
www.manaraa.com

Self-assembled ruthenium (II) metallacycles and
metallacages with imidazole-based ligands and
their in vitro anticancer activity
Yibo Zhaoa,b,1, Liqian Zhanga,1, Xu Lia, Yanhui Shia,2, Ruru Dingc, Mengting Tengc, Peng Zhangc,2, Changsheng Caoa,2,
and Peter J. Stangb,2

aSchool of Chemistry and Material Science and Jiangsu Key Laboratory of Green Synthetic Chemistry for Functional Materials, Jiangsu Normal University,
Xuzhou, 221116 Jiangsu, People’s Republic of China; bDepartment of Chemistry, University of Utah, Salt Lake City, UT 84112; and cSchool of Life Science,
Jiangsu Normal University, Xuzhou, 221116 Jiangsu, PR China

Contributed by Peter J. Stang, January 8, 2019 (sent for review October 31, 2018; reviewed by Jean-Marie P. Lehn, Gabor A. Somorjai, and Vivian
Wing-Wah Yam)

Six tetranuclear rectangular metallacycles were synthesized via
the [2+2] coordination-driven self-assembly of imidazole-based
ditopic donor 1,4-bis(imidazole-1-yl)benzene and 1,3-bis(imidazol-
1-yl)benzene, with dinuclear half-sandwich p-cymene ruthenium
(II) acceptors [Ru2(μ-η4-oxalato)(η6-p-cymene)2](SO3CF3)2, [Ru2(μ-
η4-2,5-dioxido-1,4-benzoquinonato)(η6-p-cymene)2](SO3CF3)2 and
[Ru2(μ-η4-5,8-dioxido-1,4-naphtoquinonato)(η6-p-cymene)2](SO3CF3)2,
respectively. Likewise, three hexanuclear trigonal prismatic metallac-
ages were prepared via the [2+3] self-assembly of tritopic donor of
1,3,5-tri(1H-imidazol-1-yl)benzene with these ruthenium(II) acceptors
respectively. Self-selection of the single symmetrical and stable metal-
lacycle and cage was observed although there is the possibility of
forming different conformational isomeric products due to different
binding modes of these imidazole-based donors. The self-assembled
macrocycles and cage containing the 5,8-dioxido-1,4-naphtoquinonato
(donq) spacer exhibited good anticancer activity on all tested cancer
cell lines (HCT-116, MDA-MB-231, MCF-7, HeLa, A549, and HepG-2),
and showed decreased cytotoxicities in HBE and THLE-2 normal cells.
The effect of Ru and imidazole moiety of these assemblies on the
anticancer activity was discussed. The study of binding ability of
these donq-based Ru assemblies with ctDNA indicated that the
complex 9 with 180° linear 1 ligand has the highest bonding con-
stant Kb to ctDNA.

supramolecular chemistry | self-assembly | anticancer activity

Today platinum complexes including cisplatin, carboplatin,
and oxoplatin are the most widely used and effective metal-

based chemotherapeutic agents in clinical cancer treatment, and
it is estimated that they have been used in at least 50% of can-
cer treatment regimens (1–3). However, the high neurotoxicity,
hepatotoxicity, nephrotoxicity, serious side effects, drug re-
sistance, and limited activity of these Pt-base drugs indicate the
need to design and develop more selective and safer metal-based
drug candidates (4–6). Ruthenium complexes, a non-platinum-
based alternative represents a promising new class of anticancer
drugs (7), due to their low cytotoxicity, high activity in certain
tumors, and especially impressive antimetastatic properties (8–
10). Ruthenium shows a rich redox chemistry, and has two main
oxidation states (II and III). Many organoruthenium(II) (11–17)
and coordinated Ru(III) (18–20) mononuclear complexes have
been found to display promising anticancer activities. For ex-
ample, a large number of piano-stool arene Ru(II) complexes
with monodentate pta (1,3,5-triaza-7-phosphaadamantane) or
various of chelated N,N-, N,O-, O,O-, C,N-, and P,P- ligands have
been designed and their potent anticancer activities investi-
gated (11, 12). In fact, Ru(III) coordination complexes, [ImH]trans-
[RuCl4(DMSO-S)(Im)] (NAMI-A, Im = imidazole) (21),
[InH][trans-RuCl4In2] (KP1019, In = indazole) (22, 23), and
Na[trans-RuCl4In2] (NKP-1339) (24) have entered clinical trials,

