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Abstract. The lanthanide(III) complexes of general formula of [Ln(BPBH),(NOj3);] (where, Ln = La, Ce,
Pr, Nd and BPBH = 2-benzoylpyridine benzhydrazone) have been synthesized and characterized by elemen-
tal analysis, molar conductance, spectroscopic (UV, IR), electrochemical and single crystal X-ray diffraction
studies. The coordination mode of the ligand and the geometry of [Ce(BPBH),(NO3)3] are confirmed by sin-
gle crystal X-ray studies. The crystals are monoclinic with C2/c crystallographic symmetry. The central metal
is 12 coordinated and the coordination polyhedron around the cerium atom can be described as a distorted
icosahedron. The existence of nitrate. . . m and CH. .. stacking interactions in the [Ce(BPBH),(NO3);] leads
to a supramolecular arrangement in its network. The binding properties of these complexes with calf-thymus
DNA have been investigated by viscosity measurements. The complexes show more nuclease activity in the

presences of H,O,.

Keywords. Lanthanide(Ill)complexes;

2-benzoylpyridine

benzhydrazone; structure determination;

12-coordinated cerium complex; DNA binding, supramolecular interactoions.

1. Introduction

Supramolecular architectures formed by covalent and
non-covalent interactions have received considerable
attention'~'° due to their visual beauty as well as appli-
cability in versatile fields like biomimetic chemistry,
solid state chemistry, materials and liquid crystal resea-
rch. These weak supramoleulcar interactions (hydrogen
bonding, C-H...x. Cation—-m, anion—w, m—m stack-
ing, halogen—halogen, sulfur—sulfur and gold—gold) are
being increasingly utilized to generate self-assembled
structures. In this context, suitably designed multidenate
ligands with assorted functionalities like NNO donor
pyridine based hydrazones are of utmost importance.
A great interest for NNO donor pyridine based hydra-
zones and their metal complexes has been motivated by
a wide variety of biological and pharmaceutical activi-
ties, such as anticancer, antitumor, antimicrobial and
anti-proliferative agents.!!~!

The interactions of metal complexes with DNA sug-
gest that the complexes may have potential biological
and pharmaceutical activity depending on the mode of
binding and affinity of binding with DNA.'7-' When
designing potential anticancer agents, non-intercalative
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metal complexes are overlooked in favour of metallo-
intercalators. However, bulky molecules yielded highly
active anticancer agents that interact with DNA
grooves. Given the success of groove binders,’~* in
cancer therapy, it is considered worthwhile to explore
the present complexes as groove binders. The interac-
tion of metal complexes with DNA is an area of pas-
sionate curiosity to both inorganic chemists and bio-
chemists. Over the past decade, the DNA-binding metal
complexes have demonstrated that inorganic complexes
can be used for foot-printing studies* as sequence spe-
cific DNA cleaving agents,* as diagnostic agents in
medicinal applications® and for genomic research.?®-%’
The DNA binding and cleavage properties of lan-
thanide complexes under physiological conditions?3:%
have attracted much attention and curiosity of bio-
inorganic chemists.

Coordination chemistry of lanthanides has developed
into a wide variety of applications. Lanthanide(III) com-
plexes are used in materials science and biology® sup-
ramolecular luminescent sensors and self-assemblies®!
contrast enhancing agents in radiopharmaceuticals, as
MRI agents®? and in medicine.* In the light of the above
and in continuation of our ongoing research work,*~
herein, we report synthesis, spectral characterization,
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DNA binding studies and intermolecular interaction
of La(IIl), Ce(III), Pr(IIT) and Nd(III) complexes with
2-benzoylpyridine benzhydrazone (BPBH). Groove
binding of complexes with DNA and the X-ray crystal
structure determination of 12-coordinate Ce(III) com-
plex are major highlights in this paper.

2. Experimental
2.1 Materials and Methods

All the reagents used in the synthesis of ligand (viz. 2-
benzoylpyridine, and benzhydrazide) and lanthanide ni-
trates were purchased from Sigma-Aldrich and were used
without further purification. The solvents were obtained
after being distilled by standard method. CT-DNA was
purchased from Genie Biolabs, Bangalore, India.

