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ABSTRACT: Diphosphine-containing Ru(II)/Os(II)−chromene
and −chromone complexes were synthesized from reactions between
phenol ynone HCC(CO)(o-C6H4OH) and cis-[Ru/Os-
(dppm)2Cl2] (dppm = 1,1-bis(diphenylphosphino)methane). The
structures of these complexes in the solid state along with their pH-
dependent chromene/chromone equilibrium behavior in aqueous
medium were investigated. The cis−trans equilibration in solution
demonstrated by chloride-ligated Ru−chromene and −chromone series represents a rare example for Ru complexes bearing dppm
auxiliary ligands. More importantly, these metalated chromene and chromone complexes exhibit moderate to strong cytotoxicity
against several human cancer cell lines and stronger antioxidative activities in comparison with their organic counterpart. Overall,
these findings highlight the potential applications of metalated chromenes and chromones as anticancer agents and antioxidants.

■ INTRODUCTION

Chromenes and chromones, being ubiquitous in nature,
represent important pharmaceutical scaffolds for a wide
range of bioactive heterocyclic compounds.1 These hetero-
cycles exhibit intriguing therapeutic functions, such as
anticancer, antioxidative, antiviral, anti-inflammatory, and
antibacterial properties.1,2 Moreover, they have been exten-
sively employed as light-emitting devices, fluorescence probes,
and photochromic materials.3 Therefore, there is a tremendous
interest in the development of efficient synthetic method-
ologies to prepare new chromene and chromone derivatives.
In recent decades, various synthetic approaches utilizing

functionalized alkynes as feedstocks for the preparation of
organic chromenes and chromones have emerged relentlessly.
For example, a variety of metal-catalyzed cyclization of alkynes
have been developed for the synthesis of chromenes.4 On the
other hand, chromone derivatives can be obtained by Lewis
acid/base-catalyzed cyclization of phenol-tethered alkynes.5,6

In particular, preparation of functionalized chromones by one-
pot Sonogashira carbonylation−annulation7 has attracted
considerable attention due to its mild operating conditions
and convenience.
While the synthetic methodologies for organic chromenes

and chromones have been well-documented for decades, the
development of their transition-metalated analogues remains
rare.8 Although metalating organic heterocycles by transition
metal centers represents an interesting approach to obtain
novel derivatives with physical and chemical properties
strikingly distinct from their corresponding organic counter-
parts, this research direction is dominated by transition metal−
N-heterocyclic carbene (NHC) complexes,9 whereas inves-

tigation on other metalated heterocycles is comparatively less
explored due to the scarceness of general synthetic approaches.
Recently, we initiated a paradigm in preparing an array of

transition-metalated heterocyclic complexes from heteroatom-
functionalized alkynes and low-valent transition metal
precursors. Gratifyingly, with this “metal-induced alkyne
cyclization” strategy, several series of unprecedented ruthen-
ated and osmated heterocyclic complexes were successfully
isolated.10 Herein, we report the preparation of ruthenium(II)/
osmium(II)−chromene and −chromone complexes supported
by th e d i pho sph in e anc i l l a r y l i g and 1 , 1 - b i s -
(diphenylphosphino)methane (dppm), from the reactions
between cis-[Ru/Os(dppm)2Cl2] and HCC(CO)(o-
C6H4OH). The structures of these complexes in the solid
state together with their pH-dependent chromene/chromone
equilibrium behavior in aqueous medium were investigated.
Interestingly, most complexes exhibit stronger cytotoxicity
against several human cancer cell lines in comparison with
their corresponding metal precursors and the classic anticancer
drug cisplatin. Meanwhile, the noncytotoxic metalated
chromene/chromone complexes possess superior antioxidative
capacity when compared with their organic counterpart. To
the best of our knowledge, synthesis of metalated oxycarbenes
from reaction between cis-[M(dppm)2Cl2] and alcohol-

Received: January 24, 2020

Articlepubs.acs.org/Organometallics

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.organomet.0c00048
Organometallics XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

H
O

N
G

 K
O

N
G

 U
N

IV
 S

C
IE

N
C

E
 T

E
C

H
L

G
Y

 o
n 

M
ar

ch
 1

3,
 2

02
0 

at
 2

2:
04

:1
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sze-Wing+Ng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheung-Ying+Tse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi-Fung+Yeung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Hon+Chung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Man-Kit+Tse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shek-Man+Yiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Yuen+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Yuen+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.0c00048&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00048?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00048?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00048?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00048?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00048?fig=agr1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00048?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf


tethered alkynes is rarely reported,11 including the exploration
of their potential applications. This work represents the first
example of dppm-ligated metalated oxacycles with biologically
relevant studies performed, including the stability of complexes
in aqueous medium over a wide pH range, cytotoxicity, and
antioxidative studies.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Dppm-containing Ru-

(II)/Os(II)−chromene/chromone complexes were prepared
from reactions between cis-[M(dppm)2Cl2] (M = Ru, Os;
racemic; only one enantiomer is shown in the schemes and
figures) and phenol ynone HCC(CO)(o-C6H4OH) with
different post-transformations (Scheme 1). For the ease of

discussion, the metal-ion-containing complexes isolated in this
work, no matter neutral or charged, are labeled in the form of
M−L−ene (for chromene) or M−L−one (for chromone),
where M and L refer to the metal center (Ru, Os) and the
monodentate auxiliary ligand (Cl, CH3CN), respectively.
Reacting cis-[M(dppm)2Cl2] and HCC(CO)(o-
C6H4OH) in CH2Cl2 with NaOTf as a mild chloride-

abstracting agent under room temperature yielded mono-
cationic complexes Ru−Cl−ene and Os−Cl−ene. These
complexes could be conveniently converted into their
analogous neutral chromone complexes Ru−Cl−one and
Os−Cl−one by basic alumina chromatography. Both Ru−
Cl−ene and Ru−Cl−one exist as a mixture of trans and cis
isomers in solution as supported by 31P NMR spectroscopy.
Variable-temperature NMR studies revealed the temperature-
dependent cis−trans equilibrium of these complexes. For
instance, upon decreasing the temperature from 300 to 240 K,
the cis/trans ratio of Ru−Cl−one in CD2Cl2 increased from 7/
3 to 9/1. Notably, the configuration determined by X-ray
crystallography does not correspond to the major isomer
determined in solution by NMR spectroscopy in some cases
(see below). As indicated from 31P{1H} NMR spectra, the
unambiguously detected sharp single peak (four sets of signals)
corresponding to the complexes with trans (cis) configuration
strongly support the symmetric (asymmetric) nature of the
complexes and are assigned to the four phosphorus atoms in
the chemically equivalent (inequivalent) diphosphine ligands
of the trans (cis) isomer present in the solution (see
Supporting Information). On the other hand, the stereo-
chemistry of Os−Cl−ene and Os−Cl−one in solution is
comparatively less complicated. At 240−300 K, Os−Cl−ene
and Os−Cl−one exist completely in trans and cis config-
urations, respectively. The configuration of these complexes in
solution are in line with their corresponding structures
obtained from X-ray crystallography (see discussion below).
Although it is well-known that reactions between cis-

