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2,6-Diaminopyridine is found to be a simple fluorescent sensor for theobromine and its diacetyl deriva-
tive 2 also effectively binds theobromine. The receptor-binding sites are based on the co-operative hydro-
gen-bonding abilities of secondary amides. An unprecedented hydrogen-bonded self-organised cyclic
tetrameric supramolecular network is shown for one such small molecule 2 containing one heterocyclic
ring in contrast to the binuclear substrates like guanine or pterin which usually form cyclic tetrameric
structures.

� 2008 Published by Elsevier Ltd.
Theobromine 3 is an alkaloid belonging to methylxanthines.
Among the methylxanthine derivatives, caffeine (4) is one of the
most frequently consumed alkaloidal compound. Besides the tradi-
tional sources of caffeine, for example, coffee, black tea and green
tea, nowadays caffeinated beverages with increased levels of the
alkaloid are gathering larger shares among soft drinks and in vari-
ous analgesics.1 So, xanthine derivatives have several common
pharmacological actions such as CNS-stimulation, diuretic, anti-
bronchopastic and anti-cough medicine. The diverse pharmacolog-
ical actions of the methylxanthines have found many therapeutic
applications. So the recognition of xanthine alkaloids in both solu-
tion and solid state is important to understand their fundamental
roles in biological systems.2,5 Therefore, the design of artificial
receptors and their synthesis for the recognition of xanthine alka-
loids is reported by us and other research groups.3 Supramolecular
chemists have devised several tailor-made chemo-receptors that
allow expected designed interaction in solution.4 The application
of molecular imprinting polymers (MIPs) also offers new possibil-
ities.5 Recently, several research groups accomplished the synthe-
sis of artificial receptors for xanthine derivatives.6

Previously,7 we developed a series of artificial receptors for xan-
thine alkaloids based on electron-rich aromatic moieties such as
polyphenolic substrates and polyamides. Here, we report the
photophysical sensing properties of xanthine alkaloids by simple
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2,6-diaminopyridine (1) and its diacetyl derivatives (2) which
can efficiently solubilise the notoriously insoluble xanthine sub-
strate theobromine (3) in chloroform. We also report here the
self-assembly in a solid state, crystalline sheet of N,N0-(pyridine-
2,6-diyl)diacetamide(2) which makes a novel tetrameric cyclic
structure like guanine or pterin.4 To our knowledge, such a tetra-
meric hydrogen-bonded structure is rare in such mononuclear
aromatic compounds. All these assemblies involve a hydrogen-
bonding-induced-recognition process in self-organisation. The
simple receptor 2 contains two donors and one acceptor hydro-
gen-bonding (DAD) site which has complementarity (ADA) with
xanthine alkaloids, for example, especially theobromine guest 3
which has two lactam carbonyl groups and one imide N–H proton
which makes complementary hydrogen bonding with receptor 2.
We therefore examined the photo-sensing property of simple
2,6-diaminopyridine 1 and its diacetyl derivative 2 which binds
with the guest molecules of xanthine derivatives theobromine
(3), caffeine (4) and theophylline (5) based on the triple hydrogen
bonding complementarity as shown in Figure 1.

Theobromine makes possible hydrogen-bonding complexation
of 1:3 and 2:3 (Fig. 2) of the DAD� � �ADA type arrangement between
receptors 1 and 2 with the six membered ring containing the imide
group of theobromine leaving the imidazole ring uncomplexed.
Both UV–vis and fluorescence were studied with the xanthine
derivatives (3, 4 and 5) but only the diamine shows fluorescent
properties, and not the diacetyl derivatives of compound 1 as ex-
pected. So, the xanthine derivatives theobromine (3), caffeine (4)
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Figure 1. Receptors: 1 and 2; guests: theobromine (3), caffeine (4) and theophylline (5).
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Figure 2. Possible hydrogen-bonding complexes of 3 with receptors 1 and 2.
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and theophylline (5) were studied with receptor 1 both by UV–vis
and fluorescence methods, whereas receptor 2 was studied only by
UV–vis.

Our previous observation3 by proton NMR titration of theobro-
mine (3) with a simple similar type diamide shows a 1:1 complex
as evidenced by the appearance of the imide proton of theobro-
mine along with one aromatic and six methyl protons for two
–CH3 groups. Here, receptor N,N0-(pyridine-2,6-diyl)diacetamide
(2) also effectively solubilises theobromine in chloroform by form-
ing a 1:1 complex by similar observation where the imide proton
of theobromine appears at d 11.37 ppm along with one aromatic
and six methyl protons for two CH3 groups (see Supplementary
data).