and the first Ru-base prodrugs NAMI-A has reached phase II
clinical trials (21).
In addition, many discrete 2D (2D) and 3D (3D)multinuclear Ru(II)-

based metallacycles and metallacages (25–28), with predesigned
shape, size, internal cavities, and functionality (29–33), were con-
structed via the coordination-driven self-assembly; they also dis-
played antitumor efficacy in certain cancer cells (34–39). Compared
with those mononuclear complexes, the multinuclear self-assembled
supermolecules may show different solubility in both lipid and water
as they normally bear more positive charges (40). Furthermore, the
internal cavity of the supermolecules is able to hold certain guest
molecule, so they may serve as hosts to control the release of an
encapsulated drug into cancer cells (41). In addition, the large-sized
and high-molecular-weight multinuclear compounds could selec-
tively enter and remain in the targeted tumor cells rather than
normal cells via the enhanced permeability and retention effect (42).
Compared with the widely used pyridyl donor ligands (43, 44),

construction of self-assembled complexes using imidazolyl donor
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ligands is less developed, mainly due to the unpredictable out-
come of the architecture due to the less symmetric imidazole-
based ligands (45, 46). As an important five-membered aromatic
heterocycle, imidazole and its derivatives are widely found in
both natural and synthetic functional materials (47–53). The
desirable electron-rich characteristics of the imidazole ring make
its binding through diverse weak interactions with a variety of
enzymes and receptors in biological systems possible (54, 55).
Herein, we present the synthesis of tetranuclear metallacycles

and hexanuclear metallacages by the self-assembly of
binuclear half-sandwich ruthenium(II) building units
[Ru2(μ-η4-OO∩OO)(η6-p-cymene)2](O3SCF3)2 (OO∩OO =
oxalato (oxa), 2,5-dioxido-1,4-benzoquinonato (dobq) and 5,8-
dioxido-1,4-naphtoquinonato (donq)) with ditopic bis(imidazolyl)
benzene having different geometry and tritopic tri(imidazolyl)
benzene and investigated their cytotoxicity against human cancer
and normal cell lines. Their antitumor activities and cancer cell
selectivities were compared with the anticancer drugs cisplatin and
doxorubicin. As investigation of such structure–activity relation-
ships helps to determine how modifying different functional
groups on the ligands affects the anticancer efficacy of the com-
plexes. The relationship between activity and cancer selectivity
with the structure of the assemblies is also discussed.

Results and Discussion
Unlike a pyridine-based ligand, the imidazole-based ligands 1–3
can adopt different conformations and bonding modes due to the
lack of a C2 symmetry axis along the N–N direction and the free
rotation of the C–N single bonds (Fig. 1). As these imidazole-
based ditopic 1 and 2 ligands could adopt anti- and syn-binding
modes, the reaction of linear 1 and 2 (donor) with a 0° Ru(II)
clip (acceptor) may lead to two different isomeric geometric
metallacycles via the [2+2] coordination-driven self-assemblies
(Fig. 2). However, only a single set of NMR peaks is observed
in the 1H and 13C NMR spectra of 7–12, suggesting that
only the symmetrical geometric isomer is selectively formed (56).
The possible reason for the exclusive formation of the symmet-
rical geometrical isomer may be that the binding mode of the
ligand in the symmetrical form in the assemblies has the least
steric hindrance.
Likewise, there are also symmetrical and nonsymmetrical