The elemental analyses were performed using a Her-
aeus Vario EL III Carlo Erba 1108 instrument. The
molar conductance of the complexes in DMF (10-*M)
solution was measured at 28°C with a Systronic model
303 direct-reading conductivity bridge. The electronic
spectra were recorded in DMF with a Perkin Elmer
UV Lamda-50 spectrophotometer. FT-IR spectra in KBr
disc were recorded in the range 4000-400 cm~! with
a Perkin Elmer spectrum 100 spectrometer. The cyclic
voltammetry was performed with a CH instrument 660C
Electrochemical analyzer and a conventional three elec-
trode assembly, Ag/AgCl (1M KCl) as reference elec-
trode, glassy carbon as working electrode and platinum
as counter electrode. The E , of ferrocence with respect
to Ag/AgClelectrode is 0.38V. Nitrogen gas was purged
and measurements were made on the degassed (N, bub-
bling for 5 min) complex solution in DMF (107*M)
containing 0.1 M tetrabutylammonium hexaflourophos-
phate (TBAHEP) as the supporting electrolyte.

2.2 Synthesis of Ligand

A methanolic solution of benzhydrazide (0.68 g, 5
mmol) was refluxed with 2-benzoyl pyridine (0.916 g,

5 mmol) continuously for 4 h. After adding a few drops
of glacial acetic acid, there was no immediate formation
of the product. Then the reaction mixture was kept aside
for slow evaporation at room temperature. After 1 day
white crystalline product was obtained. The compound
was collected by filtration, washed with hot water and
recrystallized from methanol and dried in vacuum. Ana-
lytical data of BPBH are given in table 1. The 'H-NMR
spectra (CDCls, ppm), 6 7.40 (singlet, 1H), §7.42- 8.80)
(multiplet 14H), are respectively assigned to > NH
and aromatic (pyridine 4 phenyl ring) protons. LC-
MS spectrum of BPBH showed molecular ion peak at
(m/z) 301.

2.3 Synthesis of Metal complexes

The lanthanide complex was prepared by mixing hot
ethanolic solution of BPBH (2 mmol, 0.602 g) and
Ln(NO3)5.6H,O (1 mmol) dissolved in ethanol in 2:1
ratio in a clean 100 mL round bottom flask and the con-
tents were refluxed at 60°C on water bath for 1-2 days.
There was no formation of the product. Then the reac-
tion mixture was kept aside at room temperature. After
a few days, product was obtained. The complex was
collected by filtration, washed with a small quantity of
ether. Yellow coloured, needle shaped single crystals of
Cerium complex were obtained on slow evaporation of
the ethanol solution at room temperature. These crys-
tals are suitable for X-ray diffraction studies. Analytical
data are shown in table 1.

2.4 X-ray crystallography

Crystal data were collected by using the Enraf Nonius
CAD4-MV31 single crystal X-ray diffractometer,
Indian Institute of Technology-Madras, Chennai. The
detector is a scintillation counter. A single crystal is
mounted on a thin glass fibre fixed on the goniometer
head. The unit cell dimensions and orientation matrix
are determined using 25 reflections and then the inten-
sity data of a given set of reflections are collected auto-
matically by the computer. Maximum X-ray power is
40 mA x 50 KV.

Table 1. Infrared spectral data (cm™") for the BPBH ligand and its lanthanide(IIT) complexes.

v(NO3)
Compound v(N-H v(C=0) v(C=N) v (NO3) v4(NO3) 1,(NO3) v3(NO3) V| — Vs
BPBH 3100 1673 1583
La(BPBH),(NO3)3] 3199 1634 1536 1470 1301 1028 816 169
[Ce(BPBH),(NO3)3] 3197 1632 1536 1469 1300 1028 815 169
[Pr(BPBH),(NO3)3] 3211 1636 1538 1470 1301 1028 817 169
[Nd(BPBH)>(NO3)3] 3198 1636 1539 1470 1302 1028 816 168
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The data collected were reduced using saint prog-
ram.* The trial structure was obtained by direct met-
hod* using SHELXS-86, which revealed the position
of all non-hydrogen atoms and refined by full-matrix
least squares on F?> (SHELXS-97)*' and graphic tool
was DIAMOND for windows.*” All non-hydrogen
atoms were refined anisotropically, while the hydrogen
atoms were treated with a mixture of independent and
constrained refinements.

