5 155.9, 135.0, 134.5, 129.8, 128.7, 128.1, 126.0, 121.5,
119.9, 115.1, 114.9, 84.8, 83.2, 80.1, 77.5, 70.6, 66.5, 66.3, 35.9, 30.1,
23.9, 21.3 (Supporting Information, Figure S15). FT-IR (KBr pellets,
cm™!): 3410, 2964, 1616, 1518, 1449, 1325, 1200, 767. UV—vis
[CH,0H, A, nm (&/dm® mol™! em™)]: 222 (29800), 286 (6020),
393 (1940), 484 (560). ESI-HRMS (Methanol) m/z (calcd): 476.1158
(476.1135) [CygH,sNO,Ru]

X-ray Crystallography. Good quality single crystals suitable for X-
ray diffraction were obtained by layering acetonitrile solutions of the
isolated complexes (1 and 2) with diethyl ether. Single crystals were
mounted using loops on the goniometer head of a SuperNova, Dual, Cu
at zero, Eos diffractometer (Agilent) equipped with graphite
monochromated Mo Ka radiation (0.71073 A) and data collected at
100 K. An empirical multiscan absorption correction was performed
using SADABS. The structures were solved by direct methods, and all
non-hydrogen atoms were refined anisotropically by full matrix least-
squares on F%. A few important crystallographic refined parameters are
summarized in Table 1 and Table 2. The hydrogen atoms were
calculated and fixed using riding model SHELXL-97 after hybridization
of all non-hydrogen atoms. The CCDC numbers are 1969294 for
complex 1 and 1969295 for complex 2.
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Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for Complexes 1 and 2

1

Rul Cl1 2.394(2)
Rul N1 2.069(6)

Rul N2 2.065(6)

Rul C152.210(7)
Rul C16 2.163(7)
Rul C17 2.185(7)
Rul C18 2.245(8)
Rul C19 2.196(8)
Rul C20 2.190(7)

N2 Rul N1 76.4(2)
N1 Rul ClI 86.76(17)
N2 Rul Cl1 83.05(17)
N2 Rul C15 119.5(3)
N2 Rul C16 95.9(3)
N2 Rul C17 97.6(3)
N2 Rul C18 121.7(3)
N2 Rul C19 159.5(3)
N2 Rul C20 157.2(2)
NI Rul C15 92.7(3)
N1 Rul C16 117.1(3)
NI Rul C17 154.2(3)
N1 Rul C18 161.5(3)
N1 Rul C19 123.7(3)
N1 Rul C20 97.2(3)

Rul I1 2.7174(3)
Rul N1 2.069(2)
Rul N2 2.064(2)
Rul C15 2.205(3)
Rul C162.186(3)
Rul C17 2.215(3)
Rul C18 2.247(3)
Rul C192.219(3)
Rul C20 2.201(3)

N1 Rul N2 76.89(9)
N1 Rulll 85.62(6)

N2 Rul 11 85.82(6)

N1 Rul C15 94.53(10)
N1 Rul C16 121.36(10)
N1 Rul C17 158.99(10)
N1 Rul C18 155.92(10)
N1 Rul C19 118.99(10)
N1 Rul C20 94.76(10)
N2 Rul C15 113.52(10)
N2 Rul C16 92.62(10)
N2 Rul C17 99.13(10)
N2 Rul C18 126.70(11)
N2 Rul C19 164.12(10)
N2 Rul C20 150.39(10)

Stability Studies. The complexes were dissolved in a mixture of
DMSO-dg and 10 mM PBS buffer (pD = 7.4) containing 4 mM NaCl
(3:7 v/v), and the spectra were recorded by '"H NMR at 25 °C at
different time intervals. The UV—visible spectral study of complexes 1
and 2 was also performed via UV—visible spectroscopy using 1:9 (v/v)
methanol/PBS buffer with 4 mM NaCl at pH = 7.4.

The stability studies of the complexes in ESI-MS were performed
using micromolar solutions of the complexes in methanol and 10 mM
PBS buffer (pH = 7.4) containing both 4 and 130 mM NaCl (2:8 v/v)
at 25 °C. The data were analyzed and plotted using Bruker Daltonics
software.

The stability of complex 2 in extracellular chloride concentration
(130 mM) was determined by "H NMR at 25 °C. Briefly, 1.2 mg of the
sample was dissolved in 600 uL of 3:7 (v/v) DMSO-ds/10 mM PBS
buffer (pD = 7.4) containing 130 mM NaCl. The spectra were recorded
up to 24 h.

