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The three Ru(II) complexes of [Ru(bpy)2(bipp)](ClO4)2 (1), [Ru(bpy)2(bopp)](ClO4)2 (2), and [Ru(bpy)2-
(btpp)](ClO4)2 (3) (where bpy) 2,2′-bipyridine, bipp) 2-benzimidazoyl-pyrazino[2,3-f] [1,10]phenanthroline,
bopp) 2-benzoxazolyl-pyrazino[2,3-f] [1,10]phenanthroline, and btpp) 2-benzthiazolyl-pyrazino[2,3-f] [1,10]-
phenanthroline) with variations in heteroatoms of NH (1), O(2), and S(3), have been synthesized and
characterized. These complexes have been shown to act as promising calf thymus DNA intercalators and a
new class of DNA light switches for the DNA, as evidenced by UV-visible and luminescence titrations,
steady-state emission quenching by [Fe(CN)6]4-, DNA competitive binding with ethidium bromide, reverse
salt titrations, viscosity measurements, and DNA melting experiments.

1. Introduction

[Ru(bpy)2(dppz)]2+ (bpy) 2,2′-bipyridine, dppz) dipyrido-
[3,2-a:2′,3′-c]phenazine) was first reported by Barton et al. to
be almost nonemissive in water but with its luminescence
“switched on” in the presence of DNA and was termed as “light
switch” for DNA.1aSince then, the synthesis of new light-switch
Os(II)2 Ru(II),1 Rh(III),3 and Re(I),4 complexes for DNA, light
switching mechanism studies,1a,c,5and applications of transition-
metal complexes of this family have gained keen interest.6 The
widespread applications of [Ru(bpy)2(dppz)]2+and [Ru(phen)2-
(dppz)]2+ (phen ) 1,10-phenanthroline), which have distin-
guished these complexes as “star molecules” in bioinorganic
chemistry, include luminescent probes for DNA structures7 and
DNA base mismatches8 as well as other hydrophobic matrixes
such as Nafion films9 and SDS micelles,10 enantioselective
binding to DNA,11 various switching devices,12 signaling probes
for DNA-protein binding,13 determination of nucleic acids14 and
Aptamer-based ATP assay,15 studies for long-range fast electron-
transfer that is mediated by the stacked bases of DNA,16 and
potential phototherapeutic and DNA-targeting anticancer
drugs.11a,17

As far as the molecular light-switch Ru(II) complexes (see
the Supporting Information) for DNA reported are concerned,
the main efforts have been made on modified dppz systems,1b,5a,7e

but often they gave less effective light-switching properties than
the prototypical light switches of [Ru(bpy)2(dppz)]2+ and [Ru-
(phen)2(dppz)]2+, as they usually exhibited residual emission
in DNA-free water solution. However, the emission intensity
of the DNA-bound [Ru(phen)2(tppz)]2+ (tppz ) tetrapyrido-
[3,2-a:2′,3′-c:3′′,2′′-h:2′′,3′′-j]phenazine) was reported to possess
a 2.5-fold larger quantum yield than DNA-bound [Ru(bpy)2-
(dppz)]2+ at a similar binding ratio and concentrations; therefore,
[Ru(phen)2(tppz)]2+ functions as a “molecular light switch” more
effectively in this regard.18 tppz contains a phenanthroline-like
coordination site at its periphery where Cu2+ complexation can
occur, thus flipping the DNA molecular light switch off.18a

Recently, chemical cycling the molecular light switch on and
off has also been achieved by Dunbar and Turro by successive
addition of Co2+ and EDTA.18b Interestingly, although structur-
ally dinuclear Ru(II) complexes containing tppz as bridging
ligand, [Ru(bpy)2(tppz)Ru(bpy)2]4+ and [(phen)2Ru(tppz)Ru-
(phen)2]4+, seem not to be capable of an intercalative interaction
with DNA, a very recent study carried out by Haq and Thomas
et el. has revealed that addition of ct-DNA into 20 mM NaCl
solutions of [(bpy)2Ru(tppz)Ru(bpy)2]4+ and [(phen)2Ru(tppz)-
Ru(phen)2]4+ results in more than 60-fold emission enhance-
ments.19 These two complexes were shown to potentially bind
to the DNA intercalatively with large binding constants (3.1-
6.0) × 106 M-1 at a high ion strength (200 mM KCl), but a
small ∆Tm value of 5.6°C obtained by thermal denaturation
experiment and a small increases in relative viscosity of the
DNA upon addition of the complexes seem inconsistent with
classic intercalative binding. On the contrary, an analogous
complex [(phen)2Ru(tatpp)Ru(phen)2]4+ (tatpp ) tetraazatet-
rapyrido[3,2-a:2′,3′-c:3′′,2′′-l:2′′′,3′′′-n]pentacene) does not show
evidence of emission, even in the presence of excessive duplex
DNA.20 Mesmaeker reported a novel light switch for DNA, [Ru-
(phen)2(phehat)]2+ (phen) 1,10-phenanthroline; phehat) 1,-
10-phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene), in
which the ligand phehat not only induces intercalation but also
makes the complex oxidizing in the excited state, and thus
photoreacting with DNA.21

The effect of ancillary ligand on DNA light switching
properties is also an interesting subject. Although the additions
of ct-DNA can induce the photoluminescence enhancements of
[Ru(bpy)2(taptp)]2+ and [Ru(phen)2(taptp)]2+ (taptp-4,5,9,18-
tetraazaphenanthreno[9,10-b]triphenylene), but the phen-con-
taining complex has a negligible luminescence in DNA-free
water buffer contrast to the strong luminescence for the bpy-
containing complex.22 As the ancillary ligand is ip (ip)
imidazole[4,5-f]1,10phenanthroline), the complex [Ru(ip)2-
(dppz)]2+ shows a small emission enhancement factor of∼12
with evident residual emission for the aqueous solution of the
free complex.23 The DNA light-switching properties are also
elusive, and Ji and co-workers have found that neither [Ru-
(bpy)2(pztp)]2+ nor [Ru(phen)2(pztp)]2+ (pztp ) 3-(pyrazin-2-
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yl)-as-triazino[5,6-f]-1,10-phenanthroline) exhibit enhanced lu-
minescence in the presence of DNA,24a but it is interesting to
note that replacement of a bpy or a phen by a pztp in the above
complexes, namely complexes of [Ru(bpy)(pztp)2]2+ and [Ru-
(phen)(pztp)2]2+, shows light switching properties for DNA with
emission quantum yields of 0.07% and 0.35% for DNA bound
complexes, respectively.24b It is noteworthy that significant
progress has recently been made by Barton et al. on using the
light-switch complex [Ru(bpy)2(tactp)]Cl2 (tactp ) 4,5,9,18-
tetraazachryseno[9,10-b]-triphenylene) for binding preferentially
to a CC base pair mismatch, although this complex is lumines-
cent in aqueous solution at micromolar concentrations and
exhibits an only 12-fold enhancement in luminescence in the
presence of DNA.8a

