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A New Heteroleptic Ruthenium(Il) Polypyridyl Complex with Long-
Wavelength Absorption and High Singlet-Oxygen Quantum Yield
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Abstract: Ruthenium(II) polypyridyl
complexes with long-wavelength ab-
sorption and high singlet-oxygen quan-
tum yield exhibit attractive potential in
photodynamic therapy. A new hetero-
leptic Ru" polypyridyl complex, [Ru-
(bpy)(dpb)(dppn)]** (bpy =2,2"-bipyri-
dine, dpb=2,3-bis(2-pyridyl)benzoqui-
noxaline, dppn=4,5,9,16-tetraaza-
dibenzo[a,c]naphthacene), is reported,
which exhibits a 'MLCT (MLCT:
metal-to-ligand charge transfer) maxi-
mum as long as 548 nm and a singlet-

spectra indicate that the lowest-energy
MLCT state localizes on the dpb
ligand, whereas the high singlet-oxygen
quantum yield results from the rela-
tively long *MLCT(Ru—dpb) lifetime,
which in turn is the result of the equi-
librium between nearly isoenergetic ex-
cited states of *MLCT(Ru—dpb) and
Sam*(dppn). The dppn ligand also en-
sures a high binding affinity of the
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complex towards DNA. Thus, the com-
bination of dpb and dppn gives the
complex promising photodynamic ac-
tivity, fully demonstrating the modular-
ity and versatility of heteroleptic Ru"
complexes. In contrast, [Ru(bpy),
(dpb)]** shows a long-wavelength
'MLCT maximum (551 nm) but a very
low singlet-oxygen quantum yield
(0.22), and [Ru(bpy),(dppn)]** shows a
high singlet-oxygen quantum yield
(0.79) but a very short wavelength
'MLCT maximum (442 nm).

oxygen quantum yield as high as 0.43.
Steady/transient  absorption/emission

Introduction

Photodynamic therapy (PDT) is a promising treatment mo-
dality for malignant tumors.! It involves the production of
cytotoxic reactive oxygen species (ROS), mainly singlet
oxygen ('0,), upon illumination of a photosensitizer with
visible or near-infrared (NIR) light. An ideal photosensitizer
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should have a high quantum yield of 'O, and strong absorp-
tivity within the phototherapeutic window of 600-900 nm, at
which the tissue penetration of light is optimal.

Transition-metal complexes with DNA photocleavage ac-
tivity have received significant attention for their potential
use as DNA structural probes and as anticancer agents.?
Among them, Ru” polypyridyl complexes were extensively
studied owing to their rich photophysical, photochemical,
and redox properties.”! So far, many Ru" polypyridyl com-
plexes have been confirmed to possess DNA photocleavage
activities through an 'O, mechanism, thus exhibiting their
PDT application potential.! However, most of them suffer
from short-wavelength absorption, with the absorption max-
imum of the metal-to-ligand charge-transfer (MLCT) transi-
tion shorter than 500 nm, remarkably limiting their use in
PDT. Ligands with delocalized s systems can provide Ru
complexes with longer MLCT absorption.>®! However, the
low energy gap often leads to a short excited-state lifetime,
that is, the energy-gap law,”) which is very unfavorable for
'0, generation. As an example, several 1,12-diazaperylene
(DAP)-based Ru" complexes exhibit MLCT absorption
maxima in the range of 550-590 nm, but at the sacrifice of
'0, quantum yield."!
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To develop long-wavelength-absorbing Ru polypyridyl
complexes, we recently focused our attention on the ligand
2,3-bis(2-pyridyl)benzoquinoxaline (dpb). The highly delo-
calized m system of the dpb ligand gives the corresponding
Ru complex a much longer wavelength MLCT absorption.!
For example, [Ru(bpy),(dpb)]** (bpy=2,2"-bipyridine)
shows a very long wavelength 'MLCT absorption with a
maximum at 550 nm, but a much shortened *MLCT lifetime
(66 ns, result of this work) with respect to [Ru(bpy);]**
(450 nm and 900 ns®). Thus, it is of importance to lengthen
the MLCT lifetime while maintaining the long-wavelength
MLCT absorption.
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The so-called “reservoir effect” has become a potent mea-
sure to lengthen the MLCT lifetimes of Ru' complexes.'”)
The underlying mechanism is the establishment of a fast
equilibration between the *MLCT state of the complex and
the triplet excited state of the attached organic chromo-
phore on the ligand or just the ligand itself, which is very
long lived and locates close to *MLCT in energy.

Thus, MLCT excitation re-
sults in the population of the
triplet excited state of the or-

ganic chromophore or ligand, ined complexes.

2,2:6',2"-terpyridine) is a ligand-centered ’*mm* state local-
ized on the pydppn ligand with lifetimes of ~20 us.*e! The
low-energy and long-lifetime characters of pydppn inspired
us to construct a new Ru" complex, [Ru(bpy)(dpb)(dppn)]**
(dppn =4,5,9,16-tetraaza-dibenzo[a,c]naphthacene), with the
hope that dppn may approach MLCT(Ru—dpb) in triplet
excited-state energy and thus may serve as an energy reser-
voir to extend the "MLCT(Ru—dpb) lifetime.

