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Abstract 

Four new complexes LzRuL '2+, where L = 2,2'- 
bipyridine (bpy) and l, lO-pbenantbroline (pben), U are 
Schiff bases or phenyllrydrazones derived from 4,5- 
diaza~quoren-9-one (AFO), were prepared. They were 
characterized by elemental analyses, absorption, IR, and 
omission spectra. The binding of these complexes to calf 
thymus DNA has been investigated by absorption, circu- 
lar dichroism spectroscopy, and viscosity measurement. 
The experimental results show that the complexes bind to 
calf thymus DNA by three kinds of  binding modes, 
respectivelymelectrostatic mode, nonintercalative bind- 
ing mode, and intercalative binding mode. Journal of 
Inorganic Biochemistry 66, 141-144 (1997) © 1997 Else- 
vier Science Inc. 

Introduction 

The binding of DNA oi ~ cationic tris-chelates of ruthe- 
nium(II) in which the ligands are bidentate diimines with 
aromatic ring structures has been extensively studied in 
recent years. An intercalative binding mode, in which a 
portion of one of the three chelated aromatic rings inter- 
calates between adjacent base pairs of the DNA structure 
via a major groove, has been proposed to rationalize the 
observation that enantioselectivity is a feature of the 
binding of many such complex ions to DNA. 

For some complexes (e.g., (phen) 2 Rudppz 2+, phen = 
1,10-phenanthroline; dppz = dipyrido[3,2:a-2',Y:c]- 
phenazine), the intercalative binding mode has been ac- 
cepted by most of the researchers [1-3]. 

But for Ru(phen)~ +, the most well-studied compounds 
of the group, there are still several different explanations 
about the binding mode of this complex. Barton et al. 

2+ studied the binding of A and A-Ru(phen) 3 to DNA 
using equilibrium dialysis, NMR, and photophysical 
methods [4-6]. It is concluded that A, A-Ru(II) com- 
plexes use both an intercalative and surface binding mode 
in interacting with DNA; A-Ru(II) complex prefers in- 
tercalation, while A enantiomer prefers surface binding; 
intercalative binding is proposed to occur in the major 
groove of DNA, while surface binding occurs in the 
minor groove. 
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Norden and coworkers provide another view of ruthe- 
nium-DNA interaction [7, 8]. From linear dichroism and 
two-dimensional NMR measurements, it is concluded 
that each isomer binds to DNA by a single binding mode; 
both A, A-Ru(II) complexes bind by a nonintercalative 
mode within the minor groove of DNA. 

Recendy reported viscosity measurements for DNA in 
the presence of each enantiomer of Ru(phen)] + indicate 
that neither affects the structure of DNA as a classical 
intercalator would be expected to [9]. 

In this paper, we report the synthesis of four new 
Ru(II) polypyridine complexes. The binding of the com- 
plexes to calf thymus DNA has been studied by absorp- 
tion spectroscopy, circular dichroism spectroscopy, and 
viscosity measurements. With the experimental results, 
we think that three kinds of binding mode can be distin- 
guished: electrostatic mode, nonintercalative mode, and 
intercalative mode. 

Experimental 
Materials 

Calf thymus DNA was purchased from Shanghai 
Changyang Pharmaceutical Factory. DNA concentrations 
pernucleotide were determined spectrophotometrically by 
employing an extinction coefficient of 6600 cm-1 at 260 
nm. 

4,5-diazafluoren-9-one (AFO) was prepared according 
to the literature [10]. Ru(bpy)2Cl2-2H20, Ru(phen)2C12 
• 3H20 were synthesized as described by Meyer et al. 
[11]. 

General Methods 

Absorption spectra were recorded on a Shimadzu 2000 
UV-vis spectrophotometer. IR spectra were obtained 
with a Nicolet 170SX FT-IR spectrophotometer (KBr 
pallet). Emission spectra were recorded on a Hitachi 
Model 850 fluorescence spectrophotometer; samples in 
CH3CN were not deoxygenated prior to data collection. 

