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The hexaprotonated form of the hexaazamacrocycle, 7,22-dimethyl-3,7,11,18,22,26-

hexaazatricyclo[26.2.2.2.13.16]tetratriaconta-1(30),13,15,28,31,33-hexaene, (H6Me2[30]pbz2N6)
61,

was used as a receptor for the molecular recognition of aliphatic and aromatic carboxylate

substrates. The receptor–substrate binding behaviour of (H6Me2[30]pbz2N6)
61 with aliphatic

>�O2C(CH2)nCO2
�, n = 0 to 4] and aromatic (benzoate, phthalate, isophthalate, and

terephthalate) substrates was evaluated by potentiometry and 1H NMR spectroscopy. The

association constants of the entities formed were determined in H2O at 298.0 K and 0.1 M KNO3

(by potentiometry) and in D2O (by 1H NMR). The constants for the aliphatic substrates are

much lower than for the aromatic ones. NMR spectroscopy allowed the conclusion that the

recognition process might involve H-bonding, electrostatic and p–p stacking interactions, the

strength and the type of them depending on the substrate. The cooperative conjugation of the

three types of interactions only occurs when terephthalate is the substrate. Molecular dynamics

simulations (MD) in a periodic box of water solvent molecules were also used to investigate the

nature of the binding association between the receptor and the three aromatic dicarboxylate

anions (phthalate, isophthalate, and terephthalate). These studies confirmed that the

(H6Me2[30]pbz2N6)
61 receptor encapsulates the terephthalate anion with the formation of an

inclusion supermolecule stabilized by multiple N–H� � �O hydrogen bonding and p–p interactions.

The molecular recognition between the receptor and the other two aromatic anions, phthalate and

isophthalate, also occurs via N–H� � �O hydrogen bonds, but outside of the macrocyclic cavity. The

results are discussed in terms of energetic and entropic contributions and showed that the binding

association between the receptor and these anions is favourable.

Introduction

The importance played nowadays by anions in a variety of

fields, such as the environment, the health and the industry is

well known. For instance, the dicarboxylate anion adipate is a

raw material in the nylon industry, and phthalic acid is used in

the manufacture of paper, cosmetics, plastics, dyes and paints.

Many anions are pollutants for the environment.

However due to the anion characteristics its recognition

process is much more difficult than that of metal ions. Indeed,

anions have larger sizes when compared with the isoelectronic

metal ions, also they have a great variety of shapes and

geometries, high free energies of solvation and they are pH

dependent. Additionally the interactions involved in the asso-

ciation process are non-covalent (electrostatic, p–p stacking,

H-bonding, etc.). Then the preorganization of the receptor is

an important feature in order to achieve a strong or selective

association. Receptor–substrate binding site complementarity

and solvation effects are factors that must be taken into

account in the design of a receptor.1–5

The macrocycle Me2[30]pbz2N6 (L) contains six amine

groups separated by propyl chains, which are long enough

to allow the protonation of all the amine groups at pH E 6,

see Scheme 1. It is also expected that the presence of the two

aromatic spacers in the receptor architecture should contribute

to its rigidity, favouring the preorganization of the interacting

groups, and to the decrease of its solvation, turning out the

receptor appropriate for the recognition of difunctional an-

ions. In the present work the hexaprotonated macrocycle

(H6Me2[30]pbz2N6)
61 was evaluated as a receptor for the

binding of different dicarboxylate anions (aliphatic and aro-

matic) and also benzoate, by potentiometry and 1H NMR

spectroscopy in solution (see Scheme 2 for the studied anions).

For a further insight into the nature of the binding between the

receptor and three aromatic dicarboxylate anions, molecular

dynamics simulations in periodic boxes of water solvent

molecules were also carried out.

Results and discussion

Potentiometric measurements

The protonation constants of Me2[30]pbz2N6 were determined

by potentiometry in water, at 298.0 K and in 0.1 M KNO3,
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and are collected in Table 1 together with the constants of the

related compound without the methyl substituents,

[30]pbz2N6.
6–8

All the amine groups of both macrocycles are protonated at

pH E 6, and then these compounds exhibit a high overall

basicity, see Table 1. The two values shown for each proto-

nation constant of both compounds present some deviations,

more significant for the first two values, which can be attrib-

uted to differences in the salt used to maintain the ionic

strength, and also to problems associated with their low

solubility in water.

The presence of the methyl groups on the central nitrogen

atoms in Me2[30]pbz2N6 reduces the basicity slightly and

lowers the hydration of the corresponding amine groups

in aqueous solution. The latter effect favours anion binding

by attenuating the competitive interaction with solvent

molecules.9

Binding of anions by (H6Me2[30]pbz2N6)
61

Potentiometric studies. The association constants of

(H6Me2[30]pbz2N6)
61 with several dicarboxylate anions differ-

ing in shape, size and rigidity, such as aliphatic [oxalate (ox2�),

malonate (mal2�), succinate (suc2�), glutarate (glut2�) and

adipate (adip2�)] and aromatic anions [phthalate (ph2�), iso-

phthalate (iph2�) and terephthalate (tph2�)], were determined

in aqueous solutions at 298.0 K and 0.10 mol dm�3 KNO3

using the HYPERQUAD program.10 Benzoate (bz�), was also

studied for comparison purposes. The values obtained are

collected in Table 2. Due to solubility reasons, the protonation

constants of tph2� could not be determined with the necessary

accuracy, and then the association constants of the receptor

with this anion are not available by this technique, however it

was possible to obtain the constants by 1H NMR spectro-

scopy, see below.

As the protonation constants of the anionic substrates

contribute significantly to the final association constants and

the values from the literature exhibit large discrepancies,11

those values were also determined in our experimental condi-

tions and are shown in Table 3.

Only species of 1 : 1 receptor to anion stoichiometry were

found for all the cases, although several species in which the

receptor presents different protonation states were determined.

In Table 4 the stepwise constants and the corresponding

equilibrium reactions are compiled. For the aliphatic series

only two or three species were found while for the aromatic

substrates five or six different constants were determined. As

expected the H6LA
41 species exhibits the highest value, which

corresponds to the association of the entirely protonated

receptor and the deprotonated substrate, for which the stron-

gest electrostatic interactions and the maximum number of

hydrogen bonds should be formed. The H7LA
51 species

resulting from the self-association of H6L
61 and the mono-

protonated anion, HA�, was also found in most of the cases,

although with lower constants due mainly to weaker electro-

static interactions.