Binding Studies with Model Nucleobase 9-Ethylguanine (9-
EtG). One molar equivalent of the complexes was coincubated with 2
mol equiv of 9-EtG in a 3:7 v/v DMSO-ds/10 mM PBS buffer (pD =
7.4) containing 4 mM NaCl, and the spectra were recorded at 25 °C by
"H NMR for 24 h at different time intervals. The ESI-MS studies were
done using a 1:5 ratio of the complexes with respect to 9-EtG in a 2:8 v/
v mixture of methanol and 10 mM PBS buffer (pH = 7.4) containing 4
mM NaCl at 25 °C. The data were analyzed and plotted using Bruker
Daltonics software.

Binding Studies with t-Glutathione (GSH). The complexes were
used for binding studies with reduced L-glutathione using '"H NMR.
Complexes were dissolved in a degassed mixture of 3:7 v/v DMSO-d,
and 10 mM PBS buffer (pD = 7.4) containing 4 mM NaCl at 25 °C and
under a nitrogen atmosphere for the purpose of minimizing the auto-
oxidation of glutathione. Each experiment involved one molar
equivalent of the complex coincubated with 2 mol equiv of GSH in
the above solution. The spectra were recorded for 24 h at different time
intervals.

In the case of GSH binding studies by means of ESI-MS, the
solutions were a 2:8 (v/v) mixture of methanol and 10 mM PBS buffer
(pH = 7.4) containing 4 mM NaCl. Each experiment involved one
molar equivalent of the complex coincubated with S mol equiv of GSH
in the above solution at 25 °C. The data were analyzed and plotted
using Bruker Daltonics software.

Distribution Coefficient Determination. The distribution coef-
ficient (log D) was determined using the traditional shake-flask method
using octanol-10 mM phosphate buffer (pH = 7.4). After pre-
equilibration of octanol and aqueous phosphate buffer (2 mL each)
overnight, 1—4 (1 mg each) were added and shaken continuously (150
rpm) at 37 °C for 6 h on a shaker. The tubes were then centrifuged and
aliquots of the octanol and aqueous buffer layers were pipetted out
separately. Absorbances were measured, with necessary dilutions, by
means of UV-—visible spectroscopy. Each set was performed in

triplicate. Concentration in each layer was determined from the
respective molar extinction coefficient values, and the corresponding
distribution coefficient (log D) was calculated.

Cell Lines and Culture Condition. Triple negative human metastatic
breast adenocarcinoma (MDA-MB-231), hepatocellular carcinoma
(Hep G2), and human pancreatic carcinoma (MIA PaCa-2) were
bought from NCCS, Pune, India. Normal human foreskin fibroblasts
(HFF-1) were purchased from ATCC. Cell lines were maintained in the
logarithmic phase at 37 °C in a 5% carbon dioxide atmosphere using a
suitable culture medium, 10% fetal bovine serum (GIBCO), and 1%
antibiotic—antimycotic solution.

Cell Viability Assay. The growth inhibitory effect toward MDA-MB-
231, Hep G2, and MIA PaCa-2 tumor cell lines was evaluated with the
help of MTT assay. In brief, 6 X 10° cells per well were seeded in 96-well
microplates in the medium (200 4L) and incubated at 37 °C in a 5%
carbon dioxide atmosphere. After 24 h, the medium was renewed with a
fresh one (200 pL). Stock solutions of 1—4 in DMSO—medium
mixture were made immediately prior to drug dilution. Various
concentrations of solution were prepared from the stock solution
diluted with the same culture medium within S min and added in
triplicate to attain appropriate concentrations in the respective wells.
The final DMSO concentration in wells did not exceed 0.2% for the
complexes. The same amount of DMSO percentage was maintained in
the case of all cell based studies mentioned below. Upon completion of
72 h of incubation with the compounds, fresh medium (200 yL) was
added to each well after removing the drug containing medium
followed by treatment with 20 yL ofa 1 mgmL ™' MTT in 1X PBS (pH
=7.2). After 3 h of incubation at 37 °C, medium was removed, and the
resulting formazan crystals were dissolved in spectroscopy grade
DMSO (200 pL). The growth inhibition of the cells was analyzed by
comparing the absorbance of the drug treated wells with respect to
untreated ones at 570 nm using either a BIOTEK ELx800 or a
SpectraMax M2e plate reader. ICj values (drug concentrations that is
responsible for 50% cell growth inhibition) were calculated by fitting
nonlinear curves (using four parameter fitting) in GraphPad Prism 5,
using a variable slope model constructed by plotting cell viability (%)
versus the log of drug concentration in micromoles. Each independent
experiment was carried out in triplicate.

