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The interaction of adenine with synthetic macrocyclic receptors has been modelled using, as simplified molecular
systems, the monoamide derivatives of pyridine and 1,8-naphthyridine. DFT methods (B3LYP/6-31�G**) have
been used to characterise the complexes stabilised by multiple hydrogen bonds. The theoretical results indicate
that while the synthetic receptors with pyridines can interact simultaneously forming pseudo-Watson–Crick and
pseudo-Hoogsten complexes with adenine, in the case of the 1,8-naphthyridines only one of the complexes is
possible. The energetic results that favour the pyridine receptors are in agreement with the experimental binding
constants.

Introduction
A number of widely different designed receptors are possible
with multiple binding modes, including macrocycles,1 tweezers 2

and clefts.3 Hamilton and co-workers 1 introduced a 1,2-bis(2-
amino-6-pyridyl)ethane moiety into a macrocycle for adenine
binding. Zimmerman et al.2 reported a molecular tweezers in
which a binding site is created by the convergence of two aro-
matic surfaces and a carboxylic acid. Conn et al.3a introduced a
receptor to bind adenosine derivatives within a pocket formed
through induced fit. The building block of this receptor consists
of a 3,6-diaminocarbazole-based moiety functionalised with a
pendant tail which can stack on top of an adenosine within the
hydrogen-bonding cleft. This ‘scorpion-like’ 4 binding geometry
provides a mechanism for sequestering the bound nucleoside
from the bulk solvent. In contrast, Lonergan et al.5 reported the
use of a hydroximide scaffold to produce a cleft for adenine
binding.

Wilcox and Adrian introduced another approach for adenine
binding.6 They used the Tröger’s base spacer, which has a carb-
oxylic acid moiety, in order to bind adenine in the Watson–
Crick (WC) and Hoogsteen (H) modes simultaneously. In this
paper we report the effect of a 1,8-naphthyridine system on the
binding interaction with adenine. We have found that macro-
cycles containing 1,8-naphthyridinediamides are less effective in
binding adenine compared to those with ethylene bipyridine-
diamides.

By using DFT methods we have studied the hydrogen-
bonded complexes of adenine with amide derivatives of
pyridine and 1,8-naphthyridine as model compounds of the
corresponding macrocycles. The results help to account for
the experimental binding constants of 9-butyladenine with
several synthetic receptors. In addition, the WC and Hoogsteen
configurations of the A–U dimer and two configurations of
the A–C complex (Fig. 1) were calculated and compared with
earlier results.

† Electronic supplementary information (ESI) available: Cartesian
coordinates of all the complexes. See http://www.rsc.org/suppdata/p2/
b2/b200915n/

Results and discussion
The binding affinities of 9-butyladenine towards several macro-
cyclic synthetic receptors (1–4, Fig. 2), which have separ-
ated pyridine 1 and naphthyridine 7 moieties, have been tested
(Table 1). The results show that a system having two separated

Fig. 1 Watson–Crick and Hoogsteen configurations of A–U and
reverse Wobble and reverse Hoogsteen of A–C. The numbering of
adenine is included.

Table 1 Binding constants of receptors 1–4 with 9-butyladenine 7

Macrocycle Ka/M
�1

1 73
2 3200
3 80
4 20

2
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pyridine moieties, 2, is much more efficient in the binding of
adenine compared to one with two fused pyridines, i.e. the 1,8-
naphthyridine system (macrocycles 3 and 4). Although belong-
ing to the first system, the macrocyclic receptor 1 is less efficient
in binding 9-butyladenine, possibly because its cavity size is too
small to accommodate 9-butyladenine. In the case of macro-
cycles having 1,8-naphthyridine moieties, receptors 3 and 4
show binding constants of the same magnitude, with that of 3
being slightly higher than that of 4.

In order to rationalize the experimental results, a series
of hydrogen-bonded complexes between adenine and model
synthetic receptors were calculated at the B3LYP/6-31�G**
level. In a first approach, a simplified model system 5 was used
(Fig. 3), which contains the hydrogen bond donor and acceptor

centres in a similar arrangement to the amide derivatives
of pyridine and 1,8-naphthyridine, 6 and 7, respectively. The
geometry of the amide groups was assumed to be trans.
The geometry obtained for the A5 complex was used as the
starting point for the A–6 and A–7 complexes. The two con-
figurations studied have been defined as pseudo-WC (p-WC)
and pseudo-H (p-H) by analogy with those of the dimers of
natural nucleic acid bases (Fig. 4). In addition, several

arrangements of the A–U and A–C complexes have been con-
sidered: the first one because it is the dimer found in nature and
the second one since it better resembles the complexes studied
here with two NH � � � H hydrogen bonds.

