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The binding properties of two tren-based macrocyclic receptors containing three [12]aneN, (L.1) or
[14]aneN, (L2) units toward the three isomers of the benzenetricarboxylic acid (BTC) have been
analyzed by means of potentiometric, 'TH NMR, and microcalorimetric measurements in aqueous
solutions. Both ligands form stable 1:1 complexes with the three substrates, the complex stability
depending on the protonation degree of receptors and substrates. Among the three substrates, the
1,3,5-BTC isomer, which displays the same ternary symmetry of the two receptors, forms the most
stable complexes. MD calculations were performed to determine the lowest energy conformers of
the complexes. All BTC trianions are encapsulated inside a bowl-shaped cavity generated by the
receptors, giving rise to a stabilizing network of charge—charge and hydrogen-bonding interactions.
The time-dependent behavior of the complexes was not analyzed. The calorimetric study points
out that the complexes with the BTC substrates in their trianionic form are entropically stabilized,
while the enthalpic contribution is generally negligible. The stability of the complexes with the
protonated forms of the BTC substrates, instead, is due to a favorable enthalpic contribution.

Introduction

Molecular recognition of anionic species by positively
charged synthetic receptor is a field of intense current
interest due to the role played by anions in many
biochemical and chemical processes. Polyammonium
receptors containing appropriate binding sites and cavi-
ties of suitable size and shape have been designed to form
selective inclusion complexes with anions.!~2! Recently,
highly charged bowl-shaped polyanionic receptors, de-
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rived from sulfonated calix[4,5]arenes, have been also
designed to encapsulate positively charged polyam-
monium macrocycles or metal complexes with crown
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ethers.?? Besides preorganization of the binding sites, it
is accepted that charge—charge interactions and hydro-
gen bonding play the major role in the formation of
supramolecular complexes between polyammonium re-
ceptors and anionic species. Recently, tren-based (tren
= tris(aminoethyl)amine) ligands have been used to
recognize anionic species, their coordination ability de-
pending on the binding moieties appended to the tren
unit.’910-13,16,17.23,24 Tn the course of our investigation of
the anion-binding capabilities of polyammonium macro-
cycles,?® we synthesized a new series of tris-macrocyclic
polyamine receptors.?6 Two of them, L1 and L2 in
Scheme 1, contain, respectively, three [12]aneN; or
[14]aneN, units appended to a tren moiety.

In principle, these polyamines would give highly
charged polyammonium cations at neutral pH, due to the
large number of protonable nitrogen donors. Further-
more, the tren-based structure of these receptors can
generate a bowl-shaped cavity of large dimension with
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FIGURE 1. Sketch of the crystal structure of the
[(Na(Cl04)s)CL12H;3]8" cation. The perchlorate anions are
represented as filled circles (centered on the Cl atoms of the
ClO4™ anions) for clarity.
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C3, symmetry, as actually shown by the crystal structure
of the [(Na(ClO4)s)CL1,H;3]%" cation, where two bowl-
shaped protonated receptors are face-to-face coupled,
giving rise to an internal cavity where the anionic cluster
(Na(ClOy)e)* is enclosed (Figure 1).26 In particular, each
tris-macrocycle gives rise to charge—charge and hydrogen-
bonding interactions with three perchlorate anions.
The structural characteristics of L1 and L2, therefore,
could allow the encapsulation of anionic substrates with
the appropriate dimension and symmetry inside the
protonated receptor cavities, through multiple charge—
charge and hydrogen bonding interactions. To test the
possible selective recognition of polycharged anionic
substrates by the protonated forms of L1 and L2, we have
analyzed their binding properties in aqueous solution
toward the different isomers of the benzenetricarboxylic
acid (Scheme 1), and the results are herein reported.

Results and Discussion

Acid—Base Properties of the Receptors. A previous
potentiometric and '"H NMR study on the protonation

(25) (a) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Escuder, B.; Fusi,
V.; Garcia-Espaia, E.; Giorgi, G.; Marcelino, V.; Paoletti, P., Valtancoli,
B. J. Am. Chem. Soc. 1999, 121, 6807—6815. (b) Arranz, P. Bencini,
A.; Bianchi, A.; Diaz, P.; Garcia-Espana, E.; Giorgi, G.; Luis, S. V.;
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Tren-Based Tris-macrocycles as Anion Hosts

TABLE 1. Protonation Constants for Receptors L1 and
L2 (NMe4Cl1 0.1 M, 298.1 K)

L1 L2
L+H"=LH" 10.10(3)* 10.75(4)
LH* + H*= LH?" 9.35(3) 10.35(4)
LHy?* + Ht = LH3*" 8.94(3) 9.57(6)
LH3%" + H" = LH4*" 8.35(5) 9.51(6)
LHs4" + Ht = LH5>" 7.88(5) 8.31(7)
LH* + H" = LHg®" 7.68(7) 8.21(6)
LHe" + Ht=LH;"" 6.3(1) 7.06(1)
LH;"" + H" = LHg®" 4.1(1) 6.75(1)
LHg" + HT = LHo"" 5.7(1)
LHggJr + I{Jr = LH1010+ 50(1)
LH;o!°" + H" = LH;, 11+ 4.1(1)

@ From ref 27.

properties of L127 showed that binding of the first three
protons in the pH range 11—9.5 occurs on the N3A and
N3B (see Scheme 1 for atom labeling) secondary amine
groups. The fourth protonation step, instead, takes place
on the bridgehead tertiary nitrogen N1 in the pH range
9.5—8. Finally, the further three protonation steps occur,
once again, on N3A and N3B, affording the heptaproto-
nated species in the neutral pH region. This study has
been now extended to L2. As shown in Table 1, L2
displays a higher basicity than L1 in each protonation
step, due to the larger +I inductive effect exherted by
the propylenic chains, which enhances the basicity of the
linked secondary amine groups. Highly protonated spe-
cies are consequently present in solution at neutral pH.