Cell Cycle Arrest. A total of 5 X10* MIA PaCa-2 cells were cultured in
100 mm sterile cell culture Petri dishes suspended in 5 mL of DMEM
under previously described culturing conditions. After 48 h, the
medium was removed and replenished with fresh medium. A 35 uM
concentration of 2 was added and incubated under the same conditions
described above. After being exposed to 2 for 16 h, cells were harvested
by trypsinization, centrifuged, and washed twice with cold 1 X PBS
buffer (pH = 7.2). Cells were resuspended in 100 L of cold 1 X PBS
buffer and fixed with 70% aqueous ethanol overnight at 4 °C. DNA
staining was done by resuspending the cell pellets in 1 X PBS solution
containing PI (55 ug mL™') and RNaseA (100 pg mL™'). Cell
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Scheme 1. Representative Synthetic Scheme of the Ligands (L1, L2) and Complexes 1—4
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suspensions were gently mixed and incubated at 37 °C for 0.5 h. The
samples were analyzed in a BD Biosciences FACS Calibur flow
cytometer.

Determination of Intracellular Reactive Oxygen Species (ROS)
Generation. A total of 5 X 10* MIA PaCa-2 cells were cultured in six-
well plates. After 70% confluency, these cells were treated with 2 at two
different concentrations (25 and 50 M) for 6 h. After treatment, the
medium, containing 2, was removed. Cells were washed thoroughly two
times with prewarmed (37 °C) 1 X PBS (pH = 7.2). The cells were then
harvested by a quick trypsinization followed by washing with 1 X PBS.
The cells were incubated with DCFH-DA solution (1 #M in 1 X PBS,
pH = 7.2) in the dark for 15 min. Excess DCFH-DA was removed by
centrifugation. A total of 500 yL of 1 X PBS was added to each well.
Data were recorded and analyzed in a BD Biosciences FACS Calibur
flow cytometer within 30 min of sample preparation.

Ruthenium Accumulation Study by ICP-MS. A total of 2 X 10° MIA
PaCa-2 cells were seeded in 90 mm dia Petri dishes and incubated for 48
h. Equimolar concentrations (30 uM) of each complex were added, and
incubation after drug treatment was allowed for a further 12 h. After
removal of the medium, the cells were washed with PBS (pH = 7.4),
treated with trypsin-EDTA, and counted and 1 X 10° cells were
collected as cell pellets after centrifugation. Cell pellets were digested
overnight in ICP-MS standard nitric acid (70% v/v) at 65 °C, followed
by dilution with Milli-Q water to yield a final concentration of 4%
HNO;. The amount of Ru taken up by the cells was determined by a
Thermo Scientific iCAP RQ ICP-MS of ThermoScientific. Analysis of
each sample was carried out in triplicate, and the corresponding
standard deviations were calculated. The standard ruthenium solutions
were freshly prepared to generate the calibration curve.

Determination of Apoptosis by Annexin-V-PE/7-AAD Assay.
Apoptosis was detected by PE-Annexin V/7-AAD dual staining
apoptosis kit (BD Pharmingen, catalog no. $59763) by means of flow
cytometry, as per the manufacturer’s protocol. A total of 1 X 10° MIA
PaCa-2 cells were seeded in 100 mm sterile tissue culture Petri dishes
using 6 mL of DMEM medium. Then, the cells were incubated at 37 °C
in a 5% CO, atmosphere for 48 h. After incubation, medium was
changed and treated with two different concentrations of 2 (20 and 35
uM) for a 16 h period. The treated and untreated cells were harvested
by cold 1 X PBS containing 0.1 mM EDTA and, subsequently, washed
twice with cold 1 X PBS. Cells were resuspended in Annexin V binding
buffer. Annexin V and 7-AAD were incubated for 15 min in the dark at
25 °C. Data were recorded and analyzed in a BD Biosciences
FACSCalibur flow cytometer within 30 min of sample preparation.

Change in Mitochondrial Membrane Potential. Change in
mitochondrial membrane potential (MMP, AW, ) was determined by
flow cytometry after staining live MIA PaCa-2 cells with JC-1. A total of
1 X 10° MIA PaCa-2 cells were seeded in 100 mm sterile tissue culture
Petri dishes. Then, the cells were incubated at 37 °C in a 5% CO,
atmosphere for 48 h. After incubation, medium was changed and
treated with two different concentrations of 2 (20 and 35 uM) fora 16 h
period. Cells were harvested after removing the medium and washed
with 1 X PBS. After the cells were washed twice with 1 X PBS, they were
further resuspended in 1 X PBS, supplemented with 10% FBS. The

solution was then incubated with 5 g mL™* of JC-1 for 15 min in the
dark. After removal of supernatant, cells were suspended in 1 X PBS.
Data were recorded and analyzed in a BD Biosciences FACSCalibur
flow cytometer, measuring the red and green fluorescence intensities.

