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ABSTRACT: Sulfonamides have a broad range of therapeutic applications, which include
the inhibition of various isoforms of carbonic anhydrases (CAs). Among the various CA
isoforms, CA IX is overexpressed in tumors and regulates the pH of the tumor
microenvironment. Herein we present five new ruthenium(II) p-cymene complexes (1−5)
of Schiff base ligands (L1−L4) of 4-(2-aminoethyl)benzenesulfonamide by varying the
aldehyde to enhance the selective cytotoxicity toward cancer cells. All of the complexes are
stable to aquation for the observed period of 24 h except 1, which aquated within 1 h, but the
monoaquated species is stable for 24 h. The two imidazole derivatives, 1 and 2, are cytotoxic
to the cancer cells MDA-MB-231 and MIA PaCa-2 but not to the noncancerous cells CHO
and MDCK. The enhanced toxicity in hypoxia against MDA-MB-231 may be due to the
greater expression of CA IX in hypoxia, as per the immunofluorescence data. The most
cytotoxic complexes, 1 and 2, are lipophilic, whereas 3−5 show high hydrophilicity and are not cytotoxic up to 200 μM. Complexes
1 and 2 also show a higher cellular accumulation in MDA-MB-231 than the nontoxic yet solution-stable complex 5. The cytotoxic
complexes bind with the model nucleobase 9-ethylguanine but have slow reactivity toward cellular tripeptide glutathione. Both 1 and
2 induce apoptosis by depolarizing the mitochondrial membrane potential and arrest the cell cycle in the SubG1 phase.

■ INTRODUCTION

The development of efficient metal-based anticancer agents
with increased selectivity and fewer side effects is a challenging
area of research.1,2 The significant contribution of metals in
anticancer therapeutics is due to the success of Pt drugs in
cancer chemotherapy.1,3−6 A wide variety of cancer treatments
benefit from Pt(II) drugs, including testicular, ovarian, bladder,
head and neck, and nonsmall cell lung.7 However, Pt drugs also
suffer from intrinsic or acquired resistance along with
deleterious side effects.1 Thus, the search for alternate metal-
based anticancer agents has led to several Ru and Ga
complexes as emerging candidates for overcoming CDDP
resistance, showing a different mechanism of action.8−11 The
Ru(II) complex TLD-1433 is the first metal-based anticancer
agent to enter clinical trials as a prospective PDT drug against
BCG refractory high-risk invasive bladder cancer.12 Ru(III)
complexes NAMI-A and NKP1339 have shown promise in
clinical trials. Although NAMI-A has not proven to be very
effective and was out of the clinical trials in the recent past,
NKP1339 has successfully completed phase I trials.2,13−16

NKP1339 inhibits GRP78 and induces endoplasmic reticulum
stress, leading to cell death.17 Apart from these, organometallic
Ru(II) complexes have demonstrated excellent antiproliferative
activity with numerous possibilities to modulate their bio-
logical and pharmacological properties.2,18−20 The target
selectivity, stability, and pathway of action of Ru(II) complexes
are modulated by the appropriate choice of ligands and the

attached halide because of alteration of the steric and
electronic features of the complex.21−29

An important property, apart from modulation of the
electronic properties, is the possibility of using a ligand as an
organic-directing molecule (ODM) to provide increased
efficacy due to target selectivity.24,30,31 Sulfonamides are
ODMs that display a broad spectrum of biological activities,
particularly as anticancer, antibacterial, and antiinflammatory
agents, due to the structure-based recognition of various
protein targets.32 Their targets include dihydropteroate
synthase (DHPS), cyclooxygenase-2 (COX-2),33−36 and
various isoforms of carbonic anhydrases (CAs). Acetazolamide,
methazolamide, ethoxzolamide, saccharin, brinzolamide, and
dorzolamide molecules inhibit CAs.37,38 Among the various
isoforms of CAs, it is now thought that CA IX and CA XII are
two membrane-bound isoforms that help to control the pH of
cancer cells in a hypoxic environment. Thus, hypoxia-inducible
CA IX appears to be a promising target for anticancer therapy
because of its overexpression in many cancer cells compared to
normal cells.39−41 The activity of CA targeting sulfonamides
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may be modified and improved upon binding to transition-
metal ions.38,42−48 It was recently shown that 4-(2-
aminoethyl)benzenesulfonamide (AEBS)-bound gold nano-
particles selectivity target CA IX over CA I and CA II.49

Hence, sulfonamides have the scope to target cancer cells over
normal cells selectively.
Hence, herein we have designed ruthenium(II) p-cymene

complexes of four different Schiff bases with AEBS and
aldehydes of imidazole, 1-methyl-2-imidazole, 4-methylthia-
zole, and pyridine. These N,N-donor ligands impart stability to
the Ru(II) complexes, but their cytotoxicity varies enormously.
We present here the stability, cytotoxicity, and pathway of
action of these complexes, suggesting the importance of the
imidazole motif in rendering higher cytotoxicity. In contrast,
the AEBS motif provides better selectivity to cancer cells
expressing CA IX.

■ EXPERIMENTAL SECTION
Materials and Methods. All of the chemicals were purchased

from commercial sources and used without any further purification.
The solvents were distilled before use using standard procedures. The
metal precursor complexes [RuII2(η

6-p-cymene)2(Cl)4]
50 and

[RuII2(η
6-p-cymene)2(I)4]

51 were synthesized following the literature
procedures. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, USB) and other supplements were purchased from
Gibco and used as received. 9-Ethylguanine (9-EtG) and glutathione
(GSH) were purchased from Carbosynth and Sigma-Aldrich,
respectively. Solvents for spectroscopic measurements were purchased
from Merck, India. The Ru inductively coupled plasma mass
spectrometry (ICP-MS) standard solution of 1000 mg L−1 was
obtained from Sigma-Aldrich and used upon necessary dilution in 2%
ultrapure nitric acid in Milli-Q water. UV−vis experiments were
performed using a PerkinElmer Lambda 35 UV−vis spectropho-
tometer. The Fourier transform infrared (FT-IR) spectra were
recorded using a PerkinElmer SPECTRUM RX I spectrometer in
KBr pellets. The 1H and 13C{1H} NMR spectra were recorded using
either a 400 MHz JEOL ECS or a 500 MHz Bruker Avance III
spectrometer at room temperature (RT; 24−27 °C). The chemical
shifts of the relevant compounds are reported in parts per million
(ppm). All of the mass spectra (electrospray ionization mass
spectrometry, ESI-MS) were recorded in positive mode using a
Bruker maXis II instrument. The isolated yields of 1H NMR pure
compounds are reported.
Syntheses. (E)-4-[2-[(1H-imidazol-2-ylmethylene)amino]ethyl]-

benzenesulfonamide (L1). To a solution of AEBS (200 mg, 1 mmol)
in 15 mL of methanol (MeOH) was added imidazole-2-
carboxaldehyde (96 mg, 1 mmol), and the mixture was heated to
reflux for 6 h. The product precipitated out as an off-white powder,
which was washed with dichloromethane followed by diethyl ether
and finally dried in a vacuum.
Yield: 223 mg, 80%. 1H NMR (DMSO-d6, 400 MHz, 298 K): δ