2.5 DNA Binding studies

Binding property of lanthanide complexes with calf thy-
mus DNA was studied by UV-Vis spectroscopy. The
interaction of the lanthanide complexes with CT-DNA
was carried out in tris-buffer. Solution of CT-DNA in
(0.5 mM NaCl/5 mM Tris-HCI; pH = 7.0) buffer gave
absorbance ratio at 260 nm and 280 nm of 1.8-1.9 indi-
cating that the DNA was sufficiently free of proteins.*’
The DNA concentration per nucleotide was determined
by absorption coefficient (6600 dm?® mol~! cm™!) at 260
nm. Stock solutions stored at 4°C were used after no
more than four days.

2.6 Viscosity measurements

Viscosity measurements were carried out using an
Ostwald-type viscometer, thermostated in a water bath
maintained at 25(40.1)°C. The DNA concentration was
kept constant in all samples, but the concentration of
the complex was increased from 0 to 90 uM. The aver-
age flow time was obtained after three measurements.
The relative viscosity of DNA in the presence of com-
plex (n) and the viscosity of DNA alone (179) in 5 mM
Tris-HCI buffer medium was calculated using the rela-
tion n = (t- ty)/ty, where t and t; are the observed flow
time for each sample and buffer. The resulting data are
presented by plotting relative viscosity (17/19)"/? vs 1/R,
where R = [DNA]/ [complex].

2.7 DNA cleavage studies

The Nuclease activity of lanthanide complexes was
performed using agarose gel electrophoresis with pBR
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Scheme 1.

322 DNA. After incubation for 30 min at 37°C, the
samples were added to the loading buffer containing
0.25% bromophenol blue + 0.25% xylene cyanol +
30% glycerol, and solutions were loaded on 0.8%
agarose gel containing 100 pg of ethidium bromide.
Electrophoresis was performed at 75 V in TBE buffer
until the bromophenol blue reached to 75% of the
length of the gel. Bands were visualized by UV
Transilluminator and photographed. The efficiency of
DNA cleavage was measured by determining the abil-
ity of the complex to form open circular (OC) or
nicked circular (NC) DNA from its supercoiled (SC)
form. The reactions were carried out under different
conditions.

3. Results and Discussion

The ligand (BPBH) is prepared (scheme 1) by simple
condensation of 2-benzoylpyridine and benzhydrazide.
The colour, elemental analysis, melting point of the
BPBH ligand, and its lanthanide(III) complexes are given
table S1 (see Supplementary Information). The elemen-
tal contents are consistent with the proposed molecu-
lar formulae of the ligand and its complexes. All the
lanthanide(Il) complexes are stable in air and non-
hygroscopic. The complexes are soluble in DMF and
DMSO. The range of molar conductivity values (10-19
Q~'cm’mol!) for the complexes suggest that these are
non-electrolytes.*

3.1 IR Spectroscopy

The FT- IR spectra of complexes in the region 4000-400
cm~! are analysed in comparison with that of metal-
free BPBH. The characteristic IR peaks of BPBH and
its lanthanide complexes are given in table 1. IR spectra
of the four complexes are strikingly similar in relative
positions and intensities of the peaks, which suggest a
close structural relationship among the compounds. The
IR spectrum of the free ligand shows strong bands at
1673 and 1583 cm™!, which are attributable to stretch-

ing vibrations of the carbonyl group (v(C=0)) and
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Synthetic route of 2-benzoylpyridine benzhydrazone.



Karreddula Raja et al.