[M(dppm)2Cl2] (M = Ru, Os) and alkynes yield trans-
[ClM(vinylidene)(dppm)2]

+ complexes as products,12 our
recent studies revealed the existence of cis-[ClM(vinylidene)-
(dppm)2]

+ intermediates: (1) cis-[ClMCCH(CO)R-
(dppm)2]

+ intermediates were formed in the reactions between
cis-[M(dppm)2Cl2] (M = Ru, Os) and HCC(CO)(R) to
give phosphonium ring-fused bicyclic metallafuran complex-
es;10h,i (2) cis-[ClOsCCHC(OH)(2-py)2 (dppm)2]

+ was
formed from the reaction between cis-[Os(dppm)2Cl2] and
HCCC(OH)(2-py)2 to give cis-[ClOs(indolizine)-
(dppm)2]

+ complex.10i In comparison with these literature
examples existing in either cis or trans configuration, the
scenarios of cis−trans equilibrium for Ru−Cl−ene and Ru−
Cl−one are rarely observed. Density functional theory (DFT)
calculations were performed to compare the stability of these
isomers (Table 1). Although all of the cis-M−Cl−ene and M−

Cl−one complexes are more stable than their trans analogues,
the energy differences are only in the range of 3−5 kcal/mol.
Apparently, the calculated energy difference cannot completely
account for the isomer distribution; further evaluation on the
energy barriers for ligand scumbling may be required to
provide a more comprehensive explanation.

Scheme 1. Synthesis of Ru(II)/Os(II)−Chromene/
Chromone Complexes (cis/trans Ratio Investigated in
CD2Cl2)

Table 1. Relative Energies of cis-/trans-M−Cl−ene and M−
Cl−one Calculated at the DFT Level in Solvent (CH2Cl2)

relative energy (kcal/mol)

complex cis configuration trans configuration

Ru−Cl−ene 0.00 3.81
Ru−Cl−one 0.00 3.80
Os−Cl−ene 0.00 4.09
Os−Cl−one 0.00 5.03
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The CH3CN-ligated chromone derivatives could be readily
prepared by reacting M−Cl−one with chloride-abstracting
agent AgOTf in CH3CN at room temperature. The M−
CH3CN−one series was found to be solely in a trans
configuration in deuterated CH3CN, consistent with its
structure obtained from X-ray crystallography. Direct prepara-
tion of M−CH3CN−ene could be achieved upon acidification
of M−CH3CN−one with triflic acid during recrystallization
(Scheme 1). Nevertheless, attempts to prepare M−CH3CN−
ene from M−Cl−ene using chloride-abstracting agent AgOTf
in CH3CN was unsuccessful. The 13C NMR signals for the
metalated carbon of chromone complexes (190−220 ppm) are

consistent with those of complexes bearing a phenyl anion,
whereas the metalated carbon signals of chromene complexes
(226−254 ppm) are in line with those of oxycarbene
complexes. All of these complexes, obtained in good to
excellent yields (70−90%), are stable in ambient conditions.
The molecular structures for all isolated Ru/Os−chromene

and −chromone complexes, except Os−CH3CN−ene, were
determined by X-ray crystallography (Figure 1 and Tables 2
and 3), and they represent unprecedented examples of
diphosphine-containing metalated chromene and chomone
complexes. Notably, the solid-state structure determined for
Os−Cl−one was in cis configuration, whereas those for other

Figure 1. Perspective views of Ru−Cl−ene, Os−Cl−one, Ru−CH3CN−ene, and Os−CH3CN−one (from left to right) as represented by 50%
probability ellipsoids (phenyl rings on dppm are represented by gray sticks for clarity).

Table 2. Selected Bond Lengths (Å) and Angles (deg) for trans-Ru−Cl−ene(OTf), trans-Os−Cl−ene(OTf), and trans-Ru−
CH3CN−ene(OTf)2

complex trans-Ru−Cl−ene(OTf) trans-Os−Cl−ene(OTf) trans-Ru−CH3CN−ene(OTf)2
M−Cα 1.982(3) 1.9854(19) 2.014(3)
Cα−Cβ 1.414(4) 1.417(3) 1.402(4)
Cβ−Cγ 1.373(5) 1.367(3) 1.379(4)
Cγ−O 1.328(4) 1.334(3) 1.325(3)
Cα−O 1.369(4) 1.380(2) 1.369(3)
M−Cl 2.4737(7) 2.4871(5)
M−N 2.101(2)
∠O−Cα−Cβ 115.0(3) 114.27(16) 114.6(2)
∠P(1)−M−P(2) 71.66(3) 71.016(17) 71.21(3)
∠P(3)−M−P(4) 71.49(3) 70.800(18) 70.65(3)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for trans-Ru−Cl−one, cis-Os−Cl−one, trans-Ru−CH3CN−one(OTf),
and trans-Os−CH3CN−one(OTf)

complex trans-Ru−Cl−onea cis-Os−Cl−one trans-Ru−CH3CN−one(OTf) trans-Os−CH3CN−one(OTf)
M−Cα 2.033(3), 2.028(3) 2.0674(17) 2.046(4) 2.061(4)
Cα−Cβ 1.369(5), 1.369(4) 1.374(3) 1.366(6) 1.368(6)
Cβ−Cγ 1.426(5), 1.429(5) 1.425(3) 1.408(7) 1.420(6)
Cγ−O 1.244(5), 1.239(5) 1.249(2) 1.252(6) 1.255(5)
Cα−O 1.402(4), 1.393(4) 1.386(2) 1.386(5) 1.389(5)
M−Cl 2.4946(8), 2.4864(7) 2.4604(4)
M−N 2.093(4) 2.084(3)
∠O−Cα−Cβ 117.0(3), 116.3(3) 116.93(15) 116.3(4) 116.6(4)
∠P(1)−M−P(2) 71.09(3), 71.45(3) 70.287(16) 71.61(4) 71.14(3)
∠P(3)−M−P(4) 71.64(3), 71.72(3) 71.883(15) 71.39(4) 70.87(3)