Dipyrido[2,2-d:2′,3′-f]quinoxaline (dpq) is structurally related
to but less conjugate than dppz. It is noteworthy that dpq-related
ligand-containing complexes which have so far been reported
are very limited. [Ru(phen)2(dcdpq)]2+ and [Ru(phen)(dcd-
pq)2]2+ (dcdpq) 6,7-dicyanodipyrido[2,2-d:2′,3′-f]quinoxaline)
was shown by Ambroise and Maiya to have emission enhance-
ment factors at saturation being approximately 16 and 8 upon
successive addition of ct-DNA to buffered aqueous solutions
containing these two complexes.25 The Ru(II) complexes with
dpq and methyl substituted dpq (Medpq), [Ru(phen)2dpq]2+ and
[Ru(phen)2Medpq]2+ (Medpq ) 2-methyldipyrido[3,2-f:2′,3′-
h]-quinoxaline), do not exhibit DNA molecular light switching
properties, being strongly luminescent in the absence and
presence of DNA,26 but an amide functionalized dpq-containing
Ru(II) complex, [Ru(phen)2dpqa]2+ (dpqa ) 2-pentylamido-
dipyrido[3,2-f:2′,3′-h]-quinoxaline), was showen by Kelly and
Kruger to be a molecular light switch for DNA, although no
defined emission enhancement factor was reported.26b During
the course of our studies on the effects of structural variations
of Ru(II) complexes on DNA-binding properties,27 we have very
recently discovered a novel DNA light-switch [Ru(bpy)2-
(bopp)]2+ in which the key ligand is synthesized by grafting
benzoxazolyl to dpq.27f We have also found that the light
switching properties still remain strong as the heteroatom oxygen
in the benzoxazolyl group in the Ru(II) complex is replaced by
NH and S (Scheme 1). We would like to report related results
in this paper.

2. Experimental Section

2.1. Materials. cis-[Ru(bpy)2Cl2]‚2H2O28 (bpy ) 2,2′-bipy-
ridine) and 1,10-phenanthroline-5,6-dione29 were prepared by
the literature methods. The ligands bipp, bopp, and btpp were
synthesized by condensing pyrazino[2,3-f]1,10phenanthroline-2-
carboxylic acid30 with o-phenylenediamine, 2-aminophenol, and
2-aminothiophenol in a molar ratio of 1:1 in syrupy phosphoric
acid at 200°C, respectively. Upon cooling to room temperature,
the reaction mixture was poured into 400 mL of cold water
under vigorous stirring. The solution was neutralized to pH)

7.0 with concentrated NH3 solution. The crude products were
then recrystallized twice from MeOH. Yields 55% for bipp, 25%
for bopp, and 58% for btpp.1H NMR for bipp (500 Hz, Me2SO-
d6): δ 13.52 (s, 1H), 9.82 (s, 1H), 9.81 (d, 1H), 9.35 (d,J )
8.0 Hz, 1H), 9.22 (d,J ) 3.3 Hz, 1H), 9.19 (d,J ) 3.1 Hz,
1H), 7.96 (dd,J1 ) 7.7 Hz,J2 ) 4.2 Hz, 1H), 7.88 (dd,J1 )
8.0 Hz,J2 ) 4.3 Hz, 1H), 7.83 (d,J ) 7.9 Hz, 1H), 7.69 (d,J
) 7.7 Hz, 1H), 7.38 (t,J ) 7.0 Hz, 1H), 7.31 (t,J ) 7.1 Hz,
1H). The ligands of bopp and btpp are sparingly soluble in
common organic solvents, so they were not characterized by
1H NMR.

2.2. Syntheses of [Ru(bpy)2(bipp)](ClO 4)2 (1), [Ru(bpy)2-
(bopp)](ClO4)2 (2), and [Ru(bpy)2(btpp)](ClO 4)2 (3). The
complexes were prepared by the same procedures as described
below for [Ru(bpy)2(bopp)](ClO4)2. A suspension of [Ru-
(bpy)2Cl2]‚2H2O (1.1 mmol) and bopp(1.0 mmol) in 50 mL of
EtOH/H2O (v/v, 4:1) was refluxed under nitrogen for 6 h. After
most of the solvent was removed under reduced pressure, a red
precipitate was then obtained by dropwise addition of a 4-fold
excess of saturated aqueous NaClO4 solution. The purification
was carried out by column chromatography on silica gel with
CH3CN-H2O-saturated aqueous KNO3 (60:6:1, v/v/v) as eluent
followed by reprecipitation with a saturated NaClO4aqueous
solution. Caution: Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Although no detonation
tendencies have been observed, caution is advised, and handling
of only small quantities is recommended.

[Ru(bpy)2(bipp)](ClO 4)2‚3H2O. Yield: 53%. Anal. Calcd
for C41H28N10Cl2O8Ru‚3H2O: C, 48.53; H, 3.377; N 13.81.
Found: C, 48.93; H, 3.499; N, 13.72.1H NMR (500 MHz, Me2-
SO-d6): δ 13.75 (br s, 1H), 10.11 (s, 1H), 10.01 (d,J ) 8.2
Hz, 1H), 9.58 (d,J ) 8.2 Hz, 1H), 8.91 (d,J ) 8.2 Hz, 2H),
8.87 (d,J ) 8.2 Hz, 2H), 8.29 (d,J ) 5.3 Hz, 2H), 8.26 (td,J1

) 8.0 Hz,J2 ) 1.4 Hz, 2H), 8.14 (m, 3H), 8.05 (dd,J1 ) 5.4
Hz, J2 ) 4.1 Hz, 1H), 7.85 (t,J ) 5.0 Hz, 2H), 7.75 (m, 4H),
7.62 (t,J ) 6.0 Hz, 2H), 7.38 (m, 4H). IR (KBr, cm-1): 3430,
3073, 1603, 1557, 1465, 1445, 1423, 1399, 1370, 1317, 1090,
766,729,623.MALDI-TOFMS:m/z778.82([M-2ClO4

-+H2O-
H+]+), 760.80 ([M-2ClO4

--H+]+), 605.04 ([M-2ClO4
--

bpy-H+]+). UV-vis in H2O: λ/nm (ε × 104 M-1 cm-1): 285
(6.7); 370 (3.2); 449 (1.7).