8.10 (s, 1H, imine-H), 7.72 (d, 2H, J = 7.6 Hz, Ar-H), 7.44 (d, 2H, J =
8.4 Hz, Ar-H), 7.27 (s, 2H, imidazole-H), 3.83 (t, 2H, J = 6.12 Hz,
AEBS-CH2), 2.99 (t, 2H, J = 6.8 Hz, AEBS-CH2) (Figure S1).
13C{1H} NMR (DMSO-d6, 125 MHz): δ 152.6, 144.3, 143.9, 141.9,
129.6, 129.2, 125.5, 119.2, 60.8, 36.3 (Figure S2).
(E)-4-[2-[(1-methyl-1H-imidazol-2-ylmethylene)amino]ethyl]-

benzenesulfonamide (L2). To a solution of AEBS (100 mg, 0.5
mmol) in 10 mL of MeOH was added 1-methylimidazole-2-
carboxaldehyde (55 mg, 0.5 mmol), and the mixture was heated to
reflux for 12 h. MeOH was evaporated and the residue was dissolved
in dichloromethane, which gave a pale-yellow precipitate. The residue
was washed with diethyl ether and dried in a vacuum.
Yield: 190 mg, 65%. 1H NMR (DMSO-d6, 400 MHz, 298 K): δ

8.19 (s, 1H, imine-H), 7.74 (d, 2H, J = 8.4 Hz, Ar-H), 7.46 (d, 1H, J =
8.4 Hz, Ar-H), 7.28 (s, 2H, Ar-NH2), 7.27 (s, 1H, imidazole-H), 7.00
(s, 1H, imidazole-H), 3.87 (s, 3H, imidazole N-CH3), 3.82 (t, 2H, J =
7.0 Hz, AEBS-CH2), 3.00 (t, 2H, J = 6.8 Hz, AEBS-CH2) (Figure S3).

13C{1H} NMR (DMSO-d6, 125 MHz, 298 K): δ 153.6, 144.1, 142.2,
141.9, 129.3, 128.6, 125.5, 61.7, 36.5, 34.8 (Figure S4).

(E)-4-[2-[(1-methyl-1H-thiazol-2-ylmethylene)amino]ethyl]-
benzenesulfonamide (L3). To a solution of AEBS (100 mg, 0.5
mmol) in 10 mL of MeOH was added 2-methylthiazole-4-
carboxaldehyde (63.5 mg, 0.5 mmol), and the mixture was heated
to reflux for 12 h. MeOH was evaporated and the residue was
dissolved in dichloromethane, which gave a pale-yellow precipitate.
The residue was washed with diethyl ether and dried in a vacuum.

Yield: 202 mg, 65%. 1H NMR (DMSO-d6, 500 MHz, 298 K): δ
8.36 (s, 1H, imine-H), 7.73 (d, 2H, J = 8.5 Hz, Ar-H), 7.43 (d, 2H, J =
8.5 Hz, Ar-H), 7.39 (s, 1H, thiazole-H), 3.89 (t, 2H, J = 7.0 Hz,
AEBS-CH2), 3.02 (t, 2H, J = 7.0 Hz, AEBS-CH2), 2.38 (s, 3H,
thiazole-H) (Figure S5). 13C{1H} NMR (DMSO-d6, 125 MHz, 298
K): δ 165.5, 155.6, 153.5, 143.8, 141.9, 129.3, 125.5, 117.1, 60.4, 36.0,
16.6 (Figure S6).

General Synthetic Procedure for the Preparation of Ru(II)
Complexes (1−4). The complexes were synthesized according to a
procedure similar to that reported by us earlier.30 Precisely, a
methanolic solution of [RuII(p-cymene)(Cl)2]2 (30.5 mg, 0.05 mmol)
or [RuII(p-cymene)(I)2]2 (49 mg, 0.05 mmol) was added to a
methanolic solution of the respective ligands (0.1 mmol) in the dark
under a nitrogen atmosphere and stirred for 24 h. NH4PF6 (0.15
mmol) was then added and the solution stirred for another 30 min.
The solvent from the resultant mixture was evaporated under reduced
pressure, and the yellow solid obtained was dissolved in cold
dichloromethane and filtered to remove any excess NH4PF6. The
filtrate was evaporated, followed by washing with diethyl ether, and
finally dried in a vacuum.

[RuII(L1)(p-cymene)Cl]PF6 (1). Yield: 33 mg, 47%. 1H NMR
(DMSO-d6, 500 MHz, 298 K): δ 8.30 (s, 1H, imine-H), 8.07 (s, 1H,
imidazole-H), 7.79 (d, 2H, J = 8.0 Hz, Ar-H), 7.77 (s, 1H, imidazole-
H), 7.60 (d, 2H, J = 8.0 Hz, Ar-H), 7.33 (s, 2H, Ar-NH2), 6.29 (d,
1H, J = 6.0 Hz, p-cym-H), 6.06 (d, 1H, J = 6.0 Hz, p-cym-H), 5.99 (d,
1H, J = 6.0 Hz, p-cym-H), 5.77 (d, 1H, J = 6.0 Hz, p-cym-H), 4.64
(m, 1H, AEBS-CH2), 4.53 (m, 1H, AEBS-CH2), 3.39 (m, 1H, AEBS-
CH2), 3.09 (m, 1H, AEBS-CH2), 2.61 (m, 1H, p-cym-iPr-H), 2.16 (s,
3H, p-cym-CH3), 1.07 (d, 3H, J = 7.0 Hz, p-cym-iPr-CH3), 0.91 (d,
3H, J = 7.0 Hz, p-cym-iPr-CH3) (Figure S7).

13C{1H} NMR (DMSO-
d6, 125 MHz, 298 K): δ 159.1, 154.9, 142.4, 139.3, 129.2, 125.8,
125.2, 121.6, 105.1, 96.6, 85.3, 83.6, 82.4, 81.7, 60.8, 57.6, 57.3, 33.9,
30.5, 22.3, 20.9, 17.4 (Figure S8). UV−vis [MeOH; λmax, nm (ε, M−1

cm−1)]: 298 (9620), 400 (996). ATR-IR (cm−1): 3698 (s), 1673 (m),
1527 (s), 1437 (m), 1310 (s), 1148 (s), 684 (m). ESI-HRMS
(MeOH): m/z (exp) 549.0681 (549.0660) [RuIIC22H28ClN4O2S

+].
Elem anal. Calcd for C22H28ClN4O2SPF6Ru: C, 38.07; H, 4.07; N,
8.07. Found: C, 38.15; H, 4.00; N, 8.10.

