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Abstract X-ray crystal and other structural analy-
ses indicate that Yb(II) and all four newly
synthesized ligands can form a binuclear Yb(III)
complex with a 1:1 metal to ligand stoichiometry by
octacoordination at the Yb(III) center. Investigations
of DNA binding properties show that all the ligands
and Yb(III) complexes can bind to Calf thymus DNA
through intercalations with the binding constants at
the order of magnitude 10°-10" M, but Yb(III)
complexes present stronger affinities to DNA than
ligands. All the ligands and Yb(III) complexes may
be used as potential anticancer drugs. Investigations
of antioxidation properties show that all the ligands
and Yb(II) complexes have strong scavenging
effects for hydroxyl radicals and superoxide radicals
but Yb(III) complexes show stronger scavenging
effects for hydroxyl radicals than ligands.
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Introduction

DNA is an important cellular receptor, many chem-
icals exert their antitumor effects through binding to
DNA thereby changing the replication of DNA and
inhibiting the growth of the tumor cells, which is the
basis of designing new and more efficient antitumor
drugs and their effectiveness depends on the mode and
affinity of the binding (Zeng et al. 2003; Pyle et al.
1990; Barton et al. 1986). A number of metal chelates,
as agents for mediation of strand scission of duplex
DNA and as chemotherapeutic agents, have been used
as probes of DNA structure in solution (Mahadevan
and Palaniandavar 1997; Lippard 1978; Hecht 1986).
Apart from the magnetic and photophysical proper-
ties, the bioactivities of lanthanides such as
antimicrobial, antitumor, antivirus, anticoagulant
action, enhancing NK and Macrophage cell activities,
prevention from arteriosclerosis, etc., have been
explored in recent decades (Parker et al. 2002;
Albrecht et al. 2005; Hunter and Walker 1956;
Kramsch et al. 1981). In addition, Schiff bases are
able to inhibit the growth of several animal tumors,
and some metal chelates have shown good antitumor
activities against animal tumors (Hodnett and Mooney
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1970; Hodnett and Dunn 1972). So, well designed
organic ligands enable a fine tuning of special
properties of the metal ions. The chemistry of
quinoline and its derivatives has also attracted special
interest due to their therapeutic properties. Quinoline
sulphonamides have been used in the treatment of
cancer, tuberculosis, diabetes, malaria, and convul-
sion (Schmidt 1969; El-Asmy et al. 1990). Albrecht
and coworkers reported that both the crystal structures
of [YLNO;)(DMF),],Cl,-2(DMF) and [Lal(NOs)
(MeOH),],(NO3), with nonacoordination have cen-
tral planar four-membered (LaO), and (YbO), rings,
respectively, where ligand L-H is 2-[(8-hydroxyquin-
olinyl)methylene]hydrazinecarboxamide and acts as a
tetradentate ligand binding to yttrium(III) and lantha-
num(IIl) (Albrecht et al. 2005). Such structures may
have strong affinities of binding to DNA through
intercalations. In this paper, four Schiff-base ligands,
structurally similar to the ligand L-H, were prepared
from 8-Hydroxyquinoline-2-carbaldehyde with four
aroylhydrazines to form their ytterbium(IIl) com-
plexes and to investigate the DNA binding properties.

On the other hand, an excess of activated oxygen
species in the forms of superoxide anion (O, ") and
hydroxyl radical (OH’), generated by normal meta-
bolic processes, may cause various diseases such as
carcinogenesis, drug-associated toxicity, inflamma-
tion, atherogenesis, and aging in aerobic organisms
(Ames et al. 1993; Horton and Fairhurst 1987; Wang
et al. 2006). Although the naturally occurring anti-
oxidants can scavenge free radicals in the body, they
have been limited by their low effectiveness even
though they are considered to be active in eliminating
reactive oxygen and controlling toxic effects. The
potential value of antioxidants has prompted inves-
tigators to search for the cooperative effects of metal
complexes and natural compounds for improving
antioxidant activity and cytotoxicity (Lo et al. 2004).
It has been recently demonstrated that some minor
groove binders for DNA are effective inhibitors of the
formation of a DNA/TBP complex or topoisomerases
(Chiang et al. 1994; Woynarowski et al. 1989; Chen
et al. 1993). Adding a reactive entity endowed with
oxidative properties should improve the efficiency of
inhibitors. The antioxidation properties of the ligands
and Yb(II) complexes were investigated in this
paper. Furthermore, the substituent effects of these
compounds on antioxidation and DNA binding prop-
erties were investigated further.
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Materials and methods
Materials

Calf thymus DNA (CT-DNA) and Ethidium bromide
(EtBr) were obtained from Sigma—Aldrich Biotech.
Co., Ltd. 8-Hydroxyquinoline-2-carbaldehyde was
obtained form J&K Chemical Co., Ltd. All the stock
solutions (1.0 mmol) of the investigated compounds
were prepared by dissolving the powder materials into
appropriate amounts of DMF solutions, respectively.
Deionized double distilled water and analytical grade
reagents were used throughout. CT-DNA stock solu-
tion was prepared by dissolving the solid material,
normally at 0.3 mg ml™", in 5 mmol Tris—HCI buffer
(pH 7.20) containing 50 mmol NaCl. Then, the
solution was kept over 48 h at 4°C. The resulting
somewhat viscous solution was clear and particle-free.
The solution of CT-DNA in Tris—HCI buffer gave a
ratio of UV-vis absorbance at 260-280 nm of about
1.8-1.9, indicating that the CT-DNA was sufficiently
free of protein. The CT-DNA concentration in terms of
base pair L™! was determined spectrophotometrically
by employing an extinction coefficient of ¢ = 13,200
M~ em™! (base pair)_1 at 260 nm. The CT-DNA
concentration in terms of nucleotide L™" was also
determined spectrophotometrically by employing an
extinction coefficient of 6,600 M~ cm™! (nucleo-
tide)f1 at 260 nm (Zsila et al. 2004). The stock solution
was stored at —20°C until it was used. Working
standard solution of CT-DNA was obtained by appro-
priate dilution of the stock solution in 5 mmol Tris—
HCI buffer (pH 7.20) containing 50 mmol NaCl. EtBr
was dissolved in 5 mmol Tris—HCI buffer (pH 7.20)
and its concentration was determined assuming a
molar extinction coefficient of 5,600 1 mol™' cm ™! at
480 nm (Suh and Chaires 1995).

Methods

The melting points of the compounds were determined
on an XT4-100X microscopic melting point apparatus
(Beijing, China). Elemental analyses of C, N and H
were carried out on an Elemental Vario EL analyzer.
The metal ion content was determined by complexo-
metric titration with EDTA after destruction of the
complex in the conventional manner. The IR spectra
were recorded on a Nicolet Nexus 670 FT-IR spec-
trometer using KBr disc in the 4,000-400 cm™!
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regions. "H NMR spectra were recorded on a Bruker
Avance DRX 200-MHz spectrometer with tetrameth-
ylsilane (TMS) as an internal standard. ESI-MS (ESI-
Trap/Mass) spectra were recorded on a Bruker
Esquire6000 Mass spectrophotometer. Ultraviolet—
visible (UV-vis) spectra were obtained using a Perk-
inElmer Lambda UV-vis spectrophotometer.

