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ABSTRACT

The synthesis of heteroditopic macrocyclic ureido receptors and of their NaX complexes is described. NMR studies and determination of the
crystal structure show the formation of self-organized dimeric or polymeric superstructures by a cooperative macrocyclic cation complexation,
anion—hydrogen bonding, and #—m stacking interactions. Membrane transport experiments show a direct relation between the synergetic
ion-pair recognition and the transport properties of these molecular information transfer devices.

Molecular self-organization and the self-assembly to su- Ha  Hy i

. . . N N 6 o]
pramolecular structures is the basis for the construction of il ‘>
new functional nanomaterials in a bottom-up strategy. The o} 5 0
way from molecular to nano(micro)scale devices depends k/oh_)
both on the nature of its constituents and on the interactions 1

between them.

Different biological and artificial systems, functioning as  ,own-5 receptorl, complexing both anions and cations

carriers or as channel-forming structures, have been develyyhich are self-organized in solution and in the solid state in
oped in the past decadé€rown ethers, cyclic peptides, large continual functional superstructures.

barrel-stavé,and.other mc()jle_culr:as havg;:! been uI?ed n th|s It generates tubular superstructures based on two encoded
context. We are mtgreste in the possIbl |ty_ to se ~Organize features: (1) covalent linking of receptor sites for both anion
receptors of the suitable molecular instructions for recogni- 4 cation complexatidrand (2) urea head-to-tail association

t|o\r/1Vtransport Eas]?d functu;ns_. based | as the guide for supramolecular interactié@ne may point
e report the first synthetic system, based on neutral ,, \ 14t the role of the H-bonding and of the stacking

heteroditopic (ureido)crown ether, 4-phenylureéa-benzo-15-i,0ractions in the present superstructures is related to that
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the intermolecular hydrogen bonding. Equilibration between which is indicative of hydrogen bonding of urea moiety with
hydrogen-bonded and non-hydrogen-bonded states in £DCI the anion. Quantitative evidence for the heteroditopic binding
for a given N-H proton is almost always fast on the NMR was gained using ESI| mass spectroscopy. The mass spectra
time scale, and observed proton chemical shifts are weightedshowed peaks an/z426, 828, and 1231 corresponding to
averages of the chemical shifts of contributing states. The [1-Na], [1»*Na]" and [L3*Na] ™ aggregates. Additional peaks
dynamic association df can be described with a cooperative corresponding to the higher stoichiometries including the
modef which assumes that all association constants but theanions: [L,*Na,-1X,—2]", n = 1-5 (positive ESI) and1]
dimerization constank, = 96 + 2 M~! take on the same  Nay+1Xn+1—H] ™ or [1,'Na.Xn+1] 7, n = 1—4 (negative ESI)
valueK, = 36 + 5 M~L. Substituted amides and ureas are were observed as well.

highly self-associated in inert solventsx(K Ky).° In our Additional information concerning the receptor self-
case K, > K, indicating a process that is not cooperative. organization and binding behavior is obtained from the solid-
We have found by variable-temperatut¢ NMR experi- state structures df (Figure 2),1-NaCl, and1-NaNQ; (Figure
ments (Figure 1) that the association proces$ isf driven

(a)

(b)

Figure 1. Chemical shifts of the NH; proton plotted against total
concentration of at different temperatures: (a) 253 K; (b) 263 K;
(c) 273 K; (d) 283 K; (e) 298 K.

by enthalpy (AH = —14.3 kJ/mol, AH, = —27.4 kJ/mol).
However, the hydrogen bonding and the-z stacking

enthalpy (see the crystal structure in Figure 2) is sufficient

enough to overcome an increasing entropy barae® (= Figure 2. Crystal structure of heteroditopic macrocyclic ligatid

—9.1 J/mol/K,AS = —27.4 Jimol/K). This COffeSPQ”dS 10 (a) stick representation; (b) stick representation of the packing of
a loss of conformational freedom of the macrocyclic moiety 1 in the crystal.