The analysis of the pH dependence of the '"H NMR
signals (see the Supporting Information, Figure S2) of
L2 allows one to discern the proton localization in the
different protonated forms of this receptor. All over the
pH range investigated (2—11.5), the ligand shows seven
'H NMR resonances, two for the ethylenic chain of the
tren unit and five for the macrocyclic units, in accord with
a time-averaged Cs, symmetry of the receptor in aqueous
solution. In the pH range 11—6, where the receptor binds
up to nine acidic protons, the resonances of H4, H5, and
HY7, adjacent to the N3 and N4 nitrogens, experience a
progressive downfield shift. Minor shift affects the signals
of H1, H2, and H3, adjacent to N1 and N2. These
observations indicate that in the [HoL2]°* cation the
acidic protons are localized on the secondary amine
groups N3 and N4. On the contrary, a marked downfield
shift is observed for the resonances of H1, H2, and H3
below pH 6, as expected considering that the last proto-
nation steps take place on the tertiary nitrogens N1 and
N2.

L1 and L2, therefore, form highly charged polyam-
monium cations in the neutral pH region, and therefore,
they are promising receptors for carboxylate anions. In
principle, the Cs, symmetry observed in the NMR spectra
would suggest a potential selectivity toward the anions
derived from the 1,3,5-benzenetricarboxylic acid. To
elucidate the selectivity properties of the two receptors
and to get further insight into the driving forces which
leads to the formation of supramolecular adducts, we
decided to carry out a potentiometric, microcalorimetric
and molecular modeling study on the interaction of
1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC with L1 and L2.

(27) Bencini, A.; Berni, E.; Bianchi, A.; Giorgi, C.; Valtancoli, B.;
Chand, D. K.; Schneider, H.-J. Dalton Trans. 2003, 793—800.
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Binding of Benzenetricarboxylic Acids in a Aque-
ous Solutions. As outlined above, protonation of the
receptors gives charged species which enable L1 and L2
to form stable complexes with anionic forms of the BTC
acids. The formation of such species is strictly pH
dependent, and therefore, the relevant equilibria can be
studied by pH-metric titrations. Table 2 collects the
stepwise equilibrium constants for the species formed by
L1 and L2 with 1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC,
while Figure 2 reports two exemplifying distribution
diagrams for the systems L1/1,3,5-BTC and L2/1,3,5-
BTC. By examining the different values of stability
constants, several main features can be readily noticed.
For all the studied anions, only complexes with 1:1
stoichiometry were found; the interaction with the tris-
macrocycles start being detectable at the second proto-
nation step (HzL2"), except for the systems L.2/1,2,4-BTC
and L2/1,2,3-BTC for which at least three protons are
required on the receptor to make the interaction detect-
able.

As depicted in Figure 3a, the stability constants of the
L1 complexes increase from the [HoL(A)]~ species to the
[H/LA)** one (A = 1,3,5-BTC, 1,2,4-BTC, and
1,2,3-BTC), due to the increasing number of protonated
amine groups. Protonation of the carboxylate anions
takes place for pH values lower than 6, where highly
protonated complexes [H,L(A)|" 3T (n > 7) are formed
in solution. Therefore, protonation degrees of the com-
plexes higher than 7 may imply protonation of BTC
anions and a low negative charge of the coordinated
substrates, with consequent decreasing values of the
stability constants passing from the [H;L1(A)]*" to
[H1;L1(A)]3*. A similar behavior is found for L2 (Figure
3b). In this case, however, the highest stability constant
is found for the [H;oL2(A)]”" complex. L2, in fact is more
basic than L1, and, therefore, the formation of L2 species
with higher protonation degrees, up to [H;,L2]°", takes
place in the pH region where the BTC substrates are still
in their trianionic form. Protonation of the substrates
below pH 6 leads, once again, to a decrease of the stability
of the complexes.

Comparing the binding ability of the receptors toward
the three different BTC anions, a 1,3,5-BTC > 1,2,3-BTC
> 1,2,4-BTC substrate affinity trend can be easily
recognized in Figure 3a for each protonation degree of
L1, although in the case of the less protonated complexes
(n =< 6) the discrimination of 1,2,4-BTC over 1,2,3-BTC
is small. L2 forms, once again, the most stable complexes
with 1,3,5-BTC (Figure 3b); in this case, however, the
stability constants of the 1,2,4-BTC complexes are only
slightly larger than those found for 1,2,3-BTC for each
protonation degree of the receptor.

At a first glance, for a given protonation degree, the
data in Table 2 and Figure 3 seem to point out a much
better coordination ability of L1 with respect to L2. For
instance, log K = 7.73, 6.28, and 5.24 for the formation
of the [H;L1A]*" complexes with A = 1,3,5-BTC,
1,2,3-BTC, and 1,2,4-BTC, respectively, while log
K = 6.28, 4.21, and 4.85 for the corresponding heptap-
rotonated complexes with L2. The observed higher
stability of the L1 complexes can be simply explained in
terms of higher positive charge density gathered on the
smaller [12]aneN, cyclic units of L1, which would en-
hance the electrostatic interactions with the carboxylate
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TABLE 2. Formation Constants of the L1 and L2 with 1,2,3-BTC, 1,2,4-BTC, and 1,3,5-BTC (NMe4Cl1 0.1 M, 298.1 K)