[Ru(bpy)2(bopp)](ClO4)2. Yield: 43%. Anal. Calcd for
C41H27N9Cl2O9Ru: C, 49.36; H, 3.132; N, 12.63. Found: C,
49.06; H, 3.435; N, 12.61.1H NMR (500 MHz, Me2SO-d6): δ
10.16 (s, 1H), 9.66 (d,J ) 8.0 Hz, 1H), 9.61 (d,J ) 8.1 Hz,
1H), 8.89 (dd,J1 ) 17.0 Hz,J2 ) 8.2 Hz, 4H), 8.33 (m, 2H),
8.25 (t,J ) 7.9 Hz, 2H), 8.15 (m, 2H), 8.06 (m, 4H), 7.85 (d,
J ) 5.5 Hz, 2H), 7.74 (m, 2H), 7.62 (m, 4H), 7.38 (t,J ) 6.6
Hz, 2H). IR (KBr, cm-1): 3076, 1603, 1465, 1405, 1375, 1089,
762, 730, 622. MALDI-TOF MS:m/z 862.04 ([M-ClO4

-]+),
763.08 ([M-2ClO4

-]2+). UV-vis in H2O: λ/nm (ε × 104 M-1

cm-1): 284 (7.9); 361 (3.6); 447 (1.8).
[Ru(bpy)2(btpp)](ClO 4)2‚3H2O. Yield: 87%. Anal. Calcd

for C41H27N9Cl2O8RuS‚3H2O: C, 47.73; H, 3.220; N, 12.22.
Found: C, 47.97; H, 3.563; N, 12.06.1H NMR (500 MHz, Me2-
SO-d6): δ 10.13 (s, 1H), 9.59 (t,J ) 7.1 Hz, 2H), 8.90 (d,J )
8.0 Hz, 2H), 8.87 (dd,J1) 8.1 Hz,J2 ) 3.3 Hz, 2H), 8.30 (m,
4H), 8.24 (t,J ) 8.0 Hz, 2H), 8.13 (m, 3H), 8.06 (dd,J1) 8.2
Hz, J2 ) 5.4 Hz, 1H), 7.86 (br, 2H), 7.76 (d,J ) 5.6 Hz, 1H),
7.72 (d,J ) 5.6 Hz, 1H), 7.68 (m, 4H), 7.38 (m, 2H). IR (KBr,
cm-1): 3446, 1603, 1446, 1384, 1087, 764, 625. MALDI-TOF
MS: m/z878.06 ([M-ClO4

-]+), 779.11 ([M-2ClO4
-]2+). UV-

vis in H2O: λ/nm (ε × 104 M-1 cm-1): 284 (7.8); 368 (3.4);
450 (1.8).

SCHEME 1: Molecular Structures of
[Ru(bpy)2(bipp)] 2+(1), [Ru(bpy)2(bopp)]2+ (2), and
[Ru(bp)2(btpp)] 2+ (3)
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2.3. Physical Measurements.Infrared spectra were recorded
with a Nicolet Avtar 360FT-IR spectrometer as KBr disks.1H
NMR spectra were collected with a Bruker DRX-500 NMR
spectrometer with (CD3)2SO as solvent at room temperature.
All shifts were given relative to TMS. Microanalyses (C, N,
and H) were performed with a Vario EL elemental analyzer.
Matrix-assisted laser desorption inoization mass spectra (MALDI-
TOF MS) were run on a API Q-star pulsar (Applied Biosystems)
mass spectrometer. UV-visible absorption spectra were re-
corded with a GBC Cintra 10e UV-visible spectrophotometer.
Emission spectra were obtained on a Shimadzu RF-5301PC
spectrofluorimeter. The emission quantum yields were calculated
by comparison with [Ru(bpy)3]2+ (æ ) 0.033)31 in aerated
aqueous solution at room temperature using eq 1

whereæ andæstd are the quantum yields of unknown and the
standard sample,A andAstd are the absorbances at the excitation
wavelength, andI andIstd are the integrated emission intensities.

All experiments dealing with the interaction of the Ru(II)
complexes with calf thymus DNA (ct-DNA) were carried out
in 5 mM Tris-HCl buffer (pH 7.1, 50 mM NaCl). A solution of
ct-DNA gave ratios of UV absorbance at 260 and 280 nm of
about 1.9:1, indicating that the DNA was sufficiently free of
protein. The polynucleotide phosphate concentration of the DNA
was determined spectrophotometrically by assumingε260) 6600
M-1 cm-1. The molar extinction coefficients of the Ru(II)
complexes were determined by linear fit of the plots of the
solution absorbance versus the concentrations below 10.0µM.
The UV-vis absorption and emission spectrophotometric ti-
trations of the Ru(II) complexes with calf thymus (ct) DNA
were performed by keeping the concentrations of the Ru(II)
complex constant while varying the DNA concentrations. For
the presentations and data treatments of the UV-vis absorption
spectrophotometric titrations with the DNA, the absorption of
the DNA has been subtracted. The experiments of DNA thermal
denaturation were performed on a UV-visible spectrophotom-
eter in buffer consisting of 1.5 mM Na2HPO4, 0.5 mM NaH2-
PO4, and 0.25 mM Na2EDTA. Using the thermal melting
program, the temperature of the cell containing the cuvette was
ramped from 50 to 90°C and the absorbance at 260 nm was
measured every 0.5-1 °C. Viscosity measurements were carried
out using an Ubbelodhe viscometer maintained at a constant
temperature at 32.10( 0.02 °C in a thermostatic bath. DNA
samples for viscosity measurements were prepared by sonicating
in order to minimize complexities arising from DNA flexibility.
Flow time was measured, and each sample was measured at
least three times, and an average flow time was calculated. Data
were presented as (η/η0)1/3 versus [Ru]/[DNA], whereη is the
viscosity of DNA in the presence of the Ru complex andη0 is
the viscosity of DNA alone.

