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ABSTRACT: The reaction of 2-{2-(benzo[1,3]dioxol-5-yl)- diazo}-4-methylphenol
(HL) with [Ru(PPh3)3Cl2] in ethanol resulted in the carbonylated ruthenium complex
[RuL(PPh3)2(CO)] (1), wherein metal-assisted decarbonylation via in situ ethanol
dehydrogenation is observed. When the reaction was performed in acetonitrile,
however, the complex [RuL(PPh3)2(CH3CN)] (2) was obtained as the main product,
probably by trapping of a common intermediate through coordination of CH3CN to
the Ru(II) center. The analogous reaction of HL with [Ir(PPh3)3Cl] in ethanol did not
result in ethanol decarbonylation and instead gave the organoiridium hydride complex
[IrL(PPh3)2(H)] (3). Unambiguous evidence for the generation of CO via ruthenium-
assisted ethanol oxidation is provided by the synthesis of the 13C-labeled complex,
[Ru(PPh3)2L(

13CO)] (1A) using isotopically labeled ethanol, CH3
13CH2OH. To

summarize all the evidence, a ruthenium-assisted mechanistic pathway for the
decarbonylation and generation of alkane via alcohol dehydrogenation is proposed. In
addition, the in vitro antiproliferative activity of complexes 1−3 was tested against
human cervical (HeLa) and human colorectal adenocarcinoma (HT-29) cell lines. Complexes 1−3 showed impressive cytotoxicity
against both HeLa (half-maximal inhibitory concentration (IC50) value of 3.84−4.22 μM) and HT-29 cancer cells (IC50 values
between 3.3 and 4.5 μM). Moreover, the complexes were comparatively less toxic to noncancerous NIH-3T3 cells.

■ INTRODUCTION

The elimination of functional groups from organic molecules
has immense significance in chemistry, including the synthesis
of natural products.1,2 In this context, decarbonylation
reactions have become an indispensable aspect in the
advancement of chemical synthesis. The key challenge of the
decarbonylation reaction lies in the high bond dissociation
energy of the C−C bond. Complexes of platinum group metals
have been used to address this issue, as the metal center
destabilizes the C−C bond through single- or two-electron-
transfer processes. Hence, the platinum-group metals have
drawn considerable attention over the decades.3−5 Among the
platinum-group metals, ruthenium exhibits the largest range of
stable oxidation states (from −II to + VIII).6 Hence, there is
interest in the exploration of new ruthenium-based catalysts
capable of decarbonylation reactions, especially after an initial
report by Dolphin and co-workers on the stoichiometric
decarbonylation using a ruthenium−porphyrin-based com-
plex.7 An iridium-catalyzed decarbonylation method has also
been reported by Tsuji and co-workers, wherein a variety of
functional groups were tolerated under mild reaction
conditions.8 In this way, effective synthetic decarbonylation

processes can be beneficial for the generation of fuel-grade
alkanes and should be attractive alternatives to existing
expensive hydrogenation methodologies.9 Bhattacharya and
co-workers,10 Jayanthi et al.,11 and Dinger et al.12 have worked
on ruthenium complexes wherein in situ solvent oxidation and
decarbonylation had led to CO-coordinated Ru(II) complexes.
These groups had proposed CO generation via either Ru-
assisted methyl oxidation or solvent oxidation in azo and
hydrazone complexes. However, their findings lacked sub-
stantial experimental evidence to support the mechanism of
Ru-assisted solvent oxidation. Thus, further experimental
investigations into the precise mechanism of these Ru-assisted
alcohol dehydrogenation reactions and CO coordination are
needed.11,12 These literature reports prompted us to synthesize
some new ruthenium azo complexes and examine the possible
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solvent oxidation (by using 13C-labeled ethanol) and
subsequent decarbonylation. We here focus on the synthesis
of organometallic ruthenium complexes (1 & 2) derived from
arylazo functionalized ligands, wherein an in situ solvent
oxidation and subsequent decarbonylation to generate an
alkane would be possible. To further see whether this
decarbonylation is specific for ruthenium, we attempted to
observe similar in situ decarbonylation in an organoiridium
complex (3) using the same organic ligand.
However, it is also known that arylazo complexes of the

platinum-group metals have been the subject of substantial
interest because of their rich redox and spectroscopic behavior,
catalytic activities, and isomerization reactions.13−16 By
comparison, the anticancer activity of platinum arylazo
complexes has received rather limited attention.17a−c While
conventional platinum anticancer drugs such as cisplatin,
carboplatin, and oxaliplatin are potent against a range of
tumors, their side effects like toxicity toward normal tissue and
tumor resistance have motivated researchers to develop
anticancer agents that diverge from the stereotypical complexes
already in use.17d−f In this direction, ruthenium and iridium
complexes have emerged as encouraging classes of metallodrug
candidates and hold great promise for cancer chemotherapy.18

Moreover, recent reports have revealed ruthenium complexes
as remarkable antiproliferative agents, for example, the Ru(III)-
based anticancer drugs indazolium trans-[tetrachlorobis(1H-
indazole)ruthenate(III)] (KP1019),19 its sodium salt analogue
sodium trans-[tetrachlorobis(1H-indazole)ruthenate(III)]
(NKP-1339),20 and the new antimetastasis inhibitor imidazo-
lium trans-[tetrachlorobis(1H-imidazole)(S-dimethyl sulfox-
ide)-ruthenate(III)] (NAMI-A),21 which all have proceeded
into the clinical stages of drug development. Furthermore,
iridium complexes have been reported to generate reactive
oxygen species and to induce apoptosis by acting on
mitochondria as well as exerting anticancer effects through
interaction with DNA.22−24