log K
L1 L2
reaction 1,2,3-BTC 1,2,4-BTC 1,3,5-BTC 1,2,3-BTC 1,2,4-BTC 1,3,5-BTC
HoL2t + A3~ = HoLA- 3.18(5) 3.12(6) 4.51(6) 4.20(5)
H;L3+ + A3~ = HsLA 3.35(6) 3.30(7) 5.02(3) 2.83(4) 3.70(5) 4.34(9)
H,L* + A3~ = HLAT 4.27(6) 4.02(5) 5.90(5) 2.85(9) 3.75(9) 4.89(6)
HsL5+ + A3~ = HsLAZ+ 3.80(8) 4.05(9) 5.85(5) 3.08(7) 4.08(9) 5.28(9)
HeL6+ + A3~ = HgLA3* 4.47(5) 4.11(4) 6.23(5) 3.54(4) 4.15(9) 5.64(7)
H/L™ + A3~ = H/LA* 6.28(5) 5.24(5) 7.73(5) 4.21(5) 4.85(8) 6.28(8)
H;L7 + HA2- = HgLA%" 6.27(7) 5.00(3) 7.70(6)
HgL8+ + A3~ = HgLAS* 5.19(2) 5.42(7) 6.72(7)
HgL8+ + HA2~ = HoLAS+ 5.91(9) 4.62(6) 7.52(6)
HoL9* + A3~ = HgLLAS* 5.50(3) 5.71(9) 7.02(9)
HgL8+ + HoA~ = H;o LA™ 5.48(7) 4.09(7) 7.26(6)
Hyo L10+ 4 A3~ = H;(LA™* 6.00(2) 6.41(6) 7.40(7)
HgL8* + HsA = Hy;LAS* 5.17(8) 3.61(9) 6.65(5)
HyoL!0* + HA2- = Hy;LAS* 5.57(2) 6.10(7) 7.54(7)
Hy L' + HA?2 = H,LAY 4.87(2) 5.48(8) 7.08(8)
Hy L' + HyA~ = HysLA0* 5.24(8) 6.95(7)
H11L11++ H3A = H14LA11+ 488(9) 637(8)
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FIGURE 2. Distribution diagrams of the complexes of
1,3,5-BTC (A) with (a) L1 (a = A3, b = HoL1A™, ¢ = H3L1A,
d = H,L1A", e = H;L1A%", f = HGL1A%", g = H/L1A*", h =
H8L1A5+, i= H9L1A6+, J = H10L1A7+, k = H11L1A8+, A =
1,3,5-BTC, [L1] = [A] =1 x 1073 M) and (b) L2 (a = A%, b =
H2L2A7, c= H3L2A, d= H4L2A+, e= H5L2A2+, f= H5L2A3+,
g = H/L2A*", h = HgL2A%", i = HoL2A®%", j = H(L2A™ k =
H11L2A8+, 1 = H12L2A9+, m = H13L2A10+, n= H14L2A11+, [L2]
=[A]l =1 x 1073 M).

groups of the substrates. On the other hand, a simple
comparison of the stability constants of the complexes
may be sometimes misleading in the analysis of selectiv-
ity in anion coordination, due to the different protonation
degrees of receptors and/or substrates at the same pH
values. As discussed above, L2 displays a higher basicity
than L1, and therefore, protonated species with higher
protonation degree are generally present in solution at
a given pH. For instance, while at neutral pH the 8- and
9-protonated forms of L2 are the main species in aqueous
solution, L1 is mainly present in its 7-protonated form.

4260 J. Org. Chem., Vol. 70, No. 11, 2005
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FIGURE 3. Plots of the stability constants of L1 (a) and L2
(b) complexes as a function of their protonation degree (n).

A more convenient system to visualize the ability in
substrate recognition of the two receptors is the use of
conditional constants, defined as the quotient between
the overall amounts of complexed species and those of
free receptor and substrate at a given pH (Kna =
> [HL-HAI/S [HL]-y [H;A]).}1e25¢ Plots of the pH depen-
dence of the logarithms of the conditional constants
(Figure 4) for the different systems shows that all the
three substrates forms remarkably stable complexes with
L1 and L2 in a wide pH range.

The stability increases from alkaline to slightly acidic
pHs, where the not protonated or monoprotonated forms
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L1/1,3,5-BTC

L2/1,35-BTC

“111,2,4-BTC
n

Log Keond y
31/ L2/123-BTC .., )

L2/1,2,4-BTC

FIGURE 4. Plots of the conditional stability constants (log
units, log Kna) of the L1 (solid lines) and L2 (dotted lines)
complexes with 1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC.

of the BTC anions are present in solution; further
protonation below pH 5 to give the monoanionic forms
or the undissociated acids leads to a consequent decrease
of the stability. The curves in Figure 4 point out a similar
binding ability of L1 and L2 for a given substrate, with
a slightly larger affinity of L1 for 1,3,5-BTC and
1,2,3-BTC with respect to L2 (at pH 7 Alog K = 0.48 and
0.75 for 1,3,5-BTC and 1,2,3-BTC, respectively, where
Alog K is the difference between the log K.,nq values for
complexation of a given substrate with L1 and L2 at
pH 7) and of L2 for 1,2,4-BTC (Alog K = 0.43). Among
the three substrates, instead, both the receptors show a
remarkably higher affinity for 1,3,5-BTC with respect to
the other two BTC isomers, while the difference in
stability between the 1,2,3-BTC and 1,2,4-BTC complexes
is less marked. For instance, at pH 7 log K.ong = 6.89,
5.51, and 4.57 for the formation of the L1 complexes with
1,3,5-BTC, 1,2,3-BTC, and 1,2,4-BTC, respectively, while
log Keona = 6.41, 4.76, and 5.00 for the corresponding
complexes with L2. As a matter of fact, selectivity plots
of the overall percentages of the BTC complexed species
for systems containing equimolecular amounts of
1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC and L1 or L2
(Figure 5a and 5b, respectively) as a function of pH
clearly shows that the 1,3,5-BTC substrate is bound to
L1 or L2 in ca. 90% and only minor amounts (<10%) of
the complexes with 1,2,4-BTC and 1,2,3-BTC are formed.

The observed selective binding of 1,3,5-BTC over
1,2,4-BTC and 1,2,3-BTC by L1 and L2 can be reasonably
ascribed to a better matching between the binding sites
of the two receptors and 1,3,5-BTC, with the formation
of more stabilizing multiple charge—charge and hydrogen-
bonding interactions.