aThe crystal contains two crystallographically independent metal complexes in the asymmetric unit; structural data are listed in the order of Ru(1)
moiety and then Ru(2) moiety.
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complexes were in trans configurations. In particular, the trans
configuration of Ru−Cl−one in the X-ray crystallographically
determined molecular structure exists as a minor species in
solution (cis/trans ratio = 7/3). In each case, the Ru/Os atom
adopts a distorted octahedral geometry and is coordinated with
a Cl/CH3CN, two κ2-dppm, and a monodentate chromene/
chromone ligand. The metalating chromene/chromone moiety
at the C2 position of the chromene/chromone skeleton
(labeled as C(1) in Figure 1) reveals its origin as a
cycloisomerized HCC(CO)(o-C6H4OH). Based on this
premise, it is reasonable to postulate that the formation of
these chromene and chromone complexes is a result of post
metal−vinylidene transformation, as depicted in Scheme 2;

upon the formation of a metal−vinylidene intermediate from
the metal precursor and the alkyne, the electrophilic Cα is

attacked by the phenol moiety to form a pyran ring unit;
subsequent tautomerization of this pyran ring unit yields Ru/
Os−chromene complexes, and deprotonation of this metalated
chromene species gives Ru/Os−chromone complexes.
Although a number of recent studies reveal the existence of
“non-vinylidene-involving” pathways for Ru-induced cycliza-
tion of alkynes,13 the connectivity of the chromene/chromone
moiety suggests the formation of metalated chromene and
chromone complexes to be derived from vinylidene-involving
pathway. It is noteworthy that the M−C distances in Ru−Cl−
one, Ru−CH3CN−ene, Ru−CH3CN−one, Os−Cl−one, and
Os−CH3CN−one (2.014(3)−2.067(17) Å) are indicative of
M−C single bond character, whereas those in Ru−Cl−ene
(1.982(3) Å) and Os−Cl−ene (1.985(19) Å) possess partial
double bond character. The angles around the Cα are
consistent with sp2 hybridization (e.g., ∠O−Cα−Cβ of these
complexes = 114.27(16)−117.0(3)°). The bond lengths along
the Cα−Cβ−Cγ−O unit of chromene and chromone complexes
are consistent with an enol and enone structure, respectively.
For instance, Cγ−O bond distances in Ru−Cl−ene, Ru−
CH3CN−ene, and Os−Cl−ene are 1.325(3)−1.334(3) Å,
indicative of C−O single bond character, whereas those in
Ru−Cl−one, Ru−CH3CN−one, Os−Cl−one, and Os−
CH3CN−one are 1.239(5)−1.255(5) Å, in line with C−O
double bond character.
The UV−visible spectrophotometric titrations for the

determination of pKa values were performed for all isolated
Ru/Os−chromene and −chromone complexes. Well-defined
isosbestic points were observed in CH3CN-ligated Ru/Os−
chromene and −chromone complexes, as depicted in Figure
2a. These findings reveal (1) quantitative conversion can be
achieved between a chromene and a chromone moiety and (2)
the stability of these complexes in aqueous medium over a
wide pH range (pH 1−11). Meanwhile, the smaller pKa value

Scheme 2. Plausible Ru/Os−Chromene/Chromone
Formation Mechanism

Figure 2. (a) UV−vis spectrophotometric titration spectra of Ru−CH3CN−ene and Os−CH3CN−ene; (b) absorbance of Ru−CH3CN−ene and
Os−CH3CN−ene at 343 and 365 nm, respectively, as a function of pH. Counterion = OTf; spectrophotometric titrations of Ru−CH3CN−one
and Os−CH3CN−one gave essentially the same results.
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of Ru−CH3CN−ene when compared with that of Os−
CH3CN−ene (1.19 for Ru−CH3CN−ene, 1.79 for Os−
CH3CN−ene) suggests a stronger acidic strength of the
hydroxyl proton of the chromene moiety upon the change of
metal center from Ru to Os (Figure 2b). On the other hand,
no isosbestic points were observed in Ru−Cl−ene and Ru−
Cl−one, an expected result due to the complication caused by
the coexistence of cis and trans isomers and partial Cl
substitution by CH3CN.
Cytotoxicity Studies. The captivating anticancer proper-

ties of organic chromenes/chromones inspired us to explore
the possible application of the metalated chromene/chromone
complexes as anticancer agents. The in vitro anticancer activity
of these complexes against cervical carcinoma (HeLa),
fibrosarcoma (HT1080), breast adenocarcinoma (MCF-7),
and lung adenocarcinoma (A549) human cell lines were
evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay and benchmarked against the
classic anticancer agent cisplatin (Table 4). In general, most
complexes isolated in this work possess moderate to strong
cytotoxicity against these human cancer cell lines with IC50
values of 0.2−46 μM. Notably, the M−CH3CN−ene and M−
CH3CN−one showed stronger cytotoxicity in comparison with
their corresponding precursors, Cl-ligated series and cisplatin,
by 1−2 orders of magnitude. On the other hand, the M−Cl−
ene and M−Cl−one were found to be either moderately
cytotoxic or noncytotoxic. The moderate to strong cytotoxicity
possessed by most of the complexes reveal their potential to be
developed into practical anticancer agents.
Antioxidative Activity. Owing to the equilibration of

metalated chromene and chromone complexes in aqueous
medium as reflected from the spectrophotometric titration, the
evaluation of antioxidative capacity was only performed for
M−Cl−one, M−CH3CN−one, and their organic analogue,
1,4-benzopyrone, by the DPPH (2,2-diphenyl-1-picrylhydra-
zyl) assay. Gratifyingly, Ru−CH3CN−one exhibits the
strongest antioxidative capacity, with the ability to scavenge
50% of the DPPH free radical (IC50) at 928 ± 11 μM (Figure
3). On the other hand, the DPPH free radical scavenging
activities for 1,4-benzopyrone,M−Cl−one, and Os−CH3CN−
one were investigated over 2 h due to their slow reaction
kinetics (see Figure S3). The radical scavenging activities of
the tested complexes were found to decrease in the following
order: Ru−CH3CN−one > Ru−Cl−one > Os−Cl−one >
Os−CH3CN−one > 1,4-benzopyrone. Overall, these findings
indicate that metalated chromone complexes demonstrate

superior antioxidative activity compared with those of their
organic counterpart (1,4-benzopyrone), which exhibits negli-
gible antioxidative capacity.