Phenylazo ligands have a crucial role in cytotoxicity against
the A2780 ovarian and A549 lung-cancer cell lines as reported
by Dougan et al. during investigation of η6-areneruthenium(II)
derivatives containing phenylazo ligands.17a The azo deriva-
tives of ruthenium were found to be more cytotoxic as
compared to the oxadiazole derivatives, on human glioblasto-
ma cell lines, inspiring further study of azo-coordinated
complexes.17c The redox reactions of the metal-coordinated
azo ligands have been known to increase the cytotoxicity of
half-sandwich organometallic (arene)-ruthenium(II) complex-
es.17a,c As compared to the free arylazo ligand, the transition-
metal chelated azo complexes target cancer cells better than
normal cells due to increased lipophilicity on chelation; this
prompts the design and exploration of more metal-coordinated
azo compounds.25 Significant in vitro cytotoxic results of azo-
vanadium complexes have also been reported in our earlier
works, which further stimulates us to design and study azo-
functionalized complexes.26 Another class of pharmacophoric
interest are triphenylphosphine (PPh3)-coordinated metal
complexes, as they exhibit excellent potential in chemotherapy
by influencing mitochondrial metabolism.27a−g Using hydro-
phobic PPh3-ligated complexes results in complexes with good
cytotoxicity, presumably due to their increasing vehiculation
property.27h−j Some ruthenium phosphine complexes are
known to inhibit the human topoisomerase IB enzyme (a
potential biological target for complexes).27h It has been
demonstrated that the presence of a PPh3 ligand is important

also to facilitate the binding of the Ru complex to DNA and
then distort its secondary and tertiary structure.27j,k Also, wide
investigations of platinum, ruthenium, copper, and gold
complexes have led to conclusions that mixed-ligand
complexes possessing PPh3 are highly cytotoxic in contrast to
the phosphine-free ones, which inhibited cell proliferation only
in relatively high concentrations.27h,l−q Thus, the wide
cytotoxic activity of azo- and PPh3-derived complexes
stimulated us to investigate mixed azo- and PPh3-coordinated
complexes.
Herein, we report the synthesis of organoruthenium(II) (1

and 2) and iridium(III) (3) complexes derived from the azo-
functionalized ligand (HL) and their comprehensive spectro-
scopic characterization including single-crystal X-ray structures.
To the best of our knowledge this is the first report where CO
generation through metal-assisted alcohol dehydrogenation in
Ru(II)-2-(arylazo)phenol complex has been established using
isotopic labeling, and along with that, a suitable mechanism has
been proposed to understand the formation of the carbonyl-
coordinated bivalent ruthenium complex 1. In addition, the
synthesized complexes were tested for their in vitro
antiproliferative activity against human cervical (HeLa),
human colorectal adenocarcinoma (HT-29), and mouse
embryonic fibroblast (NIH-3T3) cell lines.

■ EXPERIMENTAL SECTION
General Methods and Materials. Chemicals were purchased

from commercial sources and used without further purification.
Ruthenium trichloride and iridium trichloride were obtained from
Arora Matthey. [Ru(PPh3)3Cl2]

28 and [Ir(PPh3)3Cl]
13a were

synthesized according to a previously reported procedure. Reagent-
grade solvents were dried and distilled prior to use. CH3

13CH2OH
(99 atom % 13C) was purchased from Sigma-Aldrich and used as
received. Dulbecco’s Modified Eagle Media (DMEM), Dulbecco’s
phosphate buffer saline (DPBS), trypsin ethylenediaminetetraacetic
acid (EDTA) solution, fetal bovine serum (FBS), antibiotic-
antimitotic solution, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay kit were purchased from Himedia.
Tetramethylrhodamine B isothiocyanate (TRITC)-phalloidin and
4′,6-diamidino-2-phenylindole (DAPI) were procured from Sigma-
Aldrich. HeLa and HT-29 cell lines were procured from NCCS.
Elemental analyses were performed on a Vario ELcube CHNS
Elemental analyzer. IR spectra were recorded on a PerkinElmer
Spectrum RXI spectrophotometer. Attenuated total reflectance
infrared (ATR-IR) spectra were recorded on a Bruker Tensor 27
ATR-FT-IR. 1H, 13C, and 31P NMR spectra were recorded on a
Bruker Ultrashield 400 MHz spectrometer using SiMe4 as an internal
standard. Electronic spectra were recorded on a Lamda25,
PerkinElmer spectrophotometer. Mass spectra were obtained on an
SQ-300 MS instrument operating in positive ion electrospray
ionization (ESI) mode. High-resolution (HR) ESI mass spectrometry
(MS) data were acquired using a Synapt G2-S HDMS instrument. A
CH-Instruments (model CHI6003E) electrochemical analyzer was
used for cyclic voltammetric experiments with CH3CN solutions of
the complexes containing tetrabutylammonium perchlorate (TBAP)
as the supporting electrolyte. The three electrode measurements were
performed at 298 K with a platinum working electrode, platinum
auxiliary electrode, and saturated calomel electrode (SCE) as a
reference electrode. Caution! Although no problems were encountered
during the course of this work, attention is drawn to the potentially
explosive nature of perchlorates.

Synthesis of the Ligand Precursor (HL). The azo ligand, 2-{2-
(benzo[1,3]dioxol-5-yl)- diazo}-4-methylphenol (HL), was prepared
as follows: 3,4-(methylenedioxy)aniline (2.74 g, 0.02 mol) was
dissolved in 1:1 HCl/H2O (37%, 30 mL). The solution was
diazotized with NaNO2 (1.4 g, 0.04 mol) in water (10 mL) at 0
°C. Separately p-cresol (2.25g, 0.04 mol) was dissolved in 10% NaOH
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solution (15 mL), and the solution was cooled to 0 °C. The
diazotized solution was then added slowly to the alkaline solution of
p-cresol with continuous stirring at a temperature below 5 °C, until a
greenish-red precipitate was obtained over a period of ∼30 min.29

The resulting greenish-red compound was filtered, washed with
water, and dried over anhydrous CaCl2. The purified ligand was
obtained by slow evaporation of the saturated ethanolic solution of
the crude product. Elemental analysis, NMR (1H and 13C), and IR
data of the ligand confirmed its structure.
HL: Anal. Calcd for C14H12N2O3: C, 65.62; H, 4.72; N, 10.93.

Found: C, 65.64; H, 4.70; N, 10.92%. Selected IR peaks with
proposed assignments (KBr, νmax/cm

−1): 3542 ν(O−H)b, 1549
ν(NN). 1H NMR (400 MHz, CDCl3): δ/ppm = δ 12.56 (s, 1H,
−OH), 7.70−6.06 (m, 6H, aromatic), 4.23 (s, 2H, −O−CH2−O),
2.39 (s, 3H, −CH3).