3. Results and Discussion

3.1. UV-Vis Absorption Spectra. The UV-vis spectra of
three complexes in water all exhibit a bpy-centeredπ-π*
transition band at∼285 nm, and an L-delocalized (L) bipp,
bopp, and btpp)π-π* transition band at 370 nm for1, 363 nm
for 2, and 367 nm for3, as well as an overlapped Ruf bpy
and Ruf L metal-to-ligand charge transfer (MLCT) transition
band at 452 nm for1, 448 nm for2, and 449 nm for3. These
assignments are made on the basis of the comparisons of the
spectra of1-3 with that for [Ru(bpy)3]2+.32 Upon increasing
concentrations of DNA, all of the absorption bands of the

complexes displayed clear hypochromicities and red shifts. As
an example, the spectral changes of3 upon addition of ct-DNA
are shown in Figure 1a, and those of1 and 2 are shown in
Figures S1 and S2 (in the Supporting Information), respectively.
The peaks can be seen to shift progressively toward a limit
which represents a spectrum of the complex in a fully complexed
form. The addition of ct-DNA resulted in hypochromismH%
(H% ) 100(Afree - Abound)/Afree) for the π-π* absorption at
∼370 nm of 47% for1, 31% for 2, and 36% for3 with
bathochromic shifts of 12, 9, and 10 nm, respectively; 28% for
1, 25% for2, and 17% for3 at theπ-π* absorption at∼285
nm with bathochromic shifts of<2 nm; and 30% for1, 18%
for 2, and 15% for3 at the MLCT absorption of∼450 nm with
small red-shifts of<2 nm. The large hypochromism and red-
shifts observed for the L-basedπ-π* absorption at∼370 nm
are comparable to or larger than those observed for typical DNA
intercalators,5c e.g., 32.1% (372 nm) for∆-[Ru(phen)2(dppz)]2+

and 29.8% (372 nm) forΛ-[Ru(phen)2(dppz)]2+. These facts
indicate that the complexes strongly bound to the DNA with
bipp, bopp, and btpp moieties insert into the adjacent base pair
of the DNA via a probable intercalative mode, since bpy was
previously demonstrated to be at best only minimally efficient
at inducing intercalative binding with DNA.11b,d,7aThe values
of the intrinsic binding constantKb illustrating the binding
strength of the complexes with ct-DNA were determined from
eq 2 through a plot of (εa - εf)/(εb - εf) vs [DNA]7e,33, where
[DNA] is the concentration of DNA in base pairs

æ ) æstd(Astd/A)(I/I std) (1)

Figure 1. (a) Changes in UV-vis absorption spectra of Ru(bpy)2-
(btpp)2+ (4.7µM) upon addition of ct-DNA (0.0-50.0µM). Inset: plot
of (εa - εf)/(εb - εf) vs [DNA], and the nonlinear fit curve. (b) The
changes in emission spectra (λex ) 467 nm) of Ru(bpy)2(btpp)2+ (4.7
µM) upon addition of ct-DNA (0.0-50.0 µM). Inset: plot of (Ia -
I f)/(Ib - I f) vs [DNA], and the nonlinear fit curve.

(εa - εf)/(εb - εf) ) [b - (b2 - 2Kb
2Ct[DNA]/ n)1/2]/(2KbCt)

(2)

b ) 1 + KbCt + Kb [DNA]/2n
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The apparent absorption coefficientsεa, εf, andεb correspond
to Aobsd/[Ru], the extinction coefficient for the free ruthenium
complex and the extinction coefficient for the ruthenium
complex in the fully bound form, andn is the binding site size.
TheKb andn values of the complexes were derived to beKb )
(3.8 ( 0.3)× 106 M-1, n ) 1.5 ( 0.1 for 1, Kb ) (2.4 ( 0.3)
× 106 M-1, n ) 1.7 ( 0.1 for 2, Kb ) (4.0 ( 0.2)× 106 M-1,
n ) 2.1 ( 0.1 for 3 as shown in the inset in Figure 1a (for1
and2 see the Supporting Information) by monitoring the decay
in L-based (L) bipp, bop, btpp)π f π* absorption bands.
TheKb values derived for the complexes1-3 are of the same
order of magnitude as 1.7× 106 M-1 for Λ-[Ru(phen)2-
(dppz)]2+, 3.2 × 106 M-1 for ∆-[Ru(phen)2(dppz)]2+ 5c,f and
200 times greater than those for the analogues: 3.0× 104 M-1

for Ru(phen)2(dicnq)2+,25 6.3× 104 M-1 for Ru(bpy)2(dpt)2+,34

and 5.9× 104 M-1 for the parent complex [Ru(bpy)2(dpq)]2+

26 under the same experimental conditions (see Table 1). We
ascribe the remarkable enhancements in the binding affinities
of 1-3 with respect to [Ru(bpy)2(dpq)]2+ to the synergistic
contributions by extension ofπ-conjugated systems and in-
creased hydrophobicity upon the grafting of the benzoazoles
(benzimidazoyl, benzoxazolyl, and benzothiazolyl) to dpq. The
spectral characteristics of large hypochromism and clear red-
shifts as well as the largeKb values observed may strongly
suggest that the complexes most likely intercalatively bind to
DNA, involving a strong stacking interaction between the
aromatic chromophore and the base pairs of the DNA.

3.2. Emission Spectra. The luminescence has been examined
in water and in acetonitrile. All of the complexes luminesce
brightly in acetonitrile at∼620 nm but weakly in water at∼623
nm. The intensities for complexes1-3 in the former solvent
are about 13, 43, and 22 times larger than that in the latter
solvent, respectively. Comparing with [Ru(bpy)2(dpq)]2+ which
exhibits a strong luminescence,26 the quenching of emission in
water for1-3 might reasonably be explained by a hydrogen-
bonding interaction of the solvent with the imidazole/oxazole/
thiazole groups on1-3 in 3MLCT states.1d,26b Luminescence
reviviscence is apparent on binding of the complexes to the
DNA. The enhancements in the emission intensities for3 with
increasing DNA concentrations are shown in Figure 1b (for1
and 2 see the Supporting Information). In the absence of the
DNA, the complexes all emit negligible luminescence in Tris
buffer at room temperature. Upon addition of ct-DNA, the
emission intensities increased sharply: enhancements of a factor
50 for1, 90 for2, and 180 for3 are observed with corresponding
emission quantum yields being 4.9% (λem ) 621 nm), 0.48%
(λem ) 639 nm), and 1.3% (λem ) 646 nm), respectively. These
emission enhancements are very effective, upon comparisons
of the quantum yields for DNA-bound1-3 at saturation with
those (1.3%-1.7%) observed in aerated CH3CN (λem ) 616,
621, and 620 nm, respectively). Complexes1-3 can be regarded
as a new class of light-switches as the molecular light switching
properties for the DNA exhibited by1-3 are caused by the

grafting of benzimidazoyl, benzoxazolyl, and benzothiazolyl
substituents to [Ru(bpy)2(dpq)]2+. It is noteworthy that the DNA-
induced luminescence enhancement factors observed for1-3
are favorably compared with those observed for [Ru-
(phen)2phehat]2+,21 [Ru(phen)2dpq(CN)2]2+,25 [Ru(bpy)2tpphz]2+,18