[RuII(L1)(p-cymene)I]PF6 (2). Yield: 39 mg, 50%. 1H NMR
(DMSO-d6, 500 MHz, 298 K): δ 8.27 (s, 1H, imine-H), 8.06 (s,
1H, imidazole-H), 7.81 (d, 2H, J = 8.0 Hz, Ar-H), 7.74 (s, 1H,
imidazole-H), 7.62 (d, 2H, J = 8.0 Hz, Ar-H), 7.34 (s, 2H, Ar-NH2),
6.17 (d, 1H, J = 6.0 Hz, p-cym-H), 6.04 (d, 1H, J = 6.0 Hz, p-cym-H),
5.97 (d, 1H, J = 6.0 Hz, p-cym-H), 5.84 (d, 1H, J = 6.5 Hz, p-cym-H),
4.56 (m, 2H, AEBS-CH2), 3.40 (m, 1H, AEBS-CH2), 3.20 (m, 1H,
AEBS-CH2), 2.71 (m, 1H, p-cym-iPr-H), 2.37 (s, 3H, p-cym-CH3),
1.12 (d, 3H, J = 6.5 Hz, p-cym-iPr-CH3), 0.89 (d, 3H, J = 7.0 Hz, p-
cym-iPr-CH3) (Figure S9). 13C{1H} NMR (DMSO-d6, 125 MHz,
298 K): δ 154.9, 145.1, 142.5, 142.0, 129.3, 125.7, 123.2, 106.0, 100.1,
84.5, 84.1, 83.5, 82.6, 66.2, 36.6, 31.0, 22.2, 21.0, 20.0 (Figure S10).
UV−vis [MeOH; λmax, nm (ε, M−1 cm−1)]: 312 (10940), 430 (1136).
ATR-IR (cm−1): 3698 (s), 1673 (m), 1528 (s), 1447 (m), 1319 (s),
1145 (s). ESI-HRMS (MeOH): m/z (exp) 641.0004 (641.0016)
[Ru I IC 2 2H 2 8 IN 4O 2 S

+ ] . E l em an a l . C a l c d (%) f o r
C22H28IN4O2SPF6Ru: C, 33.64; H, 3.59; N, 7.13. Found: C, 33.70;
H, 3.56; N, 7.16.

[RuII(L2)(p-cymene)Cl]PF6 (3). Yield: 35 mg, 50%. 1H NMR
(DMSO-d6, 500 MHz, 298 K): δ 8.64 (s, 1H, imine-H), 8.05 (s, 1H,
imidazole-H), 7.81 (d, 2H, J = 8.5 Hz, Ar-H), 7.72 (s, 1H, imidazole-
H), 7.60 (d, 2H, J = 8.5 Hz, Ar-H), 7.34 (s, 2H, Ar-NH2), 6.26 (d,
1H, J = 6.0 Hz, p-cym-H), 6.06 (d, 1H, J = 6.0 Hz, p-cym-H), 5.97 (d,
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1H, J = 6.0 Hz, p-cym-H), 5.77 (d, 1H, J = 6.0 Hz, p-cym-H), 4.61
(m, 1H, AEBS-CH2), 4.47 (m, 1H, AEBS-CH2), 3.92 (s, 3H,
imidazole-N-Me), 3.39 (m, 1H, AEBS-CH2), 3.09 (m, 1H, AEBS-
CH2), 2.59 (m, 1H, p-cym-iPr-H), 2.14 (s, 3H, p-cym-CH3), 1.08 (d,
3H, J = 6.5 Hz, p-cym-iPr-CH3), 0.94 (d, 3H, J = 7.0 Hz, p-cym-iPr-
CH3) (Figure S11).

13C{1H} NMR (DMSO-d6, 125 MHz, 298 K): δ
155.1, 146.0, 142.5, 142.1, 133.0, 129.4, 126.6, 125.8, 103.8, 101.5,
84.8, 83.5, 82.9, 82.7, 65.7, 54.8, 35.5, 30.4, 22.2, 21.1, 18.2 (Figure
S12). UV−vis [MeOH; λmax, nm (ε, M−1 cm−1)]: 301 (10780), 400
(1376). ATR-IR (cm−1): 3698 (s), 1673 (m), 1530 (s), 1428 (m),
1314 (s), 1143 (s), 721 (m), 680 (s). ESI-HRMS (MeOH): m/z
(exp) 563.0824 (563.0816) [RuIIC23H30ClN4O2S

+]. Elem anal. Calcd
(%) for C23H30ClN4O2SPF6Ru: C, 39.02; H, 4.27; N, 7.91. Found: C,
38.95; H, 4.22; N, 7.95.
[RuII(L3)(p-cymene)Cl]PF6 (4). Yield: 37 mg, 51%. 1H NMR

(DMSO-d6, 500 MHz, 298 K): δ 8.78 (s, 1H, imine-H), 8.11 (s, 1H,
thiazole-H), 7.79 (d, 2H, J = 8.0 Hz, Ar-H), 7.59 (d, 2H, J = 8.5 Hz,
Ar-H), 7.33 (s, 2H, Ar-NH2), 6.44 (d, 2H, J = 9.0 Hz, p-cym-H), 6.03
(d, 2H, J = 10.0 Hz, p-cym-H), 4.74 (m, 1H, AEBS-CH2), 4.58 (m,
1H, AEBS-CH2), 3.37 (m, 1H, AEBS-CH2), 3.07 (m, 1H, AEBS-
CH2), 2.81 (s, 3H, thiazole-CH3), 2.61 (m, 1H, p-cym-iPr-H), 2.21
(s, 3H, p-cym-CH3), 1.02 (d, 3H, J = 6.5 Hz, p-cym-iPr-CH3), 0.95
(d, 3H, J = 6.0 Hz, p-cym-iPr-CH3) (Figure S13). 13C{1H} NMR
(DMSO-d6, 125 MHz, 298 K): δ 161.8, 161.3, 155.7, 142.5, 141.9,
129.6, 125.7, 124.6, 106.4, 100.1, 86.3, 85.5, 66.4, 54.8, 34.93, 30.6,
22.1, 21.6, 17.9 (Figure S14). UV−vis [MeOH; λmax, nm (ε, M−1

cm−1)]: 314 (9200), 415 (2420). ATR-IR (cm−1): 3699 (s), 1528 (s),
1420 (m), 1310 (s), 1141 (s), 679 (m). ESI-HRMS (MeOH): m/z
(exp) 641.0004 (641.0016) [RuIIC23H29ClN3O2S2