13C NMR (100 MHz, CDCl3): δ/ppm =
153.60−115.88 (12C, aromatic), 101.02 (−O−CH2−O), 24.30
(−CH3). Yield: 4.096 g (16 mmol, 80%).
Synthesis of Ru(II) Complexes ([RuL(PPh3)2(CO)] (1), [RuL-

(PPh3)2(
13CO)] (1A), [RuL(PPh3)2(CH3CN)] (2), and Ir(III) com-

plex [IrL(PPh3)2(H)] (3). [RuL(PPh3)2(CO)] (1). 2-{2-(Benzo[1,3]-
dioxol-5-yl)- diazo}-4-methylphenol (HL, 25.6 mg, 0.1 mmol) was
dissolved in ethanol (EtOH, 50 mL) and refluxed for 10 min,
followed by addition of triethylamine (22 mg, 0.22 mmol) and
[Ru(PPh3)3Cl2] (100 mg, 0.1 mmol). The resulting solution was
refluxed in a nitrogen atmosphere for 24 h to yield a brown solution.
The solvent was removed by rotary evaporation, and the solid mass,
thus obtained, was subjected to purification by thin-layer chromatog-
raphy on a silica plate. With 10:1.5 benzene-acetonitrile as the eluent,
a prominent dark green band separated, which was extracted
separately with acetonitrile. Evaporation of the acetonitrile extracts
gave [RuL(PPh3)2(CO)] (1) as a green crystalline solid, from which
single crystals suitable for X-ray diffraction could be picked. 1 could
also be synthesized by an alternative procedure as mentioned below.
1A was synthesized under identical experimental conditions, using
isotopically labeled ethanol as solvent.
[RuL(PPh3)2CO] (1). Anal. Calcd for C53H42N3O4P2Ru (We

calculated the formulation, considering the solvent molecule,
CH3CN, which is found as the solvent of crystallization during X-
ray crystallography): C, 66.30; H, 4.58; N, 4.55. Found: C, 66.36; H,
4.53; N, 4.61. Main IR peaks (KBr, υmax/cm

−1): 1936 υ(CO); 1478
υ(NN); 1238 ν(C−O)phenolic; 750, 691, 519 υ(3P−Ph). 1H NMR
(deuterated dimethyl sulfoxide (DMSO-d6), 400 MHz) δ (ppm):

7.65−7.24 (2PPh3); 6.99−5.97 and 5.80 (m, 5H, Ar−H); 5.89 (s, 2H,
O−CH2−O); 1.75 (s, 3H, ArCH3).

31P NMR δ (ppm): 33.97. Yield:
42 mg (44.31 μmol, 45%).

[RuL(PPh3)2(CO)] (1) and [RuL(PPh3)2(
13CO)] (1A). A 10 mL

microwave tube was charged with 2-{2-(benzo[1,3]dioxol-5-yl)-
diazo}-4-methylphenol (5.0 mg, 19.5 μmol) and [Ru(PPh3)3Cl2]
(18.71 mg, 19.5 μmol). Ethanol (or ethanol-1-13C, 0.50 mL) and
triethylamine (0.15 mL) were then added, and the tube was quickly
flushed with N2 (g) and sealed. The mixture was then sonicated for 5
min to form a brown suspension, then subjected to microwave
irradiation for 1 h (T = 130 °C, P = 90 W). After it cooled to ambient
temperature, a green solution was obtained. This solution was then
taken to dryness at reduced pressure to give a green solid, which was
dissolved in ethyl acetate (EtOAc) (1 mL) and filtered to remove
colorless and brown impurities before being loaded onto silica and
purified by column chromatography using a Combiflash Rf system
(gradient 0 → 5% EtOAc in hexane, rf (5% EtOAc) = 0.1). The dark
green product containing fraction was taken to dryness at reduced
pressure to give pure [RuL(PPh3)2(CO)], 1 (or [RuL(PPh3)2-
(13CO)], 1A) as a dark green solid. Yield: 4.5 mg (4.96 μmol, 25.4%).

[RuL(PPh3)2(CH3CN)] (2). This complex was prepared essentially
by the same procedure used for the synthesis of 1, except that
acetonitrile was used as the solvent instead of ethanol. The brown
solution obtained in this case was dried. The solid mass obtained,
upon rotary evaporation, was subjected to purification by thin-layer
chromatography on a silica plate. With 10:1.5 benzene−acetonitrile as
the eluent, the major brown colored fraction was separated. The
isolated fraction was extracted with acetonitrile. Brown crystals of 2
were obtained upon slow evaporation of the extract.

[RuL(PPh3)2(CH3CN)] (2). Anal. Calcd for C52H43N3O3P2Ru: C,
67.82; H, 4.71; N, 4.56. Found: C, 67.78; H, 4.73; N, 4.51%. Main IR
peaks (KBr, υ/cm−1): 2212 υ(CH3CN); 1487 υ(NN); 1245 υ(C−
O)phenolic; 749, 690, 516 υ(3P−Ph). 1H NMR (DMSO-d6,400 MHz)
δ (ppm): 7.65−5.78 (m, 35H, Ar−H and PPh3); 5.89 (s, 2H, O−
CH2−O); 2.51 (s, 3H, CH3CN); 1.75 (s, 3H, ArCH3).

31P NMR, δ
(ppm): 33.93. Yield: 44 mg (47.78 μmol, 48%).

[IrL(PPh3)2(H)] (3). 2-{2-(Benzo[1,3]dioxol-5-yl)-diazo}-4-methyl-
phenol (25.6 mg, 0.1 mmol) was dissolved in ethanol (50 mL) and
refluxed for 10 min, followed by addition of triethylamine (22 mg,
0.22 mol) and [Ir(PPh3)3Cl] (100 mg, 0.1 mmol). The resulting
solution was refluxed under a nitrogen atmosphere for 32 h to yield a