Viscosity titration experiments were carried on an
Ubbelohde viscometer in a thermostated water-bath
maintained at 25.00 & 0.01°C. Titrations were per-
formed for an investigated compound that was
introduced into DNA solution (50 pM, bps) present
in the viscometer. Data were presented as (1/4,)""”
versus the ratio of the compound to DNA, where # is
the viscosity of DNA in the presence of the
compound corrected from the solvent effect, and #,
is the viscosity of DNA alone. Relative viscosities for
DNA in either the presence or absence of compound
were calculated from the following relation (Suh and
Chaires 1995; Satyanarayana et al. 1992):

17=(t—t0)/t0 (1)

where ¢ is the observed flow time of the DNA
containing solution, and 7, is the flow time of buffer.
Fluorescence spectra were recorded using RF-
5301PC spectrofluorophotometer (Shimadzu, Japan)
with a 1 cm quartz cell. Both of the excitation and
emission band widths were 10 nm. All the experi-
ments were measured after 5 min at a constant room
temperature, 298 K. The intrinsic binding constants
K, could be obtained by the fluorescence titration
methods and Scatchard equation (Scatchard 1949):

I"/Cf = I’le — er (2)

where r is the moles of compound bound per mole
nucleotides of DNA; Cris the molar concentration of
free compound; »n is the number of binding sites or
the maximum number of compound bound per
nucleotide, and K, is the association or binding
constant. Cr and r could be calculated according to
the following equations (Wang et al. 2007):

Cf = Ct - Cb (3)
Ch = Ct(F - Fo)/(Fmax - Fo) (4)
r = Cy/Cpna (5)

where C; is the total molar concentration of compound;
C,, is the molar concentration of compound bound for
DNA; F'is the observed fluorescence emission intensity

ata given DNA concentration Cpna (nucleotides); F, is
the fluorescence emission intensity in the absence of
DNA; and F,,, is the maximum fluorescence emission
intensity of the compound totally bound for DNA at a
titration end point. The binding constants were also
obtained by McGhee and von Hippel model (Chaires
et al. 1982; McGhee and von Hippel 1974):

Ky(1 - nr) {—1 _1(; frl)r} . (6)

r J—
Ef =
where K, is the intrinsic binding constant and » is the
exclusion parameter in DNA base pairs. The exper-
imental parameters K, and n were adjusted to produce
curves that gave, by inspection, the most satisfactory
fits to the experimental data.

EtBr-DNA quenching assay was performed as
reported in a literature but with small changes (Krishna
et al. 1998). DNA (4.0 uM, nucleotides) solution was
added incrementally to 0.32 uM EtBr solution, until
the rise in the fluorescence (Aex = 496 nm, A, =
596 nm) attained a saturation. Then, small aliquots of
concentrated compound solutions (1.0 mmol) were
added till the drop in fluorescence intensity (Ao, = 525
nm, A., = 587 nm) reached a constant value. Mea-
surements were made after 5 min at a constant room
temperature, 298 K. Stern-Volmer equation was used
to determine the fluorescent quenching mechanisms
(Suh and Chaires 1995):

FO/F =1 +Kq’L’0[Q] =1 +st[Q] (7)

where F, and F are the fluorescence intensity in the
absence and in the presence of a compound at [Q]
concentration, respectively; Kgy is the Stern—Volmer
dynamic quenching constant; K,, is the quenching rate
constant of bimolecular diffusion collision; 7, is the
lifetime of free EtBr.

The hydroxyl radicals in aqueous media were
generated through the Fenton-type reaction (Wint-
erbourn 1981, 1979). The 5 ml reaction mixtures
contained 2.0 ml of 100 mmol phosphate buffer
(pH = 7.4), 1.0 ml of 0.10 mmol aqueous safranin,
1 ml of 1.0 mmol aqueous EDTA—Fe(Il), 1 ml of 3%
aqueous H,0,, and a series of quantitatively mic-
roadding solutions of the tested compound. The
sample without the tested compound was used as the
control. The reaction mixtures were incubated at
37°C for 60 min in a water-bath. Absorbance at
520 nm was measured and the solvent effect was
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corrected throughout. The scavenging effect for OH
was calculated from the following expression (Wang
et al. 2007; Guo et al. 2005):

sample — Ablank

A
Scavenging effect (%) =

x 100 (8
Acontrol - Ablank ( )

where Agmpie is the absorbance of the sample in the
presence of the tested compound, Ay iS the
absorbance of the blank in the absence of the tested
compound and Aconeo; 1S the absorbance in the
absence of the tested compound and EDTA-Fe(II).

The superoxide radicals (O, ") were produced by
the MET-VitB,—NBT system (Wang et al. 2007; Guo
et al. 2005). The solution of MET (methionine), VitB,
(vitamin B,), and NBT (nitroblue tetrazolium) were
prepared with deionized double distilled water under
lightproof conditions. The 5 ml reaction mixtures
contained 2.5 ml of 100 mmol phosphate buffer (pH
7.8), 1.0 ml of 50 mmol MET, 1.0 ml of 0.23 mmol
NBT, 0.50 ml of 33 uM VitB,, and a series of
quantitatively microadding solutions of the tested
compound. After incubated at 30°C for 10 min in a
water-bath and then illuminated with a fluorescent
lamp (4000 Lux), the absorbance of the sample was
measured at 560 nm and the solvent effect was
corrected throughout. The sample reaction mixtures
without the tested compound were used as the control.
The scavenging effect for O, " was calculated from
the following expression:

Scavenging effect (%) = AOA_ Ai x 100 9)
0
where A; is the absorbance in the presence of the
tested compound, A, is the absorbance in the absence
of the tested compound. The data for antioxidation
presented as means = SD of three determinations
and followed by Student’s z-test. Differences were
considered to be statistically significant if P < 0.05.
ICso value was introduced to denote the molar
concentration of the tested compound which caused
a 50% inhibitory or scavenging effect on hydroxyl
radicals or superoxide radicals.

Synthesis of 8-hydroxyquinoline-2-carbaldehyde-
(benzoyl)hydrazone (1a, H,L")

Ligand 1a was prepared by refluxing and stirring a 10 ml
ethanol solution of 8-hydroxyquinoline-2-carbaldehyde
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(0.519 g, 3 mmol) and a 10 ml 90% ethanol aqueous
solution of benzoylhydrazine (0.408 g, 3 mmol) for
8 h. After cooling to room temperature, the precipitate
was filtered, recrystallized from 80% methanol aque-
ous solution and dried in vacuum over 48 h to give a
pale yellow powder, yield 74.7% (0.652 g). m.p. =
221°C. ESI-MS m/z 292.1 [M + H]*. '"H NMR
(DMSO-dg, 200 MHz, TMS): 8.637 (s, 1 H, 11-CH =
N), 8343 (d, J =88 Hz, 1 H, 4-CH), 8.119 (d,
J=88Hz, 1 H, 3-CH), 7936 (d, ] = 6.4 Hz, 2 H,
16,20-CH), 7.630-7.507 (m, 3 H, 17,18,19-CH), 7.467—
7.387 (m, 2 H, 5,6-CH), 7.131 (d, 1 H, J = 5.0 Hz,
7-CH). IR (KBr): 3,359, 3,318, 1,682, 1,602, 1,546,
1,267 cm™ .

Synthesis of 8-hydroxyquinoline-2-carbaldehyde-
(2'-hydroxybenzoyl)hydrazone (1b, H,L?)

Ligand 1b, a yellow precipitate, was obtained from
equimolar amounts of 8-hydroxyquinoline-2-carbal-
dehyde and 2-hydroxybenzoylhydrazine in the same
way as ligand la. Yield 81.0% (0.746 g). m.p. =
245-247°C. ESI-MS m/z 308.2 [M + H]*. '"H NMR
(DMSO-dg, 200 MHz, TMS): 8.621 (s, 1 H, 11-
CH = N), 8.356 (d, ] = 8.6 Hz, 1 H, 4-CH), 8.113
(d, J=86Hz, 1 H, 3-CH), 7.871 (d, 1 H,
J =7.8 Hz, 20-CH), 7.469-7.395 (m, 3 H, 5.6,
18-CH), 7.133 (d, J = 7.0 Hz, 1 H, 7-CH), 7.018-
6.943 (m, 2 H, 17,19-CH). IR (KBr): 3,464, 3,250,
1,643, 1,607, 1,532, 1,288 cm™".

Synthesis of 8-hydroxyquinoline-2-carbaldehyde-
(4-hydroxybenzoyl)hydrazone (1c, H,L?)

