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The interaction in aqueous solution of the cyclophane receptors 2,6,10,13,17,21-hexaaza[22]orthocyclophane (L1)
and 2,6,10,13,17,21-hexaaza[22]paracyclophane (L2) with the nucleotides ATP, ADP and AMP has been studied by
pH titration and NMR. The obtained results are compared with those previously reported for the analogous meta-
substituted receptor 2,6,10,13,17,21-hexaaza[22]metacyclophane (L). All the experimental data support the actuation
of these cyclophane molecules as multi-point binders of nucleotides through electrostatic, hydrogen bonding and
π-stacking interactions. The combined use of NMR and molecular dynamics permits us to get a rather reliable
picture of the way in which the molecules organise in solution and how the intermolecular interactions
(electrostatics, hydrogen bonding, π-stacking) are established.

Introduction
Anion co-ordination was recognised as a new field of chemistry
in the late 1970’s following the pioneering work of Lehn on this
topic.1 From then on, a great deal of experimental effort has
been devoted to understanding and interpreting the role played
by the different intermolecular forces controlling and regulating
the association and recognition events in anion co-ordination
chemistry. Among them, π-stacking between electron rich and
electron poor aromatic clouds gains special importance in
systems like these, since several weak intermolecular forces
may effectively co-operate to achieve strong, but very often
highly dynamic, overall interactions between host and guest
species.2

Several multifunctional receptors incorporating condensed
aromatic rings have been prepared in order to achieve co-
ordination of nucleotide type anions through electrostatic,
hydrogen bonding and π-stacking interactions.3,4 We have also
been exploring this topic and a couple of years ago we reported
on the synthesis and anion coordination capabilities of the
metacyclophane 2,6,10,13,17,21-hexaaza[22]metacyclophane
(L).5 This compound was one of the first examples of a receptor
capable of interacting with nucleotides through electrostatic
interactions between the phosphate chain of the nucleotide
and the polyammonium sites of the macrocycle, and through
π-stacking interactions between the adenosine residues and the
phenylene subunit incorporated as a non-pendant integral part
of the macrocyclic framework. Multinuclear NMR provided
clear evidence for this.

Continuing with this research, here we communicate on the
novel cyclophanes 2,6,10,13,17,21-hexaaza[22]orthocyclophane
(L1) and 2,6,10,13,17,21-hexaaza[22]paracyclophane (L2),
which are formally derived from L by changing the substitution
of the aromatic ring, and we also show that these receptors

recognize ATP, ADP and AMP in aqueous solution with par-
ticipation of stacking interactions. Moreover, we provide a
detailed structural NMR study and molecular dynamic analysis
of the interaction of L with ADP in solution. The NMR study
performed gives important information about the conform-
ations of host and guest species and their intermolecular
contacts.

Experimental
Synthesis of the receptors

L1 and L2 were prepared as hexahydrochloride or hexaper-
chlorate salts following the general procedure described for L in

Chart 1
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ref. 5 by reacting either 1,2-bis(bromomethyl)benzene or 1,3-
bis(bromomethyl)benzene with N,N�,N�,N�,N�,N��-hexakis-
(p-tolylsulfonyl)-1,5,9,12,16,20-hexaazacosane to afford L1 and
L2, respectively, in their tosylated forms.

N,N�,N�,N�,N�, N��-Hexakis(p-tolylsulfonyl)-2,6,10,13,17,21-
hexaaza[22]orthocyclophane (L1�6Ts)

Yield 40%, mp 181–183 �C. δH (CDCl3) 1.50–1.54 (m, 4H),
1.81–1.85 (m, 4H), 2.38 (s, 12H), 2.42 (s, 6H), 2.87–3.14 (m,
16H), 3.28 (s, 4H), 4.48 (s, 4H), 7.22–7.33 (m, 16H), 7.51 (d,
4H), 7.61–7.71 (m, 8H). δC(CDCl3) 21.5, 29.0, 29.5, 46.4, 47.4,
47.7, 47.0, 48.2, 50.3, 127.0, 127.2, 127.4, 128.0, 129.0, 129.7,
129.9, 134.4, 135.2, 143.3. m/z (FAB) 1315 ([M � H]�).