The process of complex formation was also followed by
'H NMR measurements. The 'H NMR spectra recorded
on solutions containing the substrates and L1 or L2 in
equimolecular ratio at pH 7 display a 0.1-0.25 ppm
downfield shift of the signals of the BTC anions. The
highest shifts are found for the 1,3,5-BTC anion; this
suggests a stronger interaction of this substrate with L1
and L2, in accord with the potentiometric results. Minor
shifts (0.1 ppm or less) affect the resonances of the
receptors; the pH dependence of the 'H signals of L1 and
L2 (see above) is not significantly changed by the
presence of the substrates, indicating that the protona
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FIGURE 5. Overall percentages of the L1 (a) and L2 (b)
complexed species as a function of pH in competing systems
containing 1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC ([L1] or [L2]
= [1,3,5-BT] = [1,2,4-BTC] = [1,2,3-BTC] = 1 x 1073 M).

tion pattern of both receptors is not influenced by anion
complexation.

H NMR titrations were also carried out on D,O
solutions containing the BTC anions and increasing
amounts of L1 or L2; plots of the shift of the BTC signals
as a function of the [BTC]J/L (BTC = 1,3,5-BTC,
1,2,3-BTC or 1,2,4-BTC, L = L1 or L2) molar ratio (R)
gave a straight line for R < 0.8. Then, the slope changes
almost suddenly to give a straight line parallel to the x
axis for [BTCI/L > 1.2 (see the Supporting Information,
Figures S5 and S6). These data account for the formation
of 1:1 complexes in solution, corroborating, once again,
the potentiometric results. On the other hand, all these
data are not very informative on the binding mode of L1
or L2 toward the BTC anions.

As noted above, the crystal structure of the
[(Na(ClO4)s)cL1,H;3]8" cation showed that the proto-
nated receptor assumes a bowl-shaped conformation,
giving rise to a rather large internal cavity. A simple
docking experiment performed by using the ligand con-
formation found in the above crystal structure shows that
all the three BTC anions can be encapsulated inside this
cavity; this would allow the formation of several charge—
charge and hydrogen bonding contacts, leading to a
stabilization of the complexes. To support this hypothesis,
we decided to carry out a molecular modeling study on
the coordination of the BTC anions with L1 and L2.
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Molecular Modeling Analysis. Molecular modeling
studies were carried out by using the CHARMM?® method
implemented in the Hyperchem 7.5 package.?® Our at-
tention was focused on the receptor protonated forms
most relevant in solution in the neutral pH region, i.e.,
on [H;L1]7" and [HoL2]°". At the same time, these species
present a symmetric distribution of the acidic protons
among the three cyclic units. As deduced from the
'H NMR experiments at different pHs (see above), the
acidic protons were localized in [H;L1]"" on the six N3A
and N3B secondary nitrogens and on the bridgehead N1
tertiary amine group, and, in [HgL.2]°*, on the N3A, N3B
and N4 secondary amine group. At neutral pH all
substrates are in their trianionic form. Lowest energy
conformers for the above cited protonated receptors and
for the three BTC anions were located by performing
molecular dynamics calculations. To obtain the starting
conformations for the [H,LA]” %" complexes, the lowest
energy conformations of the protonated receptors [H,L]**
and of the substrates A%~ were docked together with a
minimum distance between the atoms of receptor and
substrate greater than 5 A and then freely minimized.

The most interesting finding of this molecular modeling
study is the fact that for all the systems investigated the
two protonated receptors assume a bowl-shaped confor-
mation, generating an internal cavity where the sub-
strates are encapsulated.

Figure 6 shows the lowest energy conformers for the
[H/L1A]** complexes (A = 1,3,5-BTC, 1,2,3-BTC, and
1,2,4-BTC).

As shown in Figure 6a,b, the 1,3,5-BTC trianion is
located inside the cavity of the heptaprotonated receptor,
giving rise to a complex with an approximated Cs,
symmetry, the ternary axis passing through the bridge-
head N1 nitrogen of L1 and the centroid of the aromatic
ring. The N1 nitrogen displays an exo conformation, the
acidic proton being located outside the cavity of the
receptor. On the contrary, all six protonated N3 nitrogens
show an endo conformation. The plane defined by
1,3,5-BTC anion is almost perpendicular to the Cs, axis.
Such a disposition allows the formation of six rather
strong NH*+--O~ hydrogen bonds (NH":--O~ distance
< 2.2 A) between each N3 protonated nitrogen and a
single oxygen of the substrate (a full list of the hydrogen
bond contacts is reported in the Supporting Information,
Table S7). In this system only one different family of
conformers was found by our calculations. The structural
features of the lowest energy complex of this second
family, however, are similar to those described above; a
detailed description is reported in the Supporting Infor-
mation (Figure S7).

The lowest energy conformer for the complex of
1,2,4-BTC with the heptaprotonated receptor is sketched
in Figure 6¢. As in the 1,3,5-BTC complex, the tricar-
boxylate anion is encapsulated in the cavity generated
by the receptor. In this case, however, L1 assumes a less
symmetric conformation in order to achieve a better
envelopment of the substrate. In particular, two of the
cyclic N4 units (N2—N3A—N3B—N4 and N2"—N3A"—

(28) Brooks, B. R., Bruccoleri, R. E., Olafson, B. D., States, D. J.,
Swaminathan, S., Karplus, M. J. Comput. Chem. 1983, 4, 187—2117.

(29) Hyperchem f1 Release 7.51 for Windows Molecular Modelling
System, Hypercube, Inc., Gainesville, FL, 32601.
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FIGURE 6. Lowest energy conformers of the [H;L1AJ**
complexes ((a) [H7L1(1,3,5-BTC)]*" top view, (b) [H7L1(1,3,5-
BTC)J** side view; (c) [H;L1(1,2,4-BTC)**; (d) [H7L1(1,2,3-
BTC)I4h).

