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Utilization of 2,6-bis(2-benzimidazolyl)pyridine to detect
toxic benzene metabolites
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Abstract—The tridentate ligand 2,6-bis(2-benzimidazolyl)pyridine has the ability to detect toxic benzene metabolites such as phenol,
hydroquinone, resorcinol, catechol and p-benzoquinone by simple techniques like UV/vis and fluorescence spectroscopy. The for-
mation of a stable supramolecular complex between 2,6-bis(2-benzimidazolyl)pyridine and hydroquinone was confirmed by X-ray
analysis.
� 2006 Elsevier Ltd. All rights reserved.
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Benzene and its metabolites which include phenols and
quinones are carcinogens, known to cause the breakage
and rearrangement of chromosomes in human, animal
and yeast cells. Hydroquinone (benzene-1,4-diol) and
catechol present in cigarette smoke are metabolites of
benzene which result from the pyrolysis of naturally
occurring flavonoids found in tobacco.1 It has been
demonstrated by several physiological studies that
‘hydroquinone’ and its oxidation product ‘p-benzo-
quinone’ are responsible for immunosuppression as well
as myelotoxicity and are known to inhibit mitogen-stim-
ulated activation of both T and B lymphocytes.2 Besides
their carcinogenic properties, these metabolites of benz-
ene are present in several naturally occurring biomole-
cules such as Coenzyme Q (CoQ), in the form of
hydroquinone or quinone fragments in their structures,
due to which they are able to undergo redox intercon-
versions in living cells.3 Among the several biochemical
roles of CoQ, the most important one is in electron
transport chain process, passing reduced species to the
acceptors and in the direct electron transfer towards
oxygen. CoQ also has structural resemblance with the
vitamin K group of compounds that possess quinine
rings. Thus, metabolites of benzene also play an impor-
tant role in biological cycles.

In spite of their important relevance to biology, there
are very few synthetic receptors that form supramolecu-
lar adducts with these small phenolic compounds.4 In a
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recent communication, we showed that 2,6-bis(2-benz-
imidazolyl)pyridine, 1 (Fig. 1), is an efficient receptor
for binding urea with high affinity.5 It was observed that
the host–guest complex which formed between 1 and
urea was very stable, where 1 utilized not only its cavity
but also the imine nitrogen located on the outer core to
form stable donor–acceptor complexes with urea.
Encouraged by these results, we explored the ability of
1 as a host to detect metabolites of benzene. Herein,
we demonstrate that 1 forms hydrogen-bonded com-
plexes with various metabolites of benzene even in the
presence of a competitive solvent environment, which
OH O

Figure 1. 2,6-Bis(2-benzimidazolyl)pyridine 1, phenol, hydroquinone,
resorcinol, catechol and p-benzoquinone.
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Figure 3. Emission spectra of 1 (7.05 · 10�7 M in dry CH3CN) during
the titration with hydroquinone from 0 to 2 equiv (v/v). Inset—plot of
the emission intensity (375 nm) of 1 as a function of hydroquinone
concentration.
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is proof of their potential application in chemical and
biological sensing.

The binding ability of receptor 1 was evaluated by titrat-
ing 0.1 equiv of hydroquinone aliquots into a solution of
1 in acetonitrile at regular intervals and recording the
changes in UV/vis and fluorescence spectra. It was
observed that on increasing the concentration of hydro-
quinone, a progressive decrease of the intensity in the
initial absorption band (Fig. 2) having kmax at 327 nm
associated with the p–p* transition of 1 occurred. Con-
currently, a new peak at 294 nm with higher intensity
developed which is due to the formation of a stable com-
plex between 1 and hydroquinone. This study showed
the formation of an isosbestic point at 307 nm, indicat-
ing the presence of at least one species at equilibrium.
The inset in Figure 2 shows the changes in titration pro-
file of the band at 327 nm corresponding to the 1:hydro-
quinone H-bonded complex. It was observed that the
spectral features reached a limiting value only after
the addition of 2.0 equiv of hydroquinone (though the
changes observed in the spectra on addition of 1.1–
2.0 equiv of hydroquinone were very minor compared
to the initial ten additions). Thus the gradual decrease
in the band intensity at 327 nm and formation of a
new higher intensity blue-shifted band at 294 nm with
a clear isosbestic point is proof of the formation of a
hydrogen-bonded complex between 1 and hydroqui-
none. The association constant (Ka) for the 1:1 complex
was calculated6 to be 441 M�1, which is the highest
value for a supramolecular adduct of any host with
hydroquinone. The 33 nm blue shift in the absorption
spectra would not have occurred unless there were inter-
actions between the hydroquinone and the imidazole
ring of receptor 1. The low concentrations at which
these spectroscopic changes were observed clearly reveal
that receptor 1 possesses excellent properties as a host
material for recognizing phenolic guests in high affinity.