Herein, we report the fascinating properties of [Ru(bpy)-
(dpb)(dppn)]**, which keeps the merit of the long-wave-
length absorption of the parent complex [Ru(bpy),dpb]**
and also exhibits a relatively long excited-state lifetime
(229 ns) and high 'O, quantum yield (0.43), through benefit-
ing from the interplay of *mm*(dppn) and *MLCT(Ru—
dpb). The dppn ligand also gives the complex a strong bind-
ing affinity towards double-stranded DNA. As a result, [Ru-
(bpy)(dpb)(dppn)]** exhibits DNA photocleavage activity
and PDT application potential, thus fully displaying the
modular and versatile nature of heteroleptic Ru" complexes.

Results and Discussion

Synthesis: The parent complexes [Ru(bpy),(dppn)][PFs],
and [Ru(bpy),(dpb)][PF¢], were easily prepared in good
yields (60 and 76 %, respectively) through the reaction of
[Ru(bpy),Cl,] with dppn or dpb ligands. In contrast, the het-
eroleptic Ru" complex [Ru(bpy)(dpb)(dppn)](PF;), was syn-
thesized in a stepwise manner, by using [Ru(dmso),Cl,]
(dmso =dimethyl sulfoxide) as a precursor and chelating the
ligands onto the Ru" core in the sequence of bpy, dppn, and
dpb. The three complexes were fully characterized by
"H NMR spectroscopy (Figure S1 in the Supporting Infor-
mation), mass spectrometry (MS, both MALDI-TOF and
ESI), and elemental analysis.

Electrochemical and photophysical properties: The oxida-
tion and reduction potentials of the complexes in CH;CN
are shown in Table 1 (see Figure S2 in the Supporting Infor-
mation for cyclic voltammograms). [Ru(bpy),(dppn)]** and
[Ru(bpy),(dpb)]** display a ruthenium(III/IT)-based half-
wave oxidation potential at +1.35 and +1.40 V versus SCE,
respectively. The anodic shift relative to that of [Ru(bpy),]**

Table 1. Photophysical and electrochemical properties and binding constants towards CT-DNA of the exam-

which serves as an energy reser-  Complex MLCT Ab-  MLCT Epp(o0) [V]  Ej(red)¥ [V] 7, KO

voir to allow the *MLCT to Smax”) [nm] Em,,." [nm] (vs. SCE) (vs. SCE) [ns]  [x107m7"]

relax in a much longer time [Ru(bpy),* 449 615 1.29 133 _ _

domain. Recently, Turro, Thum-  [Ru(bpy),(dppn)]** 442 6201¢! 1.35 —0.85 13000 4.0

mel, and co-workers demon- [Ru(bpy).(dpb)I'* 551 9270 1.40 -0.67 66 017
[Ru(bpy)(dpb)(dppn)+ 548 926! 1.5211 —0.83,-058 229 19

strated that the lowest-energy

excited state in [Ru(pydppn),_,-

(tpy).J"* (pydppn=3-(pyrid-2'-
y1)-4,5,9,16-tetraaza-dibenzo-
[a,c]naphthacene, n=0, 1; tpy=
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[a] MLCT absoption maximum in acetonitrile. [b] MLCT emission maximum in acetonitrile at 298 K. [c] Oxi-
dation half-wave potentials in acetonitrile. [d] Reduction peak potentials in acetonitrile. [e] Excited-state life-
time obtained by transient absorption in CH;CN. [f] Binding constant obtained by ethidium bromide displace-
ment assay. [g] Measured on a Hitachi F-4500 fluorescence spectrophotometer. [h] Recorded on a NIR fiber-
optic spectrometer. [i] Peak potential.
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(+1.29 V) is attributable to the more electronegative char-
acter or stronger m-accepting feature of dppn or dpb than
bpy, reflected in the less negative reduction potentials of
—0.85V for dppn and —0.67V for dpb compared with
—1.33 V for bpy (Table 1). For [Ru(bpy)(dpb)(dppn)]**, the
metal-centered oxidation peak potential was measured to be
1.52'V, and the reduction potentials for dppn and dpb are
both anodically shifted relative to those in [Ru(bpy).-
(dppn)]** and [Ru(bpy),(dpb)]**, obviously due to the si-
multaneous presence of the two strong m-accepting ligands.
The stronger electron-accepting property of dpb suggests
that the lowest-energy "MLCT in [Ru(bpy)(dpb)(dppn)]**
should localize on the dpb ligand.

Figure 1a shows the normalized absorption spectra of
[Ru(bpy),(dppn)]**, [Ru(bpy);]**, and the dppn ligand.
Comparisons among them lead to clear assignments of the
absorption transitions of [Ru(bpy),(dppn)]**: a bpy ligand-
based transition at 286 nm; dppn ligand-based transitions at
323, 387, and 409 nm; and MLCT transitions centered at
442 nm. Interestingly, although dppn coordinated to Ru" is
more easily reduced than bpy (see Table 1) and possesses an
extended aromatic conjugation system for charge delocaliza-
tion, the MLCT absorption maximum of [Ru(bpy),(dppn)]**
is very similar to that of [Ru(bpy);]**. Similar phenomena
were also found in comparisons of [Ru(phen),(dppz)]**M!
(phen=1,10-phenanthroline, dppz=dipyrido[3,2-a:2',3'-c]-
phenazine) versus [Ru(phen);]** or [Ru(tpy)(pydppn)]** ¢!
versus [Ru(tpy),]**.