Table 1. Crystal and Refinement Data of 1−3

complex 1•CH3CN 2 3

empirical formula C53H42N3O4P2Ru C52H43N3O3P2Ru C50H41IrN2O3P2

formula weight 947.90 920.90 971.99
temperature 293(2) K 297(2) K 297(2) K
radiation Mo Kα Mo Kα Mo Kα
crystal system monoclinic monoclinic triclinic
space group Cm P21/n P1̅
unit cell dimensions a = 18.2828(2) Å a = 12.0619(2) Å a = 11.1808(2) Å

b = 14.6228(2) Å b = 17.3951(2) Å b = 12.0131(3) Å
c = 9.68930(10) Å c = 20.5496(3) Å c = 19.2103(4) Å
α = 90° α = 90° α = 101.2930(7)°
β = 120.7910(4)° β = 96.0240(6)° β = 90.9690(7)°
γ = 90° γ = 90° γ = 111.4660(6)°

volume 2225.25(5) Å3 4287.87(11) Å3 2343.66(9) Å3

Z 2 4 2
density (calculated) 1.415 g/cm3 1.427 g/cm3 1.377 g/cm3

absorption coefficient 0.475 mm−1 0.489 mm−1 2.958 mm−1

F(000) 974 1896 972
crystal size 0.250 × 0.350 × 0.600 mm 0.025 × 0.100 × 0.200 mm 0.050 × 0.080 × 0.150 mm
θ range for data collection 1.90 to 28.34° 1.876 to 28.346° 1.95 to 30.77°
reflections collected 32 606 104 119 71 547
reflections unique 5305 10 676 14 045
final R1/wR2 [I > 2σ(I)] R1 = 0.0233, wR2 = 0.0550 R1 = 0.0456, wR2 = 0.0954 R1 = 0.0319, wR2 = 0.0991
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green solution. The solvent was removed by rotary evaporation, and
the resulting solid mass was subjected to purification by thin-layer
chromatography on a silica plate. With 1:1 benzene−toluene as the
eluent, a dark blue band separated, and the corresponding material
was extracted separately with acetonitrile. Blue crystals of [IrL-
(PPh3)2(H)] (3) were obtained by the slow evaporation of the
acetonitrile extract over a period of three weeks.
[IrL(PPh3)2(H)] (3). Anal. Calcd for C50H41IrN2O3P2: C, 61.78; H,

4.25; N, 2.88. Found: C, 61.73; H, 4.20; N, 2.93%. Main IR peaks
(KBr, υ/cm−1): 2050 υ(Ir−H); 1480 υ(NN); 1237 υ(C−O)phenolic;
746, 694, 515 υ(3P−Ph). 1H NMR (DMSO-d6,400 MHz) δ (ppm):
7.36−7.23 (m, 15H, PPh3); 6.79−5.95 (m, 5H, Ar−H); 5.68 ppm (s,
2H, O−CH2−O); 1.88 (s, 3H, ArCH3); −12.54 (t, hydride, Ir−H).
31P NMR, δ (ppm): 11.90, 9.89. Yield: 43.7 mg (44.95 μmol, 45%).
X-ray Crystallography. Single crystals of the complexes were

mounted on a Bruker Smart ApexII single-crystal diffractometer
equipped with a graphite monochromator and a Mo Kα X-ray source
(λ = 0.710 73 Å). Crystallographic data and the details of refinement
are given in Table 1. Unit cell dimensions and intensity data were
measured at 293(2) K for 1 and 297(2) K for 2 and 3. Integrated
intensities were obtained with the Bruker SAINT30 software package
using a narrow frame logarithm. The intensity data were corrected for
Lorentz, polarization, and absorption effects. Absorption corrections
were applied using SADABS,31 and the structures were solved by
direct methods using the program SHELXS32 and refined using least-
squares with the SHELXL32 software program. Hydrogen atoms were
either found or placed in calculated positions and isotropically refined
using a riding model. The non-hydrogen atoms were refined
anisotropically. Figures were drawn using DIAMOND and MER-
CURY. In the ball-and-stick models all atoms are drawn as thermal
displacement ellipsoids of the 40% level with exception of the
hydrogen atoms, which are shown as spheres of arbitrary radii.
Complex 3 contained disordered solvent that could not be refined
explicitly. The contribution of the solvent electron density to the
diffraction data was removed via SQUEEZE.
Cytotoxicity. The in vitro cytotoxicity of the complexes was

explored against human cervical cancer (HeLa), colon cancer (HT-
29), and noncancerous mouse embryonic fibroblast (NIH-3T3) cells.
In a typical procedure, cells were cultured in DMEM media
containing 10% FBS under a humidified 5% CO2 incubator at
37 °C. During the experiment cells at a concentration of 8 × 103 cells/
well were seeded in a 96-well culture plate and kept in the incubator.
After 12 h of seeding, complexes 1−3 in the concentration range of
5−100 μg/mL were added to the cells for a period of 48 h. The

complexes were initially dissolved in DMSO at a concentration of
3 mg/mL and then diluted in media to achieve the desired
concentration. Cells cultured in media alone were taken for the
control experiment. Subsequently, after the treatment period, the used
media were removed, and the cells were treated with MTT over an
additional period of 4 h. Later from each well the MTT-containing
media was removed, and 200 μL of DMSO was added. After 30 min
of incubation in dark the optical density was measured using a
microplate reader spectrophotometer at 595 nm. The experiment was
performed in quadruplets, and the data were expressed as mean ±
standard deviation (SD). Single variance analysis of variance
(ANOVA) under 95% confidence interval was used to evaluate the
statistical significance of the data.

%cell viability mean OD of the treated cell

/mean OD of the control 100

= [

] × (1)

Analysis of Nuclear Morphology with Hoechst Staining. The
nuclear morphology of the cancer cells in the presence of the test
complexes was examined with a DNA binding fluorescence dye,
namely, Hoechst. For this study, cells were incubated with half-
maximal inhibitory concentration (IC50) of the complexes for 12 h in
confocal dishes. The cells were then washed gently with PBS, fixed
with 4% paraformaldehyde for 15 min, and permeabilized (using
0.25% Triton X-100 in PBS, 10 min exposure). Postpermeabilization
cells were stained with Hoechest (for nucleus staining), and the image
was recorded under confocal microscopy (Leica, SP8).33

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The reaction of an

equimolar mixture of 2-(arylazo)phenol, HL, with [Ru-
(PPh3)3Cl2] in refluxing ethanol or acetonitrile under basic
conditions in a nitrogen atmosphere afforded two distinct
products with different colors, specifically, green and brown,
which were shown to have the stoichiometry [RuL(PPh3)2-
(CO)] (1) and [RuL(PPh3)2(CH3CN)] (2), respectively. The
reaction of HL with [Ir(PPh3)3Cl] under the same conditions,
however, resulted in the formation of blue crystals of
[IrL(PPh3)2(H)] (3). The synthetic methodology of 1−3 is
illustrated in Scheme 1. Elemental analyses, IR and NMR
spectra, and ESI-MS of 1−3 allowed for a thorough initial
characterization of the complexes, which was confirmed by X-