2,6,10,13,17,21-Hexaaza[22]orthocyclophane hexaperchlorate
(L1�6HClO4)

Liquid NH3 (250 cm3) was condensed into a suspension of
L1�6Ts (3.95 g, 0.003 mol) in diethyl ether (30 cm3) and meth-
anol (1 cm3) at �70 �C. Lithium was added in small portions
(ca. 10 mg each); the stirred reaction mixture turned blue
and then more lithium was added until the blue colour in the
solution remained for at least 5 min. NH4Cl (12 g, 0.02 mol)
was then added in small amounts and the suspension warmed
to room temperature. After evaporating all the NH3 a white
solid appeared which was treated with 3 mol dm�3 HCl and the
obtained suspension washed three times with CHCl3 (100 cm3).
The aqueous solution was filtered and the solvent vacuum
evaporated to obtain a white solid that was then dissolved in a
minimum amount of water and the resulting solution basified
with concentrated NaOH. The solution was extracted with
CHCl3 (6 × 100 cm3), the organic layer dried over Na2SO4

and vacuum evaporated to give 0.70 g of L as a colourless oil
(yield 60%). The hexahydrochloride salt of L1 was obtained
quantitatively by cautiously adding excess of HClO4 to an
ethanolic solution of the free amine. (CAUTION: addition of
HClO4 to organic solutions can be dangerous and has to be
conducted with care.) The white solid obtained was recrystal-
lised from a water–ethanol solution (yield 75%). δH (D2O) 2.08–
2.12 (m, 8H), 3.12–3.28 (m, 16H), 3.43 (s, 4H), 4.31 (s, 4H), 7.45
(s, 4H). δC (D2O) 21.9, 22.2, 42.1, 43.9, 44.1, 44.4, 45.1, 47.8,
130.2, 130.8, 130.9. Anal. Calcd for C22H48N6Cl6O24: C, 26.6; H,
4.9; N, 8.5. Found: C, 26.5; H, 5.0; N, 8.4%.

N,N�,N�,N�,N�, N��-Hexakis(p-tolylsulfonyl)-2,6,10,13,17,21-
hexaaza[22]paracyclophane (L2�6Ts)

Yield 34%, mp 268–270 �C. δH (CDCl3) 1.60–1.67 (m, 4H),
1.78–1.83 (m, 4H), 2.36 (s, 6H), 2.38 (s, 6H), 2.41 (s, 6H), 2.97
(t, 4H), 3.07 (t, 4H), 3.12 (t, 4H), 3.28 (s, 4H), 3.93 (t, 4H), 4.23
(s, 4H), 7.20–7.26 (m, 12H), 7.32 (d, 4H), 7.54 (d, 4H), 7.68 (d,
4H), 7.70 (d, 4H). δC(CDCl3) 21.5, 28.9, 29.2, 46.9, 47.3, 48.0,
48.6, 52.9, 127.0, 127.1, 127.4, 128.9, 129.7, 129.8, 135.5, 135.8,
136.4, 143.2, 143.4, 143.5. m/z (FAB) 1315 ([M � H]�).

2,6,10,13,17,21-Hexaaza[22]paracyclophane hexaperchlorate
dihydrate (L2�6HClO4�2H2O)

The procedure was analogous to that described above for L1

(yield 75%). δH (D2O) 1.98–2.08 (m, 8H), 2.96–3.08 (m, 16H),
3.32 (s, 4H), 4.19 (s, 4H), 7.44 (s, 4H). δC (D2O) 21.5, 22.9, 42.3,
43.3, 43.9, 44.5, 46.1, 50.9, 131.3, 131.6. Anal. Calcd for
C22H52N6Cl6O26: C, 25.7; H, 5.1; N, 8.2. Found: C, 25.8; H, 5.0;
N, 8.0%.