N3B"—-N4") are located close to each other (N4---N4"
9.35 A), while the third cyclic unit (N2'-N3A'-N3B'—
N4') is located at a larger distance (N4'--:N4 12.6 A,
N4'---N4" 11.53 A). A single oxygen atom of each car-
boxylate groups in 1 and 2 position gives rise to strong
hydrogen bonds with the two N3 protonated nitrogens
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TABLE 3. Complexation Energy (Ecomplexations kKJ mol™!) for the Lowest Energy Conformers of the [H;LAJ*" and

[HoLAIé* Adducts (A = 1,2,3-, 1,2,4-, or 1,3,5-BTC)

complex E complexation

complex Ecomplexation

[H;L1(1,2,3-BTC)]4+ —364.64
[H7L1(1,2,4-BTC)]4+ —348.74
[H,L1(1,3,5-BTC)]4+ —344.77

[HoL2(1,2,3-BTC)]6+ —353.13
[HoL2(1,2,4-BTC)]6+ —369.57
[HoL2(1,3,5-BTC)]6+ —371.96

belonging, respectively, to the N2—N3A—N3B—N4 and
N2"—N3A"—N3B"—N4" cyclic units. On the contrary, the
N2'—N3A'—N3B'—N4' cyclic moiety gives rise to a weaker
interaction with the O5 oxygen of the carboxylate unit
in 4 position. The N1 bridgehead nitrogen is in the exo
conformation, the acidic proton being located outside the
cavity. As in the case of 1,3,5-BTC, complexes with the
N1 in endo conformation were also found (see the
Supporting Information, Figure S8 and Table S10).

Contrary to the case of 1,3,5- and 1,2,4-BTC, in the
1,2,3-BTC complex the lowest energy conformer shows
an endo conformation of the N1 bridgehead nitrogen, the
acidic proton pointing inside the cavity (Figure 6d). The
carboxylate in the 2 position is involved in a hydrogen-
bonding network, giving several contacts with the N3
protonated nitrogens of the N2'—N3A'—N3B'—N5' macro-
cyclic unit and with the N1 nitrogen. The carboxylate
groups in the 1 and 3 positions, instead, give rise mainly
to contacts with the N3 nitrogens of the N2"—N3A"'—
N3B"—N5" and N2—N3A—N3B—N5 moieties, respec-
tively. A hydrogen-bond interaction between O1 and a
not protonated nitrogen (N4"), however, is also observed.
The molecular modeling analysis showed also the pres-
ence of complexes with an exo conformation of the N1
nitrogen (see the Supporting Information, Figure S9 and
Table S13).

Comparing the three adducts with [H;L1]7", it should
be noted that in the 1,3,5-BTC complex all six oxygen
atoms of the carboxylate groups give similar interactions
with all three binding units, the [12]aneN, moieties, of
the receptor, affording a stabilizing array of charge—
charge and hydrogen-bonding interactions with ternary
symmetry. On the contrary, in the 1,2,4-BTC complex one
of the macrocyclic unit is almost not involved in substrate
coordination and in the 1,2,3-BTC complex the most
relevant interactions involve the N2'—N3A'—N3B'—N5’
binding unit. These findings would account for the higher
stability of the 1,3,5-BTC complex observed in solution.

Similar to [H;L1]?>", in the complexes with [HoL2]%*
the BTC anions are encapsulated within the bowl-shaped
cavity defined by the receptor. The 1,3,5- and the
1,2,4-BTC trianions give rise to complexes with confor-
mations similar to those found with L1, with an exo
disposition of the N1 bridgehead nitrogen, while in the
[HoL2(1,2,3-BTC)]®" complex the bridgehead nitrogen
assumes an exo-conformation. A description of the lowest
energy conformers is reported within the Supporting
Information (Figures S10—S12, Tables S16—S21).

The complexation energy (E omplexation, Lable 3) for each
compound can be calculated as the difference between
the energy of the complex (Ecomplex) and individual ener-
gies of the receptor (E1,) and BTC anion (Egrc) (Ecomplexation
= Ecomplex - (EBTC + EL), the Ecomplex; EBTC, and EL values
are reported within the Supporting Information, Table
S1).

The data in Table 3 show that the complexation energy
variation among the different complexes generally does

not parallel the complex stability trend found by means
of potentiometric measurements. For instance, the
[H;L1(1,3,5-BTC)]*" complex is the most stable complex
in aqueous solutions but shows the highest calculated
complexation energy among the complexes with [H;L1]7*.
At the same time, the differences of the complexation
energies values between different complexes are rather
low in comparison with the corresponding differences in
stability observed in aqueous solutions. These discrep-
ancies between the results derived from the potentio-
metric and the molecular dynamics studies can be related
to the fact that our molecular modeling analysis was
performed by using a not explicit treatment of the solvent
and does not take into account the entropic contribution
to the overall complexation energy. Therefore, our mo-
lecular dynamics simulations cannot be used to obtain
reliable information on the energetic parameters which
regulate the process of complex formation, but only to
achieve structural information on complex conformations.
These considerations prompted us to carry out a calori-
metric study on anion binding by the two receptors.

Enthalpic and Entropic Contributions to Anion
Binding. The enthalpic contributions to anion coordina-
tion with L1 and L2 were measured by calorimetric
titrations, determining the enthalpies of formation of the
different protonated complexes of the type [H,LBTC]
(—=AH;®). The determined —AH,° values and the corre-
sponding TAS;° and AG;° are reported in Table 4. As in
the case of the stability constants values, an optimal
method to visualize and to compare the enthalpic con-
tributions to BTC anion complexation in the different
host—guest systems is the use of conditional enthalpic
contribution (AH®.uq), defined as the sum of the single
enthalpic contributions of each species [H,LBTC]¢®
multiplied by the corresponding molar fractions o; (AH®nq
= YAH,0,) at a given pH. An equal calculation allows one
to calculate conditional entropic contribution (AS°.na =
> AS°a;, where AS° is the entropic change for the
formation of the [H;LBTC]“% complex). Plots of the pH
dependence of enthalpic and entropic conditional changes
for the complexes with L1 are reported in Figure 7a,b,
respectively; similar plots can be obtained for L2 and are
reported within the Supporting Information (Figure S13).