Scheme 1. Schematic Diagram for the Syntheses of [RuL(PPh3)2(CO)] (1), [RuL(PPh3)2(CH3CN)] (2), and [IrL(PPh3)2(H)]
(3)
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ray crystallography. The complexes were slightly soluble in
ethanol and methanol but completely soluble in other protic
and aprotic solvents. The time-dependent solution stability of
1 and 3 was investigated by electronic absorption spectral
studies over a period of 48 h in a mixture of both DMSO and
DPBS solution (Figures S1 and S2) and DMSO and DMEM
solution (Figures S1 and S2), which showed the complexes are
stable in these solvent mixtures for at least 48 h.
The ligand coordinates to the metal center in the case of all

the three complexes as a tridentate C, N, O-donor via metal-
assisted C−H activation, which is well-documented in the
literature.10,13a,34−36 In the case of [RuL(PPh3)2(CH3CN)]
(2), the acetonitrile used as the reaction solvent coordinates to
the Ru center at the sixth coordination site, while the hydride
generated from C−H activation of the ligand coordinates at

the sixth coordination site in [IrL(PPh3)2(H)] (3). However,
the coordination of a carbonyl group to the Ru(II) center in
the case of [RuL(PPh3)2(CO)] (1) was unexpected, since the
metal precursor, [Ru(PPh3)3Cl2], used for synthesis of 1
cannot serve as a source of CO. The earlier report of Acharyya
et al. on unexpected CO coordination in arylazo ruthenium(II)
complexes in ethanolic medium attributed the CO formation
to the migration of an alkyl group in the ligand backbone and
its subsequent oxidation to CO, resulting in ligand
modification.10 However, in the case of complex 1, a similar
explanation was not possible, since the substituted methyl
group in the ligand remained intact even after complex
formation. The formation of Ru−CO complexes, by heating
Ru(II) and Ru(III) compounds in the presence of primary
alcohols, has earlier been established by Yi et al.37 and Jayanthi

Scheme 2. Proposed Mechanismsa

aProposed mechanisms for the formation of (a) [RuL(PPh3)2(CO)] (1) and [RuL(PPh3)2(CH3CN)] (2) and (b) [IrL(PPh3)2(H)] (3).
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et al.,11 without mechanistic details however. Taking these
literature reports into consideration, the source of CO was
assumed to be the solvent (ethanol) used for synthesis. To test
this hypothesis, the reaction of HL with [Ru(PPh3)3Cl2] was
performed in toluene and acetonitrile, in basic medium.
Indeed, preliminary characterization (IR) of the products
obtained from toluene and acetonitrile did not show any trace
of CO generation in the reaction medium, thereby suggesting
that EtOH is the source of CO. We also experimentally
performed the synthesis and spectroscopic characterization of
complex 1 in methanol and isopropyl alcohol solvent media.
The characteristic sharp peak of CO is clearly observed in the
case of the complex isolated from methanol and isopropyl
alcohol as the solvent (Figure S3). To gain further support for
the generation of CO via ruthenium-assisted ethanol oxidation,
as in complex 1, the synthesis was repeated using ethanol-
1-13C, which resulted in the incorporation of a 13C-labeled
carbonyl group into the product. This was confirmed by IR
spectroscopy and ESI-MS. Chakravorty et al. previously
reported the synthesis of Os and Ru complexes, wherein
decarbonylation of a diformylphenol Schiff base ligand had
occurred resulting in the formation of CO coordinated to the
organometallic complexes.38 In their case however the CO
coordination was indifferent to variations of the solvent. On
the basis of the above discussion, a mechanistic scheme for the
formation of 1 is proposed in Scheme 2a. Simultaneously, a
probable pathway for the formation of 2 and 3 is also shown in
Scheme 2a,b, respectively.
In the first step of Scheme 2a, the metal precursor

[RuCl2(PPh3)2] reacts with HL in the presence of NEt3
forming complex A by deprotonation of the phenolic O−H
and C−H activation of HL, thereby resulting in loss of PPh3
and HCl. The fourth equatorial site in A is occupied by the
hydride ligand, resulting in the formation of a Ru(IV) cationic
complex A. This is in line with the C−H oxidative addition
that we observe for the formation of the Ir(III) complex 3
(Scheme 2b). Ir(III) complex (3), once formed after oxidative
addition, attains a stable 18-electron configuration, so further
reaction does not take place. The stability of the +III oxidation
state of the iridium center explains the inertness of complex 3
toward CO generation. However, the comparatively unstable
16-electron species formed in the case of Ru (intermediate A
in Scheme 2a) can react further to attain stability. Compound
A is deprotonated, for example, by triethylamine, to form the
Ru(II) species B, which is a key reactive 16-electron
intermediate. This reactive 16-electron intermediate B can be
trapped by a coordinating solvent such as CH3CN, if present
(as in the formation of complex 2). If no such strongly
coordinating solvent is present, the ethoxide ion (formed upon
deprotonation of ethanol in basic medium) coordinates to the
coordinatively unsaturated Ru(II) center of B, forming C. The
resulting complex C undergoes β-hydride elimination, giving
one molecule of CH3CHO through alcohol dehydrogenation
and simultaneous coordination of a hydride ion to the
ruthenium center to form D. In the next step, the
coordinatively unsaturated Ru(II) complex B is again formed
via deprotonation. The aldehyde CH3CHO generated
previously in the reaction coordinates to the metal center to
form E. In the next step, the resulting complex E loses PPh3
and undergoes oxidative addition forming the Ru(IV) species
F. This is followed by a migratory extrusion to form the
Ru(IV) complex (G) and then reductive elimination with the
loss of methane. Finally, addition of PPh3 to the unsaturated

species H results in the formation of the product complex 1
(Scheme 2a).38b,39,40