[Ru(phen)2dppx]2+,5a and [Ru(phen)2dpqa]2+5a but much less
than a factor of∼104 reported for [Ru(bpy)2dppz]2+ and [Ru-
(phen)2dppz]2+.1a It was reported that [Ru(bpy)2(dpq)]2+ emits
in water in the absence of the DNA and displays only 2-fold
luminescence enhancements upon addition of the DNA.26a

Unlike the nitrogen atoms of phenazine in [Ru(bpy)2(dppz)]2+

or [Ru(phen)2(dppz)]2+, the nitrogen atoms of quinoxaline in
[Ru(bpy)2(dpq)]2+ probably do not strongly interact with water
both in the absence and presence of the DNA. Since [Ru(bpy)2-
(dpq)]2+ does not show DNA light switching behavior, the
complexes1-3 that we studied here, which are the linkages of
benzoazoles (benzimidazole, benzoxazole, and benzothiazole)
to [Ru(bpy)2(dpq)]2+, represent a new class of DNA light
switches. Substantial enhancements are normally observed for
intercalation of the complexes into the DNA base pairs. Usually,
the DNA light switching behaviors observed are due to the
following three possibilities resulting from a noncovalent
intercalative binding mode: (i) the protection of the intercalative
moieties from interacting with water which was facilitated by
formation of intermolecular hydrogen bonds, or excited proton-
transfer reaction; (ii) more hydrophobic environment; (iii) a
higher rigidity of the local environments of the complexes,
decreasing nonradiative vibrational modes of relaxation.1-2,5e,6e,11a

The Kb values of the complexes could also be obtained by
the luminescence titration data. By fitting the fractional changes
in emission intensities, (I - I0)/(If - I0), as a function of DNA
concentrations according to the Bard-Torp-Murphy equation,6f

the Kb andn values are derived to beKb ) (1.1 ( 0.3) × 106

M-1 andn ) 1.4( 0.1 for1, Kb ) (4.6( 0.1)× 106 M-1 and
n ) 2.2 ( 0.05 for2, andKb ) (9.4 ( 0.8) × 106 M-1 andn
) 2.2 ( 0.1 for 3 (inset in Figure 2b and the Supporting
Information). They are in good agreement with the values
derived from UV-vis spectral titration data and are comparable
to 2.1× 106 M-1 (n ) 2.4) previously derived from the same
binding model for the DNA intercalator, [Ru(phen)2(dppz)]2+.6f

Further investigation is clearly needed to establish the exact
nature of the complexes binding to DNA. However, NMR
studies on the related complex [Ru(phen)2(dpq)]2+ have estab-
lished that binding in the minor groove of DNA occurs via
intercalation of the dpq moiety.26d,e Intercalation is a possible
mode of binding for1-3 as each of them bears a more
extending aromatic plane than dpq.

3.3. EB Competition Assay.The competitive binding experi-
ments with a well-established quenching assay based on the
displacement of the intercalating drug ethidium bromide (EB)
from ct-DNA may give further information regarding the DNA
binding properties of1-3 to DNA. If 1-3 would be DNA
intercalators, the successive additions of1-3 to the DNA

TABLE 1: Comparisons of Percentage of HypochromicitiesH%, Bathochromic Shift ∆λ, Binding Constant Kb, and n Values
for Some Ru(II) Complexes Binding to ct-DNA

compounda H/%(λmax/nm)b ∆λ/nm(λmax/nm) Kb/(M-1) binding mode n

Λ-[Ru(phen)2(dppz)]2+ 29.8(372) 8(372) 1.7× 105 intercalation 3
∆-[Ru(phen)2(dppz)]2+ 32.1(372) 8(372) 3.2× 105 intercalation 2
[Ru(bpy)2(dpt)]2+ 18.1(474) 5(474) 6.3× 104 intercalation
[Ru(phen)2(hdppz)]2+ 13.1(450) 4(450) 4.4× 105 intercalation 0.36
1 28(285);47(370);30(452) 12(370) 3.8× 106 intercalation 1.5
2 25(284);31(363);18(448) 9(363) 2.4× 106 intercalation 1.7
3 17(284);36(367); 15(449) 10(367) 4.0× 106 intercalation 2.1

a bpy ) 2,2′-bipydidine; phen) 1,10-phenanthroline; dppz) dipyrido[3,2-a:2′,3′-c]phenazine; dpt) 3-(pyrazin-2-yl)-as-triazino[5,6-
f]phenanthrene; hdppz) 6-hydroxyl-dipyrido[3,2-a:2′,3′-c]phenazine.b H% ) 100(Afree - ABound)/Afree.
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pretreated with EB would cause the removal of EB molecules
inserted between the base pairs, resulting in the sharp decreases
in EB emission intensities. This is because the free EB molecules
were much less fluorescent than the bound EB molecules
because of the surrounding water molecules which quenched
its fluorescence16c and 1-3 and DNA-bound1-3 are also
negligibly weakly emissive as excited atλex ) 537 nm. For the
case of3, the changes in emission spectra characteristic for EB
emission as excitation into EB atλex ) 537 nm upon successive
addition of the EB-DNA system is shown in Figure 2a (for1
and 2 see Figures S3 and S4 in the Supporting Information).
Upon addition of1-3 to the EB-DNA system, appreciable
reduction in emission intensities of EB by 76.4% for1, 74.6%
for 2, and 90.4% for3 relative to that observed in the absence
of 1-3. The groove DNA binders were reported to be also
capable of causing the reduction in EB emission intensities, but
only moderately.41a As shown in the inset of Figure 2a for3,
the quenching plots ofI0/I vs [Ru]/[DNA] are in good agreement
with the linear Stern-Volmer equation withKD ) 8.4, 25.3,
and 40.0 for1-3, respectively. To further illustrate the DNA
binding strength of1-3, a competitive binding model can be
used to calculate the apparent binding constants from the
competition experiments using eq 335

whereKapp is the apparent DNA binding constant of the Ru(II)
complex,KEB is the DNA binding constant of EB, and [EB]50%

and [Ru]50% are the EB and Ru(II) complex concentrations at
50% fluorescence. In the plots of percent of free EB, [EB]/
([EB] + [EB-DNA]) vs [Ru]/[EB], we can see that 50% of EB
molecules were replaced from DNA-bound EB at a concentra-
tion ratio of [Ru]/[EB] ) 0.39, 0.22, and 0.28 (Figure 2b and
the Supporting Information) for1-3, respectively. The DNA
binding constants of EB reported vary considerably,36 and the

displacement does not follow a 1:1 stoichiometry, both of which
complicate the use of a competitive binding model for establish-
ing DNA binding constants. The most accurate usage likely
would employ the ct-DNA binding constant ofKapp (4.94 ×
105 M-1)37 for EB that represents an average binding constant,
yielding Kapp ) 1.3 × 106, 2.2 × 106, and 1.8× 106 M-1 for
1-3.

