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The ligand pteridino[6,7-f] [1,10]phenanthroline-11,13-diamine (ppn) and its RuII complexes
[Ru(bpy)2(ppn)]2þ (1; bpy¼ 2,2’-bipyridine) and [Ru(phen)2(ppn)]2þ (2 ; phen¼ 1,10-phenanthroline)
were synthesized and characterized by elemental analysis, electrospray MS, 1H-NMR, and cyclic
voltammetry. The DNA-binding behaviors of 1 and 2 were studied by spectroscopic and viscosity
measurements. The results indicate that both complexes strongly bind to calf-thymus DNA in an
intercalative mode, with DNA-binding constants Kb of (1.7� 0.4) · 106 m�1 and (2.6� 0.2) · 106 m�1,
respectively. The complexes 1 and 2 exhibit excellent DNA-Blight switchC performances, i.e., they do not
(or extremely weakly) show luminescence in aqueous solution at room temperature but are strongly
luminescent in the presence of DNA. In particular, the experimental results suggest that the ancillary
ligands bpy and phen not only have a significant effect on the DNA-binding affinities of 1 and 2 but also
have a certain effect on their spectral properties. [Ru(phen)2(ppn)]2þ(2) might be developed into a very
prospective DNA-Blight switchC complex. To explain the DNA-binding and spectral properties of 1 and 2,
theoretical calculations were also carried out applying the DFT/TDDFT method.

1. Introduction. – The DNA-binding and spectral properties of transition-metal
complexes have captured an extensive interest over the past decades because these
properties are closely related to their potential applications, e.g., DNAmolecular Blight
switchesC, chemical and stereoselective probes of DNA structures, as well as possible
antitumor agents, etc. [1 – 3]. In particular, RuII complexes with polypyridine ligands,
due to a combination of easily constructed rigid chiral structures spanning all three
dimensions and a rich photophysical repertoire, have attracted considerable attention
[2 – 7]. These RuII complexes can bind to DNA in a noncovalent interaction such as
electrostatic binding, groove binding, or intercalation. Many important applications of
these complexes require that the complexes could bind to DNA in an intercalative
mode. As is well known, [Ru(phen)2(dppz)]2þ and [Ru(bpy)2(dppz)]2þ (phen¼ 1,10-
phenanthroline, dppz¼ dipyrido-[3,2-a : 2’,3’-c]phenazine, bpy¼ 2,2’-bipyridine) are
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the most extensively investigated complexes as molecular Blight switchesC for DNA;
indeed, these complexes show no photoluminescence in aqueous solution at room
temperature but display strong photoluminescence in DNA solution [5] [8]. These
excellent performances arise from the binding of the complexes to DNA in a typical
interactive mode as well as from effective spectral properties. Therefore, continuously
developing or modifying the intercalative ligand dppz is a very significative and
promising work. Recently, a series of derivatives of [Ru(L)2(dppz)]2þ (L¼ bpy, phen),
the parent complexes, have been synthesized through modifying the intercalative
ligand (dppz), with the aim to improve the luminescence properties of the complexes as
molecular Blight switchesC for DNA [9 – 11]. More recently, Ozawa et al. reported the
syntheses and luminescent behavior of [Ru(bpy)2L]2þ (L¼ dapq and pdpq; dapq¼ 2,4-
diaminopyrimido[5,6-b]dipyrido[2,3-f : 2’,3’-h]quinoxaline1), pdpq¼ 2,4(1H,3H)-pyri-
midinedion[5,6-b]dipyrido[2,3-f : 2’,3’-h]quinoxaline1)) [12]. However, the DNA-bind-
ing properties of these complexes have not yet been reported. In particular, for further
improved complexes of the type [Ru(phen)2L]2þ, neither the DNA-binding property
nor the luminescent behavior have been studied.
The [RuII(polypyridine)] complexes have also attracted the interest of many

theoretical chemists. More and more computations, especially those applying the
density-functional-theory (DFT) [13 – 16] and the time-dependent density-functional-
theory (TDDFT) method [17] [18] to RuII complexes, have been reported [19 – 21].
Furthermore, TDDFT can suit the calculations of the spectral properties of this type of
complexes. We have also reported some DFT results on the electronic structures and
related properties of some [RuII(polypyridine)] complexes [22 – 27]. Such theoretical
studies on the electronic structures of complexes help to understand the trend of their
DNA binding and related properties, thus guiding the design of suitable molecular
modifications.
To further develop RuII complexes as DNA-Blight switchesC, the DNA-binding

