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ABSTRACT

Can one join both ends of a helix? A helical aromatic oligoamide was macrocyclized into a saddle-shaped bifunctional clip molecule that
self-assembles into discrete circular dodecamers in the solid state and shows great potential for binding aromatic acid guests in solution. The
cyclization step requires that the helix is only partly denatured in the reaction medium.

Aromatic—aromatic interactions are ubiquitous in chemical classes of receptors include molecular tweezers that can
and biological recognitiof.It is thus not surprising that  sandwich aromatic guests between two more-or-less parallel
synthetic host molecules capable of selectively binding aromatic surfaces attached to a rigid scaffold such as
aromatic guests have occupied a central position in molecularglycouril® or Diels—Alder adducts'. Here, we report on our
recognition studies. These systems provide insights in serendipitous discovery and preliminary study of a new class
aromatic interactions that may be useful to the design of, of strained aromatic oligoamide macrocycles, obtained by
e.g., liquid crystals, crystals, or ligands for biological targets. cyclizing helical oligomers, that show great potential for self-
They may also be used as building and/or functional elementsassembly and binding of aromatic acid guests.

in self-assembled nanometer-sized architectures and devices As we have recently shown, oligoamides of 8-amino-2-
such as those based on rotaxah®acrocycles consisting  quinolinecarboxylic acidl adopt unusually stable helical

of a cavity surrounded by several aromatic residues such asconformations held by a network of hydrogen bonds between
cyclophanes, calixarenes, or resorcinarenes have proven t@mide protons and adjacent quinoline nitrogens and by
be highly versatile receptors for aromatic guéstther extensive intramolecular aromatic stacking (Schen® Tp
obtain longer strands than those prepared by stepwise
" Institut Europen de Chimie et Biologie. synthesis, we recently started to investigate polymerization
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to form a network of intermolecular hydrogen bonds with
Scheme 1 amide protons (NH-O: 3.2 A, 154.7).10

The formation of3 can be understood on the basis that its
curvature (corresponding to 3 units per turn) is only slightly
lower than the curvature of the noncyclic trimer, shown in
Figure 1b, which adopts a helical conformation (correspond-
ing to 2.5 units per turn). The helical trimer is preorganized
for cyclizatiort! and its ring closure only requires a slight
lengthening of intramolecular hydrogen bonds. An illustration
of the curvature change between the noncyclic and the cyclic

iBUO i trimer is given by the aspect of the inner rims of the two
3 4 iBuO . ) ! )
N A structures (Figure 1a,b). That of the noncyclic trimer is
J 0 Py similar to a pentaaza-15-crown-5 macrocycle, whereas that
\ N 3 N 4 of 3 is a hexaaza-18-crown-6 macrocycle.
“H N On the other hand, the formation éfwas not expected.

The noncyclic tetramer is a helix extending to over 1.5 turns
(Figure 2b) that must be unfolded to allow cyclization. The
crystal structure of consists of two similar but independent
to polymerize because of the poor nucleophilicity of the glecules of which one is shown in Figure ZaThe
amines and extensive intra- and interchain interactions. To cgnformation strongly deviates from planarity and has a
alleviate these limiting factors, optimized conditions often g5qqle shape related to the 1,3-alternate conformation of
require high temperatures and very polar solvents, such asgjix-4-arenes, with two quinoline rings pointing up and two
concentrated LiCl (1 M) solutions in NMP and pyridine after - quinoline rings pointing down. The structure of the inner
activation of the acid with triphenyl phosphiteJnfortu- rim of 4 reveals that only two intramolecular hydrogen bonds
nately, mass spectrometry revealed that, even under thes¢aye peen broken during cyclization (double headed arrows
conditions, amino acid yields oligomers of only 20 units Figure 2a). Moreover, two dihedral angles of neaf 90
orless. _ _ . between aryl and amide groups indicate that conjugation is
In addition to the linear oligomers, cyclo-trim& and 550 partially lost. The loss of two hydrogen bonds and the
cyclo-tetramer4 can be easily isolated.These cyclic  |ogs of conjugation are probably responsible for some strain
compounds form in significant amounts (20% each) despite i, the structure of macrocyck It is locked in a high-energy

the high initial concentration of monomer (0.36 M), which - gtate and would undergo a large conformational change to a
suggests that their formation is directed in one way or nelix upon ring opening.

another. The structure of trimé&rin the solid is shown in

Figure 1& (5) (a) Jiang, H.; Lger, J.-M.; Huc, 1.J. Am. Chem. SoQ003 125,
3448-3449. (b) Jiang, H.; Lger, J.-M.; Dolain, C.; Guionneau, P.; Huc. I.