The energetic results are gathered in Table 2. The strengths of
all the calculated hydrogen-bonded dimers range between
�7.75 and �12.3 kcal mol�1, which corresponds to an average

Fig. 2 Synthetic receptors whose binding constants towards adenine
have been measured.

Fig. 3 Structure of the model compounds studied.

Fig. 4 p-WC and p-H arrangements.

hydrogen bond strength of �5.0 kcal mol�1. For comparative
purposes, it should be mentioned that the hydrogen-bonding
interaction in the water dimer accounts for its similar value
(experimentally it is �5.3 kcal mol�1).8 The strongest hydrogen-
bonded complexes correspond to the A–U dimer in the H
configuration and the weakest are those of A–6.

Regarding the most favourable arrangement for each pair of
molecules, in all cases the pseudo-WC disposition (reverse
Wobble in the A–C dimer) is about 1 kcal mol�1 more favour-
able than the pseudo-H one (reverse Hoogsteen in the A–C
dimer), except for the A–U dimer where the Hoogsteen complex
is more stable. However, in the latter case the two hydrogen
bonds correspond to one NH � � � N and one NH � � � O inter-
action, while the rest of the cases possess two NH � � � N
contacts.

The results obtained with model compound 5 (Fig. 5) seem
to be in reasonable agreement with those obtained for 6 and
7. Thus, the trimer 5–A–5, in which two molecules of 5 sim-
ultaneously interact with A, can be used as a model for the
similar trimer 6–A–6. In the former case, the stabilisation
energy is approximately the sum of that for the two A–5
complexes (p-WC and p-H), which indicates that for the 6–A–
6 trimer the interaction energy should be around 19 kcal
mol�1.

From the theoretical results it can be seen that the A–6 com-
plex is less stable than the A–7 complex, but the separated
pyridine rings can bind adenine from both sides. In contrast,
the 1,8-naphthyridine moiety is unable to bind from both sides.
A comparison of the nitrogen distances in the 5–A–5 indicate
that the amide nitrogens are at 8.0 Å and the aromatic ones at
5.0 Å, while in the case of the compound 7 they are at 6.9 and
2.3 Å. A model of 1 in which two pyridine moieties are linked
by two methylene groups has been optimized and the results
superimposed on those for 5 in the arrangement obtained for
the 5–A–5 complex (Fig. 6). This superposition indicates that
the 1–A complex can accommodate the hydrogen bonds in a
similar way to the 5–A–5 one.

Hence, the sum of two pyridine moieties shows greater bind-
ing, i.e. two A–6 binding, than the 1,8-naphthyridine moiety, i.e.
only one A–7 binding, which also supports the experimental
observations.

The hydrogen-bonding distances (Table 3) cover a very
narrow range (between 1.93 and 2.08 Å) and in all cases the
hydrogen-bonding angles are close to being perfectly linear. If
we consider that a shorter hydrogen-bonding distance is an
indication of stronger interaction, the strongest ones are those
where one of the ring nitrogen atoms of A (N1 and N7) are
involved as the hydrogen-bonding acceptor, while those from
the NH2 group of A as donors are the weakest. In addition, the
hydrogen-bonding distances in the p-WC complexes are smaller

Table 2 Total energy (hartree), interaction and corrected interaction
energy (kcal mol�1) of the calculated complexes at the B3LYP/
6-31�G** level

System Configuration ET EI EI � BSSE � ZPE

A–5 p-WC �730.73848 �12.91 �10.55
A–5 p-H �730.73703 �12.00 �9.62
5–A–5 p-WC � p-H �994.12049 �23.76 �19.44
     
A–6 p-WC �884.38890 �10.65 �8.58
A–6 p-H �884.38746 �9.75 �7.75
     
A–7 p-WC �1222.79733 �12.45 �10.36
A–7 p-H �1222.79560 �11.36 �9.26
     
A–U WC �882.221156 �12.94 �11.59
A–U H �882.222243 �13.62 �12.26
     
A–C R-W �862.33846 �13.87 �11.40
A–C R-H �862.33748 �13.26 �10.78

J. Chem. Soc., Perkin Trans. 2, 2002, 894–898 895



Table 3 Geometric parameters (Å and deg) of the hydrogen bonds formed (obtained at the B3LYP/6-31�G** level)

System Configuration N1 � � � H N1 � � � HN H(6�) � � � N NH(6�) � � � N

A–5 p-WC 1.935 179.3 1.967 176.0
5–A–5 p-WC 1.944 179.7 2.012 178.5
      
A–6 p-WC 2.000 172.6 1.999 177.7
A–7 p-WC 1.972 173.3 1.997 174.4
A–U WC 1.824 179.0 1.921 a 173.9
A–C R-W 1.953 179.1 1.953 175.5

  N7 � � � H N7 � � � HN H(6�) � � � N NH(6�) � � � N

A–5 p-H 1.951 175.2 1.994 168.4
5–A–5 p-H 1.962 176.0 2.018 166.2
A–6 p-H 2.012 167.5 2.040 166.8
A–7 p-H 2.011 165.3 2.078 165.3
A–U H 1.801 176.0 1.955 a 170.5
A–C R-H 1.981 176.2 1.980 167.6

a Oxygen as hydrogen bond acceptor. 