and spectral properties of [Ru(bpy)2(ppn)]2þ (1) and further improved
[Ru(phen)2(ppn)]2þ (2) are now studied in detail. These two complexes have excellent
DNA-binding and optical properties, and thus they may become novel prospective
DNA-Blight switchC complexes. In particular, the DNA-Blight switchC performance of
complex 2 is superior to that of complex 1. To better understand the DNA-binding and
spectral behaviors of these complexes, DFTand TDDFT calculations were also carried
out.

2. Results and Discussion. – 2.1. Synthesis and Characterization. The complexes 12)
and 22) were prepared in moderate yields by direct reaction of the ligand ppn with a
mol-equiv. of the precursor complex [Ru(bpy)2Cl2] · 2H2O or [Ru(phen)2Cl2] · 2H2O
in EtOH/H2O, respectively (Scheme). The complexes 1 and 2 were isolated as their
perchlorates and purified by column chromatography. In the ES-MS of these
perchlorates, only the signals of [M�ClO4�]þ and [M� 2ClO4�]2þ are observed. The
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1) The abbreviations dapq and pdpq are based on these incorrect names. Thus the systematic name of
dapq is pteridino[6,7-f][1,10]phenanthroline-11,13-diamine for which we use the abbreviation ppn.
The systematic name of pdpq is pteridino[6,7-f][1,10]phenanthroline-11,13(10H,12H)-dione (ppd).

2) Arbitrary atom numbering; for systematic names, see Exper. Part.



measured relative molecular masses are consistent with the expected values. The
ruthenium(II) complexes 1 and 2 give well-defined 1H-NMR spectra ((CD3)2SO; cf.
Exper. Part3)). The d(H) are assigned by comparison with those of similar compounds
[28] [29].

2.2. Electrochemical Studies. The electrochemical behaviors of the complexes were
studied in MeCN by cyclic voltammetry. Both complexes exhibit well-defined waves in
the sweep range from � 2.0 to 1.8 V, i.e., one oxidation and three reduction waves in the
sweep range from � 1.85 to þ 1.70 V, with half-wave potentials of þ 1.33, � 1.0,
� 1.39, and � 1.58 V vs. SCE for complex 1, and þ 1.34, � 0.97, � 1.36, and � 1.68 V
for complex 2 (Table 1). The electrochemical behavior of [RuII(polypyridine)]
complex is rationalized in terms of a metal-based oxidation and a series of reductions
which are ligand-based, occur in stepwise manner, and are attributed to each p* system.
As expected, the oxidation potentials of 1 and 2 are more positive than those of
[Ru(bpy)3]2þ and [Ru(phen)3]2þ due to the extension of the corresponding p frame-
work. Moreover, the first reduction, which usually involves the ligand having the most
stable lowest unoccupied molecular orbital (LUMO) [30], is assigned to a reduction
centered on the ligand ppn, whereas the second and the third reductions are charac-

Scheme. Preparation of the Ruthenium(II) Complexes 1 and 2

i) pyrimidine-2,4,5,6-tetramine sulfateþNa2CO3. ii) [Ru(bpy)2Cl2]. iii) [Ru(phen)2Cl2].
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teristic of the co-ligand bpy or phen [31]. Comparing the two RuII complexes, the
oxidation potential of complex 2 shifts to a more positive value, suggesting that the co-
ligand phen can better stabilize the RuII state than bpy, due to the greater extension of
its p framework.
2.3. Electronic Absorption Spectra. Complex binding to DNA in the intercalation

mode usually results in hypochromism and bathochromism in the absorption spectra,
due to a strong p –p stacking interaction between an aromatic chromophore and the
base pairs of DNA. The extent of the hypochromism is closely related to the
intercalative binding strength.
The absorption spectra of the two complexes 1 and 2 in the absence and presence of