[Ru(bpy),(dppn)]** shows an emission spectrum centered
at 620 nm in acetonitrile at room temperature (Figure S3 in
the Supporting Information), also very similar to that of
[Ru(bpy);]**, which has an emission peaking at 615nm
under the same conditions. However, the emission intensi-
ties of [Ru(bpy),(dppn)]** and [Ru(bpy);]** are very differ-
ent. The emission quantum yield of [Ru(bpy);]** is 0.062,”!
whereas [Ru(bpy),(dppn)]** emits approximately 60-fold
less efficiently than [Ru(bpy);]**, with an emission quantum
yield of 1.07x 107>, [Ru(bpy),(dppn)]** exhibits a new emis-
sion at 821 nm (corresponding to 1.5eV) along with the
SMLCT emission at 580 nm (corresponding to 2.1eV) at
77 K in ethanol/methanol (4:1) glass (Figure S4 in the Sup-
porting Information). This new emission is very weak in in-
tensity but highly reproducible. In contrast, no such emis-
sion was observed in the case of [Ru(bpy);]** at 77 K. Thus,
the new emission presumably comes from the phosphores-
cence of the dppn ligand (dppn itself does not emit at this
wavelength at 77 K, probably due to its low intersystem
crossing efficiency and low phosphorescence quantum
yield), in accordance with the pydppn ligand, an analogue of
dppn, the triplet excited-state energy of which was estimated
to be 1.5 eV."8l Thus, the remarkably diminished emission
quantum yield of [Ru(bpy),(dppn)]** may result from the
low energy of the dppn triplet excited state, which lies
0.6 eV below the *MLCT state and thus quenches *MLCT
emission effectively.

Figure 1b gives the normalized absorption spectra of [Ru-
(bpy),(dpb)**, [Ru(bpy);]**, and the dpb ligand. Compari-
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Figure 1. a) Normalized absorption spectra of [Ru(bpy),(dppn)]** (-----),
[Ru(bpy);]** (—), and dppn (-++-+) in acetonitrile. b) Normalized ab-
sorption spectra of [Ru(bpy),(dpb)]** (-----), [Ru(bpy);]** (—), and
dpb (s++++) in acetonitrile. c¢) Absorption spectrum of [Ru(bpy)(dppn)-
(dpb)]** in acetonitrile.

sons among them give the following assignments for the ab-
sorption transitions of [Ru(bpy),(dpb)]**: bpy- and dpb-
based transitions at 286 and 315 nm; a dpb-based transition
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at 365 nm; and MLCT transitions centered at 551 nm for
Ru—dpb. Greatly different from the dppn ligand, the pres-
ence of the dpb ligand makes the corresponding complex
[Ru(bpy),(dpb)]** undergo a 100 nm redshift in the MLCT
absorption maximum with respect to [Ru(bpy);]*", which
may be the result of the remarkable anodic shift of the re-
duction potential of dpb relative to that of dppn (Table 1).

The emission of [Ru(bpy),(dpb)]** extends into the NIR
region so that common fluorescence spectrophotometers,
such as the Hitachi F-4500 with an emission detection range
of 220-730 nm, cannot be used. In our experiments, a NIR
fiber-optic spectrometer with the wavelength range of 880-
1684 nm was applied to examine the emission of [Ru(bpy),-
(dpb)]**. The excitation light source was a Millennia laser
(532 nm output, continuous wave (CW)). An emission with
maximum at 927 nm was observed (Figure S3 in the Sup-
porting Information). [Ru(bpy),(dppn)]**, [Ru(bpy):]**,
bpy, dppn, and dpb have no signals under similar conditions,
excluding the artifact origin of the observed emission signal.
Considering the blueshift of the MLCT emission upon freez-
ing at 77 K by about 40 nm (e.g., [Ru(bpy),(dppn)]** in this
work and other Ru" complexes!“*#)), a 0-0 transition energy
of 1.4eV (corresponding to 887 nm) for the Ru—dpb
MLCT transition is estimated. As for the dpb ligand, its trip-
let excited-state energy is most likely higher than that of
dppn, due to its structural similarity to dppn but blue-shifted
absorption relative to dppn (Figure 1a and b). The transient
absorption spectrum of [Ru(bpy),(dpb)]** also reveals that
the lowest-energy state is Ru—dpb *MLCT rather than the
dpb triplet state (see below).

Once the absorption and emission characteristics of [Ru-
(bpy)(dppn)]** and [Ru(bpy),(dpb)]** are understood, the
assignment of the absorption and emission spectra (Fig-
ure 1c and Figure S1 in the Supporting Information) of [Ru-
(bpy)(dppn)(dpb)]** becomes straightforward. The absorp-
tion within the range 250-350 nm originates mainly from the
ligand (including all three ligands)-based 'mm* transition,
that at 350425 nm is mainly from the dppn/dpb-based 'mm*
transition, and that above 425 nm is mainly from 'MLCT,
with the lowest-energy 'MLCT localized on the dpb ligand
(centered at 548 nm). The NIR emission of [Ru(bpy)(dppn)-
(dpb)]** is similar to that of [Ru(bpy),(dpb)]**. Figure 2
shows simplified Jablonski diagrams for the three complexes
on the basis of the energies of the MLCT and ligand-cen-
tered excited states.