In Fig. 1 and 2 are shown the speciation diagrams corre-

sponding to ox2� and ph2� substrates where the differences

arising from the stronger binding of the aromatic substrates

compared to the aliphatic ones can be visualized. As the

constants for the associated entities involving the aromatic

anions have larger magnitude, they resist higher at pH values

Table 1 Protonation constants (log Ki
H) of Me2[30]pbz2N6 and

[30]pbz2N6 (T = 298.0 K; I = 0.10 mol dm�3 in KNO3)

Equilibrium quotient Me2[30]pbz2N6 [30]pbz2N6

[HL]/[L] � [H] 9.99(1)a 10.41b 9.99c 10.55d

[H2L]/[HL] � [H] 9.59(1)a 9.82b 9.92c 10.06d

[H3L]/[H2L] � [H] 8.47(1)a 8.82b 8.43c 8.56d

[H4L]/[H3L] � [H] 7.67(1)a 7.87b 7.68c 7.67d

[H5L]/[H4L] � [H] 6.66(1)a 6.79b 6.75c 7.12d

[H6L]/[H5L] � [H] 6.21(1)a 6.27b 6.42c 6.70d

[H6L]/[L] � [H]6 48.59(1)a 49.98b 49.19c 50.64d

a This work; values in parentheses are standard deviations on the last

significant figures. b I= 0.1 mol dm�3 in KCl, ref. 6. c T and I are not

indicated, ref. 7. d I = 0.1 mol dm�3 in KCl, ref. 8.

Scheme 1

Scheme 2
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in spite of the lower charge of the receptor, due to the

successive deprotonation of the ammonium groups. Among

the aliphatic substrates ox2� exhibits the largest association

constants, decreasing the strength of the binding with the

increase of the methylenic chain (n) between the two carbox-

ylate groups, �O2C(CH2)nCO2
�. In Fig. 1 it is possible to

observe that H7L(ox)
51 has its maximum value at pH about

2.5, while the main species H6L(ox)
41 reaches its maximum

concentration at about pH 5, and H5L(ox)
31 is formed in very

small amounts between pH 5.5 and 7.5. At higher pH values

no assembled species remain, the receptor being successively in

the forms H4L
41, H3L

31,. . ., L, and the ox2� in its free-state.

In Fig. 2 it can be seen that the main species, H6L(ph)
41,

exhibits its maximum percentage at pH E 5.5, then other

assembled species with successively lower charge are formed

till pH about 10, overlapped by the corresponding protonated

forms of the free ligand and the free ph2� anion.

Another point that must be emphasized is the nature of the

determined constants. Indeed, they are not thermodynamic

values but conditional constants. The determinations were

carried out in 0.10 mol dm�3 KNO3 medium, consequently

in high concentration of NO3
�. The medium was chosen

taking into account the study of K. Bowman-James et al.12

for a similar receptor (H6[24]mbz2N6)
61, see Scheme 1, for

which a negligible association constant with nitrate was found.

In two cases, for ph2� and iph2� anions, 0.10 mol dm�3 KCl

was also used as medium for comparison. The values obtained

are not conclusive, but the differences between corresponding

constants in both media are very small, see Tables 2 and 4.

Indeed, the main constant determined (corresponding to the

formation of H6LA
41) is higher for ph2� but slightly lower for

iph2� in KCl when compared to those obtained in KNO3

medium. These results indicate that other factors derived from

the nature of the anions and probably also the main type of

interactions are also relevant. In a few other cases in which the

effect of the electrolyte anion used to keep the ionic strength

was taken into account,12–14 the bulky sodium tosylate was

used. However we ruled out this medium because 1H NMR

experiments revealed the significance of p–p stacking interac-

tions involving the benzene rings of (H6Me2[30]pbz2N6)
61, see

below.

In Table 4 the associated constants for ox2� with a related

receptor, (H6[30]pbz2N6)
61, are also included.15 The values are

of the same order but slightly larger than those determined in

the present work. The discrepancies arise more from the

different protonation constants for the ligands and oxalic acid,

see Tables 1 and 3, and also from the different work condi-

tions, than from electronic or structural differences between

the ligands.

The receptor (H6Me2[30]pbz2N6)
61 can be visualized as

composed by two different subunits: the benzene groups,

responsible for the rigidity of the receptor, and the two

triamine moieties, which have enough flexibility to adjust to

the substrates. On the other hand, electrostatic and hydrogen-

bonding interactions between the ammonium groups of the

receptor and the oxygen atoms of the carboxylate moieties of

the substrates are the only possible type of interactions

between (H6Me2[30]pbz2N6)
61 and the aliphatic substrates,

while additional p–p stacking interactions can also be pre-

dicted between the benzene groups of the receptor and of the

aromatic anions.

In the aliphatic series the flexibility and the overall basicity

increase with the size of the methylenic chain between the two

carboxylate groups, glut2� being however slightly less basic

than suc2�. The ox2�, the shortest and more rigid of the series,

has the strongest interaction with the receptor, however the

value of the constant is too small to indicate a selective

recognition. The aromatic substrates have larger association

constants, see Fig. 3.

It is however interesting to observe that the constants for

bz� are not sensitive to pH variations, presenting values very

similar in spite of the decrease of the positive charges of the

receptor. This indicates that the binding of the anion occurs on

one side of the molecule while the acid–base equilibria involve

the amines at the opposite moiety of the molecule. In spite of

this the RA2 species was not found, probably because the two

sides are sufficiently far away to act practically independently.