calf-thymus (CT) DNA at a constant complex concentration (20 mm) are given in Fig. 1.
With increasing DNA concentration, the intense hypochromism and obvious red shift
in the metal-to-ligand charge-transfer (MLCT) band of the complexes are observed.
When the amount of DNA is increased, the hypochromism in the MLCT band of 1 at
431 nm is as high as 23.8%, with a red shift of 12 nm at a ratio [DNA]/[Ru] of 6.4,
whereas the MLCT band of 2 at 431 nm exhibits hypochromism of ca. 24.8% with a red
shift of 10 nm at a ratio [DNA]/[Ru] of 5.3. The hypochromism of 2 is much larger
than that of 1. These spectral characteristics suggest that both 1 and 2 most likely bind
to DNA in the intercalative mode involving a strong stacking interaction between the
aromatic chromophore (ppn) and the base pairs of the DNA.
To compare quantitatively the DNA-binding affinities of the two complexes 1 and 2,

the intrinsic binding constants Kb of the two complexes to DNA were obtained by
monitoring the changes of the MLCT absorbance at 431 nm for both complexes
according to Eqns. 1 and 2 [10] [33] [34], where ea is the extinction coefficient observed
for the MLCT absorption band at a given DNA concentration, ef is the extinction
coefficient of the complex in the absence of DNA, eb is the extinction coefficient of the
complex fully bound to DNA (when further addition of DNA does not change the
absorbance, it is assumed that all complex molecules are bound to DNA, and eb can be
calculated from BeerCs law).Kb is the equilibrium binding constant in m�1, Ct is the total
metal-complex concentration, [DNA] is the concentration of DNA in m (nucleotides),
and s is the binding size.

ðea � efÞ=ðeb � efÞ ¼ ðb� ðb2 � 2K2bCt½DNA�=sÞ
1=2Þ=2KbCt (1)

b ¼ 1þKbCt þKb½DNA�=2s (2)
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Table 1. Electrochemical Data of the RuII Complexes in MeCNa)

E1/2ox [V] E1/2red [V]

I II III

[Ru(bpy)2(ppn)]2þ (1) 1.33 � 1.0 � 1.39 � 1.58
[Ru(phen)2(ppn)]2þ (2) 1.34 � 0.97 � 1.36 � 1.68
[Ru(bpy)3]2þ [47] 1.27 � 1.31 � 1.50 � 1.77
[Ru(phen)3]2þ [47] 1.27 � 1.35 � 1.52 –

a) All complexes were measured in 0.1m (Bu4N)ClO4 in MeCN vs. SCE, scan rate 100 mV· s�1.



The experimental absorption – titration data were fitted to obtain the binding
constants by a nonlinear least-squares method. The intrinsic binding constants Kb of
complexes 1 and 2 were measured to be (1.7� 0.4) · 106 m�1 (s ¼ 1.71) and (2.6� 0.2) ·
106 m�1 (s¼ 1.42), respectively. These values are higher than those of the so-called
DNA– intercalative RuII complexes (1.1 · 104 – 4.8 · 104 m�1), but still slightly smaller
than that of the parent complex [Ru(phen)2(dppz)]2þ (Kb ¼ 5.1 · 106 m

�1 [35]).
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Fig. 1. Absorption spectra of a) complex 1 and b) complex 2 in Tris ·HCl buffer upon the addition of CT-
DNA ([Ru]¼ 20 mm, [DNA]¼ 0 – 130 mm). The arrows show the absorbance changes upon the increase
of DNA concentration. Inset: plots of (ea� ef)/(eb� ef) vs. [DNA] for the titration of the RuII complex by

DNA (cf. Eqns. 1 and 2).



Complex 2 exhibits a stronger DNA-binding affinity than complex 1. The trend in the
DNA-binding affinities and the spectral properties of 1 and 2 will be discussed in more
detail in Sect. 2.8 and 2.9, respectively.
2.4. Emission Spectra. In the absence of DNA, complexes 1 and 2 show negligible

luminescence in Tris · HCl buffer at room temperature, with a small maximum at 609
and 610 nm, and complex 2 exhibits a better molecular Blight switchC quality for DNA
than complex 1 (see Fig. 2). Indeed, upon addition of CT-DNA, the emission intensity
increases steadily to ca. 21.8 times of the original one in the case of 1 and to 73.5 times
of the original one in the case of 2 (Fig. 2), establishing for both an obvious light-switch
behavior. This implies that the two complexes can interact with CT-DNA and be
efficiently protected by DNA since the hydrophobic environment inside the DNA helix
reduces the accessibility of solvent water molecules to the complex, and the complex
mobility is restricted at the binding site, leading to a decrease of the vibrational modes
of relaxation.