Materials

The sodium salts of ATP, ADP and AMP were obtained from
Boehringer-Mannheim. NaClO4 used as supporting electrolyte
was purified according to a published procedure.6 All other

chemicals were Merck reagent grade and were used without
further purification. L3 was obtained as its hexahydrobromide
salt as described in ref. 7.

Emf Measurements

The potentiometric titrations were carried out at 298.1 ± 0.1 K
in NaClO4 (0.15 mol dm�3). The experimental procedure used
(burette, potentiometer, cell, stirrer, microcomputer, etc.) has
been fully described elsewhere.8 The acquisition of the emf
data was performed with the computer program PASAT.9 The
reference electrode was an Ag/AgCl electrode in saturated KCl
solution. The glass electrode was calibrated as an hydrogen-ion
concentration probe by titration of previously standardised
amounts of HCl with CO2-free NaOH solutions and by deter-
mining the equivalence point by Gran’s method,10 which gives
the standard potential, E�, and the ionic product of water
(pKw = 13.73(1)).

The computer program HYPERQUAD 11 was used to calcu-
late the protonation and stability constants. The pH range
investigated was 2.5–10.5 and the concentration of the different
anions and of L ranged from 1 × 10�3 to 5 × 10�3 mol dm�3.
The protonation constants of L were taken from ref. 5 and the
protonation constants of ATP, ADP and AMP from ref. 12.

The different titration curves for each system (ca. 100
experimental points corresponding to at least three measure-
ments) were treated either as a single set or as separate curves
without significant variations in the values of the stability
constants. Finally, the sets of data were merged together and
treated simultaneously to give the final stability constants.
Moreover, several measurements were made both in formation
and in dissociation (from acid to alkaline pH and vice versa) to
check the reversibility of the reactions.

NMR Measurements

The 1H and 13C NMR spectra were recorded on Varian UNITY
300 and UNITY 400 spectrometers, operating at 299.95 and
399.95 MHz for 1H and at 75.43 and 100.58 MHz for 13C. The
spectra were obtained at room temperature in D2O or CDCl3

solutions. For the 13C NMR spectra, dioxane was used as a
reference standard (δ = 67.4 ppm) and for the 1H spectra, the
solvent signal. The 31P NMR spectra were recorded at 121.42
MHz on a Varian Unity 300 MHz. Chemical shifts are relative
to an external reference of 85% H3PO4. A variable temperature
accessory regulated the probe temperature. Adjustments to the
desired pH were made using drops of HCl or NaOH solutions.
The pH was calculated from the measured pD values using the
correlation, pH = pD � 0.4.13 For establishing the constraints
in the molecular dynamic studies, total correlation spectroscopy
(TOCSY) were recorded at three different mixing times (30, 50
and 70 ms) for the complete spin system identification.14 NOE
connectivities were obtained through rotating frame spectro-
scopy (ROESY) 15 at three different mixing times, 100, 150 and
600 ms (pH = 7, T = 298 K).

Molecular dynamics

The theoretical calculations were run on a Cray-Silicon
Graphics Origin 2000 computer using the CHARMm MSI
version as the forcefield.16 Taking into account the NMR data,
the distances were constrained between 2 and 6 Å. Calculations
were performed in a 30 Å solvation sphere of TIP3 water
molecules. The adduct (H6LA3�, A = ADP3�) was then stacked
into this solvation sphere and the water molecules at a distance
closer than 2.6 Å from the macrocyclic cation were removed.
The total number of water molecules surrounding the adduct
species was 413.

The system was heated from 0 to 300 K for 20 ps and then
equilibrated for the same time. Starting from the final structures
of this equilibration four sets of 1 ns dynamic simulations were
performed to complete 4 ns of molecular dynamics.
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In the energy calculations, a 15 Å cut-off distance was
employed with a switching function between 10 and 14 Å for
the van der Waals terms. A set of 100 structures from the
dynamics global coordinate file (each 40 ps) was selected and
then minimised with 500 ABNR steps. For both dynamics and
minimisation, the NMR constraints were applied.