+]. Elem anal.
Calcd for C23H29ClN3O2S2PF6Ru: C, 38.10; H, 4.03; N, 5.80.
Found: C, 38.19; H, 4.06; N, 5.85.
Synthesis of [RuII(L4)(p-cymene)Cl]PF6 (5). To a solution of

AEBS (1 mmol) in 10 mL of MeOH was added 2-pyridinecarbox-
aldehyde (1.05 mmol), and the mixture was heated to reflux for 12 h.
Then the solvent was evaporated to obtain a semisolid residue. The
residue was washed twice with hexane and then dissolved in
dichloromethane to remove any excess amine. The solution was
filtered and the filtrate evaporated to give a yellow semisolid with 58%
yield. The ligand dissociates with time, so it was reacted quickly to
form a metal complex. Briefly, L4 (29 mg, 0.1 mmol) was taken in
MeOH and [RuII(p-cymene)(Cl)2]2 (30.5 mg, 0.05 mmol) was added
with stirring at 27 °C for 24 h. NH4PF6 (0.15 mmol) was then added
and stirred for another 30 min, followed by evaporation under
reduced pressure. The yellow solid was dissolved in cold dichloro-
methane and filtered to remove any excess NH4PF6. The dichloro-
methane solution was then evaporated and the solid washed with
diethyl ether and finally dried in a vacuum.
Yield: 32 mg, 45%. 1H NMR (DMSO-d6, 500 MHz, 298 K): δ 9.55

(d, 1H, J = 5.5 Hz, Py-H), 8.75 (s, 1H, imine-H), 8.25 (t, 1H, J = 7.5
Hz, Py-H), 8.16 (d, 1H, J = 7.5 Hz, Py-H), 7.82 (d, 1H, J = 6.0 Hz,
Py-H), 7.80 (d, 2H, J = 8.0 Hz, Ar-H), 7.61 (d, 2H, J = 8.5 Hz, Ar-H),
7.34 (s, 2H, Ar-NH2), 6.31 (d, 1H, J = 6.5 Hz, p-cym-H), 6.26 (d, 1H,
J = 6.0 Hz, p-cym-H), 6.01 (d, 1H, J = 6.5 Hz, p-cym-H), 5.95 (d, 1H,
J = 6.0 Hz, p-cym-H), 4.74 (m, 1H, AEBS-CH2), 4.60 (m, 1H, AEBS-
CH2), 3.39 (m, 1H, AEBS-CH2), 3.11 (m, 1H, AEBS-CH2), 2.60 (m,
1H, p-cym-iPr-H), 2.19 (s, 3H, p-cym-CH3), 1.02 (d, 3H, J = 7.0 Hz,
p-cym-iPr-CH3), 0.95 (d, 3H, J = 6.5 Hz, p-cym-iPr-CH3) (Figure
S15). 13C{1H} NMR (DMSO-d6, 125 MHz, 298 K): δ 168.2, 156.4,
154.7, 143.0, 142.4, 140.3, 130.0, 129.3, 128.8, 126.2, 105.0, 104.1,
87.8, 85.5, 85.1, 84.5, 35.5, 30.9, 22.5, 21.9, 18.8 (Figure S16). UV−
vis [MeOH; λmax, nm (ε, M−1 cm−1)]: 267 (4280), 400 (656). ATR-
IR (cm−1): 3698 (s), 1528 (s), 1497 (m), 1317 (s), 1145 (s), 689
(m). ESI-HRMS (MeOH): m/z (exp) 560.0690 (560.0707)
[RuIIC24H29ClN3O2S

+]. Elem anal. Calcd for C24H29ClN3O2SPF6Ru:
C, 40.89; H, 4.15; N, 5.96. Found: C, 40.80; H, 4.12; N, 5.99.
Kinetics and Binding Studies: 1H NMR and ESI-MS Experi-

ments. The sample for 1H NMR experiments (ca. 2 mM stock
concentration) was prepared in a 4:1 (v/v) phosphate buffer
(prepared in D2O, 20 mM, pD 7.4, 4 mM NaCl) and N,N-
dimethylformamide (DMF)-d7. The data were recorded on either a

400 MHz JEOL ECS or a 500 MHz Bruker Avance III spectrometer.
The samples for ESI-MS (ca. 100 μM stock concentration) were
prepared in a 9:1 (v/v) phosphate buffer (5 mM, pH 7.4, 4 mM or
130 mM NaCl) and MeOH. HPLC-grade MeOH was used for ESI-
MS sample preparation and dilution.

Cell Lines and Culture Conditions. Triple-negative human
metastatic breast adenocarcinoma (MDA-MB-231), human pancreas
ductal adenocarcinoma (MIA PaCa-2), Chinese hamster ovary
(CHO), and Madin-Darby canine kidney (MDCK) cells were
obtained from NCCS, Pune, India. The cells were grown in T75 or
T25 flasks as an adherent monolayer in a 5% carbon dioxide
atmosphere using a culture medium, supplemented with 10% fetal
bovine serum (FBS; Gibco) and antibiotics (100 units mL−1 penicillin
and 100 μg mL−1 streptomycin). MDA-MB-231 was grown in a 1:1
mixture of Dulbecco’s modified Eagle medium (DMEM) with Ham’s
F12 nutrient mixture (i.e., DMEM/F-12), while MIA PaCa-2, CHO,
and MDCK were cultured in DMEM, and all cell lines were
maintained at their logarithmic phase of growth before each
experiment and plated when upon reaching 70−80% confluence.

Cell Viability Assay. The growth inhibitory effect toward various
cell lines (MDA-MB-231, MIA PaCa-2, CHO, and MDCK) was
evaluated with the help of MTT assay. In brief, 4 × 103 cells well−1

were seeded in 96-well microplates in respective media (200 μL) and
incubated at 37 °C in a 5% carbon dioxide atmosphere. After 24 h of
incubation, the media were renewed (200 μL). The compounds to be
studied were added at appropriate concentrations. Each concentration
was tested in triplicate. The compounds to be added were first
solubilized in media containing dimethyl sulfoxide (DMSO) such that
the concentration of DMSO in each well would not exceed 0.2%. The
same amount of DMSO was added in the case of cell-based studies.
The incubation was continued for 72 h. Upon completion of
incubation with the compounds, the drug-containing media were
removed and 200 μL of fresh media was added to each well, followed
by treatment with 20 μL of a 1 mg mL−1 MTT in 1× phosphate-
buffered saline (PBS; pH 7.2). This was followed by 3 h of incubation
with a MTT solution at 37 °C. The media were then removed, and
the resulting formazan crystals were dissolved in DMSO (200 μL).
The growth inhibition of cells was analyzed by measuring the
absorbance of the drug-treated wells with respect to that of untreated
ones at 570 nm using a BIOTEK ELx800 plate reader. The IC50
values (drug concentrations responsible for 50% cell growth
inhibition) were calculated by fitting nonlinear curves in GraphPad
Prism 5, version 5.03, using a variable-slope model constructed by
plotting the cell viability (%) versus the logarithm of the drug
concentration (μM).