Detection of ERK1/2 Phosphorylation in MIA-PaCa-2 Cells
Following Treatment with Complexes 2 and 3. Cells were cultured
on 100 mm dishes to 70% confluency and treated with 25 M of 2 for 6
h. Cell pellets (both control and treated) washed with phosphate
buffered saline (pH = 7.3) were suspended in 200 uL of RIPA lysis
buffer. The resuspension was incubated on ice for 1 h with occasional
mixing. The cell suspension was homogenized with a Dounce
homogenizer with tight pestle (220 strokes). The resultant homogenate
was centrifuged at 600g for 10 min followed by collection of the
supernatant. The total protein in the lysate was estimated by Bradford
(Sigma-Aldrich) assay. A total of 60 yg (control and treated) of lysate
was mixed with gel loading dye (2% SDS, 2.5% f§ mercapto-ethanol,
7.5% glycerol, 2 M urea, and 0.005% bromophennol blue). The mixture
was heated for 10 min at 95 °C then brought to room temperature,
resolved in 12% denaturing polyacrylamide gel and transferred to a
nitrocellulose membrane (BioRad Laboratories) at 180 mA current for
90 min. The membrane was blocked with 3% BSA (Sisco Research
Laboratories) in TBS (Tris buffered saline) at room temperature for 2 h
and incubated overnight at 4 °C with primary antibody [p44/42 MAPK
(Erk1/2; Cell Signaling Technologies) and phospho-p44/42 MAPK
(Thr202/Tyr204; Cell Signaling Technologies) 1:3300] in 1% BSA
and 0.1% tween-20. The membrane was washed thrice with TBS
(pH7.5) and thrice with TBS containing 0.1% Tween-20 (TBS-T). The
resultant membrane was then incubated in goat anti-rabbit HRP
conjugated secondary antibody (Santa Cruz Biotechnology) for 2 h at
room temperature followed by washing in TBS-T (thrice) and in TBS
(thrice). The chemiluminescence (clarity max, Biorad) was detected
using a ChemiDoc Imaging System (170-01401; Bio-Rad) instrument.

B RESULTS AND DISCUSSIONS

The tyramine based N,N and N,O chelating ligands (L1 and L2,
respectively) were synthesized by modification of the reported
literature procedures.’”®" The ligands were prepared in a single
step by condensing the respective aldehydes with the amines in
methanol at room temperature for 12 h (Scheme 1). The
complexes 1 and 2 were obtained by refluxing L1 with [Ru" (-
p-cymene)X,],(X = CLI) in methanol for 4—5 h. Complexes 3
and 4 were synthesized by first deprotonating L2 with KOH,
followed by stirring with [Ru"(5%-p-cymene)X,],(X = Cl, 1) in
methanol at room temperature for 12 h (Scheme 1). Complexes
3 and 4 required purification by column chromatography in
neutral alumina, with 0.1% MeOH in DCM as an eluent. All four
complexes were well-characterized by "H NMR, '*C NMR, ESI-
HRMS, UV-vis (Figure S16), and FT-IR (Figure S17).
Complex 4 starts hydrolyzing into its corresponding aquated
species within 2.5 h of "H NMR sample preparation in DMSO-
dg due to the presence of residual water. Therefore, *C signals
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Figure 2. ORTEP diagrams of the complexes 1 and 2 with thermal
ellipsoids at 50% probability level. The hydrogen atoms and counter-
anions are omitted for clarity.

corresponding to the hydrolyzed complex appeared in the *C
NMR spectrum after 2.5 h of acquisition. The bulk purity of the
complexes was confirmed by elemental analyses. All four
complexes exhibited UV peaks in the ranges 222—286 nm and
350—393 nm corresponding to the 7—z™* transitions, and the
MLCT transitions appeared as a shoulder in the range 406—487

nm (Figure S16). The high resolution electrospray mass
spectrometry confirmed the presence of the respective
monocationic molecular ion peaks of 1—4.

X-ray Crystallography. Good quality single crystals were
obtained by layering acetonitrile solutions of the isolated
complexes (1 and 2) with diethyl ether. The ORTEP diagrams
of the complexes 1 and 2 are depicted in Figure 2. Complex 1
crystallized in the orthorhombic space group P2,2,2, (Table 1),
while complex 2 in the monoclinic space group P2,/c (Table 1).
In each complex, the metal center forms a tetrahedral structure
where one vertex is occupied by a chloride/iodide, two vertices
by the donor atoms of the ligand (N,N of L1), and the fourth
vertex by the p-cymene moiety with a #° mode of bonding. The
"H NMR spectrum shows that the two methyl groups of the
isopropyl moiety in p-cymene are no longer equivalent after
formation of the complexes. This is also supported by the bond
parameters in Table 2. The lattice PF¢~ or the I” group balances
the resultant mono-positive charge on the metal center in 1 and
2, respectively.

