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The title compound is synthesized from the precursors 1,2-diaminobenzene and 2,2'-bipyri-
dine-4,4'-dicarboxylic acid (dcbpy) and characterized using ESI-Mass, 'H NMR, FT-IR and
single crystal X-ray analysis. We are the first to report the crystal structure of the 4,4’-bis(ben-
zimidazolyl)-2,2'-bipyridine (bimbpy) ligand. The photophysical properties of the compound
in dimethyl sulfoxide and in the aqueous medium are studied. The interaction studies of
bimbpy with bovine serum albumin (BSA) were performed with the fluorescence technique
and it strongly binds with BSA.
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INTRODUCTION

Benzimidazoles are "the privileged substructures” for drug dosing due to their chemotheraupetic
values. Benzimidazole containing molecules and their derivatives have been found in biologically ac-
tive small molecules, such as vitamin B12 and also act as antitumor, antiparasitic, and antimicrobial
agents [ 1]. The broad spectrum antibiotic nature of the benzimidazole moiety has appealed to re-
searchers to synthesize many benzimidazole and polybenzimidazole type ligands. Because of their
unique photophysical properties, these heterocyclic organic molecules have applications in drugs [ 2 ],
synthetic fibers [ 3 ], organized assemblies [4 ], solar cell [ 5], proton exchange membranes in fuel
cells [ 6 ], and also in the proton coupled electron transfer processes involved in many biological, cata-
lytic, molecular, and photonic systems [ 7 ]. To understand the PCET process many ligands containing
ionisable protons have been designed. Many such ligands containing the benzimidazole moiety have
already been employed and their transition metal complexes were studied [ 8 ]. We have designed a
new 4,4'-bis(benzimidazolyl)-2,2'-bipyridine ligand which contains two benzimidazole groups tied
through the bipyridine moiety. The analogous ligands such as 2,2'-bis(benzimidazolyl)-4,4'-bipyridine,
6,6'-bis(benzimidazolyl)-2,2'-bipyridine and their transition metal complexes were already reported
[9].

Serum albumins are the most abundant protein in plasma. They are responsible for the mainte-
nance of blood pH and contribute to colloid osmotic pressure. Because of its homologous nature with
human serum albumin, low cost, ease availability and ligand binding properties, BSA was selected as
the protein model. Many research articles reported the interaction of BSA with drugs and dyes [ 10—
13 ]. In this paper, a new 4,4'-bis(benzimidazolyl)-2,2'-bipyridine ligand was synthesized and charac-
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Fig. 1. ORTEP view of bimbpy

terized by IR, NMR, UV, single crystal XRD and the binding nature as well as the quenching mecha-
nism between BSA and bimbpy were reported in detail using the luminescence technique.

EXPERIMENTAL

Materials. Reagent grade chemicals were used without further purification. 1,2-diaminobenzene
(Merck) and 2,2'-bipyridine-4,4'-dicarboxylic acid (Alfa aesar) were used as received. Bovine serum
albumin was obtained from Merck. Interaction studies were carried out in a Tris-HCI buffer solution
(pH = 7.4) at 298 K. Solvents used were of spectroscopic grade.

Methods and instrumentation. Electronic absorption spectra were recorded on a Perkin Elmer
Lambda 25 UV-Vis spectrometer. A JASCO FT-IR 410 spectrometer was used to record the IR spec-
tra in the range 4000—400 cm ' using KBr pellets. Emission intensity measurements were carried out
using an Elico SL174 spectrofluorometer. The "H NMR spectrum was recorded on a Bruker-400 MHz
NMR spectrometer. The electron spray mass spectrum was measured with a THERMO Finnigan LCQ
Advantage max ion trap mass spectrometer.

X-ray crystallography. The crystals of the title compound of a suitable size were selected from
the mother liquor and then mounted on the tip of a nylon loop. Intensity data for the crystal were col-
lected using a Cu sealed X-ray tube (K, =1.5418 A) fitted with a graphite monochromator on a
BRUKER GADDS X-ray (three-circle) diffractometer. Integrated intensity information for each re-
flection was obtained by the reduction of data frames with APEX2 [ 14 ]. TWINABS [ 15 ] was em-
ployed to correct the data for absorption effects. The structures were solved by direct methods using
SHELXS [16] and refined (weighted least squares refinement on F*) to convergence. Platon [ 17 ]
was used to verify the absence of additional symmetry and voids. Hydrogen atoms were placed in ide-
alized positions and refined using the riding model. All non-hydrogen atoms were refined with anisot-
ropic thermal parameters. In the crystallographic asymmetric unit cell, a ligand with two DMF mole-
cules is present. The ORTEP view of the ligand structure along with the atom numbering scheme is
shown in Fig. 1.