3.4. Luminescence Quenching by [Fe(CN)6]4-. Steady-state
emission quenching experiments using [Fe(CN)6]4- as the
quencher were also used to gauge the DNA binding properties
of 1-3. Anionic quenchers such as [Fe(CN)6]4-, very efficiently
quench the emission of ruthenium complexes which are free in
solution due to ion pairing11c but poorly quench the emission
of ruthenium complexes which are closely bound to the DNA
polyanion. Figure 3 shows Stern-Volmer plots for the emission
quenching of1-3 by [Fe(CN)6]4- in the absence and presence
of ct-DNA. In these plots, the steeper slope (KQ) reflects more
efficient quenching (less protection). The larger ratioR of the
quenching constant in the absence to that in the presence of the
DNA reflects less accessibility of the Ru(II) complex to
[Fe(CN)6]4-. As illustrated in Figure 3, in the absence of DNA,
sufficiently low quencher concentrations are utilized to yield
linear dependences on quencher concentrations, the values of
KQ were derived to be 2690, 1660, and 800 M-1 for 1-3,
respectively. However, on addition of DNA, the slopes of the
Stern-Volmer plots decline drastically, withKQ values of 110,
55, and 36 M-1 1-3, respectively. The correspondingRvalues
of 25, 30, and 22 for1-3, respectively, are close to anR value
of 20 for proven DNA intercalator [Ru(bpy)2(pip)]2+,38 indicat-
ing that 1-3 were effectively protected from accessibility of
[Fe(CN)6]4-, probably1-3 bind into the adjacent base pairs of
the DNA deeply, leaving the negatively charged DNA phosphate
backbone out to electrostatically repeal the approaching of
[Fe(CN)6]4-.11b,c

3.5. Reverse Salt Effect.At neutral pH, the Ru complex has
a dipositive charge, and it may therefore be expected that the
interaction between the Ru(II) complex and nucleic acids would
be influenced by such factors as the presence of other cations
or the ionic strength of the solution.39a The sensitivity to ionic
strength is expected to decrease in the order of the binding
modes: electrostatic> groove-binding> intercalative. There-
fore, these results may be used in both a qualitative and a
quantitative manner (dissection of DNA binding free energy
into electrostatic and nonelectrostatic components, Table 2) to
give information on the DNA binding mode. The effects of the
ionic strength on the emission yields of1-3 were tested by the
addition of NaCl. In the absence of DNA, the addition of NaCl

Figure 2. (a) Emission spectra of EB bound to DNA in the presence
of [Ru(bpy)2(btpp)]2+ (0.0-40.0µM). The arrows show the intensity
changes upon increasing concentrations of the complex. Inset: flores-
cence quenching curve of DNA-bound EB by the complex. (b) Plot of
percentage of free EB vs [Ru]/[EB]. [EB]) 20.0µM, [DNA] ) 100.0
µM, λex ) 537 nm.

Kapp) KEB[EB]50%/[Ru]50% (3)

Figure 3. Emission quenching of 5.0µM Ru(bpy)2(bipp)2+ (1), 4.7
µM Ru(bpy)2(bopp)2+ (2), and 5.1 µM Ru(bpy)2(btpp)2+ (3) with
increasing concentrations of [Fe(CN)6]4- (0.0-1.00 mM) in the absence
and presence of 55.0µM DNA in 5 mM Tris buffer at pH 7.0.1(9);
1-DNA (b); 2 (2); 2-DNA (1); 3 ([); 3-DNA (left-pointing solid
triangle).
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from 0.005 to 0.100 M had little or no effect on the emission
yields of the complexes. However, in the presence of ct-DNA,
successive addition of NaCl gradually quenches the emission
of DNA bound1-3 (Figure 4 and Figure S5 in the Supporting
Information). The estimatedKSV values by plottingI0/I vs the
salt concentrations were 9.9, 13.7, and 9.6 M-1 for 1-3,
respectively. Since the emission from the free complexes was
not quenched by NaCl, it is evident that the emission quenching
of 1-3 in the presence of DNA was due to the release of the
complexes from the DNA bound assemblies into the bulk
aqueous solution, where they can undergo rapid nonradiative
deactivation. We may conclude from these results that the ionic
concentrations of the medium are important factors in the
interaction of1-3 with the DNA. The effects of the ionic
strength on the DNA binding strength of1-3 have generally
been explained by postulating the existence of secondary sites
to which the drug can bind with a lower affinity which is similar
to EB.40a In order to evaluate the relative importance of
electrostatic and nonelectrostatic contributions, polyelectrolyte
theory developed by Record et al.39a was used. The binding
constants (Kobs) at each salt concentration were obtained over
the concentration range 0.005-0.100 M NaCl. The salt con-
centrations of 0.005-0.100 M were selected in this study
because the polyelectrolyte theories which will be used for
subsequent analysis are based on limiting laws that are strictly
applicable to salt concentrations of lower than 0.100 M. It has
been reported that the dependence ofKobson salt concentration
becomes nonlinear at higher concentrations of salt.11h,37The plot
of log[Na+] against logKobs for the binding of3 to ct-DNA is
given in Figure 4 (for1-2 see Figure S5 in the Supporting

Information). It is clear from the plots that the binding constants
decrease with increasing salt concentrations. This is due to the
stoichiometry release of sodium ion following the binding of
the Ru(II) complexes to the DNA, suggesting that electrostatic
interaction is involved in the DNA-binding event. The slope of
the linear fitting of Figure 5 is equal toSK in the following
equation:

whereZ is the charge on the Ru(II) complexes andψ is the
fraction of counterions associated with each DNA phosphate
(ψ ) 0.88 for double-stranded B-form DNA). The binding free
energy can be calculated based on the standard Gibbs relations