The changes observed in the fluorescence spectra of a
solution of 1 in acetonitrile on addition of up to
2.0 equiv of hydroquinone are shown in Figure 3. A
large quenching in intensity of the 375 nm band was
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Figure 2. UV/vis spectra of 1 (8.46 · 10�6 M in dry CH3CN) during
titration with hydroquinone from 0 to 2 equiv (v/v). Inset—titration
profile of the band at 327 nm corresponding to 1:hydroquinone H-
bonded complex.
observed up to the addition of 1.0 equiv of hydro-
quinone indicating that on formation of the donor–
acceptor complex between hydroquinone and 1, the excited
state is modified leading to the quenching of fluores-
cence. The changes in the fluorescence spectra on adding
further aliquots of hydroquinone to 1 were very minor,
which is in agreement with the results of UV/vis titra-
tion. Therefore, formation of a donor–acceptor supra-
molecular complex modifies the optical properties of 1
in solution, which could be employed for sensing neutral
guests. Similar UV/vis (Fig. 4) and fluorescence (Fig. 5)
titration experiments of 1 were also performed with
phenol, resorcinol, catechol and p-benzoquinone. The
spectral variations observed for 1 on titrating these
metabolites in a 1:1 ratio were unique for each guest,
thereby demonstrating the selective nature of 1 as a
sensor for recognizing different guest molecules.7

The formation of a supramolecular complex between 1
and hydroquinone in the solid state was confirmed by
means of single crystal X-ray analysis.8 The ORTEP
view (Fig. 6) shows that 1 forms a stable supramolecular
adduct with hydroquinone through the imine nitrogen
located on its outer core via hydrogen-bonding. The
O1–H� � �N2 (imine) distance was found to be 2.67 Å,
which indicates a fairly good association between 1
and hydroquinone. The hydroquinone molecule lies
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Figure 4. UV/vis spectra of 1 with phenol, resorcinol, catechol and
p-benzoquinone in 1:1 ratio.



0

100

200

300

400

500

600

700

340 365 390 415 440 465 490
Wavelength (nm)

E
m

is
si

on
 (

a.
u.

)
1

1:Phenol

1:Resorcinol

1:Catechol

1:p-benzoquinone

Figure 5. Emission spectra of 1 with phenol, resorcinol, catechol and
p-benzoquinone in 1:1 ratio.

Figure 6. ORTEP diagram of the hydrogen-bonded 1:hydroquinone
complex in the ratio 1:1. Solvent molecules are omitted for clarity.
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outside the cavity of 1 and seemed to deaggregate two
receptor molecules by acting like a spacer between them.
The inner cavity of 1 forms bonds with a molecule of
water having bond distances of 3.00 Å for (N3–
H� � �O2) and 2.94 Å for (N4–H� � �O2). To our knowl-
edge, this is the first crystallographic report showing a
novel supramolecular complex between the imine nitro-
gen of receptor 1 with any phenolic guest. We were also
successful in obtaining crystals of this complex in several
other solvents such as ethanol,9 acetonitrile and mix-
tures of these solvents with water indicating that even
in competitive environments, 1 prefers to form a supra-
molecular complex with hydroquinone. However, the
bond distance between hydroquinone and 1 was shortest
in the crystals that were grown in methanol. By acting as
a spacer, hydroquinone seemed to also deaggregate mole-
cules of receptor 1 in the solution state as observed by
the increased intensity of the blue shifted peak until the
formation of a stable supramolecular complex. These
results are apparent indications that 1 is a smart receptor
capable of recognizing different guest molecules depend-
ing on their size and nature by utilizing the NH groups
on the inner cavity5 and/or the nitrogen lone pairs on
the outer core to form self-assembled supramolecular
complexes with high affinity. It is important to note here
that even in the presence of solvents like methanol and
ethanol that would compete strongly with hydroquinone
to form a supramolecular adduct, 1 is selective for
hydroquinone and forms stable crystals that could be
isolated and analyzed by X-ray diffraction.

In summary, we have shown that 1 is an efficient recep-
tor that can recognize several toxic metabolites of benz-
ene with high sensitivity and selectivity. The binding
constant (441 M�1) calculated from the spectroscopic
data showed that 1 is the highest affinity receptor which
binds hydroquinone solely through hydrogen bonds.
The formation of a stable hydrogen-bonded supra-
molecular complex between 1 and hydroquinone was
also confirmed by X-ray structure analysis. In terms
of simplicity, selectivity, binding strength and ease of
molecular recognition, 1 is an extremely efficient
receptor that recognizes different metabolites of benzene
with high efficiency, thereby extending its utility as a
neutral receptor.
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