Ligand 1c, a pale yellow precipitate, was obtained
from equimolar amounts of 8-hydroxyquinoline-2-
carbaldehyde and 4-hydroxybenzoylhydrazine simi-
lar to ligand 1a. Yield 84.2% (0.776 g). m.p. = 279—
280°C. ESI-MS m/; 3082 [M + H]*. '"H NMR
(DMSO-dg, 200 MHz, TMS): 8.594 (s, 1 H, 11-
CH = N), 8.329 (d, ] = 8.4 Hz, 1 H, 4-CH), 8.088
(d, J=84Hz, 1 H, 3-CH), 7834 (d, 2 H,
J =104 Hz, 16,20-CH), 7.493-7.379 (m, 2 H, 5,6-
CH), 7.124 (d, ] = 6.8 Hz, 1 H, 7-CH), 6.900 (d,
J =104 Hz, 2 H, 17,19-CH). IR (KBr): 3,320,
3,139, 1,660, 1,632, 1,581, 1,277 cm ™.
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Synthesis of 8-hydroxyquinoline-2-carbaldehyde-
(isonicotinyl)hydrazone (1d, H2L4)

Ligand 1d, a yellow precipitate, was also obtained
from equimolar amounts of 8-hydroxyquinoline-2-
carbaldehyde and isonicotinylhydrazine in the same
way as la. Yield 71.0% (0.622 g). m.p. = 162—
164°C. ESI-MS m/z 2932 [M + H]*. 'H NMR
(DMSO-dg, 200 MHz, TMS): 8.813 (d,J = 5.2 Hz, 2
H, 17,19-CH), 8.657 (s, 1 H, 11-CH = N), 8.372 (d,
J =8.8 Hz, 1 H, 4-CH), 8.129 (d, ] = 8.8 Hz, 1 H,
3-CH), 7.861 (d, J = 5.2 Hz, 2 H, 16,20-CH), 7.528-
7.409 (m, 2 H, 5,6-CH), 7.148 (d,J = 6.4 Hz, 1 H, 7-
CH). IR (KBr): 3,576, 3,193, 1,663, 1,613, 1,557,
1,271 em ™.

Synthesis of complex 2a

Complex 2a was prepared by refluxing and stirring
equimolar amounts of a 40 ml methanol solution of
ligand 1a (0.058 g, 0.2 mmol) and Yb(NO3)-6H,0 on
a water-bath. After refluxed for 30 min, triethylamine
(0.020 g, 0.2 mmol) was added into the reaction
mixtures dropwise to deprotonate the phenolic
hydroxyl substituent of 8-hydroxyquinolinato unit.
Then, the mixtures were refluxed and stirred contin-
uously for 8 h. After cooling to room temperature, the
precipitate was centrifugalized, washed with metha-
nol and dried in vacuum over 48 h to give an orange
powder, yield 87.2% (0.101 g). Anal. calcd. for
C37H33N00,3Yb,y: C 38.35, H 2.85, N 10.88, Yb
29.89. found: C 38.29, H 2.84, N 10.90, Dy 29.84.
ESI-MS m/z 1,364.2 [M + Na]* (DMF solution). IR
(KBr): 3,412, 1,606, 1,555, 1,493, 1,310, 1,106,
1,029, 946, 841, 741, 615, 567, 495 cm™'. Am
(DMF) = 40.9 cm? Q' mol ™.

Synthesis of complex 2b

Similarly, complex 2b was prepared from equimolar
amounts of Yb(NO3)-6H,O and 1b. Yield: 88.4%
(0.105 g). Anal. calcd. for C37H33N9015Yb,: C 37.32,
H 2.77, N 10.59, Yb 29.09. found: C 37.28, H2.77, N
10.60, Dy 29.04. ESI-MS m/z 1,396.3 [M + Na]*
(DMF solution). IR (KBr): 3,385, 3,193, 1,602, 1,549,
1,499, 1,305, 1,261, 1,103, 1,031, 972, 836, 753, 675,
576, 496 cm™'. Am (DMF) = 46.0 cm® Q' mol™".

Synthesis of complex 2¢

Complex 2¢ was prepared from equimolar amounts of
Yb(NO3)-6H,0 and 1c. Yield: 91.6% (0.109 g). Anal.
calcd. for C37H33N9015Yb2: C37.32,H2.77,N 1059,
YD 29.09. found: C 37.32, H 2.77, N 10.57, Dy 29.13.
ESI-MS m/z 1,396.3 [M + Na]™ (DMF solution). IR
(KBr): 3,422, 3,186, 1,600, 1,542, 1,490, 1,291, 1,240,
1,107, 1,082, 976, 844, 766, 637, 560, 491 cm™'. Am
(DMF) = 37.9 cm®* Q! mol™".

Synthesis of complex 2d

Complex 2d was prepared from equimolar amounts
of Yb(NO3)-6H,O and 1d. Yield: 82.8% (0.960 g).
Anal. calcd. for C35H3;N;{;0.3Yb,: C 36.22, H 2.67,
N 13.28, Yb 29.84. found: C 36.29, H 2.67, N 13.30,
Dy 29.90. ESI-MS m/z 1,366.2 [M + Na]* (DMF
solution). IR (KBr): 3,387, 1,635, 1,594, 1,551,
1,489, 1,315, 1,103, 1,060, 937, 844, 753, 616, 570,
493 cm™!. Am (DMF) = 44.8 cm? Q! mol™".

Determination of crystal structures

X-ray diffraction data for a crystal were performed
with graphite-monochromated Mo K« radiation
(0.71073 A) on a Bruker APEX area-detector diffrac-
tometer and collected by the »-26 scan technique at
296(2) K. The crystal structure was solved by direct
methods. All non-hydrogen atoms were refined aniso-
tropically by full-matrix least-squares methods on F~.
A partial structure was obtained by direct methods and
the remaining non-hydrogen atoms were located from
difference maps. Hydrogen atoms were located in
geometrically defined positions and not refined. All
calculations were performed using the programs
SHELXS-97 and SHELXL-97 (Sheldrick 1990).

Results and discussion

Chemical syntheses of ligands and Yb(III)
complexes

Four Schiff-base ligands, 8-hydroxyquinoline-2-carbal-

dehyde-(benzoyl)hydrazone (1a, H2L1), 8-hydroxyquin-
oline-2-carbaldehyde-(2'-hydroxybenzoyl)hydrazone
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(1b, H,L?), 8-hydroxyquinoline-2-carbaldehyde-
(4'-hydroxybenzoyl)hydrazone (1¢, H,L*) and 8-hydroxy-
quinoline-2-carbaldehyde-(isonicotinyl)hydrazone (1d,
H,L*) were prepared from equimolar amounts of 8-
hydroxyquinoline-2-carbaldehyde and benzoylhydrazine,
2-hydroxybenzoylhydrazine, 4-hydroxybenzoylhydr-
azine, and isonicotinylhydrazine, respectively. Their
structures were determined by IR spectroscopy, 'H
NMR and ESI-MS. The synthetic routes for ligands are
presented in Scheme 1. Then, the Yb(III) complexes
(2a-d) were easily prepared from these ligands and
equimolar amounts of Yb(NO3)-6H,0, respectively.

Crystal structure analyses of the Yb(III)
complexes

The orange transparent, X-ray quality crystals of
complex 2b and 2d were obtained by vapor diffusion
of diethyl ether into DMF solution of the powdered
complex at room temperature for 2 weeks. Crystal
data and structure refinements for the X-ray structural
analyses are presented in Table 1. Selected bond
lengths and angles of the metal complexes are
presented in Table S1 and Table S2 (see Supplemen-
tary data Table S1-S2).