Stability in Aqueous Buffer Solution. The hydrolysis of
complexes 1—4 was studied in a 3:7 (v/v) DMSO-ds/10 mM
PBS buffer (pD = 7.4) containing 4 mM NaCl by '"H NMR. In
the case of 1, 'H peaks corresponding to gradual formation of
the aquated complex and a significant amount of dissociation
started after 6 h in "H NMR (Supporting Information, Figure
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Figure 3. A stack plot of AgNO; induced hydrolysis of complex 2 in 3:7 (v/v) DMSO-ds/D,O (containing 1.1 equiv of AgNOj; a,b) correlated with
spectra acquired in the presence of 3:7 (v/v) DMSO-d¢/10 mM phosphate buffered solution (pD = 7.4) with (c) 4 and (d—g) 130 mM NaCl at
different time intervals. “#” stands for hydrolyzed peaks induced by AgNOj;, while “@” represents peaks of intact 2.
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Figure 4. A stack plot of the 'H NMR spectrum to study 9-EtG binding of complex 2 in 3:7 (v/v) DMSO-ds/10 mM phosphate buffer solution (pD =
7.4) containing 4 mM NaCl and 2 equiv of 9-EtG. “$” represents ruthenium(II) hydroxo dimer of formulation [Ru,(p-cym),(OH),]*.

S18). The ESI-HRMS of 1, displayed hydrolyzed and
dissociated peaks, after incubation for 14 h (Supporting
Information, Figures S19 and S20), showing relatively poor
stability. Complex 2 bearing the Ru—I bond did not show any
aquation, and exchange of the halide (4 mM or 130 mM NaCl,
10 mM PBS buffer, pD = 7.4) did not take place in the 24 h
observation period. Thus, complex 2 is highly stable in the
aqueous buffer (Figure 3). A stack plot of 1 (4 mM NaCl, pD =
7.4) compared with that of 2 (130 mM NaCl) showed a
difference in peak positions and multiplicities, especially in the p-
cymene region (Figure $22). AgNO; induced hydrolysis of 2
resulted in complete conversion to the corresponding aquated
species within 30 min. The relevant 'H signals shifted to higher
parts per million supporting aquation (Figure 3). The above
results suggest that 2 is inert toward exchange of the iodide
ligand with chloride or water. ESI-HRMS also confirmed the
inertness of 2 toward chloride exchange even at micromolar
concentrations. In the presence of 2:8 v/v methanol/10 mM
PBS buffer (pH = 7.4) containing 130 mM NaCl, only a minute
amount of the molecular ion peak of 1 ([Ru(L1)(p-cymene)-
Cl]*) corresponding to m/z of 497.0928 (calcd 497.0903) was
observed after the incubation period of 14 h (Supporting
Information, Figures S23 and S24).

In addition, complexes 1 and 2 were also studied in 1:9 (v/v)
methanol/PBS buffer with 4 mM NaCl at pH = 7.4 for their
stability using UV—visible spectroscopy. Even at such a lower

concentration of 10~ M, the complexes show similar behavior
to that found from the NMR and ESI-MS studies. Complex 1
hydrolyzes, but complex 2 stays intact even after 24 h (Figure
525).

On the contrary, the monoaquated species of 3 and 4 were
formed almost instantaneously under the same buffer
conditions. We observed peaks corresponding to the hydrolyzed
species from the beginning. This was corroborated in a 3:7 (v/v)
DMSO-ds/D,0O mixture, containing 1.5 equiv of AgNO;, to
induce precipitation of the respective halides. The "H NMR
corresponded exactly with the spectra obtained in absence of
AgNO;, as no chemical shift was observed. The hydrolyzed
complexes remain stable up to 24 h (Supporting Information,
Figures $26, $27). Our earlier results"* with these types of
complexes and similar examples in literature® suggest that
perhaps the resultant monocationic Ru"" is the more preferred
state.