Distribution Coefficient Determination. The distribution
coefficients of all of the complexes were determined by using the
standard shake-flask method in a n-octanol and buffer (10 mM
phosphate buffer, pH 7.4) system. The molar extinction coefficient of
the complexes in n-octanol was first determined. The known
concentration of the complexes was taken in n-octanol, then after
shaking with phosphate buffer for 6 h at 37 °C in a BOD incubator,
the concentration of the complexes remaining in the n-octanol phase
was determined by a UV−vis spectrometer and subtracted from the
actual concentration, which gave the concentration of the complexes
in the aqueous phase. The distribution coefficients (log Do/w) of the
complexes were obtained from the ratio of the complexes present in n-
octanol and the aqueous phase.

Metal Accumulation Study in MDA-MB-231 Cells by ICP-
MS. In a 100 mm sterile tissue culture Petri dish, 5 × 105 numbers of
MDA-MB-231 cells were seeded and grown for 48 h. Then the cells
were treated with 30 μM 1, 2, and 5 complex solutions for an
additional 12 h. Subsequently, the media were discarded, and the cells
were washed using 1× PBS (pH 7.2). The cells for each sample were
trypsinized and counted accurately. A 1 × 106 number of cells from
each sample were centrifuged to form cell pellets. The cell pellets were
washed twice by redispensing in 1× PBS (pH 7.2), followed by
centrifugation. The cell pellets were then digested with 200 μL of
extra pure (70%, v/v) nitric acid (Sigma-Aldrich) at 70 °C for 12 h.
The digested cell suspension was diluted using Milli-Q water, and the
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Ru content in the samples was analyzed on a Thermo Scientific
iCAPRQ ICP-MS instrument at the SRIC facility at Indian Institute
of Technology Kharagpur. Ru standard solutions were freshly
prepared to generate the calibration curve. All of the concentrations
were used in triplicate to generate three independent samples, and the
standard deviations were calculated.
Immunofluorescence Assay for Expression of CA IX. 1 × 104

numbers of MDA-MB-231 and MIA PaCa-2 cells were grown over
glass coverslips (Corning Life Sciences) in a 6-well plate for 48 h. The
cells were then fixed with 4% (w/v) paraformaldehyde in PBS for 10
min and subsequently quenched with 50 mM NH4Cl. After washing
with 1× PBS three times, the cells were blocked with 3% bovine
serum albumin in PBS containing 0.1% Tween 20 (PBST) for 20 min
at RT. Then the cells were incubated with a primary CA 9 antibody
(abcam) 1:200 dilution for 2 h, followed by washing with 1× PBS
three times. After that, the cells were incubated with a secondary
antibody tagged with Alex Fluor 568 (abcam) in 1:1000 dilutions for
2 h in the dark. The cells were then washed with PBST, followed by
1× PBS. The cells were mounted on slides for imaging using a
Fluoroshield mounting medium. The images were acquired in Zeiss
LSM 710 and Leica SP8 confocal microscopes.
Cell Cycle Analysis. MDA-MB-231 cells, 1 × 105 per plate, were

seeded in a 6-well plate in DMEM-F12 culture media and incubated
at 37 °C in a 5% carbon dioxide atmosphere. After 48 h, the existing
media were renewed by fresh media. Then adequate concentrations of
complexes 1 and 2 were added and incubated for 24 h. After drug
exposure for 24 h, the cells were harvested by quick trypsinization and
washed twice with cold 1× PBS (pH 7.2). The resultant cells were
resuspended in 100 μL of cold 1× PBS and fixed with 70% aqueous
ethanol overnight at 4 °C. DNA staining was performed by
resuspending the cell pellets in a 1× PBS solution comprised of a
propidium iodide (PI; 55 μg mL−1) and RNase A (100 μg mL−1)
solution. The cell suspension was gently mixed with a PI staining

solution and incubated at 37 °C for 0.5 h. The samples were analyzed
in a BD Biosciences FACS Calibur flow cytometer.

Detection of Apoptosis: Annexin V Assay. Apoptotic cells
were detected using an Annexin V-PE and 7-AAD dual-staining
apoptosis detection kit (BD Pharmingen) by flow cytometry
according to the manufacturer’s protocol. 1 × 105 cells of MDA-
MB-231 were seeded a 6-well plate using 2 mL of DMEM+F-12
media. Then the cells were incubated at 37 °C in a 5% carbon dioxide
atmosphere for 48 h. Subsequently, the media were changed, and the
cells were treated with different concentrations of drug solutions of 1
and 2 for 24 h. The cells were then harvested by cold 1× PBS
containing 0.1 mM ethylenediaminetetraacetic acid, subsequently
washed twice with cold 1× PBS, and finally resuspended in an
Annexin V binding buffer. The cells were then incubated with both
Annexin V-PE and 7-AAD for 15 min under dark conditions at 25 °C.
The data were analyzed in a BD Biosciences FACS Calibur flow
cytometer within 1 h of sample preparation.

Mitochondrial Membrane Potential Determination by JC-1.
Investigation of the change in the mitochondrial transmembrane
potential (MMP, ΔΨm) was determined using flow cytometry after
staining live cells with JC-1. 1 × 105 MDA-MB-231 cells were seeded
in a 6-well plate. After 48 h of incubation, the media were removed
and the cells treated with complex 1 or 2 using IC25 and IC50
concentrations for 24 h. The media were then removed and the cells
washed with 1× PBS. The cells were then trypsinized and combined
with the washing. The combined mixture was centrifuged at 2000 rpm
for 4 min. The cell pellets were washed twice with 1× PBS and
resuspended in 1× PBS supplemented with 10% FBS. The resultant
solution was then incubated with 5 μg mL−1 JC-1 dye for 30 min in
the dark. Finally, after removal of the supernatant, the cells were
suspended in 1× PBS and analyzed in a BD Bioscience FACS Calibur
flow cytometer by measuring the red and green fluorescent intensities.