Time-resolved absorption spectra: Figure 3 shows the transi-
ent absorption spectra of [Ru(bpy),(dppn)]** and the dppn
ligand in CH;CN. The high degree of similarity between
them suggests that the observed transient spectra of [Ru-
(bpy),(dppn)]** result from dppn-based triplet—triplet (T-T)
absorption, which is in good agreement with the fact that
the lowest triplet excited state in [Ru(bpy),(dppn)]** is lo-
calized on *mm*(dppn) rather than *MLCT (see the above
discussion and Figure 2). The measured lifetimes for [Ru-
(bpy),(dppn)]** and dppn are 13 and 18 ps, respectively,
which are comparable to the lifetimes of [Ru(tpy)-
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Figure 2. Simplified Jablonski diagrams for a) [Ru(bpy),(dppn)]**,
b) [Ru(bpy),(dpb)I**, and c) [Ru(bpy)(dppn)(dpb)]**.

(pydppn)[* (20 ps), [Ru(pydppn),]’* (24 ps), and pydppn
(22 ps) in degassed acetonitrile.8! We also found that tetra-
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low quantum yield of emis-
sion,*'? in line with the assign-
ment of the lowest triplet excit-

ed state to Ru—dpb *MLCT in
[Ru(bpy),(dpb)]**. Single-expo-
nential fitting of the spectrum
changes at 650 nm as well as
other wavelengths gives a
SMLCT lifetime of 66 ns.

The transient absorption
spectrum of [Ru(bpy)(dpb)-
(dppn)]** differs significantly
from that of [Ru(bpy),(dpb)]**.
Positive absorption appeared in

0.0

the whole spectrum window,
and no bleaching band was ob-
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700 served. The transient absorp-
tion spectrum of [Ru(bpy)-
(dpb)(dppn)]*" may be regard-
ed as the superposition of those
from [Ru(bpy),(dppn)]** and
[Ru(bpy),(dpb)]**, that is, the
bleaching at 550 nm and posi-
tive absorption over 600 nm of
[Ru(bpy),(dpb)]** makes the
transient absorption of [Ru-
(bpy),(dppn)]**  become less
undulating in intensity over the
wide range of 500-700 nm, thus
implying the co-existence of
both *MLCT(Ru—dpb) and
3pm*(dppn). The close proximi-
ty of *MLCT(Ru—dpb) and
*nm*(dppn) in energy (1.4 and
1.5 eV, respectively, which cor-

T
400
Alnm

Figure 3. Transient absorption spectra of [Ru(bpy),(dppn)]** (top) and the dppn ligand (bottom) in degassed

CH;CN solution upon illumination at 355 nm with a pulsed laser.

cene (triplet excited-state energy E;=1.27 eV*l) and pery-
lene (Er=1.53 eV™“) can quench the transient absorption
spectra of [Ru(bpy),(dppn)]** effectively, with the quench-
ing constants of 7.7 x 10° (tetracene) and 5.4x 10°m 's™! (per-
ylene). In contrast, no quenching was observed in the case
of 9,10-dibromoanthracene, the E; of which is as high as
1.74 eV.I*] These findings are in good agreement with the es-
timation of dppn triplet-state energy (1.5 eV).

Figure 4 shows the transient absorption spectra of [Ru-
(bpy),(dpb)]** and [Ru(bpy)(dpb)(dppn)]** at 298 K in de-
gassed CH;CN upon pulsed excitation at 532 nm. [Ru(bpy),-
(dpb)]** shows a ground-state bleaching band centered at
550 nm, and positive absorption below 515 and over 580 nm,
which resembles the typical *MLCT T-T absorption spectra
of Ru" polypyridyl complexes that do not emit or have a

Chem. Eur. J. 2010, 16, 3157-3165
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7(')0 responds to an energy gap of
806 cm™') makes this assump-
tion possible."”) Moreover, a
single lifetime of 229 ns was ob-
tained by fitting the decay at
different wavelengths, which in-
dicates that both *"MLCT(Ru—
dpb) and *mn*(dppn) deactivate at the same rate, and sug-
gests the establishment of a fast equilibrium between the
two states."”! From the equilibrated lifetime 7.,=229 ns, the
fraction with populated *mm*(dppn) states (a=70%) and
the fraction with populated *MLCT(Ru—dpb) states
(1-2=30%) can be estimated on the basis of 7., '=ar, '+
(1—a)tg, ', in which 7, (=13 ps) is the lifetime of ‘mm*-
(dppn) in [Ru(bpy),(dppn)]** and g, (=66 ns) is the life-
time of MLCT(Ru—dpb) in [Ru(bpy),(dpb)]**.' Thus,
an equilibrium constant K=2.33 and a free energy change
AG =—0.5 kcalmol™' (corresponding to —0.02 eV) for ther-
mal population from *MLCT(Ru—dpb) to *ms*(dppn) can
be calculated. Taking into consideration the possible errors
in estimating excited-state energies from both emission spec-
tra and equilibrated lifetime, the *MLCT(Ru—dpb) and