Complexation studies by UV–vis and fluorescence methods and
determination of association constants (Kass.): The UV–vis absorption
was studied8 to see the interaction of receptors 1 and 2 with xan-
thine derivatives (3, 4 and 5) by the gradual addition of guest
(�10�5 M concentration) to a solution of receptors 1 and 2 and
the results are shown in Figures 3 and 4. Receptor 1 has absorbance
maxima at kmax = 306 nm and receptor 2 shows a peak at kmax =
292 nm in acetonitrile solvent. In all the cases, a continuous
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Figure 3. (a) Changes in UV–vis spectra for 1 (c = 4.12 � 10�5 M) in CH3CN upon t
decrease of absorbance is observed (except caffeine2,7 because
most of the nitrogens are methylated) on addition of the guest
solution but the appearance of the isobestic point (k = 290 nm)
during titration of theobromine with receptor 1 revealed the for-
mation of a 1:1 complex. To ascertain the selectivity and sensitivity
of receptors 1 and 2 with xanthine alkaloids, we measured absor-
bance [A0/(A0 � A)] at 306 nm for receptor 1 and at 292 nm for
receptor 2 as a function of concentration of xanthine derivatives
which fits with a linear relationship. The ratio of the intercept
versus slope gave the association constant9 Kass. (M�1) as shown
in Table 1. Among the xanthine derivatives 3, 4 and 5, the maxi-
mum association constant was observed for theobromine (3)
(Kass = 1.8492 � 104 M�1 and 2.3894 � 104 M�1 with receptors 1
and 2, respectively) (Fig. 5).

Similarly, the binding properties of the xanthine derivatives
were investigated with receptor 1 by observing the changes in fluo-
rescence emission10 at 352 nm (Fig. 5), where all the excitation
spectra show kmax at 352 nm. In the case of theobromine, associa-
tion constant value was found to be greater than caffeine or theoph-
ylline. In this context, a negligible change occurs in fluorescence
emission with caffeine due to its fully methylated hindered groups
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Figure 4. (a) Changes in UV–vis spectra for 2 (c = 4.66 � 10�5 M) in CH3CN upon the addition of theobromine (3) guest. (b) Binding constant calculation curves.

Table 1
Association constantsa of receptors 1 and 2 with xanthine alkaloids (3, 4 and 5) in
CH3CN by UV–vis and fluorescence methods

Guest UV–vis method Fluorescence
method

Receptor 1 (Ka M�1) Receptor 2 (Ka M�1) Receptor 1 (Ka M�1)

Theobromine 1.8492 � 104 2.3894 � 104 3.9524 � 104

Caffeine 1.572 � 103 1.348 � 103 5.147 � 103

Theophylline 1.672 � 103 2.592 � 103 3.390 � 103

a All the errors are ±8%.

Figure 6. An ORTEP diagram of compound 2 (showing 50% probability
displacement).
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whereas in theophylline there is no methyl group in the imidazole
part and hence better binding interaction is observed.

Table 1 shows that theobromine, amongst the xanthine alka-
loids, has strong affinity and good selectivity with both the recep-
tors. This is due to the presence of the lactam moiety in the less
hindered six membered ring, whereas in caffeine and theophylline,
six membered ring nitrogens are fully methylated. So it is expected
that theobromine makes a better fit with receptors 1 and 2 by
DAD: ADA type triple point hydrogen-bonding interaction.

X-ray study: To investigate hydrogen-bonding selectivity be-
tween receptor 2 and theobromine (3) in the solid state, we tried
to grow the co-crystal of N,N0-(pyridine-2,6-diyl)diacetamide (2)
with theobromine (3). But we were unable to get single crystal of
the complex. However, we were able to get single crystals of the
N,N0-(pyridine-2,6-diyl)diacetamide (2) (Fig. 6). Receptor 2 was
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Figure 5. (a) Changes in fluorescence spectra for 1 (c = 4.12 � 10�5 M) in CH3CN upon
crystallised from the chloroform–methanol system in the mono-
clinic space group P21/c and showed self-assembling. The hydro-
gen-bonding interactions in 2 according to X-ray structural
studies are shown in Figure 7. The analysis of the crystal struc-
ture11 shows a beautiful self-assembled cyclic tetramer where
the self-association of receptor 2 forms an almost chair-like motif
containing four molecules where two molecules are in one plane
and the other two are present in the perpendicular planes but they
are extended in the opposite direction.
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Figure 7. Illustration of the crystal structure of receptor 2 (a) almost chair-like supramolecular synthon; (b) 1D layer viewed down the crystallographic a axis.
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In conclusion, we have developed a very simple new fluorescent
chemosensor through complementary hydrogen-bonding-medi-
ated complexation with theobromine which shows strong binding
and good selectivity from other xanthine alkaloids, that is, caffeine
and theophylline. This selectivity may be due to the presence of an
unhindered lactam moiety present in the six membered part of
theobromine. Further studies for the improvement of fluorescent
sensors for these xanthines and co-crystallisation with different
receptors are in progress.
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