The crystal structure of complex 2b

The complex 2b, formula C46Hs50N1,0;6Yb,, crystal-
lizes with a dimension of 0.27 x 0.25 x 0.20 mm in
the triclinic system, space group Pi, with lattice
parameters a = 9.9897(6) A b= 10.0063(6) A c=
14.3543(9) A, o = 69.6110(10)°, f = 76.3310(10)°,
y = 78.1080(10)°, F(000) = 678, GOF = 0.996,
Ry = 0.0234, wR, = 0.0564, Z = 1. D¢y, = 1.761

Scheme 1 The synthetic

routes for ligands (1a—d) X
Z (0]
N =
OH
+
0
= N~
I H
Ry~ st Ris R,

@ Springer

g cm_3, V =1,294.75(14) A3 The coordination
sphere of ORTEP diagram (30% probability ellip-
soids) in Fig. 1a shows that the complex composition
is of [YbLz(N 03)(DMF)],-(DMF). Ligand 1b acts as a
dibasic tetradentate ligand, binding to Yb>" through
the phenolate oxygen atom, nitrogen atom of quinol-
inato unit and the C = N group, ~O-C = N- group
(enolized and deprotonated from O = C-NH-) of the
2-hydroxybenzoylhydrazine side chain. One DMF
molecule is binding orthogonal to the ligand-plane
from one side to the metal ion, while one nitrate
(bidentate) is binding from another. Dimerization of
this monomeric unit occurs through the phenolate
oxygen atoms leading to a central four-membered
(YbO), ring with a Yb---Yb separation of 3.7238(4) A.
At the dimerization site, a “set off” of the two parallel
“YbL*-planes” by 1.258 A takes place. Moreover,
there is a free DMF solvent molecule in the lattice.
The space group for structure of complex 2b is Pi.
This space group has a center of symmetry. The
calculated density is 1.761 g cm™>, which indicates
that only one dimeric molecule is present in the unit
cell, which in turn means that the dimeric complex
must have a center of symmetry in the crystal
structure (Chen and Cai 2003). This center of
symmetry according to the coordinates is at 1/2, 1/2,
0. It is located in the middle of the four-membered
(YbO), ring formed by the two Yb atoms and the
phenolic oxygen atoms. Because of the center of
symmetry this four-membered (YbO), ring should be
planar and the bond angles for the ring indicates this to
be the case as shown in Table 2 and Table S1 (see
Supplementary data Table S1). Another result of the
fact that the dimeric molecule has a center of
symmetry is that the two least-squares planes through
the two ligands (1b) will be parallel (1.258 A). The

5 4
6 AN 3 0
20
7 N/ ll/N\N AN
ethanol OH H 1?{ l|{]8
—
95 % Rz/ IY 3\R4

H,L' (1a): R;=C, Ry=H, R3=C, R,=H
H,L? (1b): R;=C, R,=OH, R3=C, Ry=H
H,L? (1¢): R,=C, R,=H, R3=C, R,=OH
H,L* (1d): R;=C, R,=H, R;=N



Biometals (2009) 22:733-751

739

Table 1 Crystal data and structure refinement of metal complexes

Complex

[YbL*(NO5)(DMF)],-(DMF)

[YbL*(NO3)(DMF)],-(DMF)

CCDC deposition number
Chemical formula
Formula weight
Crystal colour
Crystal size (mm)
T (K)
Wavelength (10\)
Radiation

Crystal system
Space group

VA

a (A)

b (A)

c (A

o ()

B©

7 ()

V(A%

D (cale) (g cm™)
p (mm™")

F(000)

Omin/max (°)

Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ > 20 (I)]
R indices (all data)

Pmin/max (e A_3)

713873

C46Hs50N 12016 YD,
1,373.06

Orange

0.27 x 0.25 x 0.20
296(2)

0.71073

Mo Ko

Triclinic

Pt

1

9.9897(6)
10.0063(6)
14.3543(9)
69.6110(10)
76.3310(10)
78.1080(10)
1,294.75(14)

1.761

3.670

678
1.54-25.05
—10<h <11,
-1l <k<11,
—17<1<16
6,532

4,508 (R;n = 0.0168)
Semi-empirical from equivalents
0.5273 and 0.4374

Full-matrix least-squares on F>
4,508/0/349

0.996

R, = 0.0234, wR, = 0.0564

R, = 0.0269, wR, = 0.0579
1.098 and —0.766

713874

CaaHagN14014Yb,

1,343.04

Orange

0.31 x 0.27 x 0.23

296(2)

0.71073

Mo Ko

Orthorhombic

Pbca

4

20.002(3)

11.4645(17)

22.675(3)

90

90

90

5,199.8(13)

1.716

3.651

2,648

2.04-25.38

—24 < h < 23,

—13 <k <13,
-23<1<27

25,726

4,755 (Rine = 0.1112)
Semi-empirical from equivalents
0.438 and 0.336

Full-matrix least-squares on F>
4,755/0/338

1.051

Ry, = 0.0517, wR, = 0.1060
Ry = 0.1122, wR, = 0.1334
1.673 and —1.511

bonded DMF molecule, the non-bonded DMF mole-
cule and the bonded nitrate are thus also related by a
center of symmetry to the respective moieties in the
other half of the dimeric molecule. Their thermal
parameters are rather large due to this fact. In
addition, this crystal structure of the binuclear com-
plex with a 1:1 metal to ligand stoichiometry by

octacoordination is similar to that of [YL(NOs)
(DMF),],Cl,-2(DMF) or [LaL(NO3)(MeOH),](NO3),,
where ligand L-H is 2-[(8-hydroxyquinolinyl)methy-
lenelhydrazinecarboxamide and acts as a monad
tetradentate ligand binding to Y or La®" through
the phenolate oxygen atom, nitrogen atom of quinol-
inato unit and the C = N group, C = O group of the
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Fig. 1 Coordination spheres of ORTEP diagrams (30%
probability ellipsoids) of [YbLZ(Nog)(DMF)Z]z (a) and
[YbL4(NO3)(DMF)2]2 (b) complexes

semicarbazone side chain (Albrecht et al. 2005).
However, there are some marked differences between
them as shown in Table 2. The first, the “set off” of
the two parallel “YbL?-planes” by 1.258 A takes
place while the “set off” of the two parallel
“YL-planes” and “Lal-planes” by accurately 1.887
(CCDC 273601) and 1.388 A (CCDC 273600) take
place, respectively, though they were reported by
approximately 2 A. The second, this crystal structure
of binuclear complex is a 1:1 metal to ligand
stoichiometry by octacoordination but [YL(NO;)
(DMF),],Cl,-2(DMF) or [Lal.(NO3)(MeOH),]5(NO3),
complex is a 1:1 metal to ligand stoichiometry by
nonacoordination. This is due to the fact that in the
present structure only one DMF molecule is coordi-
nated to Yb*" and in those of Albrecht both DMF
molecules are coordinated to Y>F or La>*. The third,
O = C-NH- group of the 2-hydroxybenzoylhydrazine
side chain has enolized and deprotonated into
~0O—-C = N- group after the formation of [YbLZ(NO3)
(DMF)],-(DMF) complex, where the C—O™ band length
is 1.279(4) A and the N = C double band length is
1.333(5) A. The normal band lengths of C = O, C-N,
C-O and C = N are 1.19-1.23, 1.47-1.50, 1.30-1.39
and 1.34-1.38 A, respectively (Chen and Cai 2003).