3161
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(bpy)»(dppn)]**, exists to interfere with the transient ab-
sorption assignment of [Ru(bpy)(dpb)(dppn)]**. Moreover,
we compared the 'O, quantum yields of [Ru(bpy)(dpb)-
(dppn)]** at different excitation wavelengths, and no wave-
length dependence was observed, thus ruling out further the
presence of an impurity with a different 'O, quantum vyield,
such as [Ru(bpy),(dppn)]** or dppn. Elemental analysis
gave a purity in excess of 99.5% for [Ru(bpy)(dpb)-
(dppn)]** based on measured carbon or nitrogen. All these
control experiments confirm that the long lifetime of 229 ns
originates from [Ru(bpy)(dpb)(dppn)]**, which benefits
from the “energy reservoir effect”. Previous work on this
effect normally involved an appended organic fragment.
Here, the organic fragment is part of the coordinating skele-
ton itself.

!0, quantum yield: Singlet oxygen plays an important role
in PDT, thus the 'O, quantum yields of [Ru(bpy),(dppn)]**,

0.05

[Ru(bpy),(dpb)]**, and [Ru(bpy)(dpb)(dppn)]** were deter-
mined with [Ru(bpy);]*t as the standard (®=0.57 in
CH,CN)[®! and 1,3-diphenylisobenzofuran (DPBF) as the
trapping agent of 'O,. The 'O, quantum yields were mea-

0.00

T T T
400 500 600

Alnm
Figure 4. Transient absorption spectra of [Ru(bpy),(dpb)]** (top) and

[Ru(bpy)(dpb)(dppn)]** (bottom) in degassed CH;CN solution upon illu-
mination at 532 nm with a pulsed laser.

*nn*(dppn) states are most likely isoenergetic in [Ru(bpy)-
(dpb)(dppn)J**.

Additionally, we measured the transient absorption spec-
tra of samples of [Ru(bpy)(dpb)(dppn)]** containing 5% of
[Ru(bpy),(dppn)]** or dppn (1,=532nm in the case of
[Ru(bpy),(dppn)]** or 355 nm in the case of dppn). In such
cases, a very long lifetime belonging to Ru(bpy),(dppn)]**
(12 ps) or dppn (17 ps) can be detected along with a lifetime
of about 220 ns belonging to [Ru(bpy)(dpb)(dppn)]**. The
lack of interactions between [Ru(bpy)(dpb)(dppn)]*T and
[Ru(bpy),(dppn)]** or between [Ru(bpy)(dpb)(dppn)]**
and dppn may result from the low sample concentration em-
ployed (3x107°m). This result indicates that [Ru(bpy)(dpb)-
(dppn)]** is pure enough and no impurity that possesses a
long excited-state lifetime, such as the dppn ligand or [Ru-

www.chemeurj.org
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sured to be 0.79 for [Ru(bpy),(dppn)]**, 0.22 for [Ru(bpy),-
(dpb)]**, and 0.43 for [Ru(bpy)(dpb)(dppn)]** in CH,CN
(Lex=480nm). The 'O, quantum yield of [Ru(bpy)(dpb)-
(dppn)]** is almost two times larger than that of [Ru(bpy),-
(dpb)]**, presumably due to its much longer excited-state
lifetime (229 vs. 66 ns). The EPR spin-trapping technique
was also used to examine their 'O, generation abilities.
Figure 5 presents the EPR spectra obtained upon irradiation
(Nd/YAG laser, 532nm) of complex samples containing
S0mm 2,2,6,6-tetramethyl-4-piperidone (TEMP), in which
TEMP acted as a spin-trapping agent for 'O,. The spectrum
is composed of three lines of equal intensity with a hyper-
fine splitting constant of 16.0 G, identical to the typical EPR

700 signal of 2,2,6,6-tetramethyl-4-piperidone oxide (TEMPO,

T T T T
3480 3500 3520 3540

[G]

f T T
3420 3440 3460

Figure 5. EPR signals obtained upon irradiation with a 532 nm laser of
air-saturated CH;CN solutions containing 50 mmM TEMP and 10 um [Ru-

(bpy)(dpb)(dppn)I** (—) or [Ru(bpy),(dpb)I** (+++++).
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an adduct of TEMP with '0,)." The quenching of the
signal by NaN,, an effective scavenger for 'O,, vindicates
the assignment further (see the Supporting Information).
[Ru(bpy)(dpb)(dppn)]** exhibits a much higher signal inten-
sity than [Ru(bpy),(dpb)]*" under the same conditions, fur-
ther confirming its better 'O, photosensitization ability. In
aqueous solution, the 'O, generation ability of [Ru(bpy)-
(dpb)(dppn)]** is also higher than that of [Ru(bpy),(dpb)]**
(see the Supporting Information), the same trend as that in
CH,CN.