motions which is probably restricted when internal hydrogen
bonds form. The self-organization a#fhas been confirmed
by positive-ion ESI mass spectroscopy usingfPRI~ as  3) complexes. The structure afreveals the expected urea
soluble charge carrier (C&)in CHCl;. The spectra showed macrocycle. The urea moiety and the phenyl ring are
peaks of poly-associated specie$(CChCln—1] ", n= 1-6. disposed in an orthogonal position (8%.5vith respect to
Hetroditopic receptot is able to extract solid NaX (& the plane of the macrocycle (Figure 2a). This structure may
F~, CI7, NOs~, CRS(;) salts into CDCJ as judged by be propagated in one direction and two adjacent macrocycles
changes in host NMR spectra, consistent with formation of are present as a tight contact. The hydrogen bonds have an
the exchanging receptosalt complexes. The largest change average N-+H::-O distance involving H-bonds of 3.01 A,
is the downfield shift of 0.544.45 ppm for the NH protons, ~ and the average HO distance of 2.15 A is consistent with
other urea systends.
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Figure 3. Crystal structure of-NaCl: (a) stick representation and
(b) side view of the crystal packing. Crystal structureLéflaNG;:
(c) stick representation; (d) side view of the crystal packing.

1-Na" molecules (the distances between the ldad NGQ~

ions are 2.99 A and 9.36 A). This structure alternates
alignments of the host-cation—anion layers. It results a
continuous development of solid-state ion-channels penetrat-
ing the crystal lattice as viewed down the central axes of
the macrocycles.

U-tube transport experiments showed a direct relation
between the synergetic recognition properties of the het-
eroditopic macrocyclic receptdr and the transport rate of
the NaX salts by liquid chloroformic membranes. It has been
found that heteroditopic ureido receptbreliminated the
anion Hofmeister bias selectivifiiand exhibited discrimina-
tion in transporting NaX salts (Figure 4). Generally, for small
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Figure 4. Normalized initial fluxes J* = Jo/No, Jo = initial flux

andNp = initial moles of salt in the feed phase) as function of the
gas—water transfer Gibbs energy for different transported anions.

hydrophilic anions extraction is particularly weak due to the
highly positive Gibbs energy (i.e., FCH,COO™, SO?).
One of the most powerful tools to offset this effect is
application of anion hosts.

Our transport results demonstrate how the cooperativity
between anion and cation recognition favors the transport
of highly hydrophilic anions. This synergism is probably

superstructures with an internal van der Waals diameter of amplified by self-assembly phenomena and depends on the
2.72 A and a spacing of 4.83 A between parallel off-centered Structure of the anion. In the combined system, the cation

macrocycles (offset angle of 70.5°) (Figure 2b).

The crystal structure of-NaCl (Figure 3a) reveals the
1,NaCl parallel dimers. Nais sandwiched between two
macrocycles (NaO distance of 2.78 A), and Clis
hydrogen-bonded to the four-N\H residues (average €H
distance of 2.5 A) such that the distance between alad
Cl~ ions is 9.05 A. Thel,*NaCl dimers pack into parallel
layers within van der Waals contact (Figure 3b).

The crystal structure af-NaNG; (Figure 3c) reveals the
heteroditopic antiparallel dimerd {NaNG;),. The Na ion
is complexed within the macrocycle (N® distance of 2.56
A) and is also coordinated by an axial NCanion (Na—O
distances of 2.52 A and 2.67 A). The NOanion is also
hydrogen-bonded to the A\H residues (O—H distance of

host increases the sodium partitioning into the membrane
phase, synergizing the anion extraction by hydrogen bonding.

The system described here represents a prototype for a
new hybrid dynamic device displaying self-organized co-
lumnar superstructures held together by hydrogen bonds and
by aryl stacking interactions.

They could offer the basis for molecular information
transfer devices by self-assembling Furthermore these dy-
namic self-organized systems could be “frozen” in a het-
eropolysiloxane, polymeric matrix by the sajel process,
opening the door to the design of a novel class of hybrid
membranes.
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