Table 2 Comparison of the structural parameters of ligand L-H (Albrecht et al. 2005), ligand 1b and 1d when binding to different

metal centers

O N we om N M i
i M\OZ’ NH, \OZU\© o ()
[LY(NO;) [LLa(NO3) [YbL*(NO5) [YbL*(NO5)
(DMF),1,CL2(DMF)  (MeOH),],(NO3),  (DMF)]»-(DMF) (DMF)],-(DMF)
O01-M 2.346(3) 2.425(3) 2.315(2) 2.341(7)
N1-M 2.470(3) 2.541(3) 2.393(3) 2.401(7)
N2-M 2.563(4) 2.620(4) 2.452(3) 2.435(8)
02-M 2.355(3) 2.4143) 2.244(2) 2.254(7)
o1-M' 2.354(3) 2.387(3) 2.281(2) 2.309(7)
O1-M-N1 66.8(1) 65.5(1) 68.10(9) 67.7(3)
N1-M-N2 61.4(1) 60.4(1) 64.39(9) 64.3(3)
N2-M-02 63.1(1) 60.9(1) 64.62(9) 64.4(3)
Distance between the 1.887 1.388 1.258 1.044
two parallel ML-planes
Distance between M---M’ 3.886 3.980 3.7238(4) 3.7553(9)
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Whereas carbonyl group C = O of the semicarbazone
side chain has not enolized in [YL(NO3)(DMF),],Cl,-
2(DMF) or [LaLL(NO5)(MeOH),],(NO3), complex. The
difference in the enolization may well be due to the fact
that the organic ligand in the case of the Albrecht
structures is cationic, while it is neutral in the present
structure and this will be investigated in the future study.
The deprotonization difference is therefore a result of
the way the organic ligand was synthesized. However,
carbonyl group C = O directly linking with aromatic
group may be favourable of enolizing under the present
experimental conditions, so as to form a larger conju-
gated and a lower energy system, than the non-aromatic
group such as -NH, when binding to metal ion and
forming a complex. It is the enolization and deprotona-
tion of O = C-NH- group changing into “O-C = N—
that the [YbL*(NO;)(DMF)],-(DMF) complex is of
neutral charge and non-electrolyte, but both of [YL(NO3)
(DMF),],Cl,-2(DMF) and [LaL.(NO3)(MeOH),]>(NO3),
complexes are of electrolytes. The enolization and
deprotonation will afford an efficient route for inves-
tigators to design favorable molecules well. On the
other hand, the 2-hydroxyl substituent linking with
benzoylhydrazine has not take part in binding to Yb> ™,
largely due to the steric effect and long distance (5.172
A) between the 2-hydroxyl substituent and Yb> T, but it
may form an intra-molecular hydrogen band, a stabi-
lizing six-membered ring, with adjacent nitrogen atom
(1.847 ;\) of the same side chain.

The crystal structure of complex 2d

The complex 2d, formula C44H4gN140,4Yb,, crystal-
lizes with dimensions 0.31 x 0.27 x 0.23 mm in the
orthorhombic system, space group Pbca, with lattice
parameters a = 20.002(3) A, b = 11.4645(17) A,
¢ =226753) A, o = 90°, f = 90°, 7 = 90°, F(000) =
2,648, GOF = 1.051, R, =0.0517, wR, = 0.1060,
Z=4 Dege= 1716 gem ™3, V=5199.8(13) A’.
The coordination sphere of ORTEP diagram
(30% probability ellipsoids) in Fig. 1b shows that the
complex composition is of [YbL*(NO;)(DMF)],-
(DMF). The crystal of the binuclear complex with a
1:1 metal to ligand stoichiometry by octacoordination
is much similar to that of [YbL?*(NO;)(DMF)],:
(DMF). Ligand 1d also acts as a dibasic tetradentate
ligand, binding to Yb>" through the phenolate oxygen

atom, nitrogen atom of quinolinato unit and the C = N
group, ~ O—C = N- group (enolized and deprotonated
from O = C-NH-) of the isonicotinylhydrazine side
chain, where the “O-C and N = C band lengths are
1.269(12) and 1.334(13) A, respectively. One DMF
molecule is binding orthogonal to the ligand-plane
from one side to the metal ion, while one nitrate
(bidentate) is binding from another. Similarly, there is
a free DMF solvent molecule in the lattice. Dimeriza-
tion of this monomeric unit also occurs through the
phenolate oxygen atoms leading to a central planar
four-membered (YbO), ring with a Yb---Yb separation
of 3.7553(9) A. At the dimerization site, a “set off” of
two parallel “YbL*-planes” by 1.044 A takes place. On
the basis of 4 moleculles per unit cell the density is
calculated to be 1.716 g cm™>. The space group Pbca
has 8 asymmetric units, therefore the dimeric mole-
cules needs to be located on a center of symmetry. The
coordinate shows the center of symmetry is at 0, 1/2, 1.
Thus the central 4-membered (YbO), ring is planar and
the planes through the two ligands are parallel (1.044
A)asin the complex 2b. The distance between the two
parallel ML-planes and M---M’ as shown in Table 2
may result from the size of M>" and substituent effects
simultaneously.

On the other hand, there are a number of B and C
Alerts in the CIF/PLATON reports for crystal
structures of the metal complexes, which are largely
due to the crystal qualities, but they are not
significant in the understanding of crystal structure
determinations.

Elemental analysis and molar conductance
for powder metal complexes

All the Yb(III) complexes are of orange powders,
stable in air, and soluble in DMF and DMSO, but
slightly soluble in methanol, ethanol, acetonitrile,
ethyl acetate and acetone, THF and CHCI;. The
melting points of all the Yb(III) complexes exceed
300°C. Elemental analyses indicate that all the
Yb(III) complexes are of 1:1 metal to ligand (stoi-
chiometry) complexes, and the data of molar
conductance of the Yb(II) complexes in DMF
solutions indicate that all of them act as non-
electrolytes (Geary 1971).
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Infrared spectrum study for powder metal
complexes

In comparison with the characteristic IR bands of 8-
hydroxyquinoline-2-carbaldehyde, the characteristic
IR spectrum bands (Vmax/em™ 1) of all the ligands
showed 3,576-3,320,, assigned to v(NH); 1,682—
1,643, assigned to v(CO) of the carbonyl groups of
aroylhydrazine side chains and 1,632-1,602 assigned
to v(CN) of azomethines, whereas 1,706, assigned to
v(CO) of the formyl disappeared. Moreover, 3,318-
3139, and 1,288-1,267, should be assigned to v(OH)
and v(C—-OH) of the phenolic hydroxyl substituents,
respectively, and 1,581-1,532 should be assigned
to v(CN) of pyridines. Carefully compared with
the characteristic IR bands of ligands, it comes to
the conclusion that: (1) All the complexes show
3,422-3,385;, assigned to v(OH) of H,O; 976-937,,
assigned to p, (H,O) and 675-615,, assigned to py,
(H,0), indicating that there are coordinated water
molecules participating in the Yb(III) complexes
(Moawad and Hanna 2002; Ismail 2005). (2) All the
complexes show 1,107-1,103 assigned to v(C—OM),
indicating that the binding of metal ion to every
ligand through an O-M covalent linkage takes place
(Ou-Yang 1997). (3) 3,318-3,139, assigned to v(OH)
and 1,288-1,267 assigned to v(C—OH) of the phenolic
hydroxyl substituent of ligands have disappeared,
but the new bands of 3,193, and 1,261 can be
respectively, assigned to v(OH) and v(C-OH) of
the phenolic hydroxyl substituent of 2-hydrox-
ybenzoylhydrazine side chain of 2b complex, while
the new bands of 3,186, and 1,240, can also be
respectively, assigned to v(OH) and v(C-OH) of
the phenolic hydroxyl substituent of 4-hydrox-
ybenzoylhydrazine side chain of 2¢ complex. (4)
1,682-1,643 assigned to v(CO) and 3,576-3,320,,
assigned to v(NH) of aroylhydrazine side chains of
ligands have disappeared in all the IR spectra of
Yb(IIT) complexes, indicating that they participate in
the Yb(III) complexes with the groups of O = C—
NH- of aroylhydrazine side chains enolized and
deprotonated into ~O-C = N- as proved by the
above crystal structural analyses. (5) 1,635-1,600
assigned to v(CN) of azomethines of the Yb(III)
complexes have shifted by 32-4 cm™' in comparison
with bands of ligands, indicating that the nitrogen
atoms of azomethines participate in the complexes.
(6) 1,555-1,542 assigned to v(CN) of pyridines of the
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Yb(III) complexes have shifted by 39-6 cm™' in
comparison with bands of ligands, indicating that the
nitrogen atoms of pyridines also participate in the
complexes. However, the new band of 1,594 can be
assigned to v(CN) of free pyridine of isonicotinylhydr-
azine side chain of 2d complex. (7) 576-560,, assigned
to v(MO) and 496-491,, assigned to v(MN) of the
Yb(III) complexes further indicate that oxygen atoms
and nitrogen atoms participate in Yb(III) complexes.
(8) All the Yb(III) complexes show 1,499-1,489 (v,),
1,315-1,291 (v4), 1,082-1,029 (v,), 844-836 (v3),
766741 (vs), and Av(v—vy) = 199-174 cm™ ', indi-
cating that nitrate ions bidentately participate in the
Yb(III) complexes (Lu et al. 2006).