■ CONCLUSION
Diphosphine-containing Ru(II)/Os(II)−chromene and
−chromone complexes were prepared through activation of
phenol ynone HCC(CO)(o-C6H4OH) by cis-[Ru/Os-
(dppm)2Cl2]. The structures of these air- and moisture-stable
complexes in the solid state together with their pH-dependent
chromene/chromone equilibrium behavior in aqueous me-
dium were investigated. The cis−trans equilibrium in solution
exhibited by Ru−Cl−ene and Ru−Cl−one represents a rare
scenario for dppm-containing Ru complexes. The moderate to
strong cytotoxicity exhibited by most of the metalated
chromene and chromone complexes against several human
cancer cell lines highlights their potential applications as
anticancer agents. Meanwhile, the finding that metalated
chromone complexes possess stronger antioxidative activities
in comparison to those of their organic analogue, (1,4-
benzopyrone), opens new opportunities for the rational design
of novel antioxidants.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed under an

argon atmosphere using standard Schlenk techniques unless otherwise
stated. All reagents were used as received, and solvents for reactions
were purified by a PureSolv MD5 solvent purification system. cis-

Table 4. Cytotoxicity (IC50, nM) of All Isolated Complexes, cis-[Ru(dppm)2Cl2], cis-[Os(dppm)2Cl2], and cis-[Pt(NH3)2Cl2]
a

HeLa HT1080 MCF-7 A549

Ru−Cl−eneb 15200 ± 872 10600 ± 816 24300 ± 629 NC
Ru−Cl−one 11100 ± 543 10400 ± 702 46000 ± 2582 30600 ± 1570
Ru−CH3CN−eneb 644 ± 26 261 ± 5 1095 ± 38 911 ± 35
Ru−CH3CN−oneb 500 ± 31 367 ± 18 1659 ± 199 1134 ± 34
Os−Cl−eneb NC NC NC NC
Os−Cl−one NC NC NC NC
Os−CH3CN−eneb 7010 ± 129 1280 ± 37 367 ± 2 2796 ± 195
Os−CH3CN−oneb 2420 ± 297 466 ± 51 826 ± 17 2031 ± 30
cis-[Ru(dppm)2Cl2] 11100 ± 840 4700 ± 470 5150 ± 54 18000 ± 2110
cis-[Os(dppm)2Cl2] 28000 ± 3330 16900 ± 1560 24600 ± 890 68000 ± 9380
cis-[Pt(NH3)2Cl2] 14700 ± 360 15100 ± 350 16600 ± 2460 30200 ± 4220

aComplex Ru−Cl−ene is noncytotoxic (NC) against A549 cells, and Os−Cl−ene and Os−Cl−one are NC against all cancer cell lines tested;
maximum complex concentration tested: 400 μM for Ru−Os; 100 μM for cis-[Ru/Os(dppm)2Cl2]; 250 μM for cisplatin. bOTf as counterion.

Figure 3. Free radical scavenging ability of Ru−CH3CN−one (OTf
as counterion) using the decolorization reaction of DPPH•. Data are
expressed as the mean ± SD in triplicate.
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[M(dppm)2Cl2] (racemic; M = Ru, Os; dppm = 1,1-bis-
(diphenylphosphino)methane) was prepared in accordance with
literature methods.14 1H, 1H{31P}, 31P{1H}, 31P, 13C{1H}, 1H−1H
COSY, 1H−1H NOESY, 1H−13C HSQC, 1H−31P HMBC, and
1H−13C HMBC NMR spectra were recorded on Bruker 600
AVANCE III FT-NMR spectrometer. Peak positions were calibrated
with solvent residue peaks as the internal standard. The 31P{1H}
NMR spectra were referenced to external P(C6H5)3 (−4.7 ppm).15

The labeling scheme for H, C, and P atoms in the NMR assignments
is shown in Scheme 3. Electrospray mass spectrometry was performed
on a PE-SCIEX API 3200 triple quadrupole mass spectrometer.
Elemental analyses were done on an Elementar Vario Micro Cube
carbon−hydrogen−nitrogen elemental microanalyzer. UV−visible
spectra were recorded on a Shimadzu UV-1800 spectrophotometer.
Cell lines A549 (human lung adenocarcinoma), HT1080 (human
fibrosarcoma), MCF-7 (human breast adenocarcinoma), and HeLa
(human cervical carcinoma) were preserved by our laboratory. Fetal
bovine serum (FBS), phosphate-buffered saline (PBS), penicillin−
streptomycin (PS), trypsin-EDTA, minimum essential medium
(MEM), Dulbecco’s modified Eagle’s medium (DMEM), and N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) were
purchased from Gibco BRL (Gaithersburg, MD, USA). Dimethyl
sulfoxide (DMSO, >99.8%) was obtained from Acros Organics, and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Invitrogen. 1,1-Diphenyl-2-picrylhydrazyl radical
(DPPH, >97%), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)diammonium salt (ABTS, 98%), 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox, 96%), and potassium persulfate
(99%) were purchased from J&K Scientific Ltd. 1,4-Benzopyrone
(95%) was obtained from Fluorochem Ltd.
Synthesis of 1-(2-Hydroxyphenyl)-2-propyn-1-one. This

ligand was synthesized from a modified literature procedure:16 To a
solution of salicylaldehyde (1.00 g, 8.19 mmol) in THF (20 mL) at 0
°C was added ethynylmagnesium bromide (35 mL of a 0.5 M solution
in THF, 17.19 mmol) in a dropwise manner. The reaction mixture
was stirred for 2 h at 0 °C and then gradually warmed to room
temperature over a period of 30 min. Upon adding a saturated
aqueous NH4Cl solution (5 mL) to the reaction mixture, the aqueous
layer was extracted with Et2O (50 mL × 2) and CH2Cl2 (50 mL × 2).
The organic phases were combined, washed with brine (50 mL × 2),
dried over anhydrous MgSO4, and concentrated to obtain a brown oil.
1-(2-Hydroxyphenyl)-2-propyn-1-ol was obtained after silica gel
column chromatography (hexane/EtOAc: 19:1 to 17:3 (v/v)). The
1-(2-hydroxyphenyl)-2-propyn-1-ol (462 mg, 3.12 mmol) was then
stirred with MnO2 (2.17 g, 24.95 mmol) in CH2Cl2 at room
temperature for 16 h, and the resultant brown suspension was filtered
to remove brown solids. The filtrate was concentrated to give a yellow
paste. 1-(2-Hydroxyphenyl)-2-propyn-1-one was obtained as yellow
solids after silica gel column chromatography (hexane/CH2Cl2: 49:1
to 40:10 (v/v)). Yield: 1.07 g (50%).