2.5. Steady-State Emission Quenching. Steady-state emission-quenching experi-
ments with [Fe(CN)6]4� as quencher may provide further information about the
binding of the complexes 1 and 2 to DNA. As illustrated in Fig. 3, in the presence of
DNA, the emission intensity of the two complexes is hardly affected by the addition of
anionic quencher, and the slope for complex 1 is larger than that for complex 2. This
may be explained by the repulsion of the highly negative [Fe(CN)6]4� from the DNA
polyanion backbone which hinders the access of [Fe(CN)6]4� to the DNA-bound

Fig. 2. Emission spectra of a) complex 1 and b) complex 2 (2 mm) in Tris ·HCl buffer at 298 K in the
absence and presence of CT-DNA. The arrows show the intensity change upon increasing DNA
concentrations. Samples were excited at 440 nm; emission spectra were monitored between 500 and

750 nm.
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complexes [36]. The curvature reflects the different extent of protection, a larger slope
for the Stern –Volmer curve parallels poorer protection and lower binding. From Fig. 3,
we can see that complex 2 binds stronger to DNA than complex 1.
2.6. Viscosity Studies. To further elucidate the binding mode of complexes 1 and 2,

viscosity measurements of CT-DNA were carried out by varying the concentration of
the added complexes. In fact, photophysical probes generally provide necessary but not
sufficient clues to support a binding mode. Viscosity measurements, which are sensitive
to DNA-length change, are regarded as the least ambiguous and the most critical tests
of binding mode in solution in the absence of crystallographic structural data [37]. It is
generally accepted that a classical intercalative mode results in lengthening the DNA
helix, as base pairs are separated to accommodate the binding ligand, leading to the
increase of DNA viscosity. In contrast, a partial and/or nonclassical intercalation of
ligand could bend (or kink) the DNA helix, and thus reduce its effective length and,
concomitantly, its viscosity [37].
The effects of complexes 1, 2, and [Ru(bpy)3]2þ on the viscosity of rod-like DNA

show that complex [Ru(bpy)3]2þ, which has been known to bind to DNA in an
electrostatic mode, exerts essentially no effect on DNA viscosity (Fig. 4). When the
amount of complexes 1 and 2 is increased, the relative viscosity of DNA increases
steadily. The increase of viscosity, which may depend on the DNA-binding mode,
follows the order of h(2)> h(1)>h ([Ru(bpy)3]2þ). The experimental results suggest
that the two complexes bind to DNA in a classical intercalation mode. Due to the
greater hydrophobic ability of the co-ligand phen, complex 2 can intercalate between
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Fig. 3. Emission quenching with [Fe(CN)6]4�

for [Ru(bpy)2(ppn)]2þ (1; ~) and
[Ru(phen)2(ppn)]2þ (2 ; ~) in Tris ·HCl buffer
in the presence of CT-DNA. [Ru]¼ 2 mm,

[DNA]/[Ru]¼ 40.



DNA base pairs deeply and show stronger DNA-binding affinity than complex 1 [23].
This is also consistent with the above spectroscopic results.
2.7. Enantioselective Binding. The equilibrium dialysis experiment may be one of

the most direct means of examining the enantioselectivity of the complex binding to
DNA. According to the DNA-binding model, the D-enantiomer binds preferentially to
the right-handed helix [38]. The circular dichroism (CD) spectra in the UV region of
complexes 1 and 2, after dialysis of their racemic solutions against CT-DNA for 48 h,
show strong CD signals, in the case of 1 with a negative peak at 276 nm and a positive
peak at 293 nm, and in the case of 2 with a negative peak at 256 nm and a positive peak
at 268 nm (Fig. 5). The control experiments show that no obvious CD signals are
observed (data not presented). Although complexes 1 and 2 were both not resolved
into their pure enantiomers, and we cannot experimentally determine which
enantiomer of 1 and 2 binds to DNA enantioselectively, it is certain that 1 and 2
interact with CT-DNA enantioselectively.
2.8. Theoretical Explanation of DNA-Binding Behaviors. The different DNA-

binding behaviors of the two complexes 1 and 2 can be reasonably explained by our
theoretical computations with the DFT method and the frontier-molecular-orbital
theory [39]. For comparison, the classical intercalator [Ru(phen)2(dppz)]2þ was also
calculated with the same method. The cartesian coordinates of optimized geometries of
these complexes can be obtained from the authors3) and some frontier-molecular-
orbital (MO) energies are listed in Table 2. The MO contour maps are presented in
Fig. 6.
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Fig. 4. Effect of increasing amounts of complex
1 (~), complex 2 (~), and [Ru(bpy)3]2þ (.) on
the relative viscosity of DNA at 30.0� 0.18 in

Tris · HCl buffer. [DNA]¼ 0.25 mm.