Additionally, the ESI-MS data show that the m/z
(IM + Na]t, DMF solution) are 1,364.2, 1,396.3,
1,396.3 and 1,366.2 for 2a, 2b, 2¢ and 2d complexes,
respectively, indicating that the two coordinated
water molecules for every powder Yb(III) complex
can be replaced by two DMF molecules in DMF
solution. However, the results of Elemental analyses,
molar conductance, IR and ESI-MS data indicate that
all the powder metal complexes are structurally
similar to each other and their compositions are of
[YBL'™(NO3)(H,0)]L..

Viscosity titration measurements for DNA
binding properties

Viscosity titration measurements were carried out to
clarify the interaction modes between the investigated
compounds and CT-DNA. Viscosity measurements
are very sensitive to changes in the length of DNA, as
viscosity is proportional to L for rod-like DNA of
length L. Intercalation involves the insertion of a
planar molecule between DNA base pairs, which
results in a decrease in the DNA helical twist and
lengthening of the DNA, therefore intercalators cause
the unwinding and lengthening of DNA helix as base
pairs become separated to accommodate the binding
compound (Suh and Chaires 1995; Palchaudhuri and
Hergenrother 2007). Whereas, agents bound to DNA
through groove binding do not alter the relative
viscosity of DNA, and agents electrostatically bound
to DNA will bend or kink the DNA helix, reducing its
effective length and its viscosity, concomitantly
(Satyanarayana et al. 1992; Wang et al. 2007).
The effects of ligands and Yb(III) complexes on the
viscosities of CT-DNA are shown in Fig. 2. With the
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ratios of the investigated compounds to DNA (bps)
increasing, the relative viscosities of DNA increase
steadily, indicating that there exist intercalations
between all the ligands and Yb(III) complexes with
DNA helix. The crystal and other structural analyses
show that all the Yb(III) complexes have two parallel
planes, which may well be an indicator of the
intercalation behaviour of these complexes binding
to DNA helix. In addition, although there is a blend at
lower molar concentration ratios of complexes to
DNA, the relative viscosities of DNA increase with
the order of 1a > 1b > 1c > 1d for ligands, the order
of 2a > 2b > 2¢ > 2d for Yb(III) complexes, and the
orders of 2a > 1a, 2b > 1b, 2¢ > 1c¢ and 2d > 1d.

(A)
1.4 4 |—=—ligand 1d
—e—ligand 1c
——ligand 1b
13 4 |—v—ligand 1a] ¥
<
=
£ 12+
1.1
1.0 T T T
0.0 0.1 0.2 0.3 0.4
CIigand /CDNA
(B)
1.6 1 |—=—complex 2d
1|—e—complex 2¢
1.5 4 |—a—complex 2b
1|—vy—complex 2a
Q@ 1.4+
3 |
E 1.3 4
1.2 4
1.1 4
1.0 T T T
0.0 0.1 0.2 0.3 0.4

Ccomplex/Cona

Fig. 2 Effects of increasing amounts of the investigated
compounds on the relative viscosity of CT-DNA in 5 mmol
Tris—HCI buffer solution (pH 7.20) containing 50 mmol NaCl
at 25.00 =+ 0.01°C. Plots of a and b represent the ligands—CT-
DNA and Yb(III) complexes—CT-DNA systems, respectively.
The concentration of CT-DNA was 50 uM (bps)

These orders suggest the extents of the unwinding and
lengthening of DNA helix by compounds and the
affinities of compounds binding to DNA, which may
be due to the key roles of substituent effects and the
larger coplanar structures of Yb(III) complexes than
those of ligands. Intercalation has been traditionally
associated with molecules containing fused bi/tricy-
clic ring structures, though atypical intercalators with
nonfused rings systems may be more prevalent than
previously recognized (Snyder 2007). So it is logical
that all the large coplanar Yb(III) complexes contain-
ing fused multiple cyclic ring structures and all the
ligands containing fused bicyclic ring structures can
bind to DNA through intercalations.

Ultraviolet—visible (UV-vis) spectroscopy study
for DNA binding properties

The UV-vis absorption spectra of the investigated
compounds in the absence and in the presence of the
CT-DNA were obtained in DMF:Tris—HCI buffer
(6 mmol, pH 7.20) containing 50 mmol NaCl of
1:100 solutions, respectively. Data are listed in Table
S3 (see Supplementary Data Table S3). The UV-vis
spectra of ligands have two types of absorption
bands at A, in the regions of 290-300 nm
(¢ = 2.86-3.55 x 10* M~ ecm™") and 323-329 nm
(¢ =1.78-2.36 x 10* M~' ecm™'), which can be
assigned to m—m* transitions within the organic
molecules, and n—n* of the C=N and C=0
groups, respectively. While the UV-vis spectra of
Yb(III) complexes have two types of absorption
bands at A,.x in the regions of 326-334 nm
(¢ = 3.39-4.87 x 10* M~' em™!) and 372-379 nm
(¢ =3.22-4.14 x 10*M ' cm™"), which can be
respectively, assigned to m—n* transitions of the
larger conjugated organic molecules and n—n* of the
C = N-N = C groups coupled with charge transfers
from ligands to metal ions (L — Yb3+) (Moawad
and Hanna 2002; Ismail 2005). The band shifts of
Amax and the changes of & for complexes in
comparison with ligands indicate the formations of
the Yb(III) complexes.

Upon successive additions of CT-DNA (bps), the
UV-vis absorption bands of ligand 1a, 1b, 1c and 1d
show a progressive hypochromism of 34.3% at
295 nm, 30.1% at 294 nm, 22.5% at 300 nm and
8.4% at 290 nm by approximately saturated titration
end points at Cpya:Ciigana = 1.4-2.2:1, respectively,
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with a 1, 3, 1 and O nm red shifts of absorption bands
in the region of 290-300 nm. Ligand 1a, 1b, 1¢ and
1d show another progressive hypochromism of
11.1% at 323 nm, 18.1% at 329 nm, 4.8% at
326 nm and 1.0% at 325 nm, respectively, with a 1,
3, 1 and O nm blue shifts in the region of 323-
329 nm. Similarly, upon successive additions of CT-
DNA (bps), the UV-vis absorption bands of metal
complex 2a, 2b and 2c¢ show a progressive hypo-
chromism of 48.7% at 326 nm, 28.9% at 326 nm and
34.3% at 334 nm by approximately saturated titration
end points at Cpna:Ceomplex = 1.2-2.0:1, respec-
tively, with 0, 1 and 2 red shifts of absorption
bands. Complex 2a, 2b and 2c¢ show another
progressive hypochromism of 46.1% at 372 nm,
30.8% at 375 nm and 31.8% at 379 nm, respectively,
but all of them show no band shift. Complex 2d show
two types of slightly unsteady hypochromisms of
0.69% at 326 nm with 0 nm band shift and 1.80% at
371 nm with 1 nm red shift by an approximately
saturated titration end point at Cpna:Ceomplex =
1.4:1. In addition, isosbestic points at 342-357 nm
for ligands and at 400—410 nm for Yb(III) complexes
are observed, indicating that the reaction between
every investigated compound and DNA takes place
by an equilibrium. Absorption titration can monitor
the interaction of a compound with DNA. The
obvious hypochromism and red shift are usually
characterized by the noncovalently intercalative
binding of compound to DNA helix, due to the
strong stacking interaction between the aromatic
chromophore of the compound and base pairs of
DNA (Barton et al. 1984; Lu et al. 2007). However,
the intercalation between a compound and DNA helix
can not be excluded only by no or small red shift of
UV-vis absorption bands. In fact, some groove
binders of Hoechst 33,258 family can also present
red shifts or even blue shifts of absorption bands
when they bind to DNA helix by groove binding
modes, especially for multiple binders (Behrens et al.
2001; Frau et al. 1997). After all, hydrodynamic
measurements that are sensitive to length change of
DNA (i.e., viscosity and sedimentation) are regarded
as the least ambiguous and the most critical criterions
for binding modes in solution in absence of crystal-
lographic structural data (Sigman et al. 1993; Wang
et al. 2005).