binding modes with the tritopic 3 ligand, therefore, two isomeric
metallacages may form via the one-pot [2+3] self-assembly with a
0° Ru clip (Fig. 3). However, only a single set of NMR peaks was
observed in the 1H and 13C NMR spectra of 13–15, suggesting
that only the symmetrical trigonal prismatic cage, with mini-
mal steric effect between the Ru building blocks, is selectively
formed (57).
As shown in Fig. 4, when the pseudo-180° ligand 1 was treated

with the 0° dinuclear p-cymene Ru(II) acceptors 4–6 in an
equimolar ratio in CH3OH at room temperature, respectively;
the rectangular metallacycles 7–9 were obtained in 72–80%
yield. The formation of complexes 7–9 is confirmed by 1H and
13C NMR, electrospray ionization-mass spectrometry (ESI-MS),
and elemental analyses. In the 1H NMR spectrum of 9 (Fig. 5,

Left), four peaks corresponding to the ligand 1 were observed in
the aromatic region (8.39–6.97 ppm) that also exhibited the
expected chemical shift compared with the free ligand. The
protons corresponding to the p-cymene moiety were found in
5.82–5.60 ppm. In the 13C NMR spectrum of 9 (SI Appendix, Fig.
S8), the signal of C = O is at 172.3 ppm, and the carbon of the
ˉOSO2CF3 is a quartet at 121.8 ppm. Likewise, similar proton
and carbon resonances were observed for compounds 7 and 8 as
well (SI Appendix, Figs. S1, S2, S4, and S5). The ESI-MS analysis
supports the formation of [2+2] self-assembled metallacycles 7–9
by the appearance of +2 charged fragment ions for 7 at m/z =
917.96 [7-2CF3SO3

−]2+; for 8 at m/z = 968.95 [8-2CF3SO3
−]2+,

and for 9 at m/z = 1018.93 [9-2CF3SO3
−]2+. The experimentally

observed isotopic distributions of the peaks corresponding to
these fragments were consistent with their charge state (Fig. 6,
Left, and SI Appendix, Figs. S3 and S6). Elemental analyses for C,
H, and N for 7–9 are consistent with the proposed structures.
When the pseudo-120° ligand 2 was used, rectangles 10–12 are

obtained in good yield, and the NMR spectra and ESI-MS in-
dicate the formation of 10–12. Six peaks corresponding to the
donor 2 and five peaks corresponding to the p-cymene moiety
were found in the 1H NMR spectrum of 10 (Fig. 5, Middle). In
the 13C NMR spectrum of 10 (SI Appendix, Fig. S10), the C of
the oxalate is at 172.4 ppm, and the ˉOSO2CF3 C-signal is a
quartet centered at 121.8 ppm. Similar proton and carbon res-
onances were observed for assemblies 11 and 12 (SI Appendix,
Figs. S11, S12, S14, and S15). The ESI-MS for 10 ([10-2OTf ˉ]2+:
917.96) shows one peak that corresponds to the intact [2+2]
assembly with a +2 charge as a result of the loss of two ˉOTf
counter ions (Fig. 6, Middle); [11-2OTf ˉ]2+ at m/z 968.10 and
[12-2OTf ˉ]2+ atm/z 1018.96 were also observed for 11 and 12 (SI
Appendix, Figs. S13 and S16). These peaks are isotopically re-
solved and are in good agreement with their calculated theo-
retical distributions. These ESI-MS results support the formation
of [2+2] macrocycles 10–12.
The metallacages 13–15 are obtained via the reaction of a

tritopic planar ligand 3 with Ru(II) acceptors 4–6, respectively, in
a 2:3 ratio in good yield. The NMR spectra and ESI-MS indicate
the formation of symmetrical trigonal prisms 13–15. In the 1H
NMR spectrum of 15 shown in the right-hand side of Fig. 5, the
imidazole protons corresponding to ligand 3 appeared in the
aromatic region (8.74–6.90 ppm), shifted in the range of δ =
0.20–0.32 ppm compared with the free ligand. The protons of the
donq moiety and p-cymene moiety were also observed in the
expected region (SI Appendix, Fig. S24). In the 13C NMR spec-
trum of 9, the ˉOTf carbon is a quartet at 121.8 ppm, and the
carbon of the C = O is at 172.1 ppm. Similar proton and carbon
resonances are also observed for the trigonal prisms 14 and 15
(SI Appendix, Figs. S17, S18, S20, and S21). The ESI-MS anal-
yses support the formation of [2+3] self-assembled prismatic
cages 13 at m/z 1412.34 [13-2CF3SO3