Binding Studies with Model Nucleobase 9-Ethyl-
guanine (9-EtG) and L-Glutathione (GSH). The 'H NMR
of 2 also does not show any peaks corresponding to any 9-EtG
adduct (Figure 4). However, the '"H NMR showed a small
amount of the Ru" hydroxo dimer of formulation [Ru,(p-
cym),(OH);]* with 'H signals at S.1 and 5.4 ppm (Figure
4).°>% Complexes 1 and 2 did not exhibit any adduct with 5
equiv of 9-EtG when investigated by ESI-HRMS up to 24 and 72
h, respectively (Supporting Information, Figures S28, S29, S30),
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Figure 5. A stack plot of 'H NMR spectrum to study GSH binding of complex 2 in 3:7 (v/v) DMSO-dy/10 mM phosphate buffer solution (pD = 7.4)
containing 4 mM NaCl and 2 equiv of reduced L-glutathione (GSH). “$” represents glutathione auto-oxidation peaks.

using concentrations as low as 20—30 M during incubation. We
also performed the 9-EtG binding study for 2 in ESI-MS by
hydrolyzing the complex with a stoichiometric amount (0.5
equiv) of AgNO, and then adding 9-EtG followed by incubation
at 37 °C. We found the 9-EtG adduct of 2 formed within 30 min.
Thus, if inside the cell the iodide group is lost, then 2 may bind
to DNA. The 9-EtG bound adducts of 3 and 4 (m/z 655.1962
and 655.2018, respectively) were observed only after 72 h of
incubation in ESI-HRMS (Supporting Information, Figures S31,
S$32).1In spite of the halide being released almost instantaneously
from 3 and 4 (Supporting Information, Figures $26, S27), the
above data suggest that 3 and 4 bind to the N7 of 9-EtG but are
less reactive toward such adduct formation.

In the case of 1, upon incubation with GSH, the hydrolysis
was suppressed as evident from '"H NMR, and a minute amount
of the GSH bound 1 started to appear within 12 h (Supporting
Information, Figure $33). ESI-HRMS, indicated the formation
of the GSH bound adduct of 1 (m/z: 768.2024), within 3 h of
sample preparation, which gradually increased in intensity over
24 h (Supporting Information, Figures $34, S35). The lower
concentration of 2 in ESI-MS studies may be responsible for
driving the GSH adduct formation. Complex 2 did not show any
adduct with reduced L-glutathione (GSH; 2 equiv with respect
to 2) in the presence of 3:7 (v/v) DMSO-d,/10 mM PBS buffer
(pD = 7.4) containing 4 mM NaCl by "H NMR up to 24 h. The
peaks due to the auto oxidation of GSH leading to GSSG started

to appear after 2 h (Figure 5). The '"H NMR data were
supported by the ESI-HRMS study where a micromolar
concentration of 2 was incubated with 5 equiv of L-glutathione
in the presence of 2:8 v/v methanol/10 mM PBS buffer (pH =
7.4) containing 4 mM NaCl. Even under this condition, no
binding with GSH was observed until 24 h. The molecular ion
peak at m/z 589.0228 remained intact (Supporting Information,
Figures S36, S37). Complexes 3 and 4 almost completely
degraded to multiple species in the presence of 5 equiv of GSH
as observed in ESI-HRMS within 12 h (Supporting Information,
Figures S38—S41).

Distribution Coefficient Determination. The cellular uptake
and cytotoxic efficacy of Ru'' (p-cymene) complexes are
correlated with their lipophilic behavior. The distribution
coefficient (log D) values of complexes 1—4 were determined
in an octanol/PBS buffer system. The log D values are 0.26 +
0.01, 1.44 +0.08, and 2.17 + 0.2 for 2, 3, and 4, respectively, well
within the range of Lipinski’s Rule of 5.0, which are the
conditions required for a good drug candidate. Complex 1 is the
most hydrophilic in the family, displaying a log D value of —0.49
+ 0.02 (Figure 6). The aqueous layer of 1 was also investigated
for speciation by ESI-HRMS. The spectra matched well with 1
recorded in the presence of 2:8 v/v methanol/10 mM PBS
buffer (pH = 7.4) containing 4 mM NaCl (Figure S20) after
incubation for 14 h showing that the quick aquation and
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Figure 6. Lipophilicity of the complexes (1—4) in a 1:1 (v/v) octanol/
PBS buffer mixture at 37 °C.

subsequent speciation is responsible for the higher hydro-
philicity of 1 (Figure S21).

In Vitro Cytotoxicity. The synthesized complexes were
investigated for their in vitro toxicity against MDA-MB-231
(triple-negative breast adenocarcinoma), Hep G2 (hepatocel-
lular carcinoma), MIA PaCa-2 (pancreas ductal adenocarcino-
ma), and HFF-1 (human normal foreskin fibroblasts). The
activities are tabulated in the form of the corresponding ICs,
values in Table 3.