On the other hand, the magnitude of hypochro-
mism is parallel to the intercalative strength and the
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affinity of a compound binding to DNA (Wu et al.
1997). The appreciable hypochromisms of ligands
and Yb(III) complexes intercalating to DNA present
the order of 1a > 1b > 1¢ > 1d and the order of
2a > 2¢ > 2b > 2d. Apart from a slight blend for 2¢
and 2d, these orders are consistent with the viscosity
titration results. Here, the substituent effects may
play key roles in the interactions. As for complex 2a,
the phenyl substituent may be more accessible to
DNA helix and much favorable of forming n—n
stacking interaction between the aromatic chromo-
phore of the complex and the base pairs of DNA than
2-hydroxyphenyl and 4-hydroxyphenyl subsituents of
2b and 2c¢ complexes. As for complex 2d, N atom of
aromatic sextet of the pyridine ring of ison-
icotinylhydrazine side chain has an exposed and
non-hybridized p orbital containing two long-pair
electrons, which is orthogonal to conjugated -7
plane of the pyridine ring. This may result in a
strongly electronic repulsion and hinder the n—n
stacking interaction between the aromatic heterocy-
clic chromophore of the complex and the base pairs
of DNA. Moreover, the aggregation of self-stacked
molecules of 2d may occur, which will induces the
possibility of an association/dissociation equilibrium
in the absence of DNA, and induces a slightly
unsteady UV-vis absorption and a little hypochro-
mism even in an excess of conjugate versus DNA bps
(Frau et al. 1997). As for the order of hypochromicity
for ligands, it may be due to the same reasons as the
metal complexes. Difference between them is that no
significant aggregation of self-stacked molecules of
ligand 1d may occur unlike complex 2d.

EtBr-DNA quenching assay

The fluorescence emission intensity of DNA-EtBr
system decreased dramatically upon the increasing
amounts of every ligand and Yb(III) complex. Stern—
Volmer equation was used to determine the fluorescent
quenching mechanism (Suh and Chaires 1995). Plots
of F,/F versus [Q] are shown in Fig. 3 and the
quenching data collected and calculated from the good
linear relationship when P < 0.05 are listed in Table 3.
As shown, the data of Ky are 1.405-3.016 x 10° M~!
for ligands and 3.181-15.54 x 10* M~" for Yb(III)
complexes, accordingly, the data of K, calculated
are 0.7806-1.676 x 10" M~ s™! for ligands and
1.767-8.633 x 10" M~ s™! for Yb(III) complexes,
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Fig. 3 Stern—Volmer plots of F,/F versus [Q] for ligands (a)

and Yb(II) complexes (b). Tests were performed in the

conditions of 5 mmol Tris—HCI buffer containing 50 mmol
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respectively, when the value of 7, is taken as

1.8 x 1077 s (Suh and Chaires 1995). All of the
current values of K, for ligands and Yb(III) complexes
are much greater than that of K,umax (2.0 x 10'°
M~!s7!), the maximum quenching rate constant of

bimolecular diffusion collision, which are indicative of

formations of dark complexes between the fluoro-

static types of quenching mechanisms arisen from the
phores and quenching agents (Liu et al. 2008). It is

reported that the loss of fluorescence intensity at the

maximum wavelength indicates the displacement of
EtBr from DNA-EtBr complex by a compound and the

intercalative binding between the compound with

pringer
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DNA (Wang et al. 2007). The EtBr—DNA quenching
results also indicate that most of the EtBr molecules
have been displaced from EtBr-DNA complex by
every quencher by the approximately saturated end
point. Thus, it is reasonable that there exist intercala-
tions between DNA and these investigated compounds.

Additionally, the Stern—Volmer dynamic quench-
ing constants can also be interpreted as binding
affinities of the complexation reactions (Bagatolli
et al. 1996; Yang et al. 1994). The data of Kgy present
the order of 1¢ > 1b > 1a > 1d for ligands, the order
of 2¢ > 2b > 2a > 2d for complexes, and the orders
of 2a>1a, 2b>1b, 2c¢ > 1lc¢c, 2d > 1d, which
indicate the abilities of displacement of EtBr from
EtBr—-DNA systems by compounds and the binding
affinities between compounds and DNA. However,
the orders are not slightly in good agreement with the
viscosity titration and UV-vis spectroscopy study
results. Here, the phenolic hydroxy groups that can
bind to nucleotides or/and the sugar—phosphate
backbone of DNA through hydrogen bonds may play
certain roles in the EtBr—DNA quenching tests.
However, the other weak interactions such as hydro-
phobic force, Van der Waals force and electrostatic
force (pH at 7.20) may not be excluded. In other
words, the interaction mechanism is not only deter-
mined by complex formation but also by some weak
interactions (Ayar and Mercimek 20006).

More importantly, DNA intercalators have been
used extensively as antitumor, antineoplastic, anti-
malarial, antibiotic, and antifungal agents (Suh and
Chaires 1995). There is a criterion for screening out
antitumor drugs from others by EtBr—DNA fluores-
cent tracer method, i.e., a compound can be used as
potential antitumor drug if it cause a 50% loss of
EtBr-DNA fluorescence intensity by fluorescent
titrations before the molar concentration ratio of the
compound to DNA (nucleotides) does not overrun
100:1 (Li et al. 1991). CF5y value is introduced to
denote the molar concentration of a compound that
causes a 50% loss in the fluorescence intensity of
EtBr-DNA system. According to the data of CFsg
and the molar ratios of compounds to DNA shown in
Table 3, it is interesting that at CFs, all the molar
concentration ratios of the investigated compounds to
DNA are largely under 100:1, indicating that all these
ligands and Yb(II) complexes can be used as
potential antitumor drugs and the antitumor activities
of Yb(II) complexes may be better than those of

@ Springer

ligands. However, their pharmacodynamical and
pharmacological properties should be further studied
in vivo.