−]2+, for 14 at m/z 1488.13
[14-2CF3SO3

−]2+, and for 15 at m/z 1562.28 [15-2CF3SO3
−]2+

(Fig. 6, Right, and SI Appendix, Figs. S19 and S22). These peaks
are isotopically resolved and are in good agreement with their
calculated theoretical distributions.

Fig. 1. Different binding modes of 1, 2, and 3.
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To gain insight into the reaction mechanism, the self-assembly
of complex 15 in CD3OD was monitored by 1H NMR (Fig. 7). In
the beginning of the reaction, besides the signals of the reactant
6 (triangles in Fig. 7) and the product 15 (squares in Fig. 7), a
group of weak signals assigned to the unsymmetric geometrical
isomer of 15 (circles in Fig. 7) appeared. As the reaction pro-

gressed, the peaks corresponding to 6, the unsymmetrical isomer
of 15 gradually disappeared, and only one set of signals corre-
sponding to 15 was observed. This suggests that the reaction
conditions favor the formation of the thermodynamically stable
geometric isomer 15. This is further confirmed by density func-
tional theory (DFT) calculations.

Fig. 3. Possible isomeric conformational metallacages of a 0° Ru clip with tritopic imidazole-based ligand 3 via one-pot [2+3] self-assembly.

Fig. 2. Possible conformational isomeric metallacycles of a 0° Ru clip with ditopic imidazole-based ligand 1 or 2 via one-pot [2+2] self-assembly.

4092 | www.pnas.org/cgi/doi/10.1073/pnas.1818677116 Zhao et al.
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Geometry optimizations of 9, 12, and 15 were carried out
using the B3LYP functional as implemented in Gaussian 09 (Fig.
8). The energy minimized structures of these complexes showed
that imidazole ligand 1 adopts an antibonding mode for complex
9, whereas the imidazole ligand 2 and 3 adopt a syn- and sym-
metrical bonding mode for complexes 12 and 15, respectively.
The optimized geometries showed that tetranuclear complex 9
has an approximate rectangular geometry and the tetranuclear
12 has complex folded rectangular geometry, while the hex-
anuclear metallacage 15 has a trigonal prismatic geometry. In
these complexes, the two Ru centers of the Ru building unit 6 are
separated by 8.39 Å, which is somewhat shorter than the distance
between the two centroids of the benzene rings (8.80 Å for 9,
9.75 Å for 12, and 8.95 Å for 15). The two Ru centers co-
ordinating to the imidazole ligand are 13.85 Å (9), 11.26 Å (12),
and 12.0 Å (15) away from each other.
These arene ruthenium assemblies are air and moisture stable

in the solid state, and they can be stored in the air for more than
2 mo without any noticeable decomposition. The stability of
these metallacycles and metallacages in water was investigated by
1H NMR of 9, 12, and 15 in D2O (SI Appendix, Fig. S25). No
hydrolysis was observed after 24 h at room temperature, hence
their stability in water will facilitate their biological applications.
To investigate the influence of different imidazole-based

linkers and OO∩OO moieties (Fig. 4) on their activity, the in
vitro anticancer efficacies of tetranuclear macrocycles 7–12 and