Table 3. IC;,(uM) + SD Values” of Complexes 1—4 against a
Panel of Carcinoma Cell Lines and HFF-1 (SD = Standard
Deviation)

complexes MDA-MB-231 Hep G2 MIA PaCa-2 HFEF-1
1 >50 >100 >50 >100
2 >50 >75 S+1 >100
3 42+3 S8+5 S6+2 S4+3
4 44 + 4 S7+4 60 + 3 572

“Complexes were treated for 72 h. ICy, values were calculated by
nonlinear curve fitting in dose response inhibition-variable slope
model using graph pad prism. The data presented are means of three
independent experiments; in a single experiment each concentration
was assayed in triplicate. The statistical significance (p) of the data is
<0.05 or better.

Compounds 3 and 4 exhibited more or less comparable ICy,
values in the three tested carcinoma cell lines, as well as in HFE-1
(Supporting Information, Figures S42, S43). Complex 2
displayed a time dependent increase in cytotoxicity against
MIA PaCa-2 with the IC;, improving from ca. 35 uM (48 h
incubation with 2) to S M (72 h incubation with 2; Supporting
Information, Figure S44), while maintaining a value of >50 yM
in MDA-MB-231, >75 uM in Hep-G2, and >150 uM in HFF-1.
It is worth mentioning here that MIA PaCa-2 is an aggressive
pancreatic cell line with high tumorigenicity.

Specificity is a prime focus in this field of study, and such a
behavior in Ru" complexes is scarce in the literature. Ru"
complexes which are strongly resistant toward hydrolysis and
yet display potent cytotoxic activities (based upon the behavior
of 2), are quite numerous in the literature.*™"" Our earlier work
has shown a cytotoxic imidazole-based Ru" (p-cymene)
complex with resistance toward hydrolysis and efflux from
cells through ATP7B and was significantly cytotoxic (ICs, = 6—

14 uM) to cells.”” Sadler et al. reported Ru" complexes with
redox-active diamine ligands with variation in arenes. Among
them, certain p-cymene and bipyridine based Ru" complexes
exhibited selective cytotoxicity toward A2780, while being
inactive against A549.7% Certain tetranuclear Ru" (p-cymene)
complexes were toxic against A2780 and cisplatin-resistant
A2780, but did not show any activity against lung NCI-H460.”*
Two p-cymene based acylpyrazolonato based Ru" complexes
showed specific activity against Hep-G2 among a panel of four
cancer cell lines (no nontumorogenic cell line was inves-
tigated).”> The studies above did not show any result of
cytotoxicity on primary cell lines. In all the above literature, as
well as the current work presented here, it was not possible to
understand the exact reason of specificity. A Ru' metallacycle
with bromide as a counteranion and a series of Ru"" (p-cymene)
based complexes bearing 1,2,3,4-tetrahydroisoquinoline amino
alcohol ligands have shown specific toxicity toward a particular
cell line while being inactive against normal cells.”®”” Herein, we
showcase a p-cymene based Ru" complex which is effective
against a particular form of pancreatic carcinoma (MIA PaCa-2)
but not cytotoxic to normal fibroblasts (HFF-1) or other
investigated cancer cells. Hence, among the four Ru® complexes,
2 may act as a model complex to start investigation around the
ligand environment and measure the effect on cells. The
complex shows the change in activity keeping the same ligand
and metal center but just by changing the coordinated halide.
The effect of the change in the coordinated halide is so
pronounced that the iodido coordinated 2 is stable toward
hydrolysis and does not react with GSH in the 24 h period of
study. However, 1 shows quick aquation and the initiation of
dissociation within 6 h. The change of the coordination motif
from N,N to N,O altered the cytotoxicity pattern, and the
complexes are toxic to all cells, with a greater dose requirement.

The ESI-HRMS results suggest that DNA is a possible target
for complex 2 only upon the loss of the coordinated iodide since
it reacts with 9-EtG only under such conditions. The increase in
the cytotoxicity of 2 with time suggests that slow dissociation
may be responsible for its better activity upon longer incubation
periods. The best complex in the series, 2, is unique since many
Ru" (p-cymene) complexes have been reported to be toxic to
pancreatic carcinomas, namely, BXPC-3,78 PANC-I,42 DAN-
G,””%° CAPAN-1,*! and MIA PaCa-2,°*7%¢ but none of them
are selective.

Ruthenium Accumulation Study by ICP-MS. The ICP-
MS data in MIA PaCa-2 cells with the Ru' complexes (1—4)
showed that ruthenium accumulation for 2 was highest when
incubated with equimolar concentrations of each complex (1—
4) for 12 h. The order of accumulation is 2 > 3 > 1 > 4 (Figure
7). Thus, the internalization studies suggest that 2 should be
more active than 1, 3, and 4, which matches well with the
cytotoxicity data. Among 1 and 4, 1 is internalized more but still
the toxicity of 4 is higher. This is well correlated with the higher
stability of 4 compared to 1. Both of them form aquated species,
which is stable in 4 for 24 h, whereas it starts to dissociate further
in the case of 1 after 6 h.