Figure 7 clearly shows that, depending on pH, different
“driving forces” lead to the formation of the complexes.
From alkaline to slightly acidic pH values, in fact, the
conditional enthalpic contribution is almost negligible,
or slightly unfavorable in the case of the complexes with
1,3,5-BTC, and complex formation is driven by a favor-
able entropic change, which increases as the pH de-
creases from 11 to 6. As previously discussed, in this pH
range the interaction occurs between the BTC trianions
and polyammonium receptors with increasing positive
charge.

In principle, many effects concur to determine the
energetic parameters for the formation of host—guest
adducts, such as structural reorganization of the ligand

J. Org. Chem, Vol. 70, No. 11, 2005 4263



JOC Article

Bazzicalupi et al.

TABLE 4. Thermodynamic Parameters (kJ mol!) for the Complexation Reaction of 1,3,5-BTC, 1,2,4-BTC, and 1,2,3-BTC

with L1 and L2

A=1,23BTC A =1,24-BTC A =1,3,5-BTC
AH° TAS? AG® AH° TAS® AG® AH° TAS? AG®
L=11
HoL2™ + A3~ = HoLA~ 2.1(1) 20.2(2) —18.1(1) —7.6(2) 10.2(4) —17.8(2) 13.0(3) 38.5(5) —25.5(3)
H;L3* + A% = H;LA 08(1) 1992 -19.1(1) -7.92  1094)  —18.8(2) 502) 335(5) —28.5(3)
HLM + A% = HLA* 29(1)  27.2(2) —24.3(1) 0.4(3) 23.4(3)  —23.03) 8.4(2)  41.8(4) —33.4(2)
HsL5" + A3~ = H;LA2" 5.4(2) 29.2(3) —21.6(2) -0.2(3) 22.9(4) —23.1(3) 9.6(2) 43.1(3) —33.5(2)
HeLS" + A3~ = HgLA3" 5.2(2) 30.7(4) —25.5(2) —0.4(3) 23.0(4) —23.4(3) 8.8(2) 44.3(3) —35.5(2)
H7L™ + A3~ = H;LA* 50(2) 40.8(3) -—358(2)  42(3)  33.94)  —29.7(3) 04(2) 44.3(4) -—43.9(2)
H,L™ + AH2- = HgLAS* —27.6(2) 8.1(4) —35.7(2) 0.8(2) 29.3(4)  —285(2) —43.92) 0.04) —43.9(2)
HsL8" + AH?™ = HoLAS" —54.4(3) —-21.3(5) —33.7(3) —36.8(2) —10.5(4) —26.3(2) —49.4(3) —6.3(5) —43.1(3)
HgL8" + AHy~ = HyoLA™ —64.7(2) —33.5(4) —31.2(2) —44.3(3) —20.9(5) —23.4(3) —53.5(3) —9.6(5) —43.9(3)
HgL8t + AHs = Hy;LAHS* —=75.0(3) —43.5(5) —29.5(3) —51.9(3) —31.4(5) —20.5(3) —51.2(2) —13.3(4( —37.9(3)
L=L2
H,L2" + A% = HyLA- 9.23)  33.1(5) -23.9(3)
HsL3+ + A3~ = HyLA ~75(2)  884) -163(2) —2.34(6) 187(1)  —2L116)  6.7(3) 3146 —24.7(3)
HLM + A3 = HLA* -6.2(4)  10.0(7) -16.2(4) —1.1(1) 202(1)  —21.3(1) 12.1(3)  40.2(6) —28.1(3)
HsL5" + A3~ = H;LA%" —5.0(3) 12.5(6) 17.5(3) —0.21(6) 23.07(11) —23.28(6) 10.8(3) 41.06) —30.2(3)
HeLS" + A3~ = HgLA3" —2.1(3) 18.0(6) —20.1(3) 1.05(4) 24.72(8) —23.67(4) 12.2(3) 44.4(6) —32.2(3)
H7L™ + A3~ = H7LA*" 0.0(3) 23.8(6) —23.8(3) 3.60(6) 31.27(8) —27.67(6) 2.0(2) 38.0(4) —36.0(2)
HsL8" + A3~ = HgLA%" —3.8(2) 25.9(4) —29.7(2) 9.21(4) 40.13(8) —30.92(4) —0.2(2) 38.3(3) —38.5(2)
HoL%" + A3~ = HoLAS* —-1.7(2) 29.8(4) —31.5(2) 22.2(2) 54.7(3) —32.5(2) —0.9(3) 38.9(56) —39.8(3)
HyoL0" 4+ A3~ = Hj(LA™" 0.8(1) 35.02) —34.2(1) 16.7(5) 53.3(8) —36.6(5) —0.5(3) 41.8(5) —42.3(3)
H;L1°" + AH?~ = H;;LA%"  —48.5(2) -16.7(3) -31.8(2) —17.6(5) 17.2(8) —34.8(5) —-53.1(2) —10.0(4) —43.1(2)
Hy L1 + AH?~ = HpLA%"  —25.1(3) 2.5(5) —27.6(3) —27.5(5) 3.8(9) —31.3(6) —69.4(2) —28.9(4) —40.5(2)
Hy L'+ + AH,~ = Hy3LA0+ -33.9(6)  —3.99(11) -29.96) —69.92) -30.1(4) —39.8(2)
Hy L' + AH; = Hy, LA+ -29.76)  —1.8(11) —27.96) —68.8(3) —322(5) —36.6(3)
a 20- of complexes between charged species, especially in
104 1,3,5-BTC solvents with high dielectric constant such as water.23031
o4 The AH®.nq and —TAS®nq trends observed in the pH
region 11—6 are in accord with the formation of —N—
AH’JO“ Ht+--~O— contacts. The thermodynamic contributions to
-20+ ion pairing processes are strongly dependent on the
301 dielectric constant of the medium; in solvents with high
40 dielectric constant, such as water, the ion-pairing process
- is generally accompanied by largely favorable entropic
terms, basically deriving from desolvation of the interact-
604 ing functions determined by charge neutralization, with
-70 T . : : ; T T T : consequent increase of translational entropy.?? At the
2 3 4 5 6y &8 9 10 M same time, the favorable enthalpic contribution due to
the charge—charge interactions is generally compensated
b 404 . by the unfavorable enthalpic change due to desolvation
304 T, of the two interacting charged functions.
20- ‘\ This result is in accord with the structures derived
10d 2 R from MD calculations, which show the formation of
NH*---~O— interactions in all the system under investi-
T AS?‘ - gation. Among the different substrates, the highest
-10+ . 124-BTC_ . _-° stability of the 1,3,5-BTC adducts is due to the larger
204 * P "_/'1,2,3-BTC entropic changes, while the enthalpic contributions is
304 .’ more unfavorable (AH® > 0) than in the case of the
P D 4 5BTC 1,2,3- and 1,2,4-BTC complexes (AH® ~ 0), accounting
. " for a the formation of stronger charge—charge interac-