Results and discussion
Basicity of the receptors

The stepwise protonation constants of the receptors L1 and
L2 are shown in Table 1. The constants for the protonation
steps of both receptors are similar until the fourth proton-
ation. From then on, the constants of the para-substituted
receptor are larger than those of the ortho-derivative. This is
particularly remarkable for the fifth protonation step, for
which a logarithmic difference of 1.5 is found (∆logKH5L =
log KH5L

2 � log KH5L
1 = 1.5). Interestingly enough, the basicity of

the para-derivative (log β = 50.62, log β = Σ log KHiL) is
much closer to that of the meta-derivative (log β = 50.33) 5

than to that of the ortho-cyclophane (log β = 48.16). Also, the
basicities of the meta- and para-cyclophanes (L and L2) are
more similar to that of the open-chain polyamine L3 (log
β = 51.01) (see ligand drawing) 5,7 than to the basicity of the
ortho-substituted cyclophane. Therefore, it seems that ortho-
substitution has significant consequences for the conformation
of the receptor and for the way in which the positive charges are
distributed along the polyamine chain. All these characteristics
are reflected in the distribution diagrams of L1 and L2 shown
in Fig. 1.

Table 1 Logarithms of the stepwise protonation constants of
receptors L1 and L2 determined in 0.15 mol dm�3 NaClO4 at 298.1 K

Reaction a L1 L2

H � L HL
H � HL H2L
H � H2L H3L
H � H3L H4L
H � H4L H5L
H � H5L H6L

10.41(2) b

9.85(2)
8.98(3)
7.69(3)
5.94(3)
5.29(3)

10.46(3)
10.07(2)
8.93(3)
7.97(3)
7.46(3)
5.73(4)

a Charges omitted for clarity. b Values in parentheses are standard
deviations in the last significant figure.

Interaction with nucleotides: stability constants and selectivity
trends

pH titrations show that both receptors L1 and L2 strongly inter-
act with the nucleotides ATP, ADP and AMP (Table 2). The
nucleotide : receptor stoichiometry of the adducts detected is
always 1 :1 and the extent of protonation varies from 1 to 8, in
the pH range under study (3–10). The values for the stepwise
formation constants of the adducts show that ATP is the sub-
strate interacting most strongly with both receptors. In the
ATP-systems and also in the ADP ones, the most
important species in solution are H6LA (A = ATP4�, ADP3�).
Such species prevail in a wide pH range centred around neutral
pH (see Fig. 2 for the systems L1–ATP and L2–ATP).

Since L1, L2 and the nucleotides participate in several over-
lapped protonation equilibria, care has to be taken in order to
decide which equilibria are representative of the formation of

Fig. 1 Distribution diagrams for the systems H�–L1 (a) and H�–L2 (b).

Table 2 Logarithms of the stability constants for the formation of adduct species between L1, L2 and the nucleotides ATP, ADP and AMP in 0.15
mol dm�3 NaClO4 at 298.1 K

AMP ADP ATP

Reaction L1 L2 L1 L2 L1 L2 

9H � A � L=AH9L
a

8H � A � L AH8L
7H � A � L AH7L
6H � A � L AH6L
5H � A � L AH5L
4H � A � L AH4L
3H � A � L AH3L
2H � A � L AH2L
H � A � L AHL
H2A � H6L H8LA
HA � H6L H7LA
HA � H5L H6LA
A � H6L H6LA
A � H5L H5LA
A � H4L H4LA
A � H3L H3LA
A � H2L H2LA
A � HL HLA

57.09(3) b

52.38(2)
46.80(2)
40.30(2)
32.58(2)
23.37(3)
13.29(5)

2.9
3.4
4.2
3.9
3.4
3.3
3.1
2.9

59.46(9)
54.95(3)
48.70(3)
41.36(3)
33.18(3)
24.09(5)

2.8
4.0
4.3
3.8
3.9
3.7
3.6

57.7(1)
53.81(4)
47.41(5)
40.45(6)
32.87(6)
23.95(6)
14.43(6)