Reaction with NADH. The reaction of complexes 1 and 2 (ca. 2
μM) with NADH (100 μM) in 1:9 (v/v) MeOH in water was

Scheme 1. Synthetic Procedures for the Preparation of Ruthenium(II) p-Cymene Complexesa

aReaction conditions: (a) 2-imidazolecarboxaldehyde, MeOH, reflux, 6 h; (b) 1-methyl-2-imidazolecarboxaldehyde, MeOH, reflux, 12 h; (c) 4-
methyl-2-thiazolecarboxaldehyde, MeOH, reflux, 12 h; (d) pyridine-2-carboxaldehyde, MeOH, reflux, 12 h; (e) [RuII(η6-p-cymene)Cl2]2, MeOH,
RT, 24 h; (f) [RuII(η6-p-cymene)I2]2, MeOH, RT, 24 h.
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monitored by UV−vis spectra at 298 K after various time intervals of
up to 8 h. The concentration of NADH was obtained using the
extinction coefficient ε339 = 6220 M−1 cm −1.

■ RESULTS AND DISCUSSION

Syntheses and Characterizations. The sulfonamide-
based N,N-chelating ligands (L1−L4) were synthesized by
refluxing the respective amines and aldehydes in MeOH. The
cationic complexes were isolated with hexafluorophosphate as
the counteranion, making them easy to purify and less
moisture-sensitive. The ligands were characterized by 1H and
13C{1H} NMR and used to synthesize the Ru(II) complexes.
The ruthenium(II) p-cymene complexes (1−5) were synthe-
sized by stirring the respective ligands with [RuII(η6-p-
cymene)Cl2]2 or [Ru

II(η6-p-cymene)I2]2 in MeOH at RT for
24 h (Scheme 1). All of the complexes herein are reported for
the first time and characterized by various analytical
techniques, viz., 1H and 13C{1H} NMR, ESI-HRMS, FT-IR,
and UV−vis analysis. The bulk purity of the complexes was
ascertained from elemental analysis. The stretching frequency
corresponding to CN of the imine appears in the range of
1670−1675 cm−1 in all complexes. In the case of the
ruthenium arene complexes 1−5, the UV−vis spectral data
in MeOH showed an intense band at around 270−315 nm that

may be attributed to π−π* transitions and a relatively weak
band in the 405−450 nm range corresponding to a metal-to-
ligand charge-transfer transition.

Hydrolysis Study. The stability of complexes 1−5 in
physiological conditions was investigated by 1H NMR in 20%
DMF-d7 in a phosphate buffer (20 mM, pD 7.4, containing 4
mM NaCl). Complex 1, bearing the imidazole motif with
ruthenium chlorido coordination, starts to generate the
aquated product within 1 h, and the extent of the aquation
increases over time. The aquated product is stable up to the
observed period of 24 h (Figure 1). The ESI-MS data support
the conclusion from the above 1H NMR data. ESI-MS
performed in 10% MeOH containing a phosphate buffer (5
mM, pH 7.4, containing 4 mM NaCl) shows the formation of
[Ru(L1-H+)(p-cymene)]+ species at m/z 513.0886 (calcd m/z
513.0893), supporting aquation even when both the complex
concentration and percentage of the organic solvent are lower
(Figures S18−S20). The L1-bearing, iodido-coordinated
Ru(II) complex 2 did not show any aquation up to 24 h, as
per the 1H NMR data (Figure 2). Thus, changing the
coordinated halide from chlorido to iodido made the Ru−
halide bond less susceptible to aquation. The reason may be
the iodido group having higher polarizability than the chlorido
group introduces higher covalency in the Ru−I bond

Figure 1. 1H NMR spectra of the stability of 1 in 20% DMF-d7 in a phosphate buffer (20 mM, pD 7.4, 4 mM NaCl): (blue *) intact complex 1;
(red ‡) aquated complex 1.

Figure 2. 1H NMR spectra of the stability of 2 in 20% DMF-d7 in a phosphate buffer (20 mM, pD 7.4, 4 mM NaCl) showing no hydrolysis even
after 24 h.
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compared to the Ru−Cl bond. Therefore, in a polar aqueous
medium, complex 2 is less susceptible to getting replaced by
water and, hence, hydrolytically more stable. This is also well
supported by the ESI-MS data in a phosphate buffer (5 mM,
pH 7.4, containing 4 mM NaCl) containing 10% MeOH,
which show a small amount of the dehalogenated adduct
[Ru(L1-H+)(p-cymene)]+, under the total spectral envelope,
even after 30 h of incubation, corresponding to m/z 513.0963
(calcd m/z 513.0893) (Figures S21 and S22). In the presence
of a higher chloride concentration, ca. 130 mM, slow chlorido
exchange occurred, and even after 24 h, half of the intact
iodido derivative 2 was present in the solution (Figures S23
and S24). The 1H NMR spectra of the hydrolysis of 3 and 4,
which have the N-methylimidazole and 4-methylthiazole
motifs, respectively, show hydrolytic stability of up to 24 h
in similar experimental conditions (Figures S25 and S26). The
pyridine motif bearing 5 starts aquating after 3 h with a slow
increase in the aquated adduct over the observed period of 24
h (Figure S27).
Cytotoxicity. The derivatives of AEBS show excellent

inhibition activity against CA IX, having Ki values ranging
between 20 nM to 10 μM.52−54 Thus, the cytotoxicities of the
ligands and their metal complexes (1−5) were assessed against
two cancer cells, viz., triple-negative metastatic breast
adenocarcinoma (MDA-MB-231) and human pancreas ductal
adenocarcinoma (MIA PaCa-2), because they are known to
overexpress CA IX.55 It is known that normal ovary and kidney
cells express very low amounts of CA IX compared to MDA-
MB-231 or MIA PaCa-2.55 So, we used two noncancerous
cells, viz., Chinese hamster ovary (CHO) and Madin-Darby
canine kidney (MDCK), to investigate the selectivity. The free
ligands (L1−L3) were not toxic up to 200 μM, and they
dissociate over time in an aqueous solution to the respective
amines and aldehydes. The Ru(II) complexes of the imidazole
derivatives 1 and 2 showed moderate-to-good toxicity in the
tested cancer cell lines in both normoxia and hypoxia (Table 1

and Figures S28 and S29). The iodido derivative 2 showed
greater toxicity in MIA PaCa-2 compared to the chlorido
derivative 1, but in MDA-MB-231 cells, it is almost the same
under normoxic conditions. However, under a hypoxic
environment, complex 2 showed a better cytotoxic efficacy
compared to 1. Surprisingly the Ru(II) complexes 3−5 were
also not toxic up to 200 μM, although they have the same
sulfonamide motif just condensed with different aldehydes.
This may be because of their higher solution stability in
physiological conditions because most complexes of this type

are known to act by aquation of the Ru−halide bond, followed
by binding to the nucleophilic target (viz., DNA).56,57