DNA binding and photocleavage: At first, a DNA titration
approach was used to examine the binding abilities of these
complexes towards calf thymus DNA (CT-DNA). [Ru-
(bpy),(dppn)]** (25 um) shows 37% hypochromism at
320nm and 17% hypochromism at 442 nm (both wave-
lengths related to the absorption transitions of the dppn
ligand) when the concentration of added CT-DNA reached
172 pm; meanwhile, 10 and 3 nm bathochromic shifts were
observed, respectively. The calculated binding constant K, is
2.2x10°M7", similar to that of other complexes based on the
dppn ligand.™ For [Ru(bpy)(dpb)(dppn)]**, the absorbance
of the MLCT band increased at first and then decreased
continuously with the addition of DNA. Such a kind of be-
havior was also observed for other Ru" complexes, probably
due to DNA-induced complex aggregation.®>'®! Thus, the
DNA titration approach is not suitable for determining the
binding constant of [Ru(bpy)(dpb)(dppn)]**. In the case of
[Ru(bpy),(dpb)]**, almost no absorption change occurred,
thus indicating its poor DNA-binding ability.

The ethidium bromide (EB) displacement assay was car-
ried out to determine the binding affinity of the complexes
towards CT-DNA, and the resulting apparent binding con-
stants are listed in Table 1. [Ru(bpy),(dpb)]** presents a
binding constant one order of magnitude lower than those
of [Ru(bpy),(dppn)]** and [Ru(bpy)(dpb)(dppn)**, which
reveals the role of dppn in binding towards DNA. Addition-
ally, the binding constant of [Ru(bpy)(dpb)(dppn)]** is
about half that of [Ru(bpy),(dppn)]**, which suggests that
the dpb ligand may impair the binding ability probably due
to steric hindrance.

The DNA photocleavage abilities of [Ru(bpy),(dppn)]**,
[Ru(bpy).(dpb)[**, and [Ru(bpy)(dpb)(dppn)]** were exam-
ined by the agarose gel electrophoresis pattern of super-
coiled pBR322 DNA wupon visible-light irradiation (>
470 nm; Figure 6). Control experiments (see the Supporting
Information) indicate that the DNA photocleavage has a
singlet-oxygen mechanism. [Ru(bpy),(dppn)]** exhibits the
most efficient DNA cleavage, due to its highest 'O, quan-
tum yield and DNA binding constant among the three com-
plexes, which makes up its weak absorption at longer wave-
lengths. Obvious DNA cleavage was observed for [Ru(bpy)-
(dpb)(dppn)]** after irradiation for 40 min. In contrast, neg-
ligible DNA cleavage was observed for [Ru(bpy),(dpb)]**
under the same conditions, mainly due to its poor DNA
binding ability and relatively low singlet-oxygen quantum
yield. The three complexes show good photochemical stabil-
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Figure 6. Agarose gel electrophoresis pattern of supercoiled pBR322
DNA (31 pm in base pair) upon visible-light irradiation (>470 nm) for
40 min (lanes 1, 2, 4, and 6), or dark control (lanes 3, 5, and 7) in air-satu-
rated TrissfCH;COOH/EDTA buffer (pH 7.4). Lane 1: DNA alone;
lanes 2, 3: DNA +[Ru(bpy)(dpb)(dppn)]**; lanes 4, 5: DNA + [Ru(bpy),-
(dpb)]**; lanes 6, 7: DNA +[Ru(bpy),(dppn)]**. The concentration of
the complex was 8 um. SC and NC denote supercoiled circular and
nicked circular forms, respectively. EDTA: ethylenediaminetetraacetate.

ity under the same irradiation conditions (see the Support-
ing Information).

Conclusion

Ru" polypyridyl complexes with long-wavelength absorption
and high 'O, quantum vyield are attractive due to their po-
tential use in life and medical sciences, such as PDT. Herein,
we reported the synthesis of a heteroleptic Ru" polypyridyl
complex, [Ru(bpy)(dpb)(dppn)]**, which keeps the merit of
long-wavelength absorption of its parent complex [Ru-
(bpy).dpb]**. The presence of the dppn ligand, on the one
hand, lengthens the *MLCT lifetime from 66 ns for [Ru-
(bpy),dpb]** to 229 ns, and consequently enhances the 'O,
quantum yield from 0.22 for [Ru(bpy),dpb]** to 0.43; on
the other hand, it improves the binding constant towards
DNA from 1.7x10°m™" for [Ru(bpy),dpb]** to 1.9x10"m™".
As a result, [Ru(bpy)(dpb)(dppn)]** exhibits DNA photo-
cleavage activity and thus PDT application potential. This
work fully demonstrates the advantages of transition-metal
complexes, that is, their ease in substitution of the ligands to
vary the properties of the complexes and thus to meet indi-
vidual applications. Ligand modification and the use of dif-
ferent combinations of ligands are in progress to pursue Ru"
complexes with longer-wavelength absorption and higher
'0, quantum yield.