Electrostatic (∆Gpe) and nonelectrostatic (∆Gt) portions of the
free energy can be calculated from eqs 6 and 7, respectively.
The SK values of-1.7, -1.3, and-1.2 were obtained from
Figure 4 and the Supporting Information, so the chargesZ of
1.9, 1.5, and 1.4 on the complexes1-3 are thus obtained and
less than two positive charges carried by1-3 which is quite
common for metal complexes containing phen and its deriva-
tives.37,39This may be caused by the factors such as the release
of the counteranion of1-3, the hydration changes of1-3 or
DNA, and the structural features upon binding.∆Gpe and∆Gt

values along with those for other complexes are summarized
in Table 2.∆Gt and∆Gpe values were derived to be-23.9 and

TABLE 2: Thermodynamic Parameters for the Binding of Ru(II) Complexes and Other Ligands to ct-DNAa

DNA binderb Kb/(103M-1) ∆Gobs/(kJ/mol) SK Z ∆Gpe/(kJ/mol) ∆Gt (∆Gt/∆Gobs) ref

ethidium bromide 494 -32.2 0.75 0.85 -5.0 -27.2(85%) 37
daynomycin 4900 -37.7 0.84 0.95 -5.9 -31.8(84%) 37
Ru(bpy)2(Me2bpy)2+ 9.1 -10.5 1.5 1.70 -10.1 -0.4 39b
Ru(bpy)2(phen)2+ 0.55 -15.6 1.6 1.82 -11.6 -4.0(26%) 39c
Ru(phen)2(dppz)2+ 3200 -37.2 1.9 2.15 -13.8 -23.4(63%) 39c
[(bpy)2Ru(ebipcH2)Ru(bpy)2]4+ 1310 -34.3 2.5 2.84 -18.1 -16.2(47%) 27b
[(bpy)2Ru(Mebpy)(CH2)7(Mebpy)Ru(bpy)2]4+ 780 -23.5 2.2 2.50 -16.0 -7.5(32%) 39b
1 2450 -36.5 1.7 1.93 -12.6 -23.9(66%)
2 3500 -37.4 1.3 1.48 -9.7 -27.7(74%) this work
3 6700 -39.0 1.2 1.36 -8.9 -30.1(77%)

a In 50 mM NaCl, 5 mM Tris-HCl buffer at room temperature.δGobs (kJ mol-1) is the binding free energy change caculated by eq 5. The
parameterSK is the absolute value of the slope obtained from the plots of inset in Figure 5.δGpe andδGt (kJ mol-1) are the electrostatic and the
nonelectrostatic contributions, respectively. The electrostatic contribution was calculated using eq 6 and evaluated at [Na+] ) 50 mM. The
nonelectrostatic portion of the free energy change was calculated by the difference. The values in parentheses forδGt correspond to the percentage
of the nonelectrostatic contributions to the overall binding free energy changes (δGobs). b Me2bpy) 4,4′-dimethyl-2,2′-bipydidine; Mebpy) 4-methyl-
2,2′-bipyridine; ebipcH2 ) N-ethyl-4,7- bis([1,10]phenanthroline[5,6-f]imidazol-2-yl)carbazole.

Figure 4. Changes in emission spectra of Ru(bpy)2(btpp)2+-DNA
upon addition of NaCl. [Ru]) 5.3 µM; [DNA] ) 22.0µM; [NaCl] )
0-100 mM. Inset: salt dependence of binding constant (Kb) for the
binding of the complex to ct-DNA. The slope of this plot corresponds
to theSK.

Figure 5. Thermal denaturnation curves of ct-DNA (50.0µM) at
different concentrations of Ru(bpy)2(btpp)2+. [DNA]/[Ru] ) 10/1 (9);
15/1 (b); 25/1 (2); 40/1 (1); DNA alone ([).

SK) -Zψ ) δ log Kobs/δ log [Na+] (4)

∆Gobs) -RT ln Kobs (5)

∆Gpe ) (SK)RT ln [Na+] (6)

∆Gt ) ∆Gobs- ∆Gpe (7)
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-12.6 kJ‚mol-1 for 1, -27.7 and-9.7 kJ‚mol-1 for 2, and
-30.1 and-8.9 kJ‚mol-1 for 3 in 50 mM NaCl, respectively.
The nonelectrostatic energies of the complexes are comparable
to or more than those of the proven intercalators, such as [Ru-
(phen)2(dppz)]2+ and EB, and much more than those of semi-
intercalator [Ru(phen)3]2+39c and electrostatically dominating
[(bpy)2Ru(Mebpy)(CH2)7(Mebpy)Ru(bpy)2]4+.39b These tenden-
cies are consistent with the intercalative binding mode of1-3.

3.6. DNA Melting Experiments. The melting of DNA can
be used to distinguish between the molecules that bind by
intercalation and those that bind externally with DNA, i.e.,
electrostatically. Intercalation of small molecules into the double
helix is known to increase the helix melting temperature, the
temperature at which the double helix denatures into single
stranded DNA. The extinction coefficient of DNA bases at 260
nm in the double-helical form is much less than in the single
strand form; hence, melting of the helix leads to an increase in
the absorption at this wavelength.41 Thus, the helix-to-coil
transition temperature can be determined by monitoring the
absorbance of the DNA bases at 260 nm as a function of
temperature. As shown in Figure 5 and the Support Information,
the Tm of ct-DNA was 66.9°C in the absence of the Ru(II)
complex and was successively increased upon increasing the
concentrations of the complexes. The melting points were
increased by 15.7, 15.0, and 13.8°C for complexes1-3 at a
concentration ratio of [Ru]/[DNA]) 1:10, respectively. On
comparison with some DNA binding complexes (Table 3), the
largely increased∆Tm values suggest an intercalative binding
mode of the complexes to DNA. The values of the binding
constantK for the complexes to ct-DNA atTm were determined
by McGee’s equation43a

whereTm
0 is the melting temperature of ct-DNA alone,Tm is

the melting temperature in the presence of the complex,∆Hm

is the enthalpy of DNA melting (per bp),∆Hm ) 6.9 kcal
mol-1,43b R is the gas constant,L is the free Ru(II) complex
concentration (approximated by the total complex concentration
at Tm), andn is the binding site size.K was derived to be 1.5
× 105 M-1 at 82.6°C, 2.2× 105 M-1 at 81.9°C, and 2.6×
105 M-1 at 80.7°C for 1-3 by takingn ) 1.5, 2.0, and 2.2 bp
(approximated by then values at 298 K) for complexes1-3.
ThesesK values indicate that the complexes still display binding
affinity at the melting point of DNA. This observation was

similar to those for [Ru(phen)3] 2+ and [Ru(cyclam)(phi)]2+

(cyclam ) 1,4,8,11-tetraazacyclotetradecane, phi) 9,10-
phenanthroquinonediimine) but different from that of AMAC
(AMAC ) (9-anthrylmethyl)ammonium chloride) which showed
no binding to the single-strand DNA or to the phosphate
backbone. The change of standard enthalpy was determined
according to van’t Hoff’s equation43c (eq 9) and changes of
standard free energy and standard entropy of the binding of the
Ru(II) complex to DNA according to eqs 10 and 11

whereK1 andK2 are the DNA binding constants of the complex
at temperaturesT1 and T2, respectively.∆GT