Circular dichroism spectra were measured on a Jasco 
J-20C spectropolarimeter. Equilibrium dialysis experi- 
ments were conducted according to the literature [12]. 
The buffer used was 5 mM tris, 50 mM NaCI at pH 7.0 
(for complexes 3, 4, the buffer contained 10% DMSO to 
improve the solubility). A 5 mL sample of calf thymus 
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L z R N-R 

(1) L--bpy, R---~"~-NHz~.~ ; (2) L=phen, R - - - ~ - N H z  

Lzbpy,  R---NH- O ; (4) L=pl~n, R-- -NH-~(~_~ (3) 

Figure 1. Structures of Ru(II) complexes. 

Table 1. Elemental Analyses Data (%) 

Compounds C H N 

L 2 Ru(AFOXC104)2  " 
I / 2 H2 0  

L~2 Ru(AFOXC104) 2 • 
2H20 

1" 1/2H20 
2 
3.2H20 
4.2H20 

45.94(46.32)* 2.63(2.86) 10.15(10.46) 

47.23 (47.84) 
49.23 (49.72) 
51.95 (52.79) 
48.40 (48.26) 
51.07 (50.82) 

2.45 (2.96) 10.16 (9.57) 
3.20 (3.25) 13.01 (12.54) 
3.18 (3.00) 12.82 (12.02) 
3.03 (3.48) 11.93 (12.17) 
3.04(3.31) 11.34(11.57) 

* The data in brackets are calculated values. L = bpy; L' = phen. 

DNA (0.8 mMbp) was dialyzed against 10 mL of buffer 
plus Ru(II) complex (0.5 mM) for 48 h with continuous 
agitation. CD spectra were obtained from the dialysate. 

Viscosity experiments used a Ubbelodhe viscometer, 
immersed in a thermostated water both maintained at 
27( + 0.1)°C. Relative viscosities for DNA in the presence 
and absence of Ru(II) compounds were calculated from 
the relation B = ( t -  t ° ) / t  °, where t ° is the buffer flow 
time and t is the observed flow time [9]. The buffer 
(5 mM tris-HCl, 50 mM NaC1) contained 10% DMSO 
to enhance the solubility of the samples for viscosity 
measurement [ 13]. 

Preparation of [Ru(btry) 2 (AFO) ] (CI0 4 ) 2 

cis-Ru(bpy)zC12(1 mmol, 0.52 g) and 4,5-diazafluoren-9- 
one (1 mmol, 0.182 g)were refluxed in 50% ethanol /50% 
water under Ar for 8 h. The red solution was filtered hot, 
and NaC10 4 (10 mmol, 1.4 g) was added. After the 
solution stood overnight at 0°C, crystals of the product 
precipitated, which can be used directly in the following 
preparations. By a slow vapor diffusion of diethyl ether 
into the acetonitrile solution (in a closed system), the 
compound crystallized out in a pure form: brownish red, 
microcrystalline solid. 

Preparation of [Ru(pben) z (AFO)l (Cl0 4 ) 2 

It was synthesized as described above, using Ru(phen) 2 C12 
rather than Ru(bpy)2C12 as the starting material. 

Preparation of Complex 1 

0.079 g (0.1 mmol) Ru(bpy)2(AFOXC104) 2 was dissolved 
in acetonitrile and 0.032 g (0.3 mmol) p-phenyldiamine 
in ethanol, respectively. After the two solutions were 
mixed together, a few drops of acetic acid were added. 
The resulting mixture was heated at reflux under Ar for 8 
h, during which time the color of the solution became 
darker. Then the solution was evaporated to remove most 
of solvent. By adding ether to the residue, we obtained a 
purple powder, which was eluted down on an alumina 
column (1:1 CH 3 CN-Toluene). 

Complex 2 was synthesized by the same method. 