Fluorescence spectroscopy study for DNA
binding properties

When exited at 4., = 321-325 nm, ligands showed
the fluorescence maximum wavelengths at A.,, =
429-444 nm, and exited at A, = 327-331 nm the
Yb(III) complexes showed the fluorescence maximum
wavelengths at Ao, = 436-441 nm, respectively.
Upon additions of DNA, the fluorescence emission
intensity of every investigated compound grew
steadily. Although the emission enhancement can not
be regarded as a rigid criterion for binding mode, it is
related to the extent to which the compound gets into a
hydrophobic environment inside DNA and avoids the
effect of solvent water molecules. To compare quan-
titatively the affinities of these compounds bound to
DNA, the intrinsic binding constants K, can be
obtained by the fluorescence titration methods and
Scatchard equation (Scatchard 1949; Wang et al.
2007). Scatchard plot should be a straight line for a
simple binding reaction (Berezhkovskiy et al. 2002).
Because of the significant neighbour exclusion prop-
erty of DNA binding to intercalating agents, the
Scatchard plot of 7/Cy versus r usually presents a
deviation from linearity (Chaires et al. 1982). As
shown in Fig. S1 (see Supplementary data Fig. S1),
every plots of r/Cy versus r for ligands and Yb(III)
complexes show deviation from linearity, so the
binding constant was obtained by McGhee and von
Hippel model (Chaires et al. 1982; McGhee and von
Hippel 1974). The data of binding constants (K;) and
the moles of compound bound per mol of base pair of
DNA (1/n) are shown in Table 3. The data of binding
constants (Kj) present 10° M~! with the order of
1b > 1c¢ > 1a > 1d for ligands, which is slightly
different from the order of EtBr-DNA quenching
result. But the data of binding constants (K},) present
2.506-21.78 x 10° M~ with the order of 2¢ > 2b >
2a > 2d for complexes, and orders of 2a > la,
2b > 1b, 2¢ > 1¢, 2d > 1d, which are consistent with
the orders of EtBr—-DNA quenching results. All the
Yb(IIT) complexes are of stronger binding to DNA in
comparison with the classical intercalator (EtBr-DNA,
K, =3.0 x 10°M~! in 5 mmol Tris—HCI/50 mmol
NaCl buffer, pH = 7.2), indicating that the four
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Yb(III) complexes can bind to DNA effectively
(Baldini et al. 2003).

Hydroxyl radical scavenging activity

Figure 4a and b show the plots of hydroxyl radical
scavenging effect (%) for ligands and Yb(ID)
complexes, respectively, which are concentration-
dependant. As shown in Table 3, the values of ICsq of
ligands for hydroxyl radical scavenging effect are
7.716-76.10 uM with the order of 1b < 1c < 1la <
1d, while the values of ICsy of Yb(III) complexes for
hydroxyl radical scavenging effect are 3.015—
21.73 uM  with the order of 2c¢ < 2b < 2a < 2d.
These orders of ICsy are opposite to the abilities of
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scavenging effects for hydroxyl radicals. It is marked
that the hydroxyl radical scavenging effects of
Yb(III) complexes are much higher than those of
their ligands, possibly in that the larger conjugated
metal complexes can react with HO" to form larger
stable macromolecular radicals than ligands (Ueda
et al. 1996). Moreover, ligand 1b, 1c¢ and their Yb(III)
complexes show higher abilities of scavenging effects
for hydroxyl radicals than other ligands and Yb(III)
complexes, possibly due to the key roles of functional
groups, —OH, which can react with HO' to form stable
macromolecular radicals by the typical H-abstraction
reaction. Furthermore, for hydroxyl radical, there
are two types of antioxidation mechanisms, in which
one presents suppression of the generation of the
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hydroxyl radicals, and another presents scavenging of
the hydroxyl radicals generated (Ueda et al. 1996).
Hydroxyl radical production, detected by ethylene
formation from methional, has been investigated in
plasma, lymph and synovial fluid in the previous
study (Winterbourn 1981). In the presence of iron-
EDTA as a catalyst, addition of either H,O, or
xanthine and xanthine oxidase give rise to hydroxyl
radical formation that in most cases is not superox-
ide-dependent. In the absence of iron-EDTA, the
reaction is hardly detectable, the rate being less than
5% of that observed with 1 pM iron-EDTA added. In
the present study, the chelation between phenolic
hydroxyl group and carbonyl group of 2-hydrox-
ybenzoylhydrazine side chain for ligand 1b with free
Fe?" in iron-EDTA reaction system may make the
concentration of free Fe’™ much lower so that the
catalysis becomes very poor and the hydroxyl radical
formation has been suppressed, thus, the inhibitive
effect of 1b detected for hydroxyl radical is higher
than those of other ligands. However, after formation
of Yb(IIl) complex, the chelation between 1b and
free Fe*™ may be destroyed with the formation of
intramolecular hydrogen bands for 2b, so the
hydroxyl radical scavenging effect (%) of 2b is
slightly lower than that of complex 2c.

Superoxide radical scavenging activity

Figure 4c and d show the plots of superoxide radical
scavenging effect (%) for ligands and Yb(III) com-
plexes, respectively, which are also concentration-
dependant, but both the plots slightly blend together.
As shown in Table 3, the values of ICsq of ligands for
superoxide radical scavenging effects are 4.096-
6.831 uM with no significant difference from each
other, but the values of IC5, of Yb(III) complexes for
superoxide radical scavenging effects are 7.430-
31.62 uM  with a notably different order of
2a < 2b < 2d < 2c. These results suggest that there
are different mechanisms between scavenging or
inhibiting hydroxyl radicals and superoxide radicals,
which should be further studied.

It is reported that the value of /Cs, of ascorbic acid
(Ve), a standard agent for non-enzymatic reaction, for
hydroxyl radicals is 1.537 mg ml~" (8.727 mmol),
and the scavenging effect of Vc for superoxide
radicals is only 25% at 1.75 mg ml~' (9.94 mmol;

@ Springer

Xing et al. 2005). It is pronounced that all the ligands
and the Yb(III) complexes investigated here have
much stronger scavenging abilities for hydroxyl
radicals and superoxide radicals than ascorbic acid
(Vc). Endowed with antioxidative properties, these
DNA binders may be effective inhibitors of the
formation of a DNA/TBP complex topoisomerases
(Chiang et al. 1994; Woynarowski et al. 1989; Chen
et al. 1993).

Conclusion

The Yb(III) complexes are prepared from Yb(NO;);-
6H,O and Schiff-base ligands derived from
8-hydroxyquinoline-2-carbaldehyde with four aro-
ylhydrazines including benzoylhydrazine, 2-hydrox-
ybenzoylhydrazine, 4-hydroxybenzoylhydrazine and
isonicotinylhydrazine, respectively. X-ray crystal and
other structural analyses show that Yb(III) and all four
newly synthesized ligands can form a binuclear
Yb(III) complex with a 1:1 metal to ligand stoichi-
ometry by octacoordination at the Yb(III) center.
Every ligand acts as a dibasic tetradentate ligand,
binding to Yb(III) through the phenolate oxygen atom,
nitrogen atom of quinolinato unit and the C = N
group, - O—C = N- group (enolized and deprotonated
from O = C-NH- group) of the aroylhydrazine side
chain. Dimerization of this monomeric unit occurs
through the phenolate oxygen atoms leading to a
central four-membered (YbO), ring. It is the key roles
of enolization and deprotonation of O = C-NH-
group changing into ~O-C = N- of the aroylhydr-
azine side chain that the dimeric centronucleus of
every Yb(III) complex is of neutral charge, which will
afford an efficient route for investigators to well design
favorable molecules. In addition, all the ligands and
Yb(III) complexes can bind to CT-DNA through
intercalations with the binding constants at 10°-10’
M™!, but Yb(IIT) complexes present stronger affinities
to DNA than ligands. EtBr—-DNA fluorescent tracer
methods show that all the ligands and Yb(III)
complexes can be used as potential anticancer drugs
but the antitumor activities of Yb(III) complexes may
be better than those of ligands. However, their
pharmacodynamical, pharmacological and toxicolog-
ical properties should be further studied in vivo.

On the other hand, all the ligands and Yb(III)
complexes have strong abilities of antioxidation for
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hydroxyl radicals and superoxide radicals but Yb(III)
complexes show stronger scavenging effects for
hydroxyl radicals than ligands. Whether Yb(III) com-
plexes or ligands containing active phenolic hydroxy
groups present stronger abilities of scavenging effects
for hydroxyl radicals than others. Endowed with
antioxidative properties, these DNA binders may be
effective inhibitors of the formation of a DNA/TBP
complex topoisomerases, which should be studied
further in vivo. Moreover, the complex 2¢ has lower
ability of scavenging superoxide radicals than other
complexes and the different mechanism between
scavenging hydroxyl radicals and superoxide radicals
should be also studied further.

Supplementary data

Supplementary data associated with this article can
be found in the online version. CCDC No.713873 and
713874 contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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