Synthesis of M−Cl−ene(OTf). A mixture of 1-(2-hydroxyphen-
yl)-2-propyn-1-one (19 mg, 0.13 mmol), cis-[M(dppm)2Cl2] (M =
Ru/Os, 85 mg for Ru, 93 mg for Os, 0.09 mmol), and NaCF3SO3
(310 mg, 1.80 mmol) was stirred in CH2Cl2 (25 mL) under ambient
conditions for 48 h, during which the color of the reaction mixture
changed from yellow to orange. Upon filtering the mixture, the filtrate
was concentrated to about 2 mL by reduced pressure and then added
to Et2O (150 mL) to give yellow precipitates. The solids (trans-Ru−
Cl−ene(OTf) and trans-Os−Cl−ene(OTf)) were collected by
suction filtration and washed with Et2O (10 mL × 3). Analytically
pure trans-M−Cl−ene(OTf) orange crystals were obtained by
recrystallization of the precipitates (via layering of n-hexane onto a
CH2Cl2 solution of the complex). Yield of Ru−Cl−ene(OTf): 92 mg,
85%. Anal. Calcd for C60H50P4F3SRuClO5: C, 60.03; H, 4.20, N, 0.00.
Found: C, 60.06; H, 4.22, N, 0.00. 1H{31P} NMR for trans-Ru−Cl−
ene(OTf) (600 MHz, CD2Cl2): δ 5.08−5.15 (m, 1H, He), 5.28−5.39,
5.62−5.72 (m, 4H, CH2 on P∧P), 6.81 (s, 1H, Ha), 6.86−6.93 (m,
1H, Hd), 6.97−7.05 (m, 1H, Hc), 7.59 (m, 1H, Hb), 7.11−7.17, 7.17−
7.24, 7.24−7.28, 7.28−7.37, 7.47−7.65 (m, 40H, protons of Ph rings
on P). 13C{1H} NMR for trans-Ru−Cl−ene(OTf) (150 MHz,
CD2Cl2): δ 46.24 (CH2 on P∧P), 115.42 (Ce), 116.54 (CII), 123.58
(Ca), 123.79 (Cb), 124.97 (Cc), 131.72 (Cd), 157.05 (CI), 160.87
(CIII), 254.53 (Ru−C), 128.26, 129.15, 130.12, 130.63, 132.62,
133.52, 133.69, 134.31 (48C of Ph rings on P). 31P{1H} NMR for
trans-Ru−Cl−ene(OTf) (162 MHz, CD2Cl2): δ −9.07 (s, P). 31P
NMR (162 MHz, CD2Cl2): Pcis/Ptrans = 1/9. The NMR spectroscopic
data for cis-Ru−Cl−ene(OTf) cannot be resolved due to the trace
quantities in solution. IR (KBr, cm−1): νO−H = 3422. ESI-MS found
(calcd): m/z 1051.70 (1051.45) [C59H50P4RuClO2]

+. Yield of Os−
Cl−ene(OTf): 102 mg, 88%. Anal. Calcd for C60H50P4F3SOsClO5: C,
55.88; H, 3.91, N, 0.00. Found: C, 55.85; H, 3.90, N, 0.00. 1H{31P}
NMR for trans-Os−Cl−ene(OTf) (600 MHz, CD2Cl2): δ 5,14−5.21
(m, 1H, He), 5.65−5.80, 6.26−6.42 (m, 4H, CH2 on P∧P), 6.55 (s,
1H, Ha), 6.79−6.90 (m, 1H, Hd), 6.90−6.99 (m, 1H, Hc), 7.56 (m,
1H, Hb), 10.01 (s, 1H, OH), 7.08−7.18, 7.18−7.23, 7.23−7.29, 7.29−
7.35, 7.48−7.64 (m, 40H, protons of Ph rings on P). 13C{1H} NMR
for trans-Os−Cl−ene(OTf) (150 MHz, CD2Cl2): δ 51.70 (CH2 on
P∧P), 115.06 (Ce), 116.88 (CII), 123.35 (Cb), 124.54 (Cc), 125.22
(Ca), 131.15 (Cd), 157.21 (CI), 160.62 (CIII), 223.81 (Os−C),
128.18, 129.03, 130.25, 130.69, 132.42, 132.64, 133.42 (48C of Ph
rings on P). 31P{1H} NMR for trans-Os−Cl−ene(OTf) (162 MHz,
CD2Cl2): δ −48.94 (s, P). IR (KBr, cm−1): νO−H = 3446. ESI-MS
found (calcd): m/z 1140.80 (1140.60) [C59H50P4OsClO2]

+.
Synthesis of M−Cl−one. A solution of M−Cl−ene(OTf) (48

mg for Ru−Cl−ene(OTf), 52 mg for Os−Cl−ene(OTf), 0.04 mmol)
dissolved in minimal volume of CH2Cl2) was loaded into a CH2Cl2-
conditioned basic alumina column. The column was eluted with a
gradient of CH2Cl2/(CH3)2CO mixtures (5:0 to 4:1 (v/v)). The
yellow band was collected, concentrated, and added to Et2O (150
mL) to give pale yellow precipitates. The precipitates (trans-Ru−Cl−