Preparation of Complex 3 

0.079 g (0.1 retool) [Ru(bpy)2(AFO)](CIO4) 2 was dis- 
solved in an acetonitrile-ethanol mixed solvent; an excess 
amount of phenylhydrazine and a few drops of acetic acid 
were added. The  resulting mixture was refluxed under Ar 
for 8 h. After it cooled down, diethyl ether was added to 
precipitate the complex. Black powder was obtained by 
recrystallization from aceton-water several times. 

Complex 4 was prepared by the same method. 

Results and Discussion 
Characterization of tbe Complexes 

Data of UV-vis, luminescent, and IR spectra are listed in 
Table 2. 

Table 2. Data of Absorption, Emission, and Infrared Spectra 

Absorption (MeCN) 
Compounds km~, (nm) ea X 10 -4 

Emission (MeCN) IR 

x ~  (rim) (cm - l )  

(bpy)  2 Ru(AFO) 2 + 438 1.5 
(phen)  2 Ru(AFO) 2 + 433 1.8 
1 450 2.0 
2 446 1.9 
3 qa, q 2.0 
4 439 2.3 

600 b 1741 (~/c o) 
626 1740 (~c-o) 
608 1633 (~/c- N) 
595 1630 (~/C-N) 
661 1595 (~/C- N) 
661 1595 (~/C-N) 

a Extinction coefficient, mol. L- 1 . cm- 1. 
b Shoulder peak. 
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IR data provide the evidence for formation of  C = N. 
One  can easily find that in the IR spectra 
Ru(bpy)z(AFO) 2+, Ru(phen)z(AFO) 2+, which contain a 
carbonyl group, there is a peak at 1740 cm-1 correspond- 
ing to the C = O vibration band. In the IR spectra of 
complexes 1, 2, 3, 4, there appears a new peak (ca. 1600 
cm-  1 ) instead of the park 1740 cm-  1. We  assign this new 
peak to C = N vibration. This clearly shows that new 
complexes have been formed. 

As for the absorption spectra of these compounds, we 
find from Table 2 that all of  them show an absorption 
near 450 nm, which is the metal-to-ligand charge transfer 
transition (MLCT).  After they reacted with aromatic 
amine or phenylhydrazine. M L C T  absorption shifts red. 

Nondeoxygenated solution of  these complexes in 
C H 3 C N  at room temperature is found to be lumines- 
cent. But in buffer, these complexes are nonemissive 
whether D N A  was added or not. 

Absorption Spectra on Binding to DNA 

From Table 3, only very weak hypochromism and a 
spectral shift were found after complexes 1, 2 were mixed 
with DNA. The optical changes of  Ru(II) complexes 1, 2 
upon DNA binding are unlike those observed for proven 
intercalators (e.g., Ru(phen) 2 dppz 2 ÷ ) [ 15], but very simi- 
lar to that of  Ru(bpy)~ +. For the latter compound, DNA 
has no effect on its absorption spectrum. But for com- 
plexes 3, 4, we observed pronounced hypochromism and 
a large red shift. Because the magnitude of  the red shift 
and hypochromism are found to correlate with the 
strength of the intercalative interaction [12], we conclude 
that the complexes 1, 2 synthesized by us do not interca- 
late into D N A  base pairs, while complexes 3, 4 bind to 
DNA, probably by intercalation. 

CD Spectra 

For complexes 1, 3 no CD spectra signals were observed, 
but for complexes 2, 4, CD spectra were developed after 
48 h dialysis versus calf thymus D N A  (see Fig. 2). Equi- 
librium dialysis experiments offer the opportunity to ex- 
amine any enantiomeric selectivities associated with bind- 
ing. After dialysis of the DNA against the racemic mix- 

Table 3. Spectroscopic Properties on Binding to Calf Thymus 
DNA 

Abs°rpti°na km~ (nm) Hypochromism 
Compound Free Bound b A k (%) 

1 446 446 0 0 
2 A A, A 443 1 --2 
3 422 431 9 --18 
4 417 428 11 --21 
Ru(bpy)~ ÷ c 452 452 0 0 
Ru(phen)2dppz 2+c 437 440 3 - 8  