FIGURE 7. pH dependence of the enthalpic (a) and entropic
(b) conditional contributions for the complexation of 1,3,5-BTC
(solid lines), 1,2,4-BTC (dashed lines), and 1,2,3-BTC (dotted
lines) with L1.

upon complex formation, electrostatic (from charge—
charge to dipole—dipole) interactions, hydrogen bonding.
However, it is accepted that charge—charge and hydrogen
bond interactions play the mayor role in the stabilization
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tions and a consequent larger desolvation of the two
interacting functions.

Protonation of the BTC trianions at slightly acidic pH
values is accompanied by a progressive decrease of

(30) De Robertis, A.; De Stefano, C.; Foti, C.; Giuffre O.; Sammar-
tano, S. Talanta 2001, 54, 1135—1152.

(31) Conway, B. E. In Comprehensive Treatise on Electrochemistry;
Bockris, J. O'M., Conway, B. E., Yeager, E., White, R. E., Eds.;
Plenum: New York, 1981; Vol. 5.

(32) Bianchi, A., Garcia-Espafia, E. In Supramolecular Chemistry
of Anions; Bianchi, A., Garcia-Espaia, E., Bowman-James, K., Eds.;
Wiley-VCH: New York, 1997; Chapter 6, pp 217—266 and references
therein.
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AH®.onq and increase of —TAS®.q, to give an “enthalpy
driven” process of complex formation below pH 5—6, as
shown in Figure 7a ,b. This behavior is in accord with
the formation of an increasing number of hydrogen
bonding contacts of the type —NH*+-*OH— or —N---HO—,
generally characterized by a lower or negligible charge
neutralization, and consequent lower or negligible des-
olvation effects. It is known, however, that the contribu-
tion of these kinds of interaction to the overall stability
of the complexes in aqueous solutions is lower than that
of charge—charge —NH*:--O~ interactions. The relatively
high stability of the complexes with the protonated forms
of the substrates, therefore, suggests the encapsulation
of the substrates even in their less charged forms, with
a consequent formation of several stabilizing hydrogen
bonds contacts.

Experimental Section

General Methods. Receptors L1 and L2 were obtained as
previously described.?® TH NMR spectra were recorded on a
300 MHz spectrometer. In the 'H NMR titrations HCI and
NaOH were used to adjust the pH values. The pH was
calculated from the measured pD values by using the eqn:
pH = pD — 0.40.33

Potentiometric Measurements. Receptor and BTC an-
ions protonation constants and equilibrium constants for the
complexation reactions were determined by pH-metric mea-
surements (pH = —log [H*]) in 0.1 M NMe,Cl at 298.1, using
the potentiometric equipment already described.?* The com-
bined glass electrode was calibrated as a hydrogen concentra-
tion probe by titrating known amounts of HCI with COs-free
NMe,OH solutions and determining the equivalent point by
Gran’s method,?® which allows to determine the standard
potential E°, and the ionic product of water (pK,, = 13.83(1)
at 298.1in 0.1 M NMe,Cl, K, = [H'][OH]). Ligand concentra-
tion was 1 x 1073 M, while substrate concentration varied from
0.5 x 1073 to 5 x 1073 M. At least three titration experiments
(of about 100 data points each) were performed in the pH range
2.5—11. The computer program HYPERQUAD?¢ was used to
calculate equilibrium constants from emf data. All titrations
were treated either as single sets or as separate entities for
each system without significant variation in the values of the
determined constants. In the HYPERQUAD program the sum
of the weighted square residuals on the observed emf values
is minimized. The weights were derived from the estimated
errors in emf (0.2 mV) and titrant volume (0.002 c¢m3). The
most probable chemical model was selected by following a
strategy based on the statistical inferences applied to the
variance of the residuals, ¢%. The sample standard deviation
should be 1, in the absence of systematic errors and when a
corrected weighting scheme is used. However, the agreement
is considered good for standard deviation values smaller than
3 (0% < 9). Values of 02 lower than 6 were obtained for all the
refined equilibrium models in the present work. If more than
one model gave acceptable o2, the reliability of the proposed
speciation models was checked by performing F tests at the
0.05 confidence level, using the method reported in ref 37 for
two different proposed models, A and B. Assuming that the
minimum value of the sample variance, 042, has been reached
for the proposed model A, an alternative model B, which

(33) Covington, A. K.; Paabo, M.; Robinson, R. A.; Bates, R. G. Anal.
Chem. 1968, 40, 700—710

(34) Bianchi, A.; Bologni, L.; Dapporto, P.; Micheloni, M.; Paoletti,
P. Inorg. Chem. 1984, 23, 1201-1205.