Tetrahedron2003 59, 8365-8374. (c) Maurizot, V.; Dolain, C.; Leydet,
I v Leger, 3. Guionneau, P.; Huc,1. Am. Chem. Sacpublished online
a

July 16, http://dx.doi.org/10.1021/ja0481981.
(6) Jiang, H.; Dolain, C.; Lger, J.-M.; Gornitzka, H.; Huc. 13. Am.

) b) \ Chem. Soc2004 126, 1034-1035.

y ’—/ (7) Yamasaki, N.; Matsumoyo, M.; Hogashi, F.Polym. Sci1975 13,
y 1373-1380.

g (8) See Supporting Information.
jo (9) Crystal data for3. Cs2Ha2NeOs, M; = 726.82, crystal size 0.3%
O 0.35x 0.10,Z = 2, triclinic, space groupl, a= 9.620(2) Ab = 13.402-
(2) A, c=15.351(3) A,a = 106.18(2}, 5 = 96.31(2}, y = 98.80(2}, U
m =1853.9(6) &, pcaic = 1.302 mg m3, T = 296(2) K, Omin = 4.71,0max =

59.96,1 = 1.54180. Radiation type Cu d§ an empirical absorption
correction was appliedi(Cu Ka) = 0.719 mni%, Trin = 0.7869,Tmax =
0.9316. Data collected on a CAD4 Enraf-Nonius diffractometer. Of 5470
reflections measured, 5470 were unique. The structure was solved by direct
methods and refined by full-matrix least-square$o(SHEXLTL v.6.12).
Final R1= 0.0611 ( > 2(1)) andwR2(F?) = 0.1769 (all data).

(10) The distance is between the two heavy atoms and the angle is the
N—H—-0O angle.

(11) For a recent example see: Becerril, J.; Bolte, M.; Burguete, M. |.;
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Galindo, F.; Gara-Espdan, E.; Luis, S. V.; Miravet, J. FJ. Am. Chem.

Figure 1. Structures of cyclic trimer3 (a) and of a trimeric S0c.2003 125 6677-6686.

fragment of a Iong_er noncyclic oligonféb) in th_e crystal; vi_ews (12) Crystal data for. (CssHseNsOg)2CeHsCI(H20)2, M = 2082.73,
down the [100] axis (c) and down the [011] axis (d) showing the crystal size 0.20< 0.20 x 0.07,Z = 18, hexagonal, space gro&g, a =
stacks formed b. Isobutyl chains have been omitted for clarity. 33.0300(10) Ab = 33.0300(10) Ac = 56.600(3) A,a. = 90°, = 90",

Dotted lines indicate intermolecular hydrogen bonds. y =120°, U =53477(4) B, pcaic= 1.156 mg m3, T = 296(2) K, Oin =
2.94,0max = 20.00,4 = 0.71073. Radiation type Mo d a semiempirical
absorption correction was appliedMo Ka) = 0.100 mnt?, Trin = 0.9802,
Tmax = 0.9930. Data collected on a Nonius KappaCCD diffractometer. Of
The macrocycle consists of an almost flat disk that piles 33781 reflections measured, 11018 were unigBg & 0.1334). The