V(C=N) of azomethine groups, respectively. In the
IR spectra of lanthanide complexes, the v(C=0) and
V(C=N) are shifted to lower frequencies (table 1).
These shifts towards lower wave numbers indicate the
participation of the carbonyl oxygen and azomethine
nitrogen in coordination.*’ The vibrational band at 3100
cm~! can be assigned to the v(N-H) for the free ligand.
This v(N-H) band is also observed (in the range 3197-
3211 cm™") in the spectra of metal complexes. This
observation suggests that the ligand remains in keto
form in complexes. The pyridine ring in-plane deforma-
tion band is observed at 629 cm™! in the spectrum of
BPBH. This band shifts to 630-632 cm™! in the spectra
of lanthanide complexes indicating the involvement of
pyridine nitrogen*® in chelation.

The above observations suggest that the BPBH acts
as neutral tridentate ligand in complex formation. The
absorption bands assigned to the coordinated nitrate
groups (C»,) are observed in the range, 1469-1470 cm ™!
(v1), 1300-1302 cm™! (vy), 1028 cm™! (v,) and 815-817
cm~! (v3) for the nitrate complexes. The frequency sep-
aration [Av = v; — v,] between the asymmetric and
symmetric stretching of nitrate group can be used to
determine the binding mode. The Av values, 168—169
cm~! suggest the bidentate nature of nitrate group*’+*8
The absence of band around 1385 cm™' in IR spec-
tra of complexes indicates the absence of ionic nitrate
(Dsn symmetry), which is in agreement with the results
of the conductivity experiments. The new bands in
416 -423 cm~! and 541 - 546 cm™! regions are assigned
to v(Ln—0) and v(Ln—-N) vibration, respectively.

3.2 Electronic spectroscopy

The electronic spectrum of the free ligand in UV region
shows an intense band at 295 nm and a weaker band
at 367 nm which are assigned to the m-7* and n-
7 *transitions, respectively. These bands are slightly
shifted to either higher or lower frequencies in the
spectra of lanthanide complexes. Electronic spectra of
Pr(II), Nd(III) complexes are shown in figure S1 (see
SI). Spectra show several important f-f bands. The elec-
tronic spectra of the lanthanide complexes in the visi-
ble region exhibits red shift of the f-f bands relative to
the corresponding Ln(III) aquo ion, shown in Figure S2.
The shifts have been attributed to the covalent nature
of metal-ligand bond present in lanthanide complexes.
The values of the bonding parameters are shown in
table S2. The positive and negative values of § and b'/?
for a complex correspond to covalent and ionic charac-
ters, respectively. A nephelauxetic ratio (8) of less than
unity and positive values of Sinha’s parameter (§) and
the bonding parameter (b'/?) suggest the occurrence of
some covalent character in the metal— ligand bond.**->°
The low (6%) values of the complexes indicate weak
covalent bonding in the complexes. the small b'/? values
suggest a minor participation of 4f orbitals in bonding.

3.3 Description of the molecular structure of
[Ce(BPBH),(NO3)s]

[Ce(BPBH),(NOs);] crystallized in monoclinic space
group C2/c and the structure contains six neutral

Figure 1.

Unit cell structure of [Ce(BPBH),(NOj3);] with distorted icosahedrons around Ce(III) centers.
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[Ce(BPBH),(NO3);] molecules in each unit cell as
shown in figure 1. Crystal data and structure refinement
parameters are shown in table 2. Selected bond lengths
and bond angles are given in table 3. ORTEP view of
[Ce(BPBH),(NOs);] together with the atom labeling
scheme is used shown in figure 2. Cerium ion is sur-
rounded by 12 coordinated donor atoms. Six of them
belong to two neutral tridentate ligands and six from
the three bidentate nitrate groups. The BPBH ligand

is coordinated to central metal ion to form two five-
membered rings. One five-membered chelate ring
involves the pyridine nitrogen and the azomethine nitro-
gen and another five-membered chelate ring involves
the azomethine nitrogen and carbonyl oxygen donor
atoms.