Table 2 Overall stability constants (log bHhLlAa
)a for the equilibria of (H6[30]pbzN6)

61 with ox2�, mal2�, suc2�, glut2�, adip2�, ph2�, iph2�, and
bz�. L is the macrocyclic ligand Me2[30]pbzN6 and A the anion. I = 0.10 mol dm�3 in KNO3 at 298.0 K

Equilibrium process ox2� mal2� suc2� glut2� adip2� ph2� iph2� bz�

7H1 þ L þ A2� $ H7LA
51 54.54(6) — — 55.31(7) 55.45(6) 56.12(5), 56.07(2)b 55.30(4), 55.34(3)b 55.58(5)

6H1 þ L þ A2� $ H6LA
41 51.30(2) 50.80(2) 50.82(8) 50.78(3) 50.65(4) 51.74(3), 51.80(1)b 51.64(2), 51.44(1)b 51.53(4)

5H1 þ L þ A2� $ H5LA
31 44.43(9) 43.99(9) 44.22(6) 44.46(5) — 45.40(5), 45.34(1)b 45.27(3), 44.97(3)b 45.26(4)

4H1 þ L þ A2� $ H4LA
21 — — 37.36(8) 37.40(9) — 38.41(5), 38.38(2)b 38.48(3), 38.12(5)b 38.54(4)

3H1 þ L þ A2� $ H3LA
1 — — — — — 30.35(9), 30.56(2)b 30.51(4), — —

2H1 þ L þ A2� $ H2LA — — — — — —, 21.45(7)b 21.77(5), — —

a Values in parentheses are standard deviations on the last significant figures. b This work, I = 0.10 mol dm�3 in KCl.

Table 3 Protonation constants (log bHhAa
) of ox2�, mal2�, suc2�,

glut2�, adip2�, bz�, ph2�, and iph2�, and the corresponding stepwise
constants, log K. T = 298.0 � 0.1 K; I = 0.10 mol dm�3 in KNO3

a

Anion Log b1
H (or K1

H) Log b2
H Log K2

H

ox2� 3.81(1) 5.18(1) 1.37
mal2� 5.23(1) 7.86(1) 2.63
suc2� 5.23(1) 9.23(1) 4.00
glut2� 5.01(1) 9.14(2) 4.13
adip2� 5.01(1) 9.25(1) 4.24
bz� 4.02(1) — —
ph2� 5.00(1) 7.80(1) 2.80

4.95(1)b 7.80(1)b 2.85b

iph2� 4.27(1) 7.52(1) 3.25
4.20(1)b 7.38(1)b 3.18b

a Values in parentheses are standard deviations on the last significant

figures. A denotes the anion. b I = 0.10 mol dm�3 in KCl.
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Another interesting point is related to the constants involving

iph2�, for which the values corresponding to the formation of

the H6LA
41, H5LA

31, and H4LA
21 are also unexpectedly

very similar, nevertheless without structural information it is

very difficult to interpret these features. Indeed the potentio-

metric technique does not give indications about the type of

interaction or the sites of the receptor or the substrate involved

in the association process. In order to obtain structural

information about the association phenomena, 1H NMR

spectroscopic titrations and MD simulations were performed.

1H NMR spectroscopy. The 1H NMR spectroscopic titra-

tions were performed in D2O to be closer of the conditions

used in the potentiometric studies, working at pH about 5 in

order to centre the attention on the equilibrium reaction

H6L
61 þ A2� ’ H6LA

41. The ionic strength was not con-

trolled to avoid interfering anions. PF6
�, as the receptor

counterion, was chosen in order to obtain well-resolved 1H

NMR spectra.

In general the best technique to evaluate weak interactions

(log K E 4) involves the addition of the substrate to the

receptor,16 however for the aromatic anions studied the oppo-

site titration led to better results. As the aliphatic anions were

used in their tetramethylammonium (TMA) form, and the

intense TMA resonance is superimposed on the receptor Hc

signal, data from this resonance were not obtained (for the

numbering see Scheme 1). In Table 5 the chemical shifts (d/
ppm) of (H6Me2[30]pbz2N6)

61 as well as the value of Dd =

(dreceptor � dobs) at the end of the titration are presented. For

the aliphatic substrates only results for the ox2� anion are

shown. Indeed the shifts of the proton resonances of the

receptor observed upon addition of the other aliphatic anions

were too small to deserve a complete study, see Fig. 4.

Separated 1H NMR signals were found for the receptor and

the substrate protons upon formation of the receptor–sub-

strate entity, indicating a fast exchange between the free and

assembled molecules compared to the NMR time scale; see

Fig. 5 for the case of addition of tph2� anion.

The addition of ox2� to a solution of (H6Me2[30]pbz2N6)
61

leads to small upfield shifts of Ha, Hb, Hd and Hf resonances,

and the other resonances do not exhibit coherent shifts,

indicating that the aromatic moiety and the ammonium

centres of the receptor are involved in the binding to ox2�.

Interactions of the type –H2N
1� � ��O2C– were expected (elec-

trostatic and H-bonding), but the contribution of the aromatic

moieties is surprising, and in fact the shifts of the benzene

proton resonance are larger than the others, see Table 5. These

shifts can be explained by p–p stacking interactions of

Fig. 1 Species distribution curves as a function of pH of the re-

ceptor (H6Me2[30]pbz2N6)
61 in the presence of oxalate (ox2�). L =

Me2[30]pbz2N6. Curves calculated for Coxalate = 3 �
C(H6Me2[30]pbz2N6)

61. The charges of species were omitted.

Fig. 2 Species distribution curves as a function of pH of the re-

ceptor (H6Me2[30]pbz2N6)
61 in the presence of phthalate (ph2�). L =

Me2[30]pbz2N6. Curves calculated for Cphthalate = 3 �
C(H6Me2[30]pbz2N6)

61. The charges of species were omitted.

Table 4 Stepwise stability constants (log KHhLlAa
) for the equilibria between the different protonated species of (H6�iMe2[30]pbzN6)

(6�i)1 with
ox2�, mal2�, suc2�, glut2�, adip2�, ph2�, iph2�, and bz�. L is the macrocyclic ligand Me2[30]pbzN6 and A the anion. I= 0.10 mol dm�3 in KNO3

at 298.0 K

Equilibrium process ox2� mal2� suc2� glut2� adip2� ph2� iph2� bz�

H6L
61 þ HA� $ H7LA

51 2.14, 2.12a — — 1.71 1.85 2.53, 2.69b 2.44, 2.72b 2.97
H6L

61 þ A2� $ H6LA
41 2.71, 3.30a 2.21 2.23 2.19 2.06 3.15, 3.38b 3.05, 3.02b 2.94

H5L
51 þ A2� $ H5LA

31 2.05, 2.72a 1.61 1.84 2.09 — 3.02, 3.05b 2.89, 2.68b 2.88
H4L

41 þ A2� $ H4LA
21 —, 2.23a — 1.64 1.69 — 2.69, 2.67b 2.76, 2.41b 2.82

H3L
31 þ A2� $ H3LA

1 —, — — — — — 2.30, 2.42b 2.46, — —
H2L

21 þ A2� $ H2LA —, — — — — — —, 1.79b 2.20, — —

a The receptor is H6[30]pbzN6
61, I = 0.10 mol dm�3 in KCl, ref. 15. b This work, I = 0.10 mol dm�3 in KCl.
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aromatic moieties of different receptor molecules or a com-

pletely different conformation of the aromatic rings of the

receptor when the assembled molecule is formed. Unfortu-

nately no single crystal adequate for X-ray diffraction deter-

mination of this supermolecule was obtained.