The cytotoxicity of both imidazole analogues 1 and 2
improved in the hypoxic condition in MDA-MB-231. The gain
of cytotoxicity in hypoxia is encouraging because many cancer
drugs become less efficient in hypoxia. Furthermore, complexes
1 and 2 are not cytotoxic toward the noncancerous CHO and
MDCK cells up to 200 μM (Table 1 and Figure S30). This
implies that incorporation of the sulfonamide moiety as part of
the ligand framework improved the selectivity. Despite the
known literature stating that CA IX is overexpressed under
hypoxia in MDA-MB-231,58 we needed to confirm the same
under our experimental conditions. Thus, we carried out
immunofluorescence studies of overexpression of CA IX in
normoxia and hypoxia in MDA-MB-231 and MIA PaCa-2. The
results show that both cell lines express CA IX (Figure 3).

Furthermore, the immunofluorescence images suggest that the
expression of CA IX in MDA-MB-231 might have increased in
hypoxia, unlike MIA PaCa-2 (Figure 3A), which has similar
CA IX expressions in both normoxia and hypoxia. This
apparent increase in expression may be responsible for the
marginal enhancement in the cytotoxicity in hypoxia in MDA-
MB-231 (Figure 3B).

Lipophilicity and Cellular Accumulation. Lipophilicity
is a parameter for drug uptake, primarily via passive diffusion.59

The lipophilicity is often measured by the distribution
coefficient of a drug between the organic and aqueous phases.
We have measured the lipophilicity of 1−5 to see if there is any
correlation between lipophilicity, cellular uptake, and cytotox-
icity. The distribution coefficient of the complexes was
measured by the shake-flask method in an n-octanol/
phosphate buffer (pH 7.4) mixture. Distribution coefficient
data suggest that the imidazole analogues (1 and 2) are more
lipophilic compared to the N-methylimidazole-, thiazole-, and
pyridine-based complexes (3−5). The imidazole analogue 2
having iodido as part of the leaving group is the most lipophilic
(log Do/w of ca. 0.92) in the series, followed by the chlorido
analogue 1 (log Do/w of ca. 0.06). In contrast, the rest of the
three complexes (3−5) show more hydrophilicity, with the
distribution coefficient values ranging from ca. −0.54 to −1.32
(Figure 4A). Complexes 1 and 2, being most lipophilic in the
series, may better enter the cancer cells through passive
diffusion and hence are the most cytotoxic. However, despite

Table 1. Cytotoxicity of Complexes 1 and 2 against Several
Cancerous and Noncancerous Cells

IC50 ± SD (μM)a

normoxia hypoxia

complex CHO MDCK MIA PaCa-2
MDA-MB-

231
MDA-MB-

231

1 >200 >200 22.5 ± 1.5 38.3 ± 1.5 27.9 ± 1.0
2 >200 >200 17.1 ± 1.0 39.6 ± 3.2 17.7 ± 1.8

aIC50 ± SD (SD = standard deviation) is determined by MTT assay
in normoxia (∼12% O2) and hypoxia (∼1.5% O2) as a means of at
least three independent experiments. In a single experiment, each
concentration was assayed in triplicate. The statistical significance (P)
of the IC50 data ranges between >0.001 and <0.05.

Figure 3. (A) Immunofluorescence study showing CA IX expression
in MDA-MB-231 cells in normoxia, MDA-MB-231 cells in hypoxia,
and MIA PaCa-2 cells in hypoxia. CA IX was visualized with a
monoclonal anti-CA IX antibody interacting with a secondary
antibody tagged with Alex Fluor 568 (λem = 603 nm). (B) Integrated
intensity of CA IX expression in MDA-MB-231 cells in normoxia and
hypoxia.
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having a large difference in hydrophobicity between 1 and 2,
we have found that there is only a marginal difference in
cytotoxicity in MIA PaCa-2 and almost no difference in the
MDA-MB-231 cells in normoxia. To understand this, we have
done cellular accumulation by measuring the total Ru content
(ng of Ru per 106 cells) of 1 and 2 along with complex 5 with
relatively high hydrophilicity. The ICP-MS data show that 1
and 2 accumulate in similar amounts in the MDA-MB-231
cells (Figure 4B), which correlates with their in vitro
cytotoxicity. However, complex 5 shows very low accumulation
in the MDA-MB-231 cells compared to 1 and 2 (Figure 4B);
hence, it is nontoxic. The similar cytotoxicities of 1 and 2 in
spite of their different lipophilicities indicate that there may be
a receptor-mediated uptake or the iodido is exchanged to
chlorido in solution because we have observed slow iodido
exchange in ESI-MS in a 5 mM phosphate buffer having 130
mM NaCl (Figures S23 and S24). The poor cytotoxicity of
complexes 3−5 may be ascribed to the combination of reduced
interaction with CA IX and the relatively high hydrophilicity,
which prevents passive diffusion-based uptake, resulting in
poor accumulation, as supported by the ICP-MS cellular
accumulation data of 5 (Figure 4B). In our earlier studies, the
pyridine-2-aldehyde-based complexes display low cellular
accumulation.30 The present work is also supportive of the
same. Thus, the overall structural effect, including lipophilicity,
influenced by the presence of an imidazole moiety (a free
−NH group) plays an important role in cytotoxicity, making
complexes 1 and 2 the most cytotoxic among the series, which

is also found in our previous reports.30 Hence, the imidazole-
containing AEBS ligand along with the relatively stable Ru−I
coordination makes complex 2 the most optimum among the
studied complexes.

Mechanism of Cell Killing. Complexes 1 and 2 were
further investigated for a mechanistic study. The MDA-MB-
231 cells treated with 1 and 2 were investigated for their cell
cycle arrest by measuring the DNA content using flow
cytometry. Treatment with IC25 and IC50 concentrations of 1
and 2 for 24 h showed cell cycle arrest mostly in the SubG1
phase (Figure 5A). The Annexin V-PE/7-AAD dual-staining
study in MDA-MB-231 also supported the apoptotic pathway
of cell killing. Complex 1 induced 11−24% apoptosis, whereas
2 induced 24−42% apoptosis at the IC25 and IC50 dosages
(Figures 5B and S31). We next investigated alteration of the
mitochondrial membrane potential and found that 1 and 2
affect the mitochondrial membrane potential. They depolarize
the mitochondrial membrane, changing the red fluorescence
(λem = 590 nm) of the cationic dye JC-1 to green fluorescence
(λem = 550 nm) because of breaking of the J-aggregates of the
dye. The flow cytometry data showed that the depolarization
was 4 times higher than the control experiment without the
complexes (Figure 5C). Depolarization of the mitochondria
suggests that the intrinsic pathway of apoptosis may be favored
by these complexes. It has been shown that NADH can donate
a hydride to aquairidium(III) cyclopentadienyl or ruthenium-
(II) arene complexes and produce reactive oxygen species.31,60

Our investigations with complexes 1 and 2 show that they do
not induce oxidative stress by disruption of the NADH to
NAD+ redox balance inside the cells. This was confirmed by
treating 1 and 2 with NADH in 1:9 (v/v) MeOH and water
containing 4 mM NaCl. The absorption recorded at λmax of
260 and 340 nm for 8 h showed no significant change in
intensity compared to the control (Figure S32), suggesting that
the complexes could not convert NADH to NAD+.