3.4
4.8
5.7
4.5
3.5
3.6
3.7
4.0

59.84(4)
55.35(2)
48.43(4)
40.92(4)
32.67(6)
23.56(7)
13.4(1)

3.2
4.2
4.7
3.5
3.5
3.2
3.0
2.9

63.10(2)
60.30(2)
56.25(1)
48.89(2)
41.45(1)
32.90(2)
23.66(2)

4.7
5.9
7.2
8.1
6.0
4.5
3.7
3.4

65.47(3)
61.99(3)
57.27(2)
49.64(3)
41.88(3)
33.36(2)
24.00(3)

4.6
5.1
6.1
6.7
4.8
4.5
3.9
3.5

a Charges omitted for clarity. b Values in parentheses are standard deviations in the last significant figure.
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the adduct species and, therefore, the real magnitude of the
interaction between host and guest species. To overcome these
difficulties several years ago some of us proposed a method
based on calculating the distribution diagrams for the ternary
system substrate A–substrate B–receptor, and representing the
overall percentages of free and complexed substrates as a func-
tion of pH.17 This method had the advantage of not requiring
any assumption on the location of the protons in the host
and guest species and allowed us to establish proper selectivity
ratios.

More recently, we proposed a simpler definition of selectivity
ratios based on the use of the classical conditional effective
stability constants.18 These calculations provide valuable clues
for establishing the right protonation degrees of the intervening
species.

For a given pH value, if the total amounts of free sub-
strate (Σ[HiA]), free receptor (Σ[HjL]) and adduct formed
(Σ[Hi � jAL]) are known one can define a conditional stability
constant [eqn. (1)].

Keff = Σ[Hi � jAL]/(Σ[HiA] × Σ[HjL]) (1)

Fig. 3a shows plots of the logarithms of the conditional
stability constants as a function of pH for the systems ATP–L1,
ADP–L1 and AMP–L1. It can be seen that for ATP, the stability
constants are clearly higher than those of the ADP and AMP
adducts over a wide pH range. The quotients of the effective
constants at a given pH allowed us to establish selectivity ratios
and, for instance, at pH 5 the selectivity ratios ATP:ADP and
ATP:AMP are ca. 230 and 3000, respectively. Fig. 3b shows a
plot of the selectivity profile; the maximum selectivity ratios
are reached for pH values around 6, where the hexaprotonated
adduct predominates (see Fig. 2). This method allows com-
parison between any systems provided that the measurements
have been carried out under the same experimental conditions.
In the same way, Fig. 4 shows the conditional stability constants
for the systems ATP–L, ATP–L1, ATP–L2 and ATP–L3 (see
Chart 1). As can be seen, the values of stability constants in a
wide pH range follow the order L1 > L > L2 > L3. The open-
chain polyamine would be the receptor interacting least with
ATP, while the ortho-substituted cyclophane would be, among
the cyclic receptors, the one displaying the larger stability

Fig. 2 Distribution diagrams for the systems ATP–L1 (a) and ATP–L2

(b). Concentration of all reagents 1 × 10�3 mol dm�3.

constants. Therefore, it seems that ortho-substitution provides a
conformation that favours interaction with anionic species such
as nucleotides.

The analysis of the distribution diagrams for the binary and
ternary systems and the values of the effective stability con-
stants have allowed us to select the equilibria presented at the
bottom of Table 2 as the correct ones for describing the form-
ation of all adducts. It can be seen that in several cases two
equilibria are required for defining the formation of the
adducts. For instance, for the formation of H6(L

1)A2� (A =
ATP4�), equilibria (2) and (3) have to be considered.

HA3� � H5(L
1)5� H6(L

1)A2�, log K = 7.2 (2)

or

A4� � H6(L
1)6� H6(L

1)A2�, log K = 8.1 (3)

Obviously the extent of participation of each one will be
changing throughout the pH range in which the adducts exist in
solution.