373 378 5 -23  

[Ru] = 1 x 10 -5 M; all solutions in 5 mmol/L tris, 50 mmol/L NaC1. 
b [DNA]/[Ru] = 40. 
c Data from Ref. [14], dppz = dipyrido[3,2-a:2',Y-c] phenazine. 
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Figure 2. CD spectrum of complexes 2 and 4 after dialysis 
versus calf thymus DNA. 

ture, optical activity observed in the dialysate reflects an 
enrichment of the less favored enantiomerin the dialysate. 
So we think that coordination compounds 2, 4 can bind 
to calf thymus DNA stereoselectively. 

Viscosity Measurements 

The effect of the complexes on the viscosity of DNA is 
shown in Fig. 3. Three different kinds of  behavior can be 
distinguished by this experiment. Complex 1 actually has 
no effect on the viscosity of DNA. For compound 2, at a 
low concentration of  Ru(II) complex, a decrease in D N A  
viscosity is observed, but as the concentration [Ru] in- 
creases, a viscosity increase is seen. The  behavior of 2 is 
very much like that of  A-Ru(phen)~ + [13], Chaires et al. 
proposed that such a phenomenon can be considered as 
evidence of  DNA kinking or bending by the compounds. 
For complexes 3, 4, the viscosity of  DNA increases with 
the increase of the concentration of the complexes, which 
is similar to that of  proven DNA intercalator (e.g., 
Ru(phen) z dppz 2 +, ethidium) [9, 15]. 

1.15' 
4 

" 1.00 
~- ~ / /  • 1 

0.90 
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[Ru] ( × 104M) 

Figure 3. Effect of increasing amounts of Ru(II) complexes on 
the relative viscosity of calf thymus DNA. 
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B i n d i n g  M o d e  

According to experimental results, we think that there are 
three kinds of binding modes for the interaction between 
these complexes and calf thymus DNA. 

1. Electrostatic binding mode: Weak hypochromism, no 
CD spectra, and viscosity measurement show that 
complex 1 may bind to DNA only by electrostatic 
force. 

2. Nonintercalative binding mode: Although complex 2 
has weak hypochromism, it binds to DNA with some 
enantiomeric selectivity, and can bend or kink DNA. 
Norden et al. have proposed a binding mode to ex- 
plain NMR and LD data for the interaction of 
Ru(phen)] + binding to calf thymus DNA [12, 13]. 
Barton et al. think that besides intercalation, there 
exists another binding mode--"surface" interaction 
for the binding of Ru(phen)] + with DNA. 

With our knowledge, we cannot assert which mode is 
more suitable to explain the experimental results about 
this complex, but we think the binding of complex 2 to 
DNA is not classical interaction; it should belong to 
nonintercalative binding. 

The Schiff base ligand of complex 2 has a substituent 
(NH 2 ) which would prevent this ligand from intercalat- 
ing into DNA base pairs. At the same time, the Schiff 
base is so large that it may impart steric hindrance if 
phenanthrolines of complex 2 were to intercalate into 
DNA base pairs. This may be the reason why complex 2 
binds to DNA by the nonintercalative binding mode. 

3. Intercalative binding mode: Complexes 3 and 4 show 
pronounced hypochromism and a large spectral red 
shift. Both complexes increase the relative viscosity of 
DNA in a manner consistent with the behavior ex- 
pected from classical intercalation. We conclude that 
these two complexes bind to DNA by intercalation. 

Complex 3 shows no enantioselectivity on binding to 
DNA, although it intercalates into DNA base pairs; 
meanwhile, complex 2 binds to DNA by a nonintercala- 

tive mode with some degree of enantioselectivity. From 
these results, we conclude that enantioselectivity associ- 
ated with binding to DNA has no direct relation to 
intercalation. It is more likely that the shape of the 
molecule plays an important role in which binding mode 
can be adopted, and in whether or not the binding is of 
enantioselectivity. 
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