Binding with 9-EtG and GSH. The cytotoxic complexes 1
and 2 were studied for their binding ability with 9-EtG by
either 1H NMR or ESI-MS. 9-EtG was used as the model
nucleobase because it mimics well the N7 of guanine, which is a
well-known target for similar metal complexes.61 The N7 of
guanine is the favored binding position, and a downfield
chemical shift of the H8 immediate next to N7 is observed in
1H NMR upon binding with the metal center. The 1H NMR
spectra of 1 with 2 mol equiv of 9-EtG in 1:4 (v/v) DMF-d7 in

Figure 4. (A) Lipophilicities of complexes 1−5 in an n-octanol/buffer
mixture. (B) Cellular accumulation of complexes 1, 2, and 5 in MDA-
MB-231 cells after incubation for 12 h.

Figure 5. (A) Cell cycle distribution of 1 and 2 in the MDA-MB-231 cell line after treatment with the IC25 and IC50 dosages for 24 h. (B)
Induction of apoptosis with the IC25 and IC50 dosages of 1 and 2 for 24 h in the MDA-MB-231 cells by flow cytometry analysis using Annexin V-
PE/7-AAD dual staining. (C) Change in the mitochondrial membrane potential in the MDA-MB-231 cells after treatment with the IC25 and IC50
concentrations of 1 and 2 for 24 h.
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a phosphate buffer (20 mM, pD 7.4, containing 4 mM NaCl)
show formation of the 9-EtG adduct within 1 h, as shown by
the shift of the H8 proton of 9-EtG from 7.75 to 8.05 ppm
(marked as H8′; Figure 6). After 24 h, the 9-EtG adduct
predominates in the solution along with the hydrolyzed
complex 1. This finding is also supported by the ESI-MS data,
where even at a much lower concentration of the complex (ca.
100 μM), the behavior toward 9-EtG adduct formation is
similar. The 9-EtG adduct forms at m/z 692.1707 (calcd m/z
692.1700) corresponding to the formulation [(1 − H+ − Cl−)
+ 9-EtG]+ (Figures S33 and S34). Complex 2 also shows
formation of the 9-EtG adduct at m/z 692.1693 (calcd m/z
692.1700) having the formulation [(2 − H+ − I−) + 9-EtG]+

(Figures S35 and S36). Thus, the Ru complexes 1 and 2 may
be able to target cellular DNA.
GSH is a cellular tripeptide that remains abundant in most

cancer cells and is thought to be one of the major cellular
components responsible for the deactivation of Pt and other
metallodrugs.62,63 The ruthenium(II) p-cymene complexes also
efficiently react with GSH or oxidize in the presence of
GSH.61,64 In our earlier reports, the N,N-coordinated
ruthenium p-cymene complexes show excellent GSH resist-
ance.65 Hence, complexes 1 and 2 were also studied for their
binding ability with GSH by ESI-MS. The ESI-MS spectra of 1
with 2 equiv of GSH in 10% MeOH in a phosphate buffer (5
mM, pH 7.4, containing 4 mM NaCl) show only a small
amount of the GSH adduct after 3 h at m/z 820.1739 (calcd
m/z 820.1731) corresponding to the formulation [(1 − Cl−) +
(GSH − H+)]+, which increases slowly over time up to the
observed period of 24 h (Figures S37 and S38). On the other
hand, in the case of 2, the extent of formation of the GSH
adduct is less than 1. Even after 24 h, the majority of the intact
complex and the aquated adduct are present in the solution

(Figures S39 and S40). Thus, complex 1 and especially
complex 2 have a lower affinity to bind with GSH.

■ CONCLUSIONS
The N,N-chelating half-sandwich ruthenium(II) p-cymene
complexes containing sulfonamide and imidazole moieties
showed cytotoxicity in triple-negative breast cancer cells MDA-
MB-231 and pancreatic cancer cells MIA PaCa-2 but not
toward the noncancerous CHO and MDCK cell lines. They
show a marginal enhancement in the toxicity in hypoxia against
MDA-MB-231. The enhancement in the toxicity in hypoxia is
more prominent for the ruthenium iodido complex 2
compared to the ruthenium chlorido complex 1. Complexes
3−5 are not cytotoxic; thus, functionalization of CA IX-
inhibiting AEBS with the respective aldehydes and formation
of their metal complexes alter the electronic properties and
structural recognition of the complexes. The selectivity of
complexes 1 and 2 may not be solely due to CA IX expression
because the complexes are lipophilic, so they may also enter
inside the cells through passive diffusion, yet they are selective
to certain forms of cancer, which is highly encouraging. They
induce apoptosis by depolarizing the mitochondrial membrane
potential and arrest the cell cycle in the SubG1 phase. The
complexes efficiently bind with 9-EtG and possess slower
reactivity toward thiol. Hence, the sulfonamide- and imidazole-
based ruthenium(II) p-cymene complexes altogether provide a
desirable methodology to impart selectivity and warrant further
studies by designing more efficient complexes with variation of
the CA IX-inhibiting motif.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03706.

Figure 6. 1H NMR spectra of the interaction of 9-EtG with complex 1 in 20% DMF-d7 in a phosphate buffer (20 mM, pD 7.4, 4 mM NaCl): (blue
*) intact complex 1; (red †) aquated complex 1. H8′ indicates the chemical shift of the 9-EtG proton (H8) after binding.
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NMR spectra of ligands (Figures S1−S6) and complexes
(Figures S7−S16), UV−vis spectra of the complexes
(Figure S17), ESI-MS and 1H NMR spectra of
hydrolysis of the complexes in a buffer (Figures S18−
S27), MTT assay (Figures S28−S30), different pathways
of cell killing by the complexes (Figures S31 and S32),
and ESI-MS spectra of 9-EtG and GSH binding of the
complexes in buffer (Figures S33−S40) (PDF)
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