Preparation of the 4,4'-bis(benzimidazolyl)-2,2’-bipyridine (bimbpy) ligand. A mixture of
o-phenylenediamine (1.108 g, 10 mmol), 2,2'-bipyridine-4,4'-dicarboxylic acid (1 g, 40 mmol) in sy-
rupy o-phosphoric acid (25 ml) was heated for 2 h at 250 °C. The blue viscous solution was cooled to
room temperature and poured into ice with stirring. A blue-violet precipitate thus obtained was slowly
neutralized with aqueous ammonia. The light pink solid was formed, filtered, and washed with water.
Colourless blocks of crystals were obtained by slow evaporation of the compound from dimethyl for-
mamide (DMF). The off-white solid was completely soluble in DMSO. Yield 1.2 g (75 %);
mp > 300 °C.

RESULTS AND DISCUSSION

Synthesis and characterization. The title compound 4,4'-bis(benzimidazolyl)-2,2'-bipyridine
(bimbpy) was synthesised by condensing o-phenylenediamine with 2,2'-bipyridine-4,4'-dicarboxylic
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Fig. 2. Absorption (a) and emission spectrum () of Fig. 3. Absorption (solid line) and emission spectrum
bimbpy (1.0x107° mol-L™) in the Tris-HCI buffer at (dotted line) of BSA (1.0x107° mol-L™) in the Tris-
pH =7.4, Aex =326 nm HCI buffer at pH = 7.4, Aex = 278 nm

acid and the colourless crystals were obtained from its DMF solution. The structure was confirmed
from single crystal XRD. The crystal of the title compound belongs to the triclinic space group P-1,
a=63593(3), b=10.9307(4), c=112875(4)A, a=65.761(2)°, P=77.642(2)°, v=72.892(2)°,
V=679.86(5) A°, Z=1, Deae=1.306 g/cm’, pn=0.693 mm™', F(000)=282, and final R, =0.0825,
wR, = 0.2224. The bond angles of the compound are as expected for this class of compound and the
geometrical parameters are normal. The detailed crystallographic data and the selected bond distances
and bond angles are available as CIF format (CCDC 994871).

The FT-IR spectrum showed the N—H peak at 3474 cm ™' and the peaks at 1665, 1600 cm ' are
due to benzimidazole and aromatic rings. The aromatic ve y occurs at 1558, 1523, and 1434 cm .
The group of vibrations at 735 and 702 cm™" are due to aromatic bending. The NMR spectrum shows
16 signals, it is a symmetric structure showing two downfield singlet at 13.54 o corresponds to imida-
zole —NH protons. The signals appeared in the region 9.28 to 7.29 5 (14 protons) is assigned to ben-
zimidazole and bipyridine protons. The ESI mass spectrum of the title compound shows a base peak at
m/z =389 (M = C24H16N6).

Spectral studies. Absorption spectra of bimbpy has two peaks at 326 and 207 nm due to the imi-
dazole centered m—n* transition and the bipyridine centered m—rm* transition respectively. BSA has
peaks at 210 and 278 nm in its electronic spectra. The peak at 278 nm was mainly due to tyrosine and
tryptophan residues. The fluorescence spectrum of bimbpy displays a peak at 431 nm in the Tris-HCI
buffer (pH = 7.4) (Aex = 326 nm). The protein, BSA emits at 332 nm in the Tris-HCI buffer (pH = 7.4)
(Aex = 278 nm) (Figs. 2, 3).

Binding studies with BSA. Electronic spectra. The absorption spectrum of BSA was monitored
in the presence of an increasing concentration of bimbpy (Fig. 4). The intensity of the 278 nm peak in-
creases with an increase in the bimbpy concentration. Also during the reverse titration, i.e. the monitoring
of the bimbpy spectrum in the presence of higher concentrations of BSA ended up in an increase in ab-
sorbance of the 320 nm peak. This evidences that the bimbpy/BSA ground state complex was formed.