As is well-established, there are p –p stacking interactions upon DNA binding of
complexes such as 1 or 2 in the intercalation (or partial intercalation) mode [28], and
many theoretical studies [40] have shown that the DNA molecule is an electron donor
and the intercalated complex is an electron acceptor. Therefore, the factors affecting
DNA-binding affinities of the complex can usually be evaluated from the planarity and
plane area of an intercalative ligand and from the energy and population of the lowest
unoccupied molecular orbital (LUMO, even and LUMOþ x) of the complex molecule.
The lower LUMO (and LUMOþ x) of the complex easily accepts electrons from the
HOMO (and HOMO� x) of DNA base pairs, and the increased population of LUMO
(and LUMOþ x) on the intercalative ligand is advantageous to the orbital interaction
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Fig. 5. CD Spectra of the dialyzates of complex
1 (- - - -) and complex 2 (—) in the presence of
CT-DNA after 48 h dialysis of the stirred solu-
tion in Tris ·HCl buffer. [Ru]¼ 20 mm,

[DNA]¼ 0.5 mm.

Table 2. Some Frontier-Molecular-Orbital Energies (ei [a.u.]) and Related Energy Differences (De) of
Complexes 1, 2, and [Ru(phen)2(dppz)]2þ (1 a.u.¼ 27.21 eV)

H-2 H-1 HOMOa) LUMOb) Lþ 1 Lþ 2 Lþ 3 DeL�H
c)

1 � 0.3974 � 0.3848 � 0.3756 � 0.2742 � 0.2709 � 0.2660 � 0.2588 0.1106
2 � 0.3940 � 0.3828 � 0.3735 � 0.2683 � 0.2648 � 0.2631 � 0.2614 0.1145
[Ru(phen)2(dppz)]2þ � 0.3999 � 0.3973 � 0.3961 � 0.2702 � 0.2667 � 0.2665 � 0.2630 0.1271

a) HOMO (or H): the highest occupied molecular orbital; H-1: the next HOMO. b) LUMO (or L): the
lowest unoccupied molecular orbital; Lþ 1: the next LUMO. c) DeL�H: energy difference between
LUMO and HOMO.



between the LUMO (and LUMOþ x) of the complex and the HOMO (and HOMO�
x) of DNA according to the frontier molecular orbital theory [39].
From Table 3 we can see that the intercalative ligand of complexes 1 and 2 still

retains an excellent conjugative planarity and a quite extended planar area, like the
parent complex [Ru(phen)2(dppz)]2þ. So they can deeply be inserted into DNA by the
intercalation mode and exhibit large DNA-binding constants. Furthermore, from Fig. 6,
we can see that the related frontier-MO contour maps of these two complexes are very
alike, their LUMOþ x (x¼ 2 and so on) are distributed on the intercalative ligand, and
thus their LUMOþ x (x¼ 2 and so on) should play an important role in accepting
electrons from base pairs of DNA. For comparison, the frontier-MO contour maps of
complex [Ru(phen)2(dppz)]2þ show that its LUMOþ x (x¼ 1 and so on) are
distributed on the intercalative ligand (contour maps available from the authors3)).
The experimental results established the following trend in the DNA-binding

constants (Kb): Kb([Ru(phen)2(dppz)]2þ)>Kb(2)>Kb(1). The fact that
Kb([Ru(phen)2(dppz)]2þ)>Kb(2) can be attributed to the order of the energies of
the LUMOþ x (x¼ 0, 1, 2) of complexes 2 and [Ru(phen)2(dppz)]2þ which are all
eLUMOþx(2)> eLUMOþx([Ru(phen)2(dppz)]2þ) and to some LUMOþ x being distributed
on the intercalative ligands. The fact that Kb(2)>Kb(1) can be attributed to the larger
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Fig. 6. Some related frontier-MO contour maps of complexes [Ru(L)2(ppn)]2þ 1 and 2 (L¼ bpy and
phen, resp.) calculated with the DFT method at the B3LYP/LanL2DZ level. The corresponding frontier-