Scheme 3. Labeling Scheme for H, C, and P Atoms in This Work
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one and cis-Os−Cl−one) were collected by suction filtration and
washed with Et2O (10 mL × 3). Analytically pure trans-Ru−Cl−one
and cis-Os−Cl−one yellow crystals were obtained by recrystallization
of the precipitates (via layering of n-hexane onto a CH2Cl2 solution of
the complex). Yield of Ru−Cl−one: 29 mg, 70%. Anal. Calcd for
C59H49P4RuClO2: C, 67.46; H, 4.70; N, 0.00. Found: C, 67.48; H,
4.74; N, 0.00. 1H{31P} NMR for trans-Ru−Cl−one (600 MHz,
CD2Cl2): δ 5.10−5.26 (m, 4H, CH2 on P∧P), 5.26−5.38 (m, 1H,
He), 5.56 (s, 1H, Ha), 6.71−6.81 (m, 2H, Hc & Hd), 7.51 (m, 1H,
Hb), 7.12, 7.13−7.18, 7.18−7.23, 7.26−7.30, 7.37−7.40, 7.52−7.53
(m, 4oH, protons of Ph rings on P). 1H{31P} NMR for cis-Ru−Cl−
one (600 MHz, CD2Cl2): δ 3.59−3.71, 4.14−4.27 (m, 2H, CH2 on
P3∧P4), 4.80−4.92, 5.10−5.26 (m, 2H, CH2 on P1∧P2), 5.45−5.53
(m, 1H, He), 6.68−6.71 (m, 1H, Hd), 6.86−6.90 (m, 1H, Hc), 7.34
(m, 1H, Ha), 7.82 (m, 1H, Hb), 6.95, 7.02, 7.53−7.55, 7.55−7.58,
7.97, 8.32 (m, 10H, protons of Ph rings on P1), 6.50−6.61, 6.63−6.68,
6.71−6.81, 6.99 (m, 10H, protons of Ph rings on P2), 6.14−6.27,
6.81−6.86, 6.96, 7.01, 7.05−7.10, 7.13 (m, 10H, protons of Ph rings
on P3), 7.23−7.26, 7.34−7.36, 7.74, 8.12 (m, 10H, protons of Ph rings
on P4).

13C{1H} NMR for trans-Ru−Cl−one (150 MHz, CD2Cl2): δ
48.41 (CH2 on P∧P), 115.45 (Ce), 122.12 (Cc), 123.80 (CII), 124.72
(Cb), 129.46 (Cd), 131.15 (Ca), 159.46 (CIII), 169.29 (CI), 217.85
(Ru−C), 127.94, 128.65, 129.55, 129.90, 132.65, 133.76, 135.63,
136,97 (48C of Ph rings on P). 13C{1H} NMR for cis-Ru−Cl−one
(150 MHz, CD2Cl2): δ 39.64 (CH2 on P1∧P2), 48.05 (CH2 on
P3∧P4), 115.16 (Ce), 122.56 (Cc), 124.26 (CII), 124.91 (Cb), 129.18
(Ca), 129.83 (Cd), 158.84 (CIII), 171.45 (CI), 220.98 (Ru−C),
128.40, 129.45, 129.72, 130.55, 131.28, 131.56, 138.32, 141.49 (12C
of Ph rings on P1), 127.49, 128.00, 128.95, 129.28, 131.41, 132.27,
136.96, 138.40 (12C of Ph rings on P2), 127.42, 128.59, 129.05,
129.35, 130.45, 132.60, 134.21, 136.89 (12C of Ph rings on P3),
128.46, 129.12, 130.45, 130.49, 131.80, 135.45, 136.51, 139.17 (12C
of Ph rings on P4).

31P{1H} NMR for trans-Ru−Cl−one (162 MHz,
CD2Cl2): δ −6.74 (s, P). 31P{1H} NMR for cis-Ru−Cl−one (162
MHz, CD2Cl2): δ −27.49−(−26.72), −26.13−(−25.36) (m, P1),
−18.85−(−18.62) (m, P3), −18.62−(−18.44), −17.39−(−17.12)
(m, P4), 4.63−5.45 (m, P2).

31P NMR (162 MHz, CD2Cl2): Pcis/Ptrans
= 7/3. IR (KBr, cm−1): νCO = 1603. ESI-MS found (calcd): m/z
1014.70 (1014.98) [C59H49P4RuO2]

+. Yield of Os−Cl−one: 36 mg,
80%. Anal. Calcd for C59H49P4OsClO2: C, 62.18; H, 4.33; N, 0.00.
Found: C, 62.15; H, 4.32; N, 0.00. 1H{31P} NMR for cis-Os−Cl−one
(600 MHz, CD2Cl2): δ 3.80−3.93, 5.35−5.43 (m, 2H, CH2 on
P3∧P4), 5.20−5.29, 5.48−5.61 (m, 2H, CH2 on P1∧P2), 5.45 (m, 1H,
He), 6.69−6.70 (m, 1H, Hd), 6.86−6.90 (m, 1H, Hc), 7.28 (m, 1H,
Ha), 7.82 (m, 1H, Hb), 6.90−6.94, 6.98−7.06, 7.53, 7.59, 7.90, 8.29
(m, 10H, protons of Ph rings on P1), 6.58, 6.64−6.69, 6.70−6.73,
6.73−6.79, 6.94−6.98 (m, 10H, protons of Ph rings on P2), 6.26,
6.80−6.86, 6.94−6.98, 6.98−7.06, 7.06−7.20 (m, 10H, protons of Ph
rings on P3), 7.28−7.33, 7.33−7.43, 7.77, 8.11 (m, 10H, protons of Ph
rings on P4).

13C{1H} NMR for cis-Os−Cl−one (150 MHz, CD2Cl2):
δ 47.19 (CH2 on P3∧P4), 53.37 (CH2 on P1∧P2), 115.21 (Ce), 122.41
(Cc), 124.15 (CII), 124.68 (Cb), 129.20 (Ca), 129.69 (Cd), 158.94
(CIII), 173.04 (CI), 201.32 (Os−C), 128.29, 129.35, 129.63, 130.59,
131.01, 131.16, 138.13, 142.67 (12C of Ph rings on P1), 127.25,
127.84, 128.75, 129.12, 131.08, 131.93, 136.56, 137.85 (12C of Ph
rings on P2), 127.18, 128.75, 128.97, 129.56, 130.15, 132.59, 133.59,
135.68 (12C of Ph rings on P3), 128.37, 129.04, 130.45, 130.52,
131.65, 135.19, 136.70, 139.32 (12C of Ph rings on P4).