0, ∆H0, and ∆S0

are the changes of the standard free energy, standard enthalpy,
and standard entropy of binding of the complex to ct-DNA,
respectively. For example, for complex1, a K1 value of 2.5×
106 M-1 (T1 ) 298 K) and aK2 value of 1.5× 105 M-1 (T2 )
356 K) were used in eq 9, and∆H0 was thus derived to be
-42.5 kJ mol-1. By substitutingK1 ) 2.5 × 106 M-1 (T1 )
298 K) and∆H0 ) -42.5 kJ mol-1 into eqs 10 and 11,∆G298K

0

) -36.5 kJ mol-1 and ∆S0 ) -20.2 J mol-1 K-1 for 1 at
25 °C were derived. The values of∆G298K

0 , ∆S0, and∆H0 were
thus derived to be-37.4 kJ mol-1, -17.7 J mol-1, and-42.6
kJ mol-1 for 2, respectively, and to be-39.0 kJ mol-1, -41.2
J mol-1, and-51.3 kJ mol-1 for 3, respectively. The negative
binding free energy implies that the sum of the free energies of
free complexes and DNA is higher than that of the adduct, and
the binding of the Ru(II) complexes to ct-DNA is energically
highly favorable at 298 K, and the binding reaction was driven
enthalpically. Although the large negative entropy change
indicates that the complexes were very restricted in freedom
upon binding to DNA, it is unfavorable for binding. Upon
intercalation at the unwound site, there is a substantial structural
overlap between the base pairs and the intercalator. The
intercalator becomes rigidly held and oriented with the planar
moiety perpendicular to the helical axis. Intercalation produces
an extension, unwinding, and stiffening of the DNA helix. These
changes are a consequence of the untwisting of the base pairs
and helical backbone needed to accommodate the intercalator.

3.7. Viscosity Measurements.A critical test for a binding
model in solution in the absence of crystallographic structural
data is hydrodynamic measurements, which are more sensitive
to the length changes of nucleic acids.43a,44Of the hydrodynamic
measurements, viscosity measurements provide a tool for the

TABLE 3: Comparison of ∆Tm of ct-DNA upon Binding to
Some Ru(II) Complexes and Other Ligands

DNA bindera [DNA]/[Ru] ∆Tm/°C ref

EB 10 13 40b
Ru(bpy)32+ 10 <2 42a
Ru(phen)32+ 12 18 42a
Ru(phen)2(dicnq)2+ 25 5 25
∆-[Ru(phen)2(dppz)]2+ 1 16 8c
Λ-[Ru(phen)2(dppz)]2+ 1 5 8c
Ru(cyclam)2(phi)2+ 1 >5 42b
Ru(cyclam)2(bqdi)2+ 1 1 42b
AMAC 1 5 42c
1 10 15.7
2 10 15.0 this work
3 10 13.8

a For the abbreviations, see Table 1 and 2, footnote. dicnq) 6,7-
dicyanodipyrido[2,2-d:2′,3′-f]quinoxaline; phi ) 9,10- phenanthro-
quinonediimine; bqdi) o-benzoquinonediimine; cyclam) 1,4,8,11-
tetraazacyclotetradecane; AMAC) (9- anthrylmethyl)ammonium
chloride.

1/Tm
0 - 1/Tm ) (R/∆Hm) ln(1 + KL)1/n (8)

Figure 6. Changes in viscosities of ct-DNA (0.45 mM) upon addition
of 1, 2, and3 shown as a function of the concentration ratios of [Ru]/
[DNA]. 1(2); 2 (9); 3 (b).

ln(K1/K2) ) (∆H0/R)[(T1 - T2)/T1T2] (9)

∆GT
0) -RT ln K (10)

∆GT
0 ) ∆H0 - T∆S0 (11)
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study of metal complex-DNA interactions since optical studies
provide necessary but not sufficient clues to support the binding
model. Under appropriate conditions, intercalation of drugs like
EB causes a significant increase in viscosity of DNA solution
due to an increase in the separation of base pairs at intercalation
sites and, hence, an increase in overall DNA contour length.
By contrast, drug molecules that bind exclusively in the DNA
groove (e.g., netropsin and distmycine) under the same condi-
tions typically cause less pronounced (positive or negative) or
no change in DNA solution viscosity.45 Here, the viscosities of
ct-DNA increased with increasing concentrations of1-3 (Figure
6). Such a trend is typical of intercalators.

4. Conclusions

Three Ru(II) complexes of [Ru(bpy)2(bipp)](ClO4)2 (1), [Ru-
(bpy)2(bopp)](ClO4)2 (2), and [Ru(bpy)2(btpp)](ClO4)2 (3) with
variations in heteroatoms of NH(1), O(2), and S(3) have been
synthesized and characterized. These complexes have been
shown to act as a new class of ct-DNA light switches. The
interaction of 1-3 with the DNA has resulted in large
hypochromisms of 31%-47% at∼270 nm, bathochromic shifts
of 9-12 nm for∼270 nm absorption peaks, large DNA binding
constants at 106 M-1 orders of magnitude, largely enhanced
emission, effective protection of the complexes from emission
quenching by [Fe(CN)6]4-, favorably competitive binding to the
DNA with EB, dominant nonelectrostatic binding free energy
relative to the electrostatic binding one revealed by reverse salt
effect, increased melting temperatures of 13.8-15.7°C at [Ru]/
[DNA] ) 1:10, and evident increases in viscosities of the DNA.
These results lead to a self-consistent set of conclusions
concerning the mode and efficiency of binding of these
complexes to ct-DNA: the complexes avidly bound to ct-DNA
in intercalative mode in buffered 50 mM NaCl.
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