Experimental Section

Materials: Ethidium bromide (EB), 2,2,6,6-tetramethyl-4-piperidone
(TEMP), sodium azide (NaN;), RuCl;-3H,0, 2,3-diaminonaphthalene,
2,2'-bipyridine, 1,10-phenanthroline, 1,3-diphenylisobenzofuran (DPBF),
tetra-n-butylammonium hexafluorophosphate ([N(C,H,),|PF,), CT-DNA,
gel-loading buffer, tris(hydroxymethyl)aminomethane (Tris base), super-
oxide dismutase (SOD), and catalase were purchased from Sigma-Al-
drich. The supercoiled pBR322 plasmid DNA was purchased from
TaKaRa Biotechnology Company.

Synthesis: [Ru(bpy),CL],'"” [Ru(dmso),CL],'"¥ dpb,!”) and dppn®®”’ were
synthesized by following the reported methods.

[Ru(bpy),(dppn) I[PF],: [Ru(bpy),CL] (0.30 g) and dppn (0.23 g) were
heated at reflux in ethanol/water (2:1, 25 mL) for 3 h under a N, atmos-
phere. The solution was filtered after cooling. After removal of solvent,
the solid was purified on silica gel with CH;CN/H,O/KNO; (40:4:1) as
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eluent. The compound was dissolved in water and precipitated by
NH,PF,, and the red solid was isolated by filtration, washed with water,
and vacuum dried. Yield 60%; 'HNMR (400 MHz, [Dg]acetone): 6=
7.43-7.45 (m, 2H), 7.63-7.66 (m, 2H), 7.77-7.80 (m, 2H), 8.05-8.09 (m,
2H), 8.15-8.19 (m, 6H), 8.25-8.29 (m, 2H), 8.40-8.43 (m, 2H), 8.51-8.53
(dd, /=53, 1.2 Hz, 2H), 8.83-8.88 (m, 4H), 9.18 (s, 2H), 9.73-9.76 ppm
(dd, J=8.1, 1.1Hz, 2H); MALDI-TOF MS: m/z: 89126 [M—PF],
746.42 [M—2PF(]; ESI-MS: m/z: 372.7 [M—2PF(]**; elemental analysis
caled (%) for C,H,sF,NgP,Ru-H,0: C 47.87, H 2.87, N 10.63; found: C
47.88, H 2.78, N 10.62.

[Ru(bpy),(dpb)][PF],: The synthetic method was similar to that of [Ru-
(bpy),(dppn)](PFe),. Yield 76%; '"HNMR (400 MHz, [DgJacetone): 6=
7.45-7.48 (m, 2H), 7.56-7.61 (m, 4H), 7.68-7.74 (m, 3H), 7.85-7.93 (m,
2H), 8.06-8.11 (m, 3H), 8.23-8.35 (m, 6H), 8.42-8.48 (m, 3H), 8.56-8.64
(m, 3H), 8.75-8.76 (d, J=4.3 Hz, 1H), 8.85 (s, 1H), 8.99-9.03 ppm (m,
2H); MALDI-TOF MS: m/z: 893.17 [M—PF,], 748.18 [M—2PF,]; ESI-
MS: m/z: 373.6 [M—-2PFJ**; elemental analysis caled (%) for
CyH3F,NgP,Ru-H,O: C 47.78, H 3.06, N 10.61; found: C 47.75, H 3.05,
N 10.63.

[Ru(bpy)(dpb)(dppn)][PF4],: The synthesis involved three main steps.
First, [Ru(bpy)(dmso),Cl,] was prepared as follows:"® [Ru(dmso),Cl,]
(0.5 g) and bpy (0.161 g) were heated at reflux in chloroform (20 mL) for
about 45 min under a N, atmosphere. After cooling and removal of sol-
vent, the residue was dissolved in acetone and the solution was filtered
to remove the residual [Ru(dmso),ClL,]. The crude product was purified
by chromatography on silica gel with CH,Cl,/CH;OH as eluent to obtain
the pure compound. Then, pure [Ru(bpy)(dmso),CL] (0.1 g) and dppn
(0.069 g) were heated at reflux in ethanol (15 mL) for 4 h under a N, at-
mosphere. After cooling, excess dpb (0.12 g) was added to the solution,
which was further heated at reflux for 5h. After cooling, filtration, and
removal of solvent, the solid was purified by chromatography on silica
gel with CH;CN/H,0O/KNO; as eluent. The compound was dissolved in
ethanol/water (1:1) and precipitated by NH,PF,, and the dark red solid
was isolated by filtration, washed with water, and vacuum dried. Overall
yield 10%; '"HNMR (400 MHz, [D(]DMSO): §=7.38-7.45 (m, 1H),
7.47-7.60 (m, 6H), 7.71-7.78 (m, 4H), 7.86-7.88 (d, /J=5.4 Hz, 1 H), 7.95—
7.98 (m, 1H), 8.13-8.15 (d, /=7.4 Hz, 1H), 8.19-8.41 (m, 10H), 8.48-8.50
(dd, J=5.4, 1.04 Hz, 1H), 8.82-8.85 (m, 2H), 8.87-8.88 (dd, J=4.4,
1.1 Hz, 1H), 9.04-9.13 (m, 4H), 9.53-9.55 (dd, /=8.1, 1.0 Hz, 1H), 9.60-
9.63ppm (dd, /=82, 1.2Hz, 1H); MALDI-TOF MS: m/z: 9245
[M—2PF(]; ESI-MS: m/z: 462.1 [M—2PF)**; elemental analysis calcd
(%) for Cs,H3,F,N(P,Ru-H,0: C 52.65, H 2.95, N 11.37; found: C 52.62,
H 2.91, N, 11.40.