The addition of bz2�, ph2�, iph2�, and tph2� anions to the

receptor causes upfield shifts of the proton resonances of the

receptor which, in general, are larger than for ox2�. However,

chemical shift stabilization was not obtained even upon addi-

tion of 5 to 6 equivalents of anion solutions. In order to

determine the association constants, titrations of anion solu-

tions by addition of the protonated receptor were performed.

Plots of Dd as a function the nreceptor/nsubstrate ratio are shown

in Fig. 6 (a) and (b).

The proton resonance shift pattern of the receptor is

different in the titration of each aromatic anion indicating

important structural differences in the assembled molecules. In

all cases, except for bz�, resonance He shifts downfield.

Indeed, in the presence of iph2� large shifts in Ha and Hb

resonances were observed, and the other proton resonances

only exhibit very small shifts. Accordingly, p–p stacking is the

main expected interaction between the benzene rings of the

receptor and iph2�. However, the presence of ph2� causes

opposite features: shifts of Hc, Hf and Hd were observed, while

Ha and Hb only undergo very small changes, indicating

�H2N
1� � ��O2C� as the main interactions. On the other

hand, the presence of tph2� results in simultaneous resonance

shifts of the aromatic ring protons of the receptor, Ha and Hb,

and also of Hc, Hd and Hf, implying p–p stacking, H-bonding

Fig. 3 Plot of log K, corresponding to the equilibrium reaction

H6L
61 þ A2� $ H6LA

41, as a function of the studied anions with

different sizes and rigidities. The squares correspond to potentiometric

and the circles to 1H NMR measurements.

Table 5 1H NMR resonances (d/ppm) and shifts (Ddmax = dR � dobs)
for some proton resonances of the protonated macrocycle (R) upon
addition of the substrate on saturation,a and the stepwise constants
obtained

Anion dR61 dRA dRA2
Ddmax log K1 log K2

ox2� Ha 7.528 7.501 — 0.027 3.1(1) —
Hb 4.286 4.262 — 0.024
Hf 2.879 2.859 — 0.020

bz� Hb 4.286 4.283 4.254 0.032 2.9(1) 1.7(2)
Hc 3.156 3.141 3.061 0.095
Hd 2.097 2.092 2.040 0.057
Hf 2.879 2.877 2.811 0.068

ph2� Ha 7.528 7.524 7.483 0.045 3.3(1) 2.2(2)
Hb 4.286 4.275 4.213 0.073
Hc 3.156 3.110 3.028 0.128
Hd 2.097 2.080 2.047 0.050
Hf 2.879 2.867 2.774 0.105

iph2� Ha 7.528 7.450 7.348 0.180 3.2(1) 2.8(2)
Hb 4.286 4.250 4.136 0.150

tph2� Ha 7.528 7.500 7.415 0.108 4.3(2) 3.5(4)
Hb 4.286 4.243 4.140 0.146
Hc 3.156 3.114 3.014 0.142
Hf 2.879 2.853 2.795 0.084

a Proton resonances that have significant shifts upon addition of the

substrate.

Fig. 4 1H NMR titration of (H6Me2[30]pbz2N6)(PF6)6 with several

substrate anions, Dd of the protons of the receptor as a function of the

number of equivalents of substrate added, in D2O following the singlet

Ha of the receptor. The symbols for the anions are: ox2� ($), mal2�

(n), suc2� (*), glut2� (1), adip2� (B), bz� (%), ph2� (J), iph2� (m),

and tph2� (’).

Fig. 5 1H NMR spectra for the titration of (H6Me2[30]pbz2N6)(PF6)6
receptor with tph2� anion in D2O.
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and electrostatic interactions between substrate and receptor,

suggesting a possible intercalation of tph2� into the receptor

backbone. The titration curves pattern corresponding to bz� is

similar to that observed for ph2� but causing smaller shifts as

expected from a monocarboxylate anion, indicating the same

type of interactions.

The 1H NMR titration data were also used to determine the

association constants, using the HypNMR program.17 The

values obtained, compiled also in Table 5, have lower accuracy

than those determined by potentiometry, because the titration

was performed directly in the NMR tube in small volumes and

by addition of very small amounts of titrants, and the ionic

strength was not kept constant. The chemical shifts of the

formed species are also indicated in Table 5.

Two species, RA and RA2, were found for all the aromatic

substrates, while for ox2� only one constant was determined.

In fact in the NMR conditions used it was possible to increase

the amount of the aromatic substrates allowing the determina-

tion of K2, while in our potentiometric conditions R :A ratios

higher than 1 : 1 led to precipitation. In these conditions it was

also possible to determine the association constants for the

tph2� substrate. The stepwise constants of Table 5 correspond

to the following equilibrium reactions:

H6L
61 þ A2� $ (H6L)A

41 K1

H6L
61 þ 2A2� $ (H6L)A2

21 K2

H6L
61 being the receptor R and A the substrate.

The constants obtained by 1H NMR titrations are slightly

higher that those determined by potentiometry, but the experi-

mental conditions were not the same. In fact the determinations

were performed in D2O, with no other anion at high concen-

tration in solution, and PF6
� was used as counterion. However

a good agreement between the values obtained by both techni-

ques was found, ox2� exhibiting the largest divergence but

within experimental errors due to the smaller Dd values for this

anion. As expected on the basis of the largest Dd values and

variety of interactions, tph2� presents the highest association

constants among the three aromatic dicarboxylate substrates.

Ph2� and iph2� exhibit similar values by this technique, bz�

being the aromatic anion presenting the lowest values.