MO contour maps of [Ru(phen)2(dppz)]2þ can be obtained from the authors3).



hydrophobicity of the ancillary ligand phen compared to that of bpy. Since a larger
hydrophobicity allows the main ligand ppn a more efficient intercalation between the
base-pairs of DNA thus renders its interaction with the base-pairs of DNA stronger.
This result is in agreement with our previous work [23].
2.9. Theoretical Explanation of the Electronic-Absorption Spectral Properties. Since

the 1MLCT band in the absorption spectra plays a very important role in the study of
the interaction between a complex and DNA, the details of these spectra were analyzed
theoretically by the TDDFTapproach. The calculated wavelengths l in the range 400 –
500 nm, i.e., the bands with 1MLCT properties, the oscillator strengths (f	 0.07), and
the main orbital-transition contributions (	15%) of complexes 1 and 2 in the gas phase,
calculated with the TDDFT at the level of B3LYP/LanL2DZ, as well as the
experimental l values, are given in Table 4 and compared with those of the classical
intercalator [Ru(phen)2(dppz)]2þ. For complex 1, three transitions with f> 0.07 lie in
the range 400 – 500 nm. Among them, the two transitions at 438.9 (f¼ 0.099) and 424.7
(f¼ 0.173) have obvious 1MLCT character and mainly originate from dRu!p*bpy
transitions; therefore, the experimental stronger and wider band at 431 nm can be
assigned to the superposition of these two bands with 1MLCT character. The strong
transition at 410.3 nm (f ¼ 0.156) with 1LL (ligand-to-ligand) character arises mainly
from the p!p* transition of the intercalative ligand ppn. A similar analysis can be
applied to complex 2. However, different from 1, there are two transitions at 420.3 (f ¼
0.140) and at 404.5 nm (f ¼ 0.082) with 1MLCT character, their superposition explains
the experimental band at 431 nm. Again a strong transition with 1LL character at
407.5 nm (f ¼ 0.239) arises from the pL!p*L transition. In the case of
[Ru(phen)2(dppz)]2þ, the experimental stronger and wider band at 439 nm can be
assigned to the superposition of two bands with 1MLCT character, i.e., those at
426.2 nm (f¼ 0.168) and 405.3 nm (f¼ 0.10).
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Table 3. Computed Selective Bond Lengths, Bond Angles, and Dihedral Angles of Complexes
[Ru(bpy)2(ppn)]2þ (1) and [Ru(phen)2(ppn)]2þ (2)

1 2

Ru�Nma) [nm] 0.2109 0.2106
N�Ru�Nm [8] 79.2 79.3
C�C(C�N)mb) [nm] 0.1398 0.1399
Ru�Nco [nm]a) 0.2097 0.2106
N�Ru�Nco [8] 78.5 79.5
C�C(C�N)co [nm] 0.1400 0.1405

C(1)�C(2)�N(3)�H(4) [8]2) 0.02 0.07
C(1)�C(2)�N(3)�H(5) [8]2) 179.9 180.0
N(6)�C(7)�N(8)�H(9) [8]2) 0.01 � 0.01
N(6)�C(7)�N(8)�H(10) [8]2) � 179.9 179.9

a) Ru�Nm¼mean bond length between Ru and the coordinating N-atoms of the main ppn ligand;
Ru�Nco¼mean bond length between Ru and the coordinating N-atoms of the co-ligand.
b) C�C(C�N)m¼ the mean bond length of the ppn skeleton.



An analogous theoretical analysis of the corresponding absorption spectra in
aqueous solution does not provide a substantial improvement compared to the gas-
phase analysis3).