Generally, in 12 coordination complexes six polyhedra
are considered:’! that is icosahedron, cuboctahedron, anti-
cuboctahedron, hexagonal prism, hexagonal antiprism

Table 2. Crystal data and structure refinement parameters for [Ce(BPBH),(NOs3)s].

Empirical formula C38 H30 Ce N9 O11
Formula weight (g mol~) 928.83
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
space group C2/c

Unit cell dimensions

a(A) 18.5544(5)

b (A) 13.5066(4)
c(A) 16.1009(4)
a(®) 90

B () 102.9450(10)

y () 90

Volume (A%) 3932.45(19)

Z 4
Calculated density (mg.m—3) 1.569
Absorption coefficient (mm™") 1.230

F (000) 1868
Crystal size (mm) 0.30x 0.20 x 0.20
6 range for data collection (°) 2.25-24.99
Limiting indices 22 <h<22,-15<k <l16,-12 <1 <19
Reflections collected 17721
Unique 3449 R, = 0.0283]
Completeness to 6 (%) 99.8

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [/ > 20 (1)]

R indices (all data)

Largest diff. peak and hole (e A~%)

Semi-empirical from equivalents
0.7995 and 0.7036
Full-matrix least-squares on F?
3449756 /298
1.071
R1 =0.0183, wR2 = 0.0436
R1 =0.0199, wR2 = 0.0443
0.420 and -0.219

Table 3. Selected bond lengths (A) and angles (°) of [Ce(BPBH),(NO3)3].

Bond lengths (A)

N(1)-Ce(1) 2.9365(16) N(2)-Ce(1) 2.7706(14)
O(1)-Ce(1) 2.4952(12) 0O(5)-Ce(1) 2.6808(14)
Ce(1)-0(2) 2.72(2) Ce(1)-0(4) 2.62(2)
Bond Angles (°)

O(D#1-Ce(1)-O(1) 176.89(6) O@)#1-Ce(1)-O(4) 101.6(9)
O2)#1-Ce(1)-0(2) 71.5(6) 0(4)-Ce(1)-0(2)#1 68.8(5)
O(4)#1-Ce(1)-O(2)#1 48.4(5) 0(5)-Ce(1)-O(5)#1 46.98(6)




Karreddula Raja et al.

Figure 2. ORTEP view showing molecular structure of [Ce(BPBH),(NO3)3] complex.

and bicapped pentagonal prism. [Ce(BPBH),(NOs3);]
shows that the geometry of 12-coordination is distorted
icosahedron in which five triangles are joined at each
vertex. In our case, the coordination polyhedron around
Ce' is distorted icosahedron and is shown in figure 3.

Figure 3. The coordination polyhedron (Distorted Icosa-
hedron) around Cerium(III) ion in 12- coordinate [Ce(BPB
H),(NO3)3] complex.

The regular icosahedron has 20 equilateral triangular
faces, 12 vertices, 30 edges and five faces meet at each
vertex. Each vertex figure is a regular pentagon. In
our case, polyhedron containing 30 edges, 12 vertices
and 20 faces (i.e., V—E + F = 2, Euler’s formula, 12—
30 + 20 = 2) and five faces meet at each vertex. Each
vertex figure is a pentagon. Twenty triangles deviate
from the equatorial triangles, and also the vertex figure
deviates from regular pentagon.

The phenyl rings adjacent to the 2-pyridyl ring are
twisted out of this plane so as to avoid H-H repulsion
with the proton in the 3-position of the pyridyl ring.
The Ce-O bond distances [2.4952(12) to 2.72(2) A] are
shorter than Ce-N [2.9365(16) to 2.7706(14) Al, as can

expected for a hard oxygen donor bound to a lanthanide
fon 52

m0on
L=
\TH HN
|
0404© ©_C*o
E 4

Scheme 2. Geometrical isomers

benzhydrazone.

of 2-benzoylpyridine
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The Ce-N(py) distance is 2.9365(16) A and Ce-N differential Ce—N back donation.”® Cerium to donor
(azo) distance is 2.7706(14) A. The difference may atom bond length order is given below.
arise from constraints involved in chelate-ring forma-
tion or from the differing positions in which N(py)
and N(azo) occupy in the polyhedron, as well as from > Ce-O(Amide carbonyl) > Ce-O(Nitrate).