High or even very high values of association constants for

dicarboxylate substrates with a variety of hexaammonium

macrocycles or octaaza cryptands in water were re-

ported.14,15,18–27 In these selected cases only supermolecules

with 1 : 1 R :A stoichiometry were found. X-Ray diffraction

structures confirmed the inclusion of the substrates into the

cavity of one cryptand with tph2� 25 and another cryptand

with ox2�.16 However, X-ray structures of hexaazamacrocyles

with ox2�,15,23 with iph2� 27 and with tph2� 27 showed that the

respective substrates are intercalated rather than encapsulated

into the cavity of the corresponding macrocycles.

Comparing our values with those of the literature it is

possible to conclude that the (H6Me2[30]pbz2N6)
61 is not a

good receptor for aliphatic dicarboxylate substrates but it is a

very interesting compound for the aromatic dicarboxylate

anions, especially for tph2�. The high value of the constant

obtained for this assembled compound and, additionally, the

indication from NMR data of the formation of strong and

cooperative interactions, p–p stacking between the benzene

rings of the receptor and of the tph2�, Coulombic and hydro-

gen-bonding interactions between the carboxylate groups and

ammonium moieties of the receptor, led us to predict that this

substrate is included into the cavity of the receptor.

Molecular dynamics and free energy calculations

In order to bring further insight to the experimental binding

studies, the interaction between (H6Me2[30]pbz2N6)
61 recep-

tor and the aromatic substrates ph2�, iph2�, and tph2� was

evaluated through molecular dynamics (MD) simulations and

free energy calculations with the AMBER 8 suite of pro-

grams,28 using the gaff force field.29 The atomic point charges

for the atoms in the protonated macrocycle and anions were

calculated with the AM1-BCC method.30 Molecular dynamics

simulations were carried out in water boxes using as starting

geometries for the complexes the lowest geometric arrange-

ments found docking the receptor (H6Me2[30]pbz2N6)
61 to

each aromatic anion via molecular dynamics quenching

Fig. 6 1H NMR titration of (H6Me2[30]pbz2N6)(PF6)6 with aromatic

anions, Dd of the protons of the receptor as a function of the number

of equivalents of receptor added, in D2O following (a) the singlet Hb,

and (b) the singlet of the 1NCH3 (Hf) of the receptor. The symbols are

bz� (%), ph2� (J), iph2� (m), and tph2� (’).
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techniques as described below. Here is presented only the

pertinent modelling results for the understanding of the sub-

strate–receptor binding mode. The detailed description of this

study will be published.31 Snapshots taken after 7.1 ns of MD

simulations illustrating the binding interaction between the

(H6Me2[30]pbz2N6)
61 receptor and ph2�, iph2�, and tph2�

anions are presented in Fig. 7 in two different views.

The ph2� and iph2� anions remained at the top of the

macrocycle during the entire time of simulation. By contrast

the tph2� substrate enters into the macrocyclic cavity after ca.

1600 ps of simulation with formation of an inclusion complex.

The analysis of hydrogen bonds between the six potential

N–H binding sites of the receptor and the four oxygen atoms

from the carboxylate groups of each anion over the 9 ns of

MD simulation was carried out using a cut-off of 2.5 Å for

H� � �O distances and 1201 for the N–H� � �OQC angles. The

interaction between (H6Me2[30]pbz2N6)
61 and the iph2� anion

involves mainly three N–H groups adjacent to the p-phenyl

spacers and three oxygen atoms from the anion. These binding

interactions are quite strong with average H� � �O distances in

the range between 1.70 and 1.76 Å and average N–H� � �OQC

angles from 166 to 1711. Furthermore one of these hydrogen

bonds is kept continuously during a large simulation period

leading to a lifetime of 411.9 ps.

The interactions of receptor with the ph2� anion occur

through three N–H binding sites and both oxygen atoms from

two carboxylate groups forming five independent N–H� � �
OQC hydrogen bonds with mean H� � �O distances ranging

from 1.69 to 2.20 Å and mean N–H� � �OQC angles from 150

to 1721. Three hydrogen bonds involve the two N–H tertiary

binding sites while the remaining two correspond to the

interaction of a N–H secondary binding site with an oxygen

atom from each one of the two carboxylate groups. The

strongest hydrogen bond has a lifetime of 4.5 ns (H� � �
OQ1.69 Å and N–H� � �OQC 1721) and plays an important

role in the interaction of the receptor with the ph2� anion.

The molecular recognition of the tph2� anion by

(H6Me2[30]pbz2N6)
61 involves four N–H binding sites, two

N–H tertiary groups and two secondary ones and all the

oxygen atoms from two carboxylate groups leading mainly

to eight independent N–H� � �OQC hydrogen bonds. The

H� � �O distances vary between 1.82 and 1.91 Å and the angles

N–H� � �OQC range from 161 to 1681.

These MD simulations show that the molecular assembling

between the receptor and these three aromatic anions requires

the establishment of multiple and cooperative N–H� � �OQC

hydrogen bonding interactions.31 The pattern and number of

hydrogen bonds depends of the relative position of the car-

boxylate groups on the benzene ring. The number of hydrogen

bonds follow the order iph2� o ph2� o tph2�. The encapsu-

lation of thp2� by the receptor determines the large number of

N–H� � �OQC hydrogen bonds found. Furthermore, the as-

sembled molecule {(H6Me2[30]pbz2N6)(tph)}
41 is stabilized by

p–p interactions between the benzene rings of the anion and

the p-xylyl spacers of the receptor. After encapsulation the two

benzene rings of the receptor remain almost parallel to the

benzene ring of the substrate at interplanar distances consis-

tent with the existence of this type of electrostatic interaction.

The average energetic and entropic contributions to the

binding free energies of (H6Me2[30]pbz2N6)
61 towards the

aromatic anions ph2�, iph2�, and tph2� are collected in Table

6 together with their standard errors. They were calculated

with snapshots of the macrocyclic receptor, anionic substrate

and complex taken from MD trajectories of three independent

simulations using the MM-PBSA method.32 Thus, MD simu-

lations in explicit solvent were also carried out for the isolated

anions and the macrocyclic receptor during 2 and 5 ns,

respectively as described in the experimental section.

The relative binding energy (DGbind) is negative in all cases

indicating that the binding association between the receptor

and each one of the anions ph2�, iph2�, and tph2� is favour-

able. The theoretical values of �7.4 kcal mol�1 for tph2�, �7.2
kcal mol�1 for ph2�, and �7.6 kcal mol�1 for iph2� are

overestimated by 1.5, 2.6 and 3.2 kcal mol�1, respectively,

when compared with those calculated from 1H NMR data.