Spectroscopic measurements: 'H NMR spectra were obtained on a
Bruker DMX-400 MHz spectrophotometer. ESI and MALDI-TOF mass
spectra were determined on a Q-TOF mass spectrometer (Waters) and a
Biflex III mass spectrometer (Bruker), respectively. Elemental analysis
was performed on an Elementar Vario EL instrument.

UV/Vis absorption spectra were recorded on a Shimadzu UV-1601 spec-
trophotometer. Emission spectra (300-730 nm) were obtained on a Hita-
chi F-4500 fluorescence spectrophotometer. NIR luminescence spectra
were recorded on a NIR fiber-optic spectrometer (NIR-512-L-1.7T1).
The excitation light was from a 532 nm laser obtained from a Tsunami-
Spitfire-OPA-800C system (America Optical Spectrum Physics Company,
USA) with a Millennia (532 nm, CW) apparatus as laser source.

Redox potentials were measured on an EG&G Model 283 potentiostat/
galvanostat in a three-electrode cell with a microdisk Pt working elec-
trode, a Pt-wire counter electrode, and a saturated calomel electrode
(SCE) as reference. Cyclic voltammetry was conducted at a scan rate of
150 mVs™' in N,-saturated, anhydrous CH;CN containing 0.1M tetra-n-
butylammonium hexafluorophosphate as the supporting electrolyte.

EPR spectra were recorded at room temperature on a Bruker ESP-300E
spectrometer at 9.8 GHz, X-band with 100 Hz field modulation. Samples
were injected quantitatively into quartz capillaries, and illuminated in the
cavity of the EPR spectrometer with a Nd/YAG laser at 532 nm (5-6 ns
pulse width, 10 Hz repetition frequency, 30 mJ pulse ' energy).
Time-resolved absorption spectra were measured by using the 355 or
532 nm output (5ns FWHM) from a Nd/YAG laser as pump light, a
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pulsed flashlamp (Xe 900) as the analyzing light, and a photomultiplier
tube (Edinburgh Instruments LP920) for transient detection. Anaerobic
conditions were obtained by bubbling the solution with high-purity argon
for 20 min. All measurements were carried out at room temperature.

Methods: All experiments involving CT-DNA were performed in phos-
phate-buffered saline (PBS) solution (pH 7.4). CT-DNA solution was
prepared by dispersing the desired amount of DNA in PBS buffer solu-
tion with stirring overnight at temperatures below 4°C. The concentra-
tion of CT-DNA was calculated from its absorption at 260 nm with e=
6600M'cm™".

The DNA binding constants of the complexes were determined by the
absorption titration approach,?! which was carried out by maintaining a
constant metal-complex concentration (25 um) and increasing the CT-
DNA concentration. The binding constants, K;, were obtained by fitting
the titration data to Equations (1) and (2):

(ea—e1)/(eo—2r) = [b-(b*—2K,,*C, [DNA]/S)]/Z]/ZKth 1)
b=1+K,C, + K,[DNA]/2s (2)

in which & and ¢, are the extinction coefficients at the examined wave-
length of the free and bound complex, respectively, ¢, is the apparent ex-
tinction coefficient of the complex in the presence of DNA, [DNA] de-
notes the concentration of DNA in nuclear phosphate, C, is the concen-
tration of the complex, and s is the binding site size.

The DNA binding constants of the complexes were also determined by
EB displacement assay.*! A solution of EB (2mL, 5 um) and CT-DNA
(10 um in base pairs) was titrated with a solution of the complex (0.1 mm
in CH;CN, 5 pL each time), and equilibrated for 10 min before fluores-
cence measurements (510 nm excitation). The apparent binding affinity
was calculated from Kpp[EB]=K,,,[complex], in which [complex] is the
concentration of the complex when the EB fluorescence is reduced to
50% of the initial intensity, and Kgg is the binding constant of EB to-
wards CT-DNA (1x10"m7").1!

The DNA photocleavage abilities of the complexes were evaluated by
using supercoiled pBR322 plasmid DNA as target. A mixture of super-
coiled pPBR322 DNA (50 pL, 31 um in base pair) in PBS buffer (pH 7.4)
and the examined complex (5 uL) in CH;CN (8x107°m) was irradiated
on a “merry-go-round” apparatus for an hour by a medium-pressure
sodium lamp (with glass filters 1 >470 nm). After irradiation, gel-loading
buffer (15 pL) was added. The sample was then subjected to agarose gel
(1%) electrophoresis (Tris/acetic acid/EDTA buffer, pH 8.0) at 80 V for
about 2 h. The gel was stained with EB (1 mgL™") for 45 min, and then
analyzed with the Gel Doc XR system (Bio-Rad).

The 'O, quantum yields of the complexes were determined by using [Ru-
(bpy)s]** as the reference (@=0.57 in CH;CN)!"*! and DPBF as the trap-
ping agent of '0,.?*
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