Molecular dynamics studies

The 1D 1H NMR spectrum (not shown) of the 1 :1 mixture of
ADP with L at pH 7.0 shows at least two pieces of evidence for

Fig. 3 (a) Plots of the conditional stability constant vs. pH for ATP–L1,
ADP–L1 and AMP–L1. (b) pH Selectivity profile for the interaction of
L1 with ATP, ADP and AMP. Concentration of all reagents 1 × 10�3

mol dm�3.

Fig. 4 Plots of the conditional stability constant vs. pH for the systems
ATP–L, ATP–L1, ATP–L2 and ATP–L3. Concentration of all reagents
1 × 10�3 mol dm�3.



J. Chem. Soc., Perkin Trans. 2, 2000, 1323–1328 1327

complexation. These are, first, the chemical shifts of a large
number of host and guest signals compared to those of the free
compounds and, second, the strong line broadening of the
nucleotide.19 Nevertheless, the most reliable evidence for the
complex structure can be obtained from studies of the inter-
molecular NOE. As shown in Table 3 and in Fig. 5, there are
NOE cross-peaks in a ROESY experiment (150 ms mixing
time) between H8 and H2 protons of the adenine ring of ADP
and B4 and B2 protons of the macrocyclic receptor L. This
observation clearly indicates a spatial proximity between both
aromatic rings, the phenylene subunit of L and the adenine
moiety of ADP. Such interactions have been shown to provide
semi-quantitative information about distances of the complex
geometry 19,20 and for this reason the upper limit of NOE
restraints has been fixed at 6 Å. The distances have been con-
strained between 2 and 6 Å for those protons for which inter-
and intramolecular NOE have been observed (Table 3). Particu-
larly interesting are the NOEs observed between B4 protons
of the macrocyclic receptor L and protons H1�, H4� and H5�
of the sugar moiety. The NOE detected between H5� and
B0(a) and B0(b) protons have also been useful for geometry
calculations of the adduct. A total of 15 intermolecular NOE
from ROESY experiments (Table 3) have been used as
restraints for molecular dynamics simulations of the ADP–

Fig. 5 Cross-sections along w2 at w1 = 8.10 ppm (ADP H8 proton)
and w1 = 7.83 ppm (ADP H2 proton) in the ROESY spectrum of the
ADP–L 1 : 1 complex in D2O (--- M; pH = 7.0; 400 MHz; τm = 150 ms).

Table 3 Inter- and intramolecular NOEs for the ADP–L complex
from the 400 MHz ROESY spectrum (τm = 150 ms) in D2O at pH = 7.0 a

and 298 K

Proton δ(ppm) Proton δ(ppm) Upper limit/Å

H8
H8
H8
H2
H2
H2
H1�
H4�
H5�
H5�
H8
H8
H8
H8
H8
H1�
H1�
H1�
H1�

8.10
8.10
8.10
7.83
7.83
7.83
5.74
4.18
4.01
4.01
8.10
8.10
8.10
8.10
8.10
5.74
5.74
5.74
5.74

B4
B2
B0
B4
B2
B0
B4
B4
B4
B0
H1�
H2�
H3�
H4�
H5�
H2�
H3�
H4�
H5�

7.20
7.03
3.86, 3.76
7.20
7.03
3.86, 5.76
7.20
7.20
7.20
3.86, 3.76
5.74
4.58
4.33
4.18
4.01
4.58
4.33
4.18
4.01

6
6
6
6
6
6
6
6
6
6
5
4
5
5
6
5
5
5
6

a Without correction.

metacyclophane complex structure. In addition, 8 intra-
molecular NOEs have also been used as constraints for ADP
structure determination in the adduct. The upfield chemical
shift variations of B2, B3 and B4 protons of macrocyclic
receptor L and H8 and H2 in ADP, and the NOEs observed
between aromatic protons in both receptor L and ADP clearly
indicate a close interaction between the aromatic rings. These
experimental data were used as starting empirical information
for initial docking between L and ADP. A long restrained
molecular dynamics (RMD) simulation (4 ns) using the whole
set of inter- and intramolecular NOEs and in a solvation sphere
of water (TIP3) of 30 Å in diameter was then carried out. A
structure of the L–ADP complex was extracted and the energy
minimised every 40 ps, giving a set of 100 L–ADP complex
conformations. The superposition of 27 structures with an
energy difference lower than 25 kcal mol�1 is shown in Fig. 6.
For this cluster of lower energy structures no NOE violations
greater than 0.5 Å were observed. A π-stacking interaction
between both aromatic rings can clearly be observed (Fig. 6),
whereas the electrostatic interaction between the negative
charges of ADP phosphates and the positive charges of the L
macrocycle is preserved.