The deviations between the theoretical and experimental

binding energies determined from potentiometric data are

smaller. Indeed, the energetic difference decreases to �1.7 kcal

mol�1 for iph2� while the computed value for ph2� is in a good

agreement with the experimental one, the energetic difference

being �0.3 kcal mol�1. Therefore the binding affinities esti-

mated from MD simulations reproduce well the experimental

finding.

Fig. 7 Binding mode interactions between (H6Me2[30]pbz2N6)
61

receptor and aromatic anions ph2� (a), iph2� (b), and tph2� (c) in

two different views. The macrocyclic cavity is emphasized in the left

side and the spatial position of the substrate relative to the receptor is

shown in the right side. The snapshots were taken after 7.1 ns of MD

simulation with the first solvent shells composed of 100 water mole-

cules. Only the chloride counterions inside the water shells are shown.
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The analysis of the free energy components shows that the

electrostatic term is the largest contributor to the molecular

mechanics internal energy. The Coulombic interactions favour

the binding of the receptor to the ph2� relative to the iph2�

and tph2� anions by �6.5 and �19.8 kcal mol�1, respectively.

The electrostatic effect is partially compensated by the un-

favourable polar term of the solvation energy. The solvation

of the polar part of the assembled molecule

(H6Me2[30]pbz2N6)(tph)
41 requires ca. 17 kcal mol�1 less than

the supermolecular associations with ph2� and iph2�, in which

the anion is located outside of the macrocyclic cavity.31 In

water the total free energy DGtot (the enthalpy, defined in

Table 6) is �24.0, �23.8 and �23.1 kcal mol�1 for tph2�,

ph2�, and iph2�, respectively. These values are consistent with

the affinity trend tph2�> ph2�> iph2� found from the

experimental binding free energies. The formation of supra-

molecular associations between the receptor and the anions is

disfavoured by the average entropic term by �16.6 kcal mol�1

for tph2� and for ph2�, and by �15.4 kcal mol�1 for iph2�.

The difference of 1.2 kcal mol�1 on the TDS term leads to a

slightly lower binding free energy for the association with

tph2�. In other words, the binding affinity and the enthalpy of

the receptor towards these three aromatic anions follow

opposite trends.

The absolute free energies were also evaluated on the basis

of a single trajectory file with snapshots of the anions and the

receptor also taken from MD simulations carried out with the

supermolecular associations. The average binding free energies

found of �17.9 kcal mol�1 for tph2�, �17.6 kcal mol�1 for

ph2�, and �16.0 kcal mol�1 for iph2� are more negative than

those calculated with snapshots extracted from separated

trajectories, which indicates that the macrocycle receptor

undergoes a conformational change upon anion binding ac-

companied by a free energy change (DGconf) given by:

DGconf = hGmac (supermolecule trajectory)i
� hGmac (macrocycle trajectory)i

where hGmac (supermolecule trajectory)i and hGmac (macro-

cycle trajectory)i are the average free energies for the macro-

cycle, calculated with snapshots extracted from the trajectories

MD solution simulations performed in water with the super-

molecule and the protonated macrocycle alone, respectively.

The DGconf for (H6Me2[30]pbz2N6)
61 is 10.2 kcal mol�1 for the

interaction with ph2�, 10.3 kcal mol�1 with tph2� and 8.5 kcal

mol�1 with iph2�. In all cases DGconf is mainly determined by

the enthalpic instead of the entropic term, which would be

derived from a significant conformational change between the

macrocycle in the supermolecule and in its free protonated

state in water. In other words these results indicate that the

(H6Me2[30]pbz2N6)
61 receptor has a rigid and preorganized

structure which experiences upon anion binding a slight con-

formational change induced mainly by the electrostatic bond-

ing interactions, including the hydrogen bonds.

Conclusions

The molecular recognition ability of the ditopic receptor

(H6Me2[30]pbz2N6)
61 was evaluated towards a variety of

aliphatic and aromatic carboxylate anions. The substrates

differ in size, shape, rigidity and electronic properties. The

binding studies were carried out by potentiometry and 1H

NMR spectroscopy in aqueous (or D2O) solution. The first

technique allowed the accurate determination of the associa-

tion constants and the evaluation of all species that can be

formed at different pH values, while the second technique

complements these data with structural information. The 1H

NMR titrations have also shown that the studied receptor can

assemble two molecules of the aromatic substrates, in an

excess of anion, information that could not be obtained by

the potentiometric studies due to solubility reasons. Addition-

ally both techniques have good agreement in the association

constant values determined in spite of the different working

conditions.

The molecular recognition processes in water of the receptor

(H6Me2[30]pbz2N6)
61 with the three aromatic anions, ph2�,

iph2�, and tph2�, were theoretically evaluated by MD simula-

tions and the corresponding binding energies were estimated

using the MM-PBSA method. The pattern and the number of

the hydrogen bonds reported by MD are consistent with the
1H NMR data. The enthalpy contributions for the formation

of supramolecular associations with these three anions are

similar and consequently the binding affinities are the result of

a delicate balance between entropic and energetic contribu-

tions. The binding free energies calculated with snapshots of

the receptor, anion and supermolecules extracted from sepa-

rated trajectory files are in reasonable agreement with experi-

mental ones showing that the MM-PBSA method is a valuable

tool to estimate in water the energy of binding between such

highly charged species as the receptor (H6Me2[30]pbz2N6)
61

and the aromatic anions ph2�, iph2�, and tph2�.