Fluorescence quenching experiments. In order to find the binding mechanism, the binding site
and the donor-acceptor distance, fluorescence titrations were carried out [ 18 ]. Fluorescence spectra of
BSA in the presence of increasing bimbpy concentrations are shown in Fig. 5. With the addition of
bimbpy, the fluorescence intensity of BSA was quenched and also the emission maximum gradually
showed a red shift which indicated the less hydrophobic environment of the fluorophore. To find the
quenching mechanism, Stern—Volmer quenching equation is used:

FyF=1+kga[Q] =1+ Ksv[Q], (1)
where F, and F correspond to the fluorescence intensity in the absence and presence of the quencher

respectively, kq is the quenching rate constant, t is the BSA lifetime (10®s) in the absence of the
quencher, Kgy is the Stern—Volmer quenching constant, and [Q] is the quencher concentration.
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Fig. 4. Electronic ground state absorbtion spectral Fig. 5. Change in the emission intensity of BSA on
changes in BSA (1x10° mol-L™") with an incre- incremental addition of bimbpy (a). (a—g) 0, 0.7,
mental addition of bimbpy concentrations: 0 (a), 0.8, 0.98, 1.0, 1.4, 1.6 (x10° mol-L™") (excited at
0.24 (b), 0.5 (¢), 0.6 (d), 1.0 (e), 1.2 (f) ,1.4 (2), 278 nm). The inset is the Stern—Volmer plot of
1.44 (h), 1.5 (i), 1.6 (§), 1.66 (k), 1.7 ([), 1.74 (m), BSA quenching by bimbpy. [BSA] = 1x10~° mol-L"'
1.8 (n) (x10”° mol-L™") [bimbpy] ranges from 0.0 to 1.8x10~° mol-L"'

According to the literature [ 19 ], for dynamic quenching, the maximum collision quenching constant
of various biopolymers is 10'° Mol 's™". The Stern—Volmer plot of the quenching of BSA fluores-
cence by bimbpy shows that within the investigated concentrations, the results agree with Stern—
Volmer equation (1). From the plot, the Ksy and kq (= Ksv/t) values were calculated. The Stern—
Volmer quenching constant Kgy and the quenching rate constant &k, were found to be 2.92x10* L mol™
(r=0.999, SD =0.006) and 2.92x10" L mol 's™" respectively. The rate constant of the protein quen-
ching procedure initiated by bimbpy is greater than k, of the scatter procedure. This means that the
quenching is initiated by the formation of a complex, i.e. by static means, rather than by dynamic col-
lision.

Binding constant and binding site. For the static quenching interactions, if it is assumed that
there are similar and independent binding sites in the biomolecules, the relationship between the fluo-
rescence intensity and the quenching medium can be deduced from the following formula:

M +nQ — MQ,, )
where Q is the quencher, M is the biomolecule, and MQ,, is the quenched biomolecule whose resultant
constant is K,. Here,

K. =[Q,+M]/[Q'[B]. 3)
If the overall amount of biomolecules (bound or unbound with the quencher) is My, then

[My] = [Q, + M] + [M], here [M] is the concentration of unbound biomolecules, then the relationship
between the fluorescence intensity and the unbound biomolecule as [M]/ [Mo] = F/F) is

log(Fy— F)/F =logK, + nlog[Q], “
-0.2 where K, is the binding constant and # is the number of bind-
031 R2=0.99977 ing sites. By plotting log(Fy — F)/F against log[Q], K}, and »
£ 0.4- values were obtained from intercept and slope respectively.
& 5] From Fig. 6, the K, binding constant was found to be
L,Lo 061 4.196x10* L mol ™" and the n value was 1.033 at 298 K. The n
?0 0.7 value of approximately 1 indicates the existence of a single
= o8] binding site in BSA for bimbpy.
—0.94

53525150 49 48 47 Fig. 6. Plot of log[(Fy— F)/F] versus log[bimbpy]. [BSA]= Ix
log[Bimbpy] x107 mol-L"". [bimbpy] ranges from 0.0 to 1.8x10~> mol-L"'
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Energy transfer to bimbpy from BSA. Bimbpy can quench the intrinsic fluorescence of BSA
remarkably through binding, which suggests the occurrence of energy transfer between the fluoro-
phore in BSA and bimbpy. According to the Forster nonradiative energy transfer theory [ 20 ], the en-
ergy transfer rate depends on: (1) the relative orientation of the donor and acceptor dipoles; (2) the
extent of overlap of the fluorescence emission spectrum of the donor with the absorption spectrum of
the acceptor; and (3) the distance between the donor and the acceptor. The efficiency of energy trans-
fer between the donor and the acceptor (£) is given by the following equation:

E=1-(FIFo)= RSI(RS +r°), (35)
where 7 is the distance between the protein residue and the bound ligand and R, is the critical distance
when the energy transfer efficiency is 50 %. The R, value can be calculated using eqation

RS = 8.8x10°K*N *¢.J, (6)
where K is the spatial orientation factor related to the geometry of the dipole donor-acceptor, K* = 2/3
for random orientation as in a fluid solution, N is the averaged refractive index of the medium in the
wavelength range where the spectral overlap is significant, ¢ is the quantum yield of the donor, and J

is the overlap integral between the fluorescence spectrum of the donor and the absorption spectrum of
the acceptor. The J value can be calculated by the following equation:

T = [T FO)L L] F(R)dh, (7)

where F(L) is the corrected fluorescence intensity of the donor at a wavelength A with the total inten-
sity normalized to unity and (1) is the molar extinction coefficient of bimbpy at a wavelength A. The
Forster distance (Ry) has been calculated assuming the random orientation of the donor and acceptor
molecules. Here, K*=2/3, n=1.366, ¢ =0.51 and from the available data it results that the overlap
integral [J(L)] = 2.68 cm’ L mol ', the energy transfer efficiency (E) = 0.218, the critical energy trans-
fer distance Ry = 0.95 nm and the donor-acceptor distance » = 1.18 nm. The donor-to-acceptor distance
is less than 8 nm, which indicates that the energy could transfer from BSA to bimbpy with a high
probability and the distance is obtained by FRET with higher accuracy.

Conformational investigation. Synchronous fluorescence spectroscopy has been used to charac-
terize complex mixtures which can provide fingerprints of complex samples. It involves the simulta-
neous scanning of excitation and emission monochromators. Synchronous fluorescence spectra give
the information about the molecular environment around the chromophore and it is a useful method to
determine the environment around aminoacids. When AA, the difference between the excitation and
emission wavelengths, is stabilised at 15 or 60 nm, the spectral characteristics of protein tyrosine or
tryptophan residues were observed respectively [ 21 |. The effect of bimbpy on the synchronous fluo-
rescence spectrum of BSA is shown in Fig. 7. When AL = 15 nm, the spectral maximum decreased and
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Fig. 7. Synchronous fluorescence spectra of BSA in the presence of bimbpy (a) AL = 15 nm and (b) AL = 60 nm.
(T=298 K, pH = 7.4). [BSA] = 1x10° mol-L"" [bimbpy], (¢—e) 0.6, 1.0, 1.4, 1.6, 2.0 (x10° mol-L™")
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shifted to a longer wavelength region. When AA = 60 nm, the intensity of the spectral maximum
changed remarkably and shifted to the red end of the spectrum. This indicates that tryptophan and ty-
rosine experience a more polar environment in the presence of bimbpy. Due to its interaction with
bimbpy, the BSA conformation changed and the polarity around the flurophores increased. Since the
shift in the spectral maximum was more prominent during the AA = 60 nm scan, bimbpy lies closer to
the tryptophan residue than to the tyrosine one. Also, the fluorescence quenching of BSA by bimbpy
occurred due to the interaction of bimbpy with tryptophan residues present in BSA.

CONCLUSIONS

In this paper, we have designed, synthesised, characterized, and reported the crystal structure of a
new 4,4'-bis(benzimidazolyl)-2,2'-bipyridine (bimbpy) ligand. The investigation of the interaction of
BSA with bimbpy was made by absorption and fluorescence spectroscopy. Fluorescence experimental
results showed that the quenching of BSA by bimbpy was due to the formation of the BSA—bimbpy
complex following the static quenching and the non-radiative energy transfer was confirmed. As evi-
dent from the synchronous fluorescence spectrum, the conformations of both tyrosine and tryptophan
residues changed and their microenvironment became more hydrophilic than it was in the presence of
bimbpy.

This work was supported by the Department of Science and Technology (DST) and P. Rathna-
mala gratefully acknowledges University Grants Commission (UGC), New Delhi for the financial
support through CSIR-UGC/JRF.

The X-ray crystallographic file in CIF format for the title compound is CCDC 994871.
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