(35) (a) Gran, G. Analyst (London) 1952, 77, 661—663. (b) Rossotti,
F. J.; Rossotti, H. J. Chem. Educ. 1965, 42, 375—378.

(36) Gans, P.; Sabatini, A.; Vacca, A. Talanta 1996, 43, 807—812.

(37) Hamilton, W. C. Statistics in Phisycal Chemistry; The Ronald
Press Co.: New York, 1964.
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supplies a value of the variance og? was rejected if op%0s? >
F, where oa and op are given directly by data treatment with
the HYPERQUAD?® program. The F values were taken from
ref 37. For all the systems investigated, this method leads to
define univocally one acceptable system.

Molecular Dynamics Calculations. The theoretical cal-
culations were performed by using the CHARMM force field,?®
as implemented in the Hyperchem 7.51 package.?

Different trajectories for molecular dynamics calculations
at 1000 K were calculated, 100 ps for free anions and
protonated ligands ([H7L1]"" and [HoL2]°"), and 500 ps for all
the [H,LA]"" adducts (A = BTC trianion). Heating and
equilibration (10 ps) were performed before each dynamics
simulation. Proton distribution in free protonated ligands and
in the complexes was deduced by the NMR data. Atomic
charges for receptors and substrates were calculated at the
PM3 semiempirical level.?® To obtain the starting conforma-
tions for the [H,LA]*" complexes, the lowest energy conformer
of each protonated receptor, obtained from MD simulations,
was manually docked to the substrate (minimum distance
between the atoms of receptor and substrate > 5 A) and then
freely minimized. During the MD trajectories a structure was
relaxed through energy minimization at 0 K every 10 ps. The
Polak—Ribiere (coniugate gradient) algorithm was used in the
minimization procedures to a root-mean-square (RMS) energy
gradient less than 0.001 kcal mol~! A~1. In energy calculation
no cutoff distance function was employed for van der Waals
terms. A distance-dependent dielectric factor (¢ = 4R;) quali-
tatively simulates the presence of water; the same results were
obtained using a constant dielectric factor greater than 1.
During the molecular dynamics trajectories calculations,
distance restrains (additional force constant = 7 kcal mol™!
A?) between different atoms of the receptor and of the substrate
were attempted to maintain them in close proximity. These
restrains were then removed during minimization of final
conformations. Analogous calculations have been performed
without applying restrains in the gas phase (¢ = 1), and no
significant differences have been observed in the results. The
50 minimized structures from 500 ps dynamic trajectories were
clustered in different conformational families on the basis of
values of coordinates RMSD (root means square deviation)
lower than 1. Each family can be considered as representative
of a relevant collection of configurations.

Calorimetric Measurements. The enthalpies of ligand
and BTC anion protonation and of anion complexation were
determined in 0.1 M NMe,Cl solution by means of an auto-
mated system composed of a thermometric thermal activity
monitor equipped with a perfusion-titration device coupled
with a 0.250 cm? gastight syringe. The measuring vessel was
housed in a 25 L water thermostat, which was maintained at
the chosen temperature within + 2 x 107 K. The calorimeter
was checked by determining the enthalpy of reaction of strong
base (NMesOH) with strong acid (HCI) solutions. The value
obtained, —13.55(5) kcal mol™!, was in agreement with the
literature values.?® Further checks were performed by deter-
mining the enthalpies of protonation of ethylendiamine.

In a typical experiment, an NMe,OH solution (0.1 M,
addition volumes 15.00 + 0.03 uL) was added to acidic
solutions of the ligands (5 x 1073 M, 1.2 c¢m?) containing
equimolar quantities of the anion in the complexation experi-
ments. Corrections for the heats of dilution were applied. At
least three titrations (about 120 data points) were performed
for each system. The titration curves for each system were
treated either as a single set or as separated entities without
significant variation in the values of the enthalpy changes.
Further measurements were performed by adding anion
solutions to ligand solutions in order to get independent
confirmations of the enthalpy changes obtained for specific

(38) Stewart, J. P. P. J. Comput.-Aided Mol. Des. 1990, 4, 1—105
(39) Smith, R. M.; Martell, A. E. NIST Critical Stability Constants
Database, version 2, 1995.
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complexed species. Independent measurements were per-
formed to determine ligand protonation and complexation
enthalpy changes.

Under the reaction conditions and employing the deter-
mined protonation constant, the concentrations of the species
present in solution before and after addition were calculated
and the corresponding enthalpies of reaction were determined
from the calorimetric data by means of the AAAL program.°
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L2 'H NMR signals as a function of pH, distribution diagrams
for the systems 1,2,3-BTC/L and 1,2,4-BTC/L (L = L1 or L2),
and plots of the chemical shifts of the 'TH NMR signals of the
BTC isomers in the presence of increasing amount of L1 or
L2. Cartesian coordinates, atomic charges, and atom types for
the lowest energy conformers for the BTC trianions [H;L1]7*,
[HoL1]°*, and their complexes. Description of the lowest energy
conformers of the [H7L1A]*" complexes with different disposi-
tion of the brigehead nitrogen. Description of the lowest energy
conformers of the [HyL1A]%* complexes. Lists of the hydrogen-
bond contacts for the lowest energy conformers of the [H/L1A]**
and [HyL1A]®" complexes (A = 1,2,3-BTC, 1,2,4-BTC, or
1,3,5-BTC). Thermodynamics parameters for protonation of
L1, L2, and BTC isomers. pH dependence of enthalpic and
entropic conditional changes for the complexes with L2. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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