The NMR and the theoretical studies suggest that the

receptor has a clear preference for the tph2� anion forming

an inclusion supermolecule, while for the remaining anions the

binding occurs outside of the macrocyclic cavity. The mole-

cular recognition between the receptor and tph2� is deter-

mined by the combination of electrostatic, hydrogen-bonding

Table 6 Binding free energy contributions (kcal mol�1) for the
interactions of (H6Me2[30]pbz2N6)

61 with the aromatic anions ph2�,
iph2�, and tph2�

ph2� iph2� tph2�

Contributiona Mean sb Mean s Mean s

DEelec �759.9 0.2 �753.4 0.2 �740.1 0.4
DEvdW �2.6 0.1 �5.2 0.1 �6.2 0.1
DEint 4.6 0.2 2.0 0.1 6.2 0.2
DEMM �757.9 0.2 �756.6 0.2 �740.1 0.4
DGnp �1.7 0.0 �1.8 0.0 �1.9 0.0
DGPB 735.8 0.2 735.4 0.2 718.0 0.3
DGsolv 734.1 0.2 733.6 0.1 716.1 0.3
DGtot �23.8 0.1 �23.0 0.1 �24.0 0.1
TDStotal �16.6 0.0 �15.4 0.0 �16.6 0.0
DGbind �7.2 0.1 �7.6 0.1 �7.4 0.1

a Energy definitions: DEelec = electrostatic energy; DEvdW = van der

Waals energy; Eint = internal strain energy. DEMM = DEelec þ DEvdW

þ DEint; DGsolv = DGnp þ DGPB, where DGnp = nonpolar solvation

free energy and DGPB = polar solvation free energy; DGtot = DGsolv þ
DEMM; DGbind = DGtot � TDStotal;

b s = standard errors of mean

values.
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and p–p interactions. Among the aliphatic series studied, the

ox2� substrate, having the smallest and rigid structure, shows

the best binding.

Experimental

Microanalyses were carried out by the ITQB Microanalytical

Service. The 1H and 13C NMR spectra were determined on a

Bruker CXP 300 spectrometer. FAB mass spectra were re-

corded on an AutoSpecEQ mass spectrometer at University of

Aveiro.

Reagents

Terephthaldialdehyde and N,N-bis(3-aminopropyl)methyl-

amine were obtained from Aldrich. Oxalic acid (99.5%), malo-

nic acid (>99%), adipic acid (extra pure) and succinic acid

(99%) were purchased from Merck. Terephthalic acid (98%),

glutaric acid (99%), phthalic acid (>99.5%) and isophthalic

acid (99%) were purchased from Aldrich. All chemicals were

of reagent grade and used as supplied. The reference used for

the 1H NMR measurements in D2O was 3-(trimethylsilyl)pro-

panoic acid-d4 sodium salt. For 13C NMR spectra dioxane was

used as an internal reference. The ligand Me2[30]pbz2N6 was

synthesized according to the literature.6 The hexaprotonated

form of the ligand (H6Me2[30]pbz2N6)(PF6)6 was prepared by

dissolving Me2[30]pbz2N6 in water (10 cm3) and adjusting the

pH to 4.5 by addition of hexafluorophosphoric acid (60 wt%

in water) from Aldrich. The solution was stirred overnight and

then the pH adjusted again. The solution was evaporated to

dryness and the solid recrystallized from ethanol and dried

under vacuum before use. (H6Me2[30]pbz2N6)(PF6)6:
1H

NMR (D2O): d 2.097 (8 H, q, NCH2CH2CH2N), 2.879 (6 H,

s, NCH3), 3.016 (8 H, t, NCH2CH2CH2N), 3.156 (8 H, t,

NCH2CH2CH2N), 4.286 (8 H, s, bzCH2N) and 7.528 (8 H, s,

bz). FABMS: m/z 496 [HL1], 641 [HL1 þ PF6
�], 786 [HL1 þ

2PF6
�], 931 [HL1 þ 3PF6

�], 1076 [HL1 þ 4PF6
�], 1221

[HL1 þ 5PF6
�], 1366 [HL1 þ 6PF6

�].

Potentiometric measurements

Reagents and solutions. Anions were prepared from the

respective acids by addition of two equivalents of KOH in

aqueous solution. The solutions were evaporated and the

solids recrystallized from acetone. The anions were then

standardized by titration using a standard HNO3 solution.

Except for the aliphatic acids where a solution of the acid was

prepared and then standardized by titration using a standard

KOH solution. A carbonate-free solution of the titrant, KOH,

was freshly prepared, maintained in a closed bottle, and

discarded when the percentage of carbonate was about 0.5%

of the total amount of base (tested by the Gran method).33,34

The demineralized water used was obtained from a Millipore/

Milli-Q system.

Equipment and working conditions. The equipment used was

described before.6 The temperature was kept at 25.0 � 0.1 1C;

atmospheric CO2 was excluded from the cell during the

titration by passing purified argon across the top of the

solution in the reaction cell. The ionic strength of the solutions

was kept at 0.10 mol dm�3 KNO3 or KCl.

Measurements. The [H1] of the solutions was determined by

the measurement of the electromotive force of the cell, E= E01

þ Qlog[H1] þ Ej. E01, Q, Ej and Kw = ([H1][OH]) were

obtained as described previously.6 The term pH is defined as

�log [H1]. The value of Kw was found to be equal to 10�13.80

mol2 dm�6. The potentiometric equilibrium measurements

were carried out using 20.00 cm3 of D2.09 � 10�3 mol dm�3

Me2[30]pbz2N6 solutions diluted to a final volume of 30.00

cm3, in the absence of dicarboxylate anions, then in the

presence of each anion at 1 : 0.5 and 1 : 1 CL :CA ratios for

the aromatic anions, and 1 : 1, 1 : 2 and 1 : 4 CL :CA ratios for

the aliphatic series.

Calculation of equilibrium constants. Overall protonation

constants, bi
H, were calculated by fitting the potentiometric

data obtained for all the performed titrations with the HY-

PERQUAD program.10 The protonation constants of the

studied anions were also determined from the experimental

data in the same experimental conditions, also using the

HYPERQUAD program. All these constants were taken as

fixed values to obtain the equilibrium constants of the new

species from the experimental data corresponding to all the

titrations at different R :A stoichiometries, also using the

HYPERQUAD program. The initial computations were ob-

tained in the form of overall stability constants, bHhLlAa
values,

bHhLlAa
= [HhLlAa]/[H]h[L]l[A]a. The errors quoted are the

standard deviations of the overall stability constants given

directly by the program for the input data, which include all

the experimental points of all titration curves. The species

considered in a particular model were those that could be

justified by the principles of supramolecular chemistry.

The stability constants for (H6Me2[30]pbz2N6)
61 and the

different anions were determined from a minimum of 150 (for

bz�) to 265 (for ox2�) experimental points, and a minimum of

two titration curves, except for adipate for which only 60

experimental points were considered.