Spectral Characteristics. IR Spectroscopy. A broad band
at ∼3450 cm−1 was observed for HL, due to the presence of
OH group, which disappears upon the formation of 1−3. The
IR stretching frequency of HL observed at 1549 cm−1 is
attributed to the presence of the azo(NN) functional
group.41 The corresponding peak shifts to a lower frequency
range of ∼1481 cm−1 upon complexation (1−3). The presence
of a coordinated CO in the case of 1 is evident from the
characteristic peak of CO, observed at 1936 cm−1,10 while an
extra peak at 2212 cm−1 in the IR spectra of 2, as compared to
the ligand, could be attributed to the CN stretching frequency
in the complex. Besides the difference in the CO and CN
stretch, the infrared spectra of 1 and 2 are very similar. The
presence of three strong absorption bands (∼515, 694, and
746 cm−1) in 1, 2, and 3 is due to the coordinated PPh3
ligands, and the peak at 2050 cm−1 is assigned to the Ir−H
stretching frequency.34c In the 13C-labeled carbonyl Ru(II)
complex (1A) the CO stretching band is shifted by 49 cm−1 to
lower frequency due to the presence of the heavier carbon
isotope. The remaining IR bands are mostly unaffected (Figure
1). The reason for the weak band at 1932 cm−1 in the IR

spectrum of the labeled product is unclear. However, a possible
explanation is the formation of a small amount of 12CO, which
might have been generated from unlabeled ethanol still present
in [Ru(PPh3)3Cl2] or ligand (HL). A comparison of the ATR-
IR spectra of [Ru(L)(PPh3)2(CO)] (1) and [Ru(L)-
(PPh3)2(

13CO)] (1A) is shown in Figure 1, while the Fourier
transform infrared (FT-IR) spectrum of 3 is shown in Figure 2.

ESI-MS. The ESI-MS of 1−3 were recorded in acetonitrile
solution. The ESI-MS of 1 shows the molecular ion peak [M]+

at m/z = 907.90, whereas the ESI-MS for 2 and 3 display
molecular ion peaks, [M]+, at m/z = 921.10 and 972.77,
respectively. The incorporation of the labeled carbon atom was
further confirmed by ESI-MS and HR-ESI-MS, whereby the
signal from the molecular ion as well as from the other
fragments that contain the carbonyl are all shifted by one m/z
unit. Figures 3 and 4 represent the HR-ESI-MS spectra of 1
and 1A respectively, while Figures S4−S6 depict the
representative ESI-MS spectra of 1, 1A, and 3, respectively.

UV−Vis spectroscopy. The electronic spectra of [RuL-
(PPh3)2(CO)] (1), [RuL(PPh3)2(CH3CN)] (2), and [IrL-
(PPh3)2(H)] (3) were recorded in dichloromethane solution.

Figure 1. ATR-IR spectrum of [Ru(L)(PPh3)2(CO)] (1, top) and
[Ru(L)(PPh3)2(

13CO)] (1A, bottom).
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The strong transitions in the UV region of 1, 2, and 3 are
attributable to intraligand charge transfer transitions, whereas
the weaker absorptions in the lower-energy region of the
spectra are presumably due to metal-to-ligand charge transfer
transition (MLCT).42,43 Representative UV−vis spectra of 1
and 3 are shown in Figure S7, and the values are tabulated in
Table 2.
NMR Spectroscopy. 1H NMR spectra of all complexes were

recorded in DMSO-d6. The NMR spectral data of 1−3 are in

agreement with their respective composition and stereo-
chemistry. The 1H NMR spectra of 1 and 2 are qualitatively
similar. An extra three-proton singlet is observed in 2 due to
the methyl group of the coordinated CH3CN. The

1H NMR
spectrum of complex 3 shows a hydride signal as a distinct
triplet due to coupling with two magnetically equivalent
phosphorus nuclei, near ca. −12.54 ppm. A detailed discussion
of the 1H NMR is provided in the Supporting Information.

Figure 2. FT-IR spectrum of [IrL(PPh3)2(H)] (3).

Figure 3. HR-ESI-MS spectrum of [Ru(L)(PPh3)2(CO)] (1).
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Representative 1H spectra of 1 and 3 are given in Figures S8
and S9, respectively.
Electrochemical Properties. The potential data of 1−3 are

tabulated in Table S1, and the representative cyclic voltammo-
grams of 1, 3, and ligand (HL) are given in Figures S10−S12,
respectively. The cyclic voltammogram patterns of 1 and 2 are
similar; each exhibits a single electron transfer quasi-reversible
oxidative wave Ru(II)/Ru(III)14b,c,34a in the anodic region at
Ea

1/2 value of +0.54 and +0.52 V, respectively, while 3 shows a
reversible redox couple for Ir(III)/Ir(IV)13a,34c,36 at +0.50 V.
An irreversible ligand-centered oxidation and reduction peak is
observed at +1.25 and −1.4 V in the anodic and cathodic
region, respectively.13a,34c,36 The one-electron nature of this
oxidation was verified by comparing its current height with that
of the standard ferrocene−ferrocenium couple under identical
experimental conditions.
Description of the X-ray Structure of [RuL(PPh3)2CO] (1),

[RuL(PPh3)2(CH3CN)] (2), and [IrL(PPh3)2(H)] (3). [RuL-
(PPh3)2CO] (1): The molecular structure and the atom
numbering scheme for [RuL(PPh3)2CO] (1) is shown in
Figure 5, and the relevant bond parameters are collected in
Table 3. The structure of 1 shows that the 2-(arylazo)phenol
ligand is coordinated to the metal (via loss of the phenolic
proton as well as another proton from one ortho position of

the phenyl ring in the arylazo fragment) as a tridentate C, N,
O-donor, resulting in a distorted octahedral coordination
geometry of 1. The remaining three coordination sites are
occupied by two triphenylphosphines and a carbon monoxide
molecule. The coordinated 2-(arylazo)phenolate ligand and
CO share an equatorial plane with Ru at the center, where the
CO is trans to the coordinated azo-nitrogen(N1). Perfect
planarity of the arylazo ligand is enforced by a mirror plane,
and this also forces the PPh3 ligands, which occupy the axial
positions (P−Ru−P angle is 167.4°), to be mirror-images.
Both Ru−PPh3 distances are hence identical [Ru(1)−P(1) =

Figure 4. HR-ESI-MS spectrum of [Ru(L)(PPh3)2(
13CO)] (1A).