Fig. 5 Optimized geometry of the complexes studied.

than the p-H ones, except for the A–U dimer whose relative
stability is opposite to those of the rest of the complexes stud-
ied here.

The “atoms in molecules” (AIM) analysis (Table 4) shows
that the bond critical points in the hydrogen bonds formed have
small values of the electron density and positive Laplacians, as
is usual in this kind of interaction. A linear correlation
is obtained between the hydrogen-bonding distance and the
electron density or its Laplacian (Fig. 7). As has been shown
previously, these relationships become logarithmic when the
hydrogen-bonding distance considered is longer.9–11

Conclusions
The interaction of adenine with several synthetic receptors has

been modelled using amide derivatives of pyridine and 1,8-
naphthyridine. The complexes have been optimised using
DFT (B3LYP/6-31�G**) computational methods. The differ-
ent binding modes of pyridine and 1,8-naphthyridine with
adenine have been compared to those of the latter with uracil
and cytosine. The dispositions of the calculated complexes
indicate that the synthetic receptors with two pyridine moi-
eties are able to interact simultaneously with two different
parts of the adenine molecule. In contrast, those receptors
with a 1,8-naphthyridine moiety are able to interact at only
one site. The experimental data confirm that the pyridine
receptors bind adenine more tightly than the naphthyridine
ones.

AIM methodology has been used to characterise the hydro-
gen bonds formed. Linear correlations, in the range of values
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found here, have been found between the electron density and
its Laplacian for the hydrogen-bonding critical point vs. the
hydrogen-bonding distance.

Fig. 6 Superposition of the Py–CH2–CH2–Py molecule on 5 as found
in the arrangement of the 5–A–5 complex.

Fig. 7 a) Electron density at the bond critical point (au) vs. hydrogen-
bonding distance (Å). The fitted equation is: ρ = 0.17 �
0.071(hydrogen-bonding distance), R2 = 0.98. b) Laplacian of the
electron density at the bond critical point (au) vs. hydrogen-bonding
distance (Å). The fitted equation is: ∇2ρ = 0.34 � 0.14(hydrogen-
bonding distance), R2 = 0.98.

Table 4 Electron density ρ and its Laplacian ∇2ρ (au) at the hydrogen-
bonding critical points

System Configuration

N1 � � � HN NH(6�) � � � N

ρ ∇2ρ ρ ∇2ρ

A–5 p-WC 0.032 0.073 0.029 0.071
5–A–5 p-WC 0.031 0.072 0.026 0.065
A–6 p-WC 0.028 0.065 0.027 0.066
A–7 p-WC 0.030 0.068 0.027 0.067
A–U WC 0.040 0.090 0.027 0.076
A–C R-W 0.030 0.071 0.030 0.073

  
N7 � � � HN NH(6�) � � � N

  ρ ∇2ρ ρ ∇2ρ

A–5 p-H 0.030 0.072 0.027 0.067
5–A–5 p-H 0.029 0.071 0.026 0.065
A–6 p-H 0.026 0.064 0.025 0.061
A–7 p-H 0.026 0.065 0.023 0.057
A–U H 0.041 0.097 0.024 0.071
A–C R-H 0.028 0.068 0.028 0.070

Computational details
All the calculations were carried out at the B3LYP/
6-31�G** 12,13 computational level within the Gaussian 98 pro-
gram package.14 Initially, the geometry of the monomers and
dimers was assumed to be planar. Frequency calculations were
carried out for the optimized geometries in order to verify that
they were minima. In only one complex (A–6, p-H), was one
small imaginary frequency obtained, which did not disappear
using the tight optimization option. The corresponding opti-
mized complex without symmetry showed all real frequencies
and was only 0.02 kcal mol�1 more stable than the one with Cs

symmetry. The Cartesian coordinates of all the complexes are
available as electronic supplementary information.

The interaction energy (EI) was calculated as the difference
between the total energy of the complexes and the sum of the
isolated monomers. The inherent basis set superposition error
(BSSE) was corrected using the full counterpoise method pro-
posed by Boys and Bernardi.15 In addition, corrections for zero
point energy (ZPE) were also included.

E A
A represents the energy of the minimum geometry of the

isolated molecule A calculated with its basis set and E AB
A�

corresponds to the calculated energy of molecule A for its
geometry in the AB complex using the basis function of the
complex AB.

A study of the electron density of the complexes with
the AIM methodology 16 allowed the characterisation of
the hydrogen bonds formed.
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