3. Conclusions. – In summary, the two RuII complexes [Ru(bpy)2(pn)] (1) and
[Ru(phen)2(ppn)] (2) do not (or negligibly) exhibit background emission in aqueous
solution because their ligand ppn contains four N-atoms with lone-pair electrons which
can strongly interact with H2O molecules, thus leading to the luminescence inactivity.
However, in the presence of DNA, the ligand ppn of 1 and 2 can bind to the base-pairs
of DNA in an intercalative mode, and these N-atoms of ppn can be efficiently protected
by DNA from their interaction with H2O, and thus the excited RuII complexes show
strong luminescence. In addition, the lowest-energy electron absorption spectra of 1
and 2 possess the typical 1MLCT character with higher strength, and the corresponding
emission spectra (luminescence) usually possess the same character as well. Therefore,
complex 1, and especially complex 2, can be expected to be DNA-Blight switchC
complexes. The DNA-binding constants Kb are quite large, i.e., Kb(1)¼ (1.7� 0.4) · 106
m
�1 and Kb(2)¼ (2.6� 0.2) · 106 m�1. The experimental results further establish that the
ancillary ligands not only have a significant effect on the DNA-binding affinity of the
complex but also have a certain effect on the spectral properties of the complexes, i.e.,
[Ru(phen)2(dapq)]2þ(2) has a better DNA-binding and luminescent behavior than
[Ru(bpy)2(dapq)]2þ(1), suggesting that [Ru(phen)2(dapq)]2þ(2) might be a more
prospective DNA-Blight switchC complex. To understand these experimental results, the
DFT/TDDFT computations offered some useful theoretical confirmations of the DNA
binding as well as of the spectral properties of these complexes.
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Table 4. Calculated and Experimental Wavelengths (lmax) as well as Oscillator Strengths (f	 0.07) and
Main Orbital-Transition Contributions (	 15%) of the Absorption Spectra of [Ru(bpy)2(ppn)]2þ (1),
[Ru(phen)2(ppn)]2þ (2), and [Ru(phen)2(dppz)]2þ, Calculated with TDDFT at the Level of B3LYP/

LanL2DZ in the Gas Phase

lmax [nm] f Assignment Character

exper.a) calc.b)

1 431 438.9 0.099 HOMO-5!LUMO(64%) dRu!p*bpy 1MLCT
424.7 0.173 HOMO-5!LUMOþ 1(51%) dRu!p*bpy 1MLCT
410.3 0.156 HOMO!LUMO þ 4(66%) pL!p*L 1LL

2 431 420.3 0.140 HOMO-4!LUMOþ 2(37%) dRu!p*L
HOMO-3!LUMOþ 1(15%) dRu!p*phen 1MLCT

407.5 0.239 HOMO!LUMOþ 6(63%) pL!p*L 1LL
404.5 0.082 HOMO-4!LUMOþ 3(59%) dRu!p*phen 1MLCT

[Ru(phen)2(dppz)]2þ 439 426.2 0.168 HOMO-2!LUMOþ 1(50%) dRu!p*dppz 1MLCT
405.3 0.100 HOMO-2!LUMOþ 3(67%) dRu!p*phen 1MLCT

a) In aqueous solution. b) In the gas phase.



Experimental Part

1.General.All reagents and solvents were commercially available and used without further purifica-
tion unless otherwise noted. The dialysis membrane was purchased from Union Carbide Co. and treated
by means of a general procedure before use [41]. Solns. of CT-DNA in 50 mm NaCl/5 mm Tris · HCl
(tris(hydroxymethyl)aminomethane hydrochloride¼ 2-amino-2-(hydroxymethyl)propane-1,3-diol) ,
pH 7.2 gave a ratio of UV/VIS absorbance of 1.8–1.9 :1 at 260 and 280 nm, indicating that the DNA was
sufficiently free of protein [42]. The concentration of DNA was determined spectrophotometrically by
using a molar absorptivity of 6600 m�1cm�1 (260 nm) [43]. Double-distilled H2O was used to prepare buffers.