Table 2. Electronic Spectra for Complexes 1−3 in
Dichloromethane Solution

complex λmax/nm (εmax/M
−1 cm−1)

[RuL(PPh3)2(CO)] (1) 207 (26 533), 224 (16 000), 262 (5000),
348 (1666), 449 (1333), 642 (1200)

[RuL(PPh3)2(CH3CN)]
(2)

278 (45 121), 230 (25 000), 258 (8500),
385 (27 637), 457 (9500), 668 (1400)

[IrL(PPh3)2(H)] (3) 210 (26 666), 258 (10 133), 336 (2333),
433 (1466), 598 (2533)

Figure 5. ORTEP diagram of the asymmetric unit of [RuL-
(PPh3)2CO] (1). H atoms and acetonitrile molecule of solvation
were omitted for clarity, and thermal ellipsoids are shown at 40%
probability.
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2.3716(6) Å] and comparable to those found in similar
complexes.34a A CH3CN molecule is also present as the solvent
of crystallization in the crystal lattice of 1 (not shown in Figure
5 below).
[RuL(PPh3)2(CH3CN)] (2): The molecular structure and

the atom numbering scheme for [RuL(PPh3)2(CH3CN)] (2)
is shown in Figure 6, and the relevant bond parameters are
tabulated in Table 3. The ligand is coordinated to the Ru
center as a tridentate dianionic C, N, O donor as in the case of
1. However, in 2, the fourth coordination site in the equatorial
plane is occupied by a CH3CN group instead of CO. Two five-

membered chelate rings define the equatorial plane with bite
angles 77.0(1)° [C(13)−Ru(1)−N(1)] and 79.47(9)°
[O(1)−Ru(1)−N(1)]. The two triphenylphosphines are
located trans to each other in the axial plane, the bond angle
P(1)−Ru(1)−P(2) being 176.38(3)°. In the case of [RuL-
(PPh3)2(CH3CN)] (2), there is a slight difference in the bond
distance between Ru(1)−P(1) (2.3610(6) Å) and Ru(1)−
P(2) (2.3834(8) Å), resulting in the formation of a distorted
octahedral geometry, as compared to [RuL(PPh3)2(CO)] (1),
where both the Ru(1)−P(1) bonds are equidistant. Notably,
the Ru(1)−N(1) distance (1.989(2) Å) in 2 is shortened as
compared to the Ru(1)−N(1) distance (2.045(3) Å) of 1 due
to the weaker trans effect of CH3CN (in 3) than CO (in 1).
[IrL(PPh3)2(H)] (3): The structure of the Ir(III) complex

[IrL(PPh3)2H] (3) is illustrated in Figure 7, and selected bond

parameters are also tabulated in Table 3. While the overall
appearance is an octahedral complex, the bond parameters
reflect the distortion of the coordination geometry of the
cyclometalated organometallic complex (3) from an ideal
octahedron. The bond distances Ir(1)−C(1), Ir(1)−N(1),
Ir(1)−O(1), Ir(1)−H(1), Ir(1)−P(1), and Ir(1)−P(2) within
the C, N, O-chelated fragment of 3 are consistent with those of
previous examples in the literature.13a The equatorial plane in
the complex is defined by two five-membered rings formed by
the coordination of the ligand as a tridentate C, N, O donor
with bite angles of 77.91(8)° [C(1)−Ir(1)−N(1)] and
78.88(7)° [N(1)−Ir(1)−O(1)]. In addition, a hydride
occupies the equatorial plane positioned trans to the N1
atom, while two PPh3 groups occupy the axial positions in
complex 3.

Cytotoxicity Studies. A number of ruthenium and iridium
complexes have been reported to show cytotoxicity against
cancer cells in vitro.18b,c,44−47 Inspired by this, we evaluated
the cytotoxicity of the Ru(II) and Ir(III) arylazo complexes
against HeLa and HT-29 cell lines. Complexes 1−3 were
shown to act as potent cytotoxic agents, whereas the ligand HL
and metal precursors were inactive (IC50 > 100 μM). The IC50
values of the complexes are in the ranges of 3.8−4.2 and 3.3−
4.5 μM for HeLa and HT-29 cells, respectively (Table 4). A
plausible elucidation is that, by coordination, the polarity of
the ligand and the central metal ion are reduced through the

Table 3. Selected Geometric Parameters for Complexes 1−
3a

bond distances (Å) 1 2 3

M−N(1) 2.045(3) 1.989(2) 2.033(2)
M−O(1) 2.195(3) 2.160(2) 2.180(2)
M−C(13) 2.042(5) 2.026(3) 2.023(2)
M−P(1) 2.3716(6) 2.3833(8) 2.3219(6)
M−P(2) 2.3716(6) 2.3641(8) 2.3142(6)
M−X 1.862(4) 1.997(3) 1.51(2)
bond angles (deg)
C(13)−M−N(1) 76.9(2) 77.0(1) 77.91(8)
C(13)−M−O(1) 154.9(1) 156.4(1) 156.68(8)
X−M−O(1) 109.6(2) 99.3(1) 103.8(3)
X−M−C(13) 95.5(2) 104.3(1) 99.4(9)
X−M−N(1) 172.4(2) 178.7(1) 177.3(9)
X−M−P(1) 89.0(2) 88.43(9) 84.3(9)
X−M−P(2) 87.96(9) 84.0(9)
P(1)−M−P(2) 167.36(3) 176.38(3) 163.75(2)
N(1)−M−O(1) 77.9(1) 79.47(9) 78.88(7)
N(1)−M−P(1) 91.8(1) 91.64(7) 96.10(5)
C(13)−M−P(1) 96.3(1) 92.19(8) 97.50(6)
O(1)−M−P(1) 84.44(8) 89.73(6) 82.74(5)
N(1)−M−P(2) 91.98(7) 96.16(5)
C(13)−M−P(2) 88.43(8) 95.47(6)
O(1)−M−P(2) 91.14(6) 89.21(5)

aSelected geometric parameters, where M = Ru, complexes 1 and 2;
M = Ir, complex 3; Ligand (X) = −CO [1], −NCCH3 [2], −H [3]).

Figure 6. ORTEP diagram of [RuL(PPh3)2(CH3CN)] (2). H atoms
were ommitted for clarity; thermal ellipsoids are shown at 40%
probability.