Investigation of Apoptosis. Annexin V-PE/7-AAD double
staining assay using two different dosages (20 and 35 uM) of 2
showed that there is 31% and 42% apoptosis, respectively,
compared to 0.9% in the control (Figures 8, $45). Thus, with an
increase in dose, the percentage of apoptosis also increases
(Supporting Information, Figure S45). Investigation of
accumulation of reactive oxygen species (ROS) in the
cytotoxicity of 2 showed that there is no significant difference
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Figure 7. ICP-MS study depicting the internalization of complexes 1—4
in MIA PaCa-2 cells. Each data point is the mean of three independent
experiments.

in the accumulation of ROS compared to the control using two
different dosages of 2 (25 and S0 pM) against MIA PaCa-2,
using DCFH-DA assay through flow cytometry (Figure 8).
Hence, it is ascertained that ROS is not involved. The result is
not completely unexpected since, in ROS based cell killing, the
other cancer cells should also be affected, unlike that observed

for 2, which shows specificity toward MIA PaCa-2. In addition,
we studied the ERK1/2 (extracellular signal regulated kinase)
phosphorylation downstream of MAPK (mitogen-activated
protein kinase) for the MIA PaCa-2 selective complex 2. The
MAPK may be activated by different pathways including
oxidative stress.””*® There was no change in the level of
ERK1/2 phosphorylation in the cells treated with a 25 uM
concentration of 2 for 6 h (Figure $46). Thus no increase in the
ROS content or the phosphorylation of ERK1/2 suggests that
complex 2 is not acting through the oxidative stress pathway.
A flow cytometric investigation of complex 2 for its effect on
the cell cycle in MIA PaCa-2 shows an arrest in the Gy/G, phase
(Figures 8, S47). In the G, phase, the cells synthesize various
mRNA’s and proteins for proper replication of DNA in the S
phase.” Hence, complex 2 may be inhibiting the biosynthetic
process which consequently hindered the cell cycle progression
to the S phase. Complex 2 showed depolarization of
mitochondria further supporting apoptosis. The JC-1 dye
exhibits a red emission (4., = 590 nm) in aggregated state
when the mitochondrial potential is intact. Once the
mitochondrial membrane potential is compromised, JC-1
remains as a monomer, emitting green fluorescence (Aem =
550 nm).”” MIA PaCa-2 cells treated with two different dosages
of 2 (20 and 35 M) for 16 h exhibited an increase in the green
fluorescence intensity from 1.5% in control to 7% and 9.5%,
respectively, in a dose-dependent manner (Figures 8, $48). The
mitochondrial depolarization by 2 supports the apoptotic
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Figure 8. In vitro mechanistic studies of complex 2 against MIA PaCa-2 using flow cytometry. (A) Induction of apoptosis by 20 and 35 M in a dose-
dependent manner. (B) Investigation of total reactive oxygen species (ROS) generation using DCFH-DA with 25 and 50 zM. (C) Cell cycle analysis
against MIA PaCa-2 with 35 yM concentration. (D) Mitochondrial membrane depolarization induced by 20 and 35 M in a dose-dependent manner

using JC-1 (S pg/mL).

https://dx.doi.org/10.1021/acs.inorgchem.0c00694
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00694/suppl_file/ic0c00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00694/suppl_file/ic0c00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00694/suppl_file/ic0c00694_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00694?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00694?ref=pdf

Inorganic Chemistry

pathway, but the depolarization is not significant enough to
conclude if the intrinsic pathway is the major pathway of
apoptosis.

B CONCLUSIONS

The Ru" (p-cymene) complex (2) with a N,N coordination and
iodido linkage showed specific cytotoxicity against the
pancreatic carcinoma, MIA PaCa-2, while being inactive against
normal human foreskin fibroblasts (HFF-1). Complex 2
displayed excellent stability in aqueous buffer solution (pH =
7.4) and is strongly resistant toward chloride exchange or
binding toward GSH. In contrast, the chloro analogue 1
undergoes quick aquation and then, after 6 h, starts to dissociate.
The chloro analogue is also not appreciably cytotoxic.
Complexes 1 and 2 do not interact with 9-EtG, but 3 and 4
show weak interaction with 9-EtG after 72 h. The N,O
coordinated Ru" (p-cymene) complexes display immediate
aquation by releasing the coordinated halide and bind to GSH,
leading to almost complete degradation in 14 h. The cellular
uptake of complex 2 in MIA PaCa-2 is highest compared to the
other three complexes. Complex 2 depolarizes the mitochondria
and induces cell killing via apoptosis.
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