Ce-N(pyridine) > Ce-N(azomethine)

Figure 5. Intermolecular Nitrate - v interactions of [Ce(BPBH),(NO3)3].

Figure 6. Intermolecular CH- 7 interactions of [Ce(BPBH),(NO3)3].
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Three nitrates have metal to ligand bond angles which
are nearly same but bond lengths are different. Based
on bond lengths, three nitrates have two types of
coordination, one type of two nitrates with unsym-
metrical bond lengths [2.72(2) A, 2.62(2) A, another
type of nitrate bond lengths which are symmetrical
[2.6808(14) Al.

Bond length data [C(1)-O(1)] 1.231(2) A, [C(1)-N(3)
1.338(2) A] of the cerium complex indicate that the lig-
and binds to metal in keto form. It is well known that
pyridine based hydrazones can exist as two geometri-
cal isomers based on azomethine, syn (Z) and anti-(E)
as shown in scheme 2, but in our case, only the E iso-
mer is possible in the cerium complex. The observed
torsion angles C15—-C8-N2-N3(173.53°), N2-N3-C1-
O1(-4.45°) support the hydrazone E conformation in
coordination.>*

The intra-molecular C-H. .. interaction between
the phenyl ring (adjacent to the 2-pyridyl ring) and
pyridine hydrogen shows a distance of 3.364 A.
The intra-molecular N-H. .. 7 interaction between the
phenyl ring (adjacent to the 2-pyridyl ring) and imine
hydrogen shows a distance of 3.036 A. D-H...x
intramolecular interactions (where, D = N/C) for the
Cerium complex are present as shown in figure 4.

Table 4. X-H...7 and Nitrate. .. interactions for the
Cerium complex.

D-H.. A d(H...A) d(D..A) < (DHA)
Intramolecular interactions

C(16)-H(17)...CgD) 3.364 3.968 124.68
N(3)-H3A)... Cg(D) 3.036 3.635 128.62
Intermolecular interactions

C(11)-H(12)...CgD) 3.576 4.183 125.26
Nitrate. . .7t interactions

N#4)-0(3)... Cg(D) 3.007 3.558 106.61

Cg(I) = C9-Cl14 ring

Another interesting feature of the [Ce(BPBH),
(NO3)3] complex is the presence of nitrate...mr and
CH...n interactions (figures 5 and 6). Ogitrate) - - - 7T
edge-to-face interactions are present between oxygen
atom of the nitrate group and phenyl ring with O... 7w
distance of 3.007 A for N(4)-O(3)... Cg(D) [Cg(I) is cen-
troid for C(9)/C(14) ring] (figure 5). Also, in the crystal
packing CH ... interactions exist between the hydro-
gen atom of the phenyl ring (2-benzoyl) and phenyl ring
(2-benzoyl) of neighboring molecule, with CH....w
distance of 3.576 A for C(11)-H(12)..... Cg(D) (figure 6).
The details of intra- and intermolecular interactions are
given in table 4.

In the cerium complex mainly N-H..-O type of
strong intermolecular hydrogen bonds are present bet-
ween the imine nitrogen and the oxygen atom (not in-
volved in bond formation with metal) of coordinated
nitrate ion. View of the hydrogen bond network of [Ce
(BPBH),(NO3)3] complex is shown in figure 7. Selected
hydrogen bond lengths and angles are listed in table 5.

The complex is well stabilized due to presence of intra
molecular D-H. . . v interactions, intermolecular CH — 7z,
niitrate. . . w and Hydrogen bonding interactions.

3.4 Hirshfeld surface analysis

The Hirshfeld surfaces represented by d,om, range of
red (distances shorter than sum of van der Waals (vdW)
radii) through white to blue (distances longer than sum

Table 5. Hydrogen bonds (A) and Angles (°) for the
Cerium complex.