31P{1H}
NMR for cis-Os−Cl−one (162 MHz, CD2Cl2): δ −69.13−(−68.74),
−68.00−(−67.50) (m, P1), −63.84−(−63.55), −62.62−(−62.36)
(m, P4), −51.88−(−51.54) (m, P3), −49.72−(−49.25) (m, P2). IR
(KBr, cm−1): νCO = 1607. ESI-MS found (calcd): m/z 1104.40
(1104.14) [C59H49P4OsO2]

+.
Synthesis of M−CH3CN−ene(OTf)2. Analytically pure trans-M−

CH3CN−ene(OTf)2 white crystals were obtained by recrystallization
of the precipitates (via slow diffusion of Et2O into a 0.1 M HOTf-
treated CH3CN solution of M−CH3CN−one(OTf) (35 mg for Ru−
CH3CN−one(OTf), 38 mg for Os−CH3CN−one(OTf), 0.03
mmol). Yield of Ru−CH3CN−ene(OTf)2: 37 mg, 90%. Anal.
Calcd for C63H53NP4F6S2RuO8: C, 55.84; H, 3.94; N, 1.03. Found:

C, 55.81; H, 3.97; N, 1.05. 1H{31P} NMR for trans-Ru−CH3CN−
ene(OTf)2 (600 MHz, CD3CN): δ 0.92 (s, 3H, CH3CN), 5.48−5.71
(m, 4H, CH2 on P∧P), 6.20−6.37 (m, 1H, He), 7.02 (s, 1H, Ha), 7.35
(m, 1H, Hc), 7.36 (m, 1H, Hd), 7.76−7.89 (m, 1H, Hb), 7.14−7.24,
7.25−7.33, 7.33−7.42, 7.47−7.54 (m, 40H, protons of Ph rings on P).
13C{1H} NMR for trans-Ru−CH3CN−ene(OTf)2 (150 MHz,
CD3CN): δ 47.43 (CH2 on P∧P), 117.01 (Ce), 120.98(CII), 124.57
(Ca), 124.91 (Cb), 127.33 (Cc), 130.47 (CH3CN), 135.03 (Cd),
161.59 (CI), 162.10 (CIII), Ru−C (cannot be resloved), 129.92,
130.08, 132.15, 132.21, 132.24, 133.07, 133.19 (48C of Ph rings on
P). 31P{1H} NMR for trans-Ru−CH3CN−ene(OTf)2 (162 MHz,
CD3CN): δ −9.93 (s, P). IR (KBr, cm−1): νCO = 3421. ESI-MS
found (calcd): m/z 1206.70 (1206.11) [C62H53NP4F3SRuO5]

+. Yield
of Os−CH3CN−ene(OTf)2: 37 mg, 90%. Anal. Calcd for
C63H53NP4F6S2OsO8: C, 52.39; H, 3.70; N, 0.97. Found: C, 52.36;
H, 3.73; N, 0.95. 1H{31P} NMR for trans-Os−CH3CN−ene(OTf)2
(600 MHz, CD3CN): δ 1.14 (s, 3H, protons of CH3CN), 5.92−6.06,
6.35−6.46 (m, 4H, CH2 on P∧P), 6.53−6.61 (m, 1H, Hb), 6.91 (s,
1H, Ha), 7.28−7.32 (m, 1H, Hd), 7.34−7.37 (m, 1H, Hc), 7.74−7.83
(m, 1H, He), 7.15−7.27, 7.34−7.42, 7.46−7.59 (m, 40H, protons of
Ph rings on P). 13C{1H} NMR for trans-Os−CH3CN−ene(OTf)2
(150 MHz, CD3CN): δ 3.68 (CH3CN), 53.26 (CH2 on P∧P), 116.65
(CII), 116.81 (Cb), 124.50 (Ce), 125.78 (Ca), 127.18 (Cd), 127.71
(CH3CN), 134.80 (Cc), 161.30 (CI), 161.71 (CIII), 226.61 (Os−C),
129.82, 130.09, 130.86, 131.15, 131.31, 132.40, 132.80, 133.13 (48C
of Ph rings on P). 31P{1H} NMR for trans-Os−CH3CN−ene(OTf)2
(162 MHz, CD3CN): δ −49.45 (s, P). IR (KBr, cm−1): νCO = 3422.
E S I -MS f o u n d ( c a l c d ) : m / z 1 2 9 5 . 7 0 ( 1 2 9 5 . 2 7 )
[C62H53NP4F3SOsO5]

+.
Synthesis of M−CH3CN−one(OTf). To a 25 mL CH3CN

solution of M−Cl−one (80 mg for Ru−Cl−one, 91 mg for Os−Cl−
one, 0.08 mmol) was added AgOTf (23 mg, 0.09 mmol), and this
mixture was stirred at room temperature under argon for 16 h, during
which the color of the reaction mixture changed from yellow to pale
yellow. Upon centrifugation for removal of AgCl, the supernatant was
collected and concentrated to about 2 mL by reduced pressure and
then added to Et2O (150 mL) to give pale yellow precipitates. The
solids (trans-Ru−CH3CN−one(OTf) and trans-Os−CH3CN−
one(OTf)) were collected by suction filtration and washed with
Et2O (10 mL × 3). Analytically pure trans-M−CH3CN−one(OTf)
white crystals were obtained by recrystallization of the precipitates
(via slow diffusion of Et2O into a CH3CN solution of the complex).
Yield of Ru−CH3CN−one(OTf): 84 mg, 87%. Anal. Calcd for
C62H52NP4F3SRuO5: C, 61.79; H, 4.35; N, 1.16. Found: C, 61.78; H,
4.32; N, 1.13. 1H{31P} NMR for trans-Ru−CH3CN−one(OTf) (600
MHz, CD3CN): δ 5.20−5.29, 5.36−5.46 (m, 4H, CH2 on P∧P), 5.31
(m, 1H, He), 6.04 (s, 1H, Ha), 7.00 (m, 1H, Hd), 7.06 (m, 1H, Hc),
7.73 (m, 1H, Hb), 7.10−7.19, 7.26−7.42, 7.42−7.54 (m, 40H, protons
of Ph rings on P). 13C{1H} NMR for trans-Ru−CH3CN−one(OTf)
(150 MHz, CD3CN): δ 47.86 (CH2 on P∧P), 116.71 (Ce), 124.05
(Cc), 124.29 (CII), 125.44 (Cb), 130.74 (Ca), 131.72 (Cd), 160.29
(CIII), 171.59 (CI), 211.68 (Ru−C), 129.41, 129.69, 131.51, 131.63,
133.10, 133.21, 133.40, 134.00 (48C of Ph rings on P). 31P{1H} NMR
for trans-Ru−CH3CN−one(OTf) (162 MHz, CD3CN): δ − 6.64 (s,
P). IR (KBr, cm−1): νCO = 1607. ESI-MS found (calcd): m/z
1014.70 (1014.98) [C59H49P4RuO2]