Figure 7. ORTEP diagram of [IrL(PPh3)2(H)] (3). Solvent removed
via SQUEEZE. Thermal ellipsoids are shown at 40% probability.
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charge equilibration, which favors permeation of the complexes
through the lipid layer of the cell membrane.26a,48,49 Moreover,
the higher activity can be attributed to the increased
lipophilicity on chelation of the ligand to the metal center.25b,50

A comparison of the IC50 values of 1−3 with a clinically used
anticancer drug revealed that the antiproliferative activity of all
metal complexes 1−3 is greater than that of cisplatin (12.2 and
70 μM) and comparable with that of other established drugs
such as tamoxifen (9.3 and 8.82 μM) and 5-fluorouridine (0.3
and 2.85 μM) in HeLa and HT-29, respectively.51

The data in Table 4 and Figure 8 show that all three new
metal complexes are highly potent, with only minimal
differences between the metals or cancer cell lines. The high

activity of Ru(II) complexes toward cervix carcinoma HeLa
cancer cells in comparison to colon adenocarcinoma HT-29
has previously been observed with other Ru(II) systems (such
as [Ru(η6-p-cymene)(N-MeIm)3]Cl2·2H2O and [Ru(η6-p-
cymene)(N-PrIm)Cl2]) bearing a different ligand backbone.44

To have pharmacological applications, a potent anticancer drug
needs to be specific for cancer cells, without many damaging
effects on normal cells. Therefore, the cytotoxic effect of the
present sets of complexes was also tested on noncancerous
mouse embryonic fibroblast (NIH-3T3) cells. From the IC50
values, it was observed that the complexes were slightly less
toxic to normal cells in comparison to cancer cells (Table 4,
Figure 8). Overall, complex 2 with relatively higher cytotoxicity
toward cancer cells in comparison to normal cells can be said
to have exhibited the most encouraging result among the
series.
Both the synthesized Ru(II) complexes (1 and 2) show

lower IC50 values against HT-29 cancer cell lines compared to
the Keppler-type Ru(III) anticancer complexes and their
trifluoromethyl derivatives (IC50 > 100−24 μM).45 The
reported Ir(III) and Ru(II) azo complexes in the present
study were also found to be more potent or comparable against
HeLa cancer cells as compared to the zwitterionic, cationic
hydrazone-functionalized complex (IC50 > 100−3.4 μM),46 as
well as naphthalimide-modified half-sandwich iridium(III) and

Table 4. Antiproliferative Effect of Complexes 1−3a

IC50 (μM)

complexes HeLa cells HT-29 cells NIH-3T3

1 4.22 ± 0.11 4.34 ± 0.25 6.64 ± 0.18
2 3.84 ± 0.15 4.48 ± 0.25 7.24 ± 0.19
3 4.00 ± 0.20 3.27 ± 0.21 4.56 ± 0.17

aAntiproliferative effect against HeLa, HT-29, and NIH-3T3 cells.
The IC50 values were determined by the MTT assay, after 48 h of
incubation. The experiments were performed in quadruplicates, and
IC50 values are reported as mean value ± standard deviation.

Figure 8. Cytotoxicity profile of 1−3 against HeLa, HT-29, and NIH-3T3 cells for 48 h, as determined by the MTT assay. Data are reported as the
mean ± SD for n = 4 and (*) p < 0.05 statistical differences between treatment of complexes 1, 2, and 3.
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ruthenium(II) complexes (IC50 > 100−11.3 μM), reported by
Liu and co-workers.47 Moreover, complexes 1−3 show an
improved cytotoxic activity against HT-29 cells as compared to
vanadium arylazo systems (IC50 28.8−25.9 μM), which were
studied previously.26a These biological observations stress the
importance of varying the metal center as well as the further
tuning of the ligand environment in order to achieve higher
antiproliferative activity.
Analysis of Nuclear Morphology with Hoechst

Staining. Cell death can be initiated by two pathways,
specifically, apoptosis and necrosis. In contrast to necrosis,
apoptosis proceeds through a regulated pathway and is a
programmed cell death52 that includes chromatin condensa-
tion and nuclear fragmentation.53 These events take place in a
cell in response to treatment with test complexes and can be
studied through staining with DNA binding fluorescence dyes.
As shown in Figure 9, the control cells (A and E) showed

intact morphology without any nuclear condensation. How-
ever, cells treated with complexes 1−3 at concentrations
around their IC50 values (B−D and F−H) revealed abnormal
and fragmented nuclear morphology along with nuclear
blebbings and condensed chromatin. Therefore, these
complexes induce apoptosis in both HeLa and HT-29 cancer
cells.

■ CONCLUSIONS

The chemistry of three new organometallic arylazo ruthenium-
(II) (1 and 2) and iridium(III) (3) complexes has been
reported. Complexes 1−3 were fully characterized, including
structural analysis by single-crystal X-ray diffraction. All of the
complexes have a distorted octahedral geometry, whereby the
two PPh3 groups occupy the axial positions, and the sixth
coordination site in the equatorial plane is occupied by the
CO, CH3CN, and H− ligand in 1, 2, and 3, respectively. Metal
(Ru and Ir)-mediated C−H activation of the ligand occurs in
all three complexes, resulting in coordination of the ligand as a

tridentate, dianionic C, N, O-donor. In order to rationalize the
CO formation and its coordination to the Ru(II) center in the
case of 1, a mechanism via alcohol dehydrogenation has been
proposed. Furthermore, consistent with this proposed
mechanism, a 13CO-labeled complex (1A) could be synthe-
sized using isotopically labeled ethanol, CH3

13CH2OH. Also,
key intermediates could be identified through trapping in a
coordinating solvent (CH3CN) and comparison to an
isoelectronic Ir complex. The cytotoxicity of our new
complexes (IC50 values ∼4 μM) is significantly better than
cisplatin under identical conditions. All three complexes induce
cell death by apoptosis, as indicated by nuclear damage
(fluorescence microscopy after staining with Hoechst dye).
The results encourage further insights into the mechanistic
aspects of cytotoxicity of this family of complexes, and tests on
other cancer cell lines are the scope of future research. The
ruthenium carbonyl complex [RuL(PPh3)2CO] can act as a
CO reservoir and therefore may be utilized for hydro-
formylation reactions or as a catalyst precursor for the
reduction of CO2 or the water gas shift reaction. There is
thus scope for further research in this regard.
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