D-H..A d(D-H) d(H..A) d(D..A) < (DHA)

N(3)-H(3A)...O(3)* 0.86 223  3.033(2) 1545

aSymmetry transformations used to generate equivalent
atoms: x,-y+1,z-1/2.

Figure 7. View of the Hydrogen bond (green dotted line) network of [Ce(BPBH),(NOj3)s].
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of vdW radii), shape index range of -1.0 (concave)
through 0.0 (minimal surface) to +1.0 (convex), and
2-D fingerprint plots were calculated using Crystal
Explorer 3.1.%

For each point on the Hirshfeld surface, two parame-
ters are defined: d. from the point to the nearest nucleus
external to the surface and d;, the distance from the
point to the nearest nucleus internal to the surface. The
normalized contact distance, d,.m, based on both d. and
di, and the vdW radius of the atom, is given by the
equation:

d — I.de d. — I.de
U i e e
dnorm = Vo aw (D
Here, Y% and rY% are the internal and external van

der Waals radius of the atom. The Hirshfeld surface
mapped over d,., displays the intermolecular NH-
Onitrate) 1nteractions as bright red areas and on the dyemm
surface, a light red colour indicates CH phenyl/pyridine)—
Oiratey 1nteractions in the cerium complex shown in
figure 8.

In the 2-D fingerprint plots, two distinct spikes
appear for O...C/C...O intermolecular interactions.
The proportion of O...C/C...O interactions com-
prises 4.2% of the total Hirshfeld surfaces for each
molecule of Cerium complex. This region corresponds
to Oitrare) - - - T Interaction in the fingerprint plot in a
characteristic manner.

This decomposition enables separation of contribu-
tions from different interaction types, which overlap in
the full fingerprint plot. In the 2-D fingerprint plots, two
distinct spikes appear for O...H/H...O intermolecular
interactions. The proportion of O...H/H...O interac-
tions comprises 27.3% of the total Hirshfeld surface
for each molecule of the Ce complex. The upper spike
corresponding to the donor represents the O. . .H inter-
actions (d; = 0.9, d, = 1.2 A) and the lower spike being
an acceptor represents the H. . .O interactions (d. = 0.9,

d; = 1.2 A in the Ce complex) in the fingerprint plot
(figure 9). The decomposition of the fingerprint plot
shows that C...H/H...C contacts comprise 19.9% of
the total Hirshfeld surface area for Ce complex. The
region corresponds to all C-H...C interactions of
which C-H...m appears in the fingerprint plot in a
characteristic manner.

Hirshfeld surface of Ce complex does not show adja-
cent red and blue triangles on the shape-index surfaces
(figure 8). This indicates absence of -7 interactions.
However some carbon carbon interactions are present
which comprises 3.6% of the total Hirshfed surface area
of the molecule. The proportion of H...H interactions
comprises of 41.4 % in 2D fingerprint plot.

3.5 Electrochemical studies

Redox behaviour of the lanthanide(III) complexes has
been investigated by cyclic voltammetry using 0.1M
tetrabutylammonium hexaflourophosphate (TBAHEP)
as supporting electrolyte. The cyclic voltammetric pro-
file of [La(BPBH),(NO;)3] complex is given in figure 10a.
A plot of i, vs v'/*(v is scan rate) is linear (figure 10b)
pointing towards diffusion controlled nature of the
reduction wave. In the reverse scan there is no anodic
peak confirming the irreversible nature of electrode
process. All these facts point towards the diffusion-
controlled nature of the electrode process.