hexanuclear prismatic cages 13–15 were assessed by an MTT
assay in five human cancer cell lines, including HCT-116 (colon),
MDA-MB-231 (breast), MCF-7 (breast), HeLa (cervical), and
A549 (lung). The free imidazole (1–3) ligands and Ru-based
metal clips (4–6) were tested as controls. The clinically used
anticancer drug cisplatin and doxorubicin were tested as well for
comparisons. These cells were exposed to various concentrations
of the compounds 1–15, cisplatin and doxorubicin for 48 h, and
the results are summarized in Table 1. The data indicate that the
assemblies containing the oxalato (7, 10, and 13) and dobq (8, 11,
and 14) spacers are essentially inactive across all cell lines,
whereas the donq-based scaffolds (9, 12, and 15) exhibit good
anticancer activity on all tested cancer cell lines, especially
compound 9. Rectangle 9 possesses excellent anticancer activity
with the lowest IC50 values of 0.37 μM toward HCT-116, 1.83 μM
toward MDA-MB-231, and 1.14 μM toward A549 cancer cell
lines, respectively, and prismatic cage 15 has the lowest IC50
values of 1.36 μM against MCF-7 and HeLa cancer cell lines.
The three donq-based assemblies 9, 12, and 15 have potency
comparable to doxorubicin, but better than cisplatin against all
tested cancer cell lines. The IC50 values of all cell lines in Table 1
indicate that the free ligands 1–3 have no anticancer ability
(>50 μM), and the arene-ruthenium acceptor 6 is less effective
than compounds 9, 12, and 15. These results may be rationalized
by the observation that the ligands themselves are almost in-
soluble in the cell culture medium, hence they may only undergo

Fig. 4. Coordination-driven self-assembly of complexes 7–15.

Fig. 5. The 1H NMR spectra of ligand 1 and complex 9 (Left), ligand 2 and complex 10 (Middle), and ligand 3 and complex 15 (Right).
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cell-uptake by formation of the more-soluble larger assemblies
with metal clip 6. In addition, it is found that the IC50 values of
complexes 9 and 15 toward A549 could dramatically decrease to
about 10 times when exposure time was prolonged from 24 to
48 h (Table 1), indicating enhanced activity.

The cancer cell selectivity of the highly active compounds 9,
12, and 15 on the cytotoxities of cancer and normal cells were
also investigated in human lung cancer cell A549, liver cancer
cell HepG-2, normal human bronchial epithelioid cell (HBE),
and liver epithelial cell (THLE-2) as summarized in Table 2. The

Fig. 6. Theoretically calculated (blue) and experimentally observed (red) ESI-MS isotopic patterns of [9-2CF3SO3
−]2+ (Left), [10-2CF3SO3

−]2+ (Middle), and [15-
2CF3SO3

−]2+ (Right) fragments.

Fig. 7. The 1H NMR spectra for complex 15 in CD3OD.

4094 | www.pnas.org/cgi/doi/10.1073/pnas.1818677116 Zhao et al.
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cytotoxities of the commonly used anticancer drugs, cisplatin,
paclitaxel, and doxorubicin on these cells were also investi-
gated for comparision (Table 2). Compounds 9 and 15 show
decreased cytotoxicities in both of HBE and THLE-2 normal
cells, whereas 12 shows low cytotocities in only THLE-
2 normal cells. The selectivity index (SI), defined as the ra-
tio of the IC50 value in THLE-2 to that in HepG-2, is 1.9 for 9,
4.4 for 12, 3.6 for 15, and 2.1 for doxorubincin, but only
0.74 for paclitaxel and 0.27 for cisplatin. In general, com-
pounds 9, 12, and 15 showed comparable cytotoxic potency to
doxorubicin; however, they generally have lower IC50 values
for cancer cells and higher SI values compared with cisplatin
and paclitaxel, indicating that these self-assmebled large

compounds are able to kill cancer cells more effectively and
selectively than cisplatin and paclitaxel.
By comparing the activity and selectivity of 9, 12, and 15, with

the same Ru(II) building unit but different imidazole-based
linkers, it is observed that the structure and geometry of these
complexes due to the different imidazolyl ligand can have some
effect on their anticancer activity and cancer cell selectivity.
Among the three Ru complexes, complex 9 with the 180° ditopic
1, having a rectangular geometry with dimension of 8.80 × 13.84
Å, exhibits good efficacy and selectivity toward most of tested
cancer cells.
To probe whether the cytotoxicity and selectivity of complexes