+. Yield of Os−CH3CN−
one(OTf): 91 mg, 88%. Anal. Calcd for C62H52NP4F3SOsO5: C,
57.54; H, 4.05; N, 1.08. Found: C, 57.51; H, 4.08; N, 1.06. 1H{31P}
NMR for trans-Os−CH3CN−one(OTf) (600 MHz, CD3CN): δ 0.88
(s, 3H, CH3CN), 5.49−5.59, 6.27−6.39 (m, 4H, CH2 on P∧P),
5.59−5.66 (m, 1H, He), 6.12 (s, 1H, Ha), 6.94−7.07 (m, 2H, Hc &
Hd), 7.68−7.74 (m, 1H, Hb), 7.07−7.19, 7.24−7.29, 7.29−7.33,
7.33−7.38, 7.41−7.52 (m, 40H, protons of Ph rings on P). 13C{1H}
NMR for trans-Os−CH3CN−one(OTf) (150 MHz, CD3CN): δ 2.95
(CH3CN), 53.95 (CH2 on P∧P), 116.49 (Ce), 122.55 (CH3CN),
123.91 (Cc), 124.24 (CII), 125.30 (Cb), 130.85 (Ca), 131.63 (Cd),
160.17 (CIII), 172.73 (CI), 190.41 (Os−C), 129.30, 129.65, 131.63,
131.75, 132.00, 132.95, 133.14, 133.19 (48C of Ph rings on P).
31P{1H} NMR for trans-Os−CH3CN−one(OTf) (162 MHz,
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CD3CN): δ − 48.07 (s, P). IR (KBr, cm−1): νCO = 1606. ESI-MS
found (calcd): m/z 1104.70 (1104.14) [C59H49P4RuO2]

+.
Variable-Temperature NMR Spectroscopy. The variable-

temperature NMR spectra were acquired using a Bruker 600
AVANCE III FT-NMR spectrometer. Probe temperatures (±0.5 K)
were measured with a calibrated digital thermocouple. Samples were
allowed to equilibrate for 10 min at each temperature before
recording the 31P{1H} spectrum of metalated chromene/chromone
complexes.
Detemination of pKa Values. UV−visible absorption measure-

ments were performed on M−CH3CN−one(OTf) in various pH
aqueous solutions to determine their pKa values. Each spectrum,
recorded at 298 K, was obtained from a mixture of aqueous solution
(1.60 mL for Ru−CH3CN−one(OTf), 2.10 mL for Os−CH3CN−
one(OTf)) with fixed pH values (ranging from 1 to 11, prepared by
adding HCl or NaOH to deionized water) and CH3CN solution of
Ru−CH3CN−one(OTf) (1.00 mL, 0.08 mM) or Os−CH3CN−
one(OTf) (0.5 mL, 0.27 mM). The pKa values were determined from
the inflection points in Figure 2b.
Cytotoxicity Activity in Vitro by MTT Assay. The cytotoxicity

of all complexes (OTf as counterion for charged complexes), cis-
[Ru(dppm)2Cl2], cis-[Os(dppm)2Cl2], and cis-[Pt(NH3)2Cl2] against
A549, HT1080, MCF-7, and HeLa cancer cells was evaluated using
the MTT assay.17 Briefly, cells (A549, HT1080, MCF-7 and HeLa)
were seeded at a specific amount (14000 cells per well for A549; 5000
cells per well for HT1080; 10000 cells per well for MCF-7; 5000 cells
per well for HeLa) in a 96-well culture microplate using 100 μL of
10% FBS and 1% PS MEM supplemented with 10 mM HEPES for
A549 cells or 100 μL of 10% FBS and 1% PS DMEM for HT1080,
MCF-7, and HeLa cells as culture solution and incubated for 24 h at
standard incubation conditions for mammalian cells (37 °C, 5% CO2,
95% air). Stock solutions of all complexes (10 mM), cis-[Ru-
(dppm)2Cl2] and cis-[Os(dppm)2Cl2] (5 mM), were prepared using
DMSO as solvent, whereas that of cisplatin (1 mM) was prepared
using 0.9% (w/v) saline solution as the solvent. A series of
concentrations for all complexes (1.53 nM to 400 μM), cis-
[M(dppm)2Cl2] (M = Ru and Os) (0.19 nM to 100 μM) and cis-
[Pt(NH3)2Cl2] (0.48 nM to 250 μM), were prepared in 100 μL of 1%
FBS and 1% PS MEM supplemented with HEPES or DMEM and
added to each well. For all synthesized complexes, the highest
concentration of complex-treated cell culture medium constitutes 4%
DMSO. For cis-[Ru(dppm)2Cl2] and cis-[Os(dppm)2Cl2], the highest
concentration of complex-treated cell culture medium constitutes 1%
DMSO. For the corresponding control experiments, 4 and 1% DMSO
were used, respectively. The microplate was incubated for 48 h.
Afterward, the complex-containing culture medium was replaced by
MTT reagent (5 mg/mL in PBS), and the microplate was incubated
for 4 h. Upon incubation, the PBS medium was removed and 100 μL
of DMSO was added to dissolve the formazan for absorbance
measurement at 570 nm using a microplate reader. The cytotoxicity of
each complex, expressed as IC50, was determined by the surviving cells
curve after exposure to complexes for 48 h. Each experiment was
repeated three times to obtain the mean values.
Free Radical Scavenging Activity by DPPH Assay.18 The

stock solutions of different samples were freshly prepared in MeOH
(0.79 mM for DPPH, 1.49 mM for Ru−CH3CN−one(OTf), 0.35
mM for 1,4-benzopyrone, Ru−Cl−one, Os−Cl−one, and Os−
CH3CN−one(OTf)) and incubated for at least 30 min prior to any
measurement. The free radical scavenging activity for Ru−CH3CN−
one(OTf) was determined by adding various amounts of stock
MeOH solutions of Ru−CH3CN−one(OTf) to 100 μL of the
working DPPH solution and made up to 1100 μL with MeOH so that
the final concentration of the samples ranged from 0 to 1.23 mM. The
DPPH free radical scavenging activities for remaining samples were
investigated for 2 h due to the slow reaction kinetics. The free radical
scavenging activity for a sample at time t was determined using the
equation [Acontrol(t) − Asample(t)]/Acontrol(t) × 100% (where Acontrol(t)
is the absorbance at 517 nm at time t for a mixture of 100 μL of
MeOH solution of DPPH and 1000 μL of MeOH; Asample(t) is the
absorbance at 517 nm at time t for a mixture of 100 μL of MeOH

solution of DPPH with various amount of Ru−CH3CN−one(OTf)
(or 808 μL of stock MeOH solution of remaining samples) and
MeOH). The antioxidative capacity of Ru−CH3CN−one(OTf) and
remaining samples is shown in Figures 3 and S3, respectively.
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