The cyclic voltammograms of La(III), Ce(III). Pr(II)
and Nd(III) gave irreversible waves. Their cathodic
reduction peaks are found to be at —1.08, —1.35, —0.88
and —1.0 V for La(Ill), Ce(III), Pr(III) and Nd(III),
respectively. This is due to the reduction of Ln(IIl) to
Ln(1I) couple.>®

3.6 DNA binding studies

To clarify the nature of the binding interaction between
lanthanide complexes and DNA, viscosity measurements

Figure 8. Hirshfeld surface mapped with (Left) dorm and (Right) shape index for the Ce complex.
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Figure 9. 2D fingerprint plots, full and resolved into OC/OC, OH/HO, CH/CH, H/H
and C/C contacts showing percentages of contacts contributed to the total Hirshfeld

surface area of the molecule.

were carried out on CT DNA by varying the concen-
tration of the added complexes. The effect of addition
of an increasing concentration of the lanthanide com-
plexes and ligand on the relative viscosity of DNA is
shown in figure 11. As can be seen in figure 11, upon
increasing concentration of the lanthanide complexes
and ligand, the relative viscosity of DNA increases
steadily. The increasing degree of viscosity is as
follows:

Ligand < Cerium Complex < La complex

< Prcomplex < Nd complex

Normally, intercalative/ groove binding agents increase
the viscosity of DNA. The complexes cause a rela-
tively large increase in the viscosity of DNA, which is
consistent with DNA groove binding as suggested
by Palaniandvar ef al.’’ Since the complexes are bulky
and lack planarity, groove binding of the complexes
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Figure 11. Effect of increasing amount of complexes of
Nd, Pr, La and Ce and ligand (0-90 uM) on the relative
viscosity of CT DNA (100 mM) at 25 (£0.1)°C.

with DNA was suggested®’>® rather than base-pair
intercalation.

3.7 DNA cleavage activity

Nuclease activity of lanthanide complexes derived from
2-benzoylpyridine benzhydrazone (BPBH) has been stu-
died by agarose gel electrophoresis using pBR 322 plas-
mid DNA in Tris-HCI/NaCl (50mM/5mM) buffer(pH-7)
in the presence and absence of H,O, as an oxidant at
micromolar concentration for 30 min incubation period
at 37°C. In the presence of H,0, the supercoiled DNA
(form I) is changed into nicked form (form II). Figure
12 shows the cleavage activity of lanthanide complexes.

In the presence of H,O,, the complexes cleave DNA
more effectively [lanes 6, 8 and 10 in figure 12], which
may be due to the reaction of hydroxyl radical with
DNA by Fenton mechanism.*® These hydroxyl free rad-
icals participate in the oxidation of the deoxyribose
moiety, followed by hydrolytic cleavage of the sugar

6 7 8 9 10

Figure 12. Agarose gel (0.8%) showing results of electrophoresis of 1 uL of pPBR322 plasmid DNA; 4 uL.
of Tris~HCI/NaCl (50 mM/5 mM) buffer (pH-7); 2 uL of complex in DMF (1x1073 M); 11 uL of sterilized
water; 2 uL of H,O; (total volume 20 uL) were added, respectively, and incubated at 37°C (30 min); Lane
1: DNA control; Lane 2: DNA control + H,0;; Lane 3: La complex+ DNA; Lane 4: La complex + DNA
+ H,0,; Lane 5: Ce complex+ DNA; Lane 6: Ce complex+ DNA + H,0,; Lane 7: Pr complex+ DNA;
Lane 8: Pr complex+ DNA + H,0O;; Lane 9: Nd complex+ DNA; Lane 10: Nd complex+ DNA+H,0,.
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phosphate backbone.®® The order of activity in the
presence of oxidant is as follows:

Ce complex > Pr complex

> Nd complex > La complex

4. Conclusions

Lanthanide complexes of 2-benzoylpyridine benzhydra-
zone (BPBH) have been synthesized and characterized.
Physico-chemical and spectral studies reveal that the
complexes have general formula [Ln(BPBH),(NOs3);]
(where Ln = La, Ce, Prand Nd). BPBH acts as a neutral
tridentate ligand and NOj acts as bidentate ligand. Two
BPBH ligands occupy six coordination sites and three
NO5 ligands another six coordination sites to form 12-
coordinated mononuclear complexes. The structure of
[Ce(BPBH),(NOs);] complex was determined by single
crystal X-ray diffraction studies. Binding studies sug-
gest groove binding of the complexes with DNA. The
complexes show nuclease activity in the presences of
HzOg.
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