9, 12, and 15 toward cancer cells might be caused by differences
in cellular uptake efficiencies due to their different structure and
geometry, A549 and HBE cells were treated with 10 μM of these
complexes for 6 h, respectively, and the cellular levels of the
ruthenium complexes were determined by inductivey coupled
plasma-mass spectrometry (ICP-MS; Fig. 9). In A549 cells, the
cellular uptake of Ru complexes is 2.99 × 10−2 pmol/106 cells for
9, 0.96 × 10−2 pmol/106 cells for 12, and 2.30 × 10−2 pmol/106

cells for 15. These data show that the accumulation level of

Fig. 8. A top and side view of the optimized structures of 9 (Left), 12 (Middle), and 15 (Right). The hydrogen atoms, methyl and isopropyl groups of p-cymene
moiety have been omitted for clarity.

Table 1. Cytotoxicities of Ru-based assemblies 1–15, cisplatin,
and doxorubicin in human cancer cells over 48 h

Complex

IC50 (μM)

HCT-116 MDA-MB-231 MCF-7 HeLa A549*

1 >50 >50 >50 >50 >50
2 >50 >50 >50 >50 >50
3 >50 >50 >50 >50 >50
4 >50 >50 >50 >50 >50
5 >50 >50 >50 >50 >50
6 6.12 5.54 8.25 37.00 22.62
7 >50 35.59 >50 >50 >50 (>50)
8 >50 >50 >50 >50 >50 (42.73)
9 0.37 1.83 1.39 2.18 1.14 (14.20)
10 >50 35.59 >50 >50 >50 (>50)
11 >50 >50 >50 >50 >50 (>50)
12 0.66 3.88 1.49 1.70 3.83 (7.57)
13 >50 >50 >50 >50 36.36 (>50)
14 >50 >50 >50 >50 31.83 (>50)
15 0.54 4.88 1.36 1.36 2.73 (20.37)
Cisplatin 21.32 >50 >50 35.12 27.59
Doxorubicin 9.60 0.27 0.29 1.28 4.35

*The data given brackets are IC50 for 24 h.

Table 2. Half-maximum inhibitory concentration (IC50) values of
metal complexes 9, 12, and 15 in A549 (lung cancer), HBE
(bronchial epithelioid cells), HepG-2 (liver cancer), and THLE-2
(liver epithelial cells) for 48 h

Complex

IC50 (μM)

A549 HBE SI* HepG-2 THLE-2 SI†

9 1.14 4.31 3.8 1.74 3.27 1.9
12 3.83 3.39 0.89 0.78 3.40 4.4
15 2.73 3.95 1.4 1.20 4.30 3.6
Cisplatin 27.59 26.43 1.0 67.07 18.29 0.27
Doxorubicin 4.35 5.94 1.4 4.08 8.67 2.1
Paclitaxel 11.42 4.44 0.39 5.71 4.20 0.74

*SI is defined as IC50 in HBE/IC50 in A549.
†SI is defined as IC50 in THLE-2/IC50 in HepG-2.
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compound 9 is the highest among the three complexes, which is
consistent with its lowest IC50 value in A549 (1.14 μM). In addition,
9 and 15 exhibited stronger abilities to internalize into A549 cells
than HBE cells, which is consistent with their good selectivity to-
ward A549 over HBE cells. Hence, the cellular uptake efficiencies
of these complexes in cancer cells relative to normal cells might
contribute to their anticancer efficacy and selectivity.
It is known that DNA may be a potential target for