In general, bond distances (P–O) and angles (P–O–P, P–O–C
and O–P–O) as well as torsion angles (pseudo-rotation angles)
for calculated ADP conformations with the L–ADP complex
are in good agreement with the literature.21,22 The P–O distances
for the calculated structures are between 1.58 and 1.62 Å.22 The
average P–O–P bond angle value reported in the literature is
130� whereas the average value for the calculated structures is
132.8�. A similar agreement is obtained for the P–O–C bond
angle, ca. 120� for the reported values and 118.8� for the calcu-

Fig. 6 Frontal (a) and top (b) views of a family of 28 lowest energy
conformations of ADP–L 1 : 1 complex from a 4 ns RMD calculation in
a solvation sphere of water (TIP3) of diameter 30 Å. Water molecules
have been omitted, and phosphate atoms are shown in CPK form.
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lated structures. The O–P–O bond angle is a function of sub-
stituents on O, and the literature values are in the range 100–
120� whereas the average experimental value is 111.6�. Due to
the average values of O–P–O and P–O–P bond angles (100 and
130�, respectively) in the calculated ADP–L complex structures
a large conformational freedom for the O–P–O–P dihedral
angle can be expected.

The relative orientation between the sugar moiety and the
phosphate fragment is close to the anti conformation in the
more relaxed L–ADP complex structures, as can be deduced
from the distances between the C8 and C2 carbons of the
adenosine and the C5�, O5� and P1 atoms. The anti conform-
ation is the most favorable.23,24 The preferred conformation for
the C5�–O5� bond in a large number of mononucleotides is
(gauche)�–(gauche)�.25 For the most stable calculated structures
(Fig. 6) of the L–ADP complex the most populated conform-
ation is (gauche)�–(gauche)� almost eclipsed. The puckering of
the ribose moiety, defined through the pseudorotation angle
(P), is close to C3� endo (P = 29�) (3T4 conformation), which is
in agreement with the most stable conformation of the ribose
and deoxyribose sugars, C3� endo (P = 0–36�) and C2� (P =
144–180�).

In all calculated structures of ADP–L, π-stacking can
be clearly observed between the aromatic rings of ADP and
L (see Fig. 6). The distance between the average planes of the
adenine ring of the nucleotide and the benzene ring of the
macrocycle is 3.38 Å and the mean angle between both
planes is 4.229�. Likewise, the phosphate group lies parallel to
macrocycle L. The electrostatic interactions seem to be more
important between the phosphate groups of ADP and the
nitrogen atoms opposed to the phenyl ring in L, particularly
N3 and N4 and to a lesser extent N2. For the whole set of
the L–ADP structures the distance between the phosphorus
atoms and N3, N4 (and N2) is always <4 Å. It should be
noted that hydrogen bonding is possible between the adenine
nitrogen and/or the OH groups of the ribose subunits and
the polyammonium benzylic groups of the receptor. This
hydrogen bonding could reduce the mobility of that part
of the molecule (Fig. 6) and partially stabilise the adduct,
which would also explain the splitting of the benzylic signals
of the receptor.5 A hydrogen bond between the N3 of the
adenine and the benzylic groups of the receptor has been
observed in 64% of the structures calculated for the L–ADP
complex. On the other hand, only in 4% of the calculated
structures of the adducts has a direct hydrogen bond between
N atoms of L and the phosphate groups of ADP been
detected.

The experimental results, in particular NOE connectivities,
for the L–ADP complex clearly show the direct participation
of π-stacking interactions in molecular recognition in supra-
molecular systems.
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