2. Bis(2,2’-bipyridine-kN1,kN1’)(pteridino[6,7-f][1,10]phenanthroline-11,13-diamine-kN3,kN5)rhu-
tenium(2þ) Perchlorate (1 :2) (1) and Bis(1,10-phenanthroline-kN1,kN10)(pteridino[6,7-f][1,10]phe-
nanthroline-11,13-diamine-kN3,kN5)ruthenium(2þ) Perchlorate (1 :2) (2). The compounds cis-[Ru-
(bpy)2Cl2] · 2H2O, cis-[Ru(phen)2Cl2] · 2H2O, and 1,10-phenanthroline-5,6-dione (¼ phendione) were
prepared by the literature methods [44]. The ligand ppn, [Ru(bpy)2(ppn)](ClO4)2 (1), and [Ru-
(phen)2(ppn)](ClO4)2 (2) were also synthesized by the literature method [12]. Caution: Perchlorate
complexes are potential explosives and must be handled in small quantity and with great care. 1H-NMR
((CD3)2SO; 1): Fig. S1, top3). 1H-NMR ((CD3)2SO; 2): Fig. S1, bottom3). Absorption spectra: Perkin-
Elmer-Lambda850 spectrophotometer. Emission spectra: Perkin-Elmer Ls55 spectrofluorophotometer;
at r.t. Cyclic voltammetry: EG&G-PAR-273 polarographic analyzer and 270 universal programmer;
supporting electrolyte, 0.1m (Bu4N)ClO4 in MeCN (freshly distilled from P2O5 and deaerated by purging
with N2); standard three-electrode system comprising a Pt-microcylinder working electrode, a Pt-wire
auxiliary electrode, and a sat. calomel reference electrode (SCE). 1H-NMR Spectra: Varian Inova-500
spectrometers; in (CD3)2SO at r.t., SiMe4 as the internal standard3). Electrospray (ES) MS: LQC system
(Finngan MAT, USA), MeCN as mobile phase; spray voltage, tube lens offset, capillary voltage, and
capillary temp. at 4.50 KV, 30.00 V, 23.00 V, and 200 8C, resp. Microanalyses (C, H, and N): Perkin-Elmer
240Q elemental analyzer.

3.DNA-Binding Experiments. Absorption Titrations. The titrations of RuII complexes 1 or 2 in buffer
(5 mm Tris · HCl, 50 mm NaCl, pH 7.2) were performed by using a fixed RuII concentration to which
increments of a DNA stock soln. were added. The employed concentrations of the RuII solns. were 20 mm,
and CT-DNA was added to achieve a ratio [DNA]/[Ru] of 7.5 :1. RuII/DNA Solns. were allowed to
incubate for 10 min before the absorption spectra were recorded.

Viscosity Measurements. AUbbelohde viscometer was maintained at a constant temp. of 30.0� 0.18
(thermostatic bath). The flow time was measured with a digital stopwatch. Every sample was measured
three times, and an average flow time was calculated. Data are presented as (h/h0)1/3 vs. the binding ratio
[45], where h is the viscosity of DNA in the presence of complex and h0 is the viscosity of DNA alone.

EquilibriumDialysis Measurements. The measurements were conducted at r.t. with 5 ml of CT-DNA
(0.5 mm) sealed in a dialysis bag (cellulose membrane) and 10 ml of the RuII complex soln. (20 mm)
outside the bag, with stirring of the soln. for 48 h. In the control experiments, 5 mol of Tris · HCl buffer
was used instead of CT-DNA. Before use, the dialysis membranes were boiled for ca. 1 h in a 1% EDTA
(ethylenediaminetetraacetic acid¼N,N’-ethane-1,2-diylbis[N-(carboxymethyl)glycine]) and 3% NaHCO3
soln. and then rinsed in doubly deionized H2O.

4. Theoretical Calculations. Each complex 1 or 2 of the general structure [Ru(L)2(ppn)]2þ (L¼ bpy
or phen) was formed from RuII, one ligand ppn, and two co-ligands (bpy or phen). There is no symmetry
in these complexes. The full geometry optimization computations were performed with the DFT method
[13 – 16] at the B3LYP/LanL2DZ [46] level for 1 and 2 in the ground-state with the singlet state [31]. The
frequency calculations were also performed to verify that the optimized structure was at an energy
minimum. Furthermore, the electronic absorption spectra in the gas phase and in aq. soln. were
calculated by TDDFT at the B3LYP/LanL2DZ level, and 50 singlet-excited-state energies of each
complex were calculated. The conductor polarizable continuum model (CPCM) [47] was applied to the
solvent effect in aq. soln. To easily and clearly understand the related properties of the complexes, the
schematic diagrams of some related frontier molecular orbitals (MO) of the complexes were drawn with
the Molden v4.4 program [32] based on the DFT computational results. All computations were
performed with the Gaussian 03 quantum chemistry program-package [48].
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