ruthenium-based anticancer drugs, and many ruthenium
compounds are known to have high selectivity for binding to
DNA (58–62). An understanding of how these ruthenium as-
semblies interact with DNA is important for exploring the
possible anticancer mechanism and helping to develop the
most potent ruthenium based complex for selective and ef-
fective therapy. The potential binding ability of complexes 9,
12, and 15 with double-stranded ctDNA was investigated by
UV-vis spectroscopy via titration of ctDNA into the solution
of the Ru complex. The results, as seen in Fig. 10, show that
the absorption peak at 452 nm for 9, 473 nm for 12, and
452 nm for 15 displayed a hyperchromic effect upon addition
of ctDNA with bathochromic shift of the maximum wave-
length (5 nm for 9, 18 nm for 12, and 5 nm for 15). These
results suggest that the complexes likely interact with ctDNA
by an electrostatic binding mode, which is often caused by the
interaction between positively charged drug molecules and

negatively charged phosphoric moiety in DNA (63, 64). The
magnitude of the binding constants (Kb) were calculated to be
5.6 × 104 M−1 for 9, 1.6 × 104 M−1 for 12, and 4.1 × 103 M−1 for
15. Compound 9 with the 180° linear connector ligand 1 has
the highest Kb in the complexes with ctDNA. Since these three
complexes have the same Ru motif and a similar composition
of the imidazole-based ligands, the difference between the
binding constants is likely due to the different conformation of
the imidazole-based ligands.

Conclusion
In summary, we report the synthesis of a series of arene-
ruthenium (II) rectangles and trigonal prisms by the self-
assembly of bidentate or tridentate imidazole-based ligands
with p-cymene ruthenium (II) acceptors. Only the symmetrical
isomers were selectively formed among several possible con-
fomational isomers. The cytotoxicity of these complexes against
HCT-116, MCF-7, HeLa, MDA-MB-23, A549, and HepG-
2 cancer cell lines were evaluated, and rectangles 9 and 12 and
prism 15 having donq-based scaffolds exhibit low IC50 values
(hence, high activity) toward all tested cancer cell, and all are better
than cisplatin. The complexes 9, 12, and 15 have good selectivity
for HepG-2 caner cells compared with THLE-2 normal cells,
while 9 and 15 have better selectivity for A549 than HBE cells.
The UV-vis spectroscopy of the soultions of 9, 12, and 15 dis-
played a hyperchromic effect upon addition of ctDNA, and the
data indicate that complex 9 with a 180° linear ligand 1 has the
highest bonding constant (Kb) of 5.6 × 104 M−1 toward ctDNA.

Materials and Methods
The 1,4-bis(imidazol-1-yl)benzene (1) (65), 1,3-bis(imidazol-1-yl)benzene (2)
(66), and 1,3,5-tri(1H-imidazol-1-yl)benzene (3) (67) were synthesized by the
following previously reported methods. The acceptor [Ru2(μ-η4-OO∩OO)(η6-p-
cymene)2](O3SCF3)2 (4–6) were synthesized under an atmosphere of dry ni-
trogen following the previously described procedures (68–70) (OO∩OO =
oxalato, 2,5-dioxido-1,4-benzoquinonato and 5,8-dioxido-1,4-naphtoquinonato).
All other chemicals were purchased from commercial sources and used
as received. 1H and 13C NMR spectra were recorded on a Bruker AV400
spectrometer. Elemental analyses were performed with a Eurovector
EuroEA3000 elemental analyzer. ESI-MS analyses were recorded on a Fisher
LTQ-Orbitrap XL combined-type mass spectrometry. Absorption spectra of UV-
vis were recorded on a TU-1901 UV-vis spectrophotometer at room temperature
using 1-cm pathlength quartz cuvettes. The ruthenium content was determined
by using an ICP-MS (Optima 7300 DV; Perkin-Elmer Company). The details of the
synthesis, characterization, and biological experiments are given in SI Appendix.
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Fig. 9. Cellular accumulations of complexes 9, 12, and 15 in A549 and HBE cells.

Fig. 10. UV-vis spectra of complexes 9 (Left), 12 (Middle), and 15 (Right) upon addition of ctDNA (0–0.1 M) in 5 mM Tris·HCl buffer solution (pH = 7.2). The
arrows show the direction of change in absorbance upon increasing the concentration of ctDNA. (Inset) Plot of A/(A − A0) vs. 1/[DNA].
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