NMR studies

Reagents and solutions. Potassium salts of each anion were

prepared by neutralization of the respective acid with potas-

sium hydroxide in water, followed by recrystallization with

acetone–ethanol. The solids were dried under vacuum before

use. A solution of NaOH (0.100 mol dm�3) was prepared from

standard ampoules from Aldrich. The acids (from Aldrich)

were used without further purification. Tetramethylammo-

nium salts of the aliphatic anions, (TMA)2aliphatic, were

prepared in similar way. Solutions of the

(H6Me2[30]pbz2N6)(PF6)6 (3.0–7.0 � 10�3 mol dm�3 and

15.0–28.0 � 10�3 mol dm�3) were prepared by dissolution of

the macrocycle in 0.5 and 1.0 cm�3 of D2O, respectively. The

anion solutions were prepared from 18.0–30.0 � 10�3 mol

dm�3 and 1.5–8.0 � 10�3 mol dm�3 by dissolution of the

potassium or TMA salts in 0.5 and 1.0 cm�3 of D2O, respec-

tively. The initial 1H NMR spectrum was recorded without

anion (or receptor) present, and then aliquots of receptor (or

anion) salt solutions were added using a Hamilton syringe

(Microliter 700 series of 25 mL) or a micropipette of 250 mL
(EDP-2). About 15 to 30 additions were necessary for each
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titration until no further change in the chemical shift was

observed. All measurements were done at 300 K.

A Bruker CXP 300 spectrometer was used to perform the
1H NMR spectra, and each solution was left 20 to 30 min to

stabilize. No effort was made to maintain the ionic strength

constant to avoid competition of other anions.

Changes in the chemical shift of all the protons, except the

Hc proton in the aliphatic anion titrations, were recorded. The

association constants of the various species formed in solution

were determined from the experimental titration data using

HypNMR,17 which requires as input the concentration of each

component and the observed chemical shift. The fitting in-

cluded the binding constants and the chemical shift of each

R :Ai species. Initial calculations provided overall stability

constants, bRrAa
values, bRrAa

= [RrAa]/[R]r[A]a. RA and

RA2 species were found in most cases. Differences between

the values of log bRA2
and log bRA provide the stepwise

reaction constants. The errors quoted are the standard devia-

tions of the overall stability constants given directly by the

program from the input data, including the experimental

points for all resonances of the titration curves. The standard

deviations of the stepwise constants were determined by the

normal propagation rules.

Molecular modelling studies

All molecular modelling simulations and subsequent free

energy calculations were carried out with the AMBER 8 suite

of programs,28 using the gaff force field.29

The initial coordinates of the (H6Me2[30]pbz2N6)
61 receptor

were generated from the crystal structure of the free macro-

cycle6 adding six protons to N–H binding sites, while the

structures of the ph2�, iph2�, and tph2� dicarboxylate guests

were built in the Cerius-2 software package.35 The atomic

charges of all species were calculated with the AM1-BCC

charge model30 using the Antechamber module. The docking

between the receptor and each one of the anions was performed

through the quenching molecular dynamics. The anion mole-

cule was positioned above the macrocyclic cavity and the

model complex was energy minimized by molecular mechanics.

The minimized structure was then subject in gas phase to a

molecular dynamic quenching run at 2000 K using a time step

of 1 fs. 20 000 conformations were generated at 0.1 ps intervals

and they were minimized by molecular mechanics with the

Sander module via conjugate gradients until a convergence

using an appropriated house script. The energetic convergence

criterion was 0.0001 kcal mol�1. The lowest energy geometric

arrangements found for the supramolecular associations of

(H6Me2[30]pbz2N6)
61 with ph2�, iph2�, and tph2� anions were

solvated with 1460 TIP3P water molecules36 to fill cubic boxes.

Four chloride anions were placed outside of the receptor to

balance the charges. The systems were equilibrated under

periodic boundary conditions using the following multistage

protocol. The equilibration process started with the minimiza-

tion of water molecules and Cl� counterions by molecular

mechanics with 1000 steps by the steepest descent method

followed by 10 000 steps of conjugate gradients keeping the

structure of the supermolecular association receptor–anion

rigid with positional restrains of 500 kcal mol�1 Å�2. After

minimization, the solvated system was heated up to 300 K over

50 ps using an NVT ensemble. Then, the positional restrain

was removed and solvent density was adjusted at an average

pressure of 1 atm through a MD simulation run with length

enough (typically 400 ps) to adjust the density of the cubic box

to the expected value for liquid water at room temperature. At

this stage the average value for density remained constant, at

least during the last 100 ps of NPT simulation. Finally, data

collection runs in an NPT ensemble at 300 K and 1 atm were

carried out over 9 ns from the equilibrated structures of the

solvated supermolecules. Snapshots were saved every 0.2 ps.

Bond lengths involving all bonds to hydrogen atoms were

constrained with the SHAKE algorithm.37 The Particle Mesh

Ewald method38 was used to treat the long-range electro-

static interactions and the non-bonded van der Waals interac-

tions were truncated with a 12 Å cut-off. MD simulations

in explicit solvent were also carried out for the isolated

anions and the free protonated macrocycle following a proto-

col similar to that adopted for the simulations performed with

the assembled molecules. The anions and the protonated

macrocycle were immersed in a cubic boxes composed of

884 and 1660 TIP3P water molecules,36 respectively. The

electrostatic neutrality of these periodic systems was obtained

adding six chloride anions to the periodic box of the

macrocycle receptor and two sodium cations to the periodic

boxes of the anions. Data collection runs of 5 and 2 ns were

carried out for protonated receptor and isolated anions, re-

spectively.

The binding free energy terms, listed in Table 6, for each

supramolecular entity, were calculated by post-processing the

trajectories of three independent simulations done for the

supermolecule, anion and receptor with the MM-PBSA meth-

od.32 Snapshots of individual species with solvent removed

were taken from the corresponding MD trajectory files at

intervals of 1 ps leading to a total of 9000, 5000 and 2000

frames for the complex, the macrocyclic receptor and the

anions, respectively. Molecular mechanical gas-phase energies,

solvation free energies and entropies were determined for each

snapshot followed by averaging the energy values. The solva-

tion free energies were calculated using a continuum represen-

tation of the solvent with the first term (GPB) estimated solving

the Poisson–Boltzmann equation for zero salt concentration

and the second one (Gnp) determined from the solvent acces-

sible area. The entropic contribution was estimated via the

normal mode analysis. A more detailed description of the

experimental procedure will be published elsewhere.31
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