. structure was solved by direct methods and refined by full-matrix least-
up face-to-face in the crystal. Two of the three carbonyl squares ofF? (SHEXLTL v.6.12). Final R1=0.1258 { > 2(1)) andwR2-

groups protrude slightly above and below the aromatic plane (F?) = 0.4137 (all data).
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H NMR indicates that the four quinoline rings dfare
equivalenf The macrocycle does not possess any plane or
center of symmetry, but has an averdgesymmetry axis
and is thus not chiral. Nevertheless, an analogue4 of
comprising more than one kind of side chain in position 4
of the quinolines would be chiral even if the side chains do
not contain any asymmetric center. The methylene protons
of the isobutyl side chains of give rise to diastereotopic
motifs® Coalescence between these signals should occur
when the two degenerate conformersiagxchange rapidly
upon flipping up the two quinoline rings which point down
and flipping down the two quinoline rings which point up.
However, no coalescence is observed upon heating, even at
105°C in ds-toluene. Considering that the frequency differ-
ence between the diastereotopic signals is 28 Hz, this
cavity indicates an activation barrier larger than 80nkdl~.
u The saddle shape df gives rise to two sizable cavities

between two pairs of quinoline rings facing each other. A
first evidence of the potential dffor binding aromatic guests
in these cavities is given by the way it is packed in the
crystal. Both cavities of each macrocycle are occupied by
quinoline groups belonging to two other macrocycles, and
by included chlorobenzene solvent molecules which fill the
remaining spaces (Figure 2c). Each quinoline guest is stacked
face-to-face with both quinoline rings of the host cavity.
However, the cavity is slightly wider than the thickness of
the guest, which lies closer to one side of the cavity. This
association mode leads to the formation of discrete objects
having the shape of a rosette consisting of 12 molecules of
4 clipped into one another. The rosettes are hexagonally
packed in layers (Figure 2d) that are offset along the [110]
direction. The hollows of the rosettes and the spaces between
them are filled with the isobutyl side chains. These objects
are reminiscent of the rosettes based on hydrogen bonding
between melamine and cyanuraté&ut to the best of our
knowledge, they represent the first example of a rosette based
solely on aromatiearomatic interactions.

In solution in chlorinated or aromatic solvents, increasing
concentrations leads to upfield shifts of the signals of
aromatic protonsA6 > 0.2 ppm), which is consistent with
some kind of aggregation. However, it is not clear from
simple chemical shift variations whether these aggregates
correspond or not to the rosettes observed in the solid state.
Figure 2. Top views and side views of the structures of cyclic ESMS measurements revealed the presence of oligomers but
tetramer4 (a) and of a tetrameric fragment of a longer noncyclic gave no evidence of a well-defined aggregate. Upon adding
oligomeP? (b) in the crystal; top view of a rosette formed from 6 . .
pairs of the two crystallographically independent molecules of four a protic solvent _SUCh as methan.ol toa concenfcrated _d'Chlo'
(in red and blue, respectively) and six molecules of chlorobenzene fomethane solution af, 'H NMR first reveals upfield shifts
(in yellow); view down the [001] axis of one layer of hexagonally of the signals followed by broadening and the formation of
packed rosettes (d). Isobutyl chains and included water moleculesan organogel. Under the same conditions, tridi@recipi-
have been omitted for clarity. tates instead of forming a gel.

] ] - - Molecular recognition within the cavities dfwas probed

The polar reaction medium, coordination of lions, and with anhydrousp-toluenesulfonic acid (PTSA) as a guést.
high temperature presumably help in overcoming the con-
formational barriers to the macrocycle, yet without com-  (13) Wu; G.-C.; Tanaka, H.; Sanui, K.; Ogata, Rolym. J.1982 14,

; ; ; 797-801.
pletely denaturing the helical tetramer, which would lead to (14) (a) Vreekamp, R. H.. van Duynhoven, J. P. M.. Hubert, M.

longer oligomers. When milder polymerization conditions verboom, W.; Reinhoudt, D. Nangew. Chem.nt. Ed. Engl.1996 35,

(PPh—C,Cls in pyridine):® were used only trace amounts g]15—1§18-1 é%’zzleﬁ%ki}’éﬁg Seto, C. T.; Whitesides, G 3.Am.
. . em. S0cC. 3 .
of 4 were detected and a large quantity®fvas isolated (15) This compound is not soluble in pure CR@nhd 1% of CROD

(50%). was added to dissolve it.

c)
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Upon titrating PTSA with4, upfield shifts of the guest allowed us to calculate the binding constant of one guest
aromatic A = 0.6 ppm) and aliphaticXé = 0.2 ppm)'H moleculeK(a;) = 2450 L-mol~! and of two guest molecules
NMR signals are observed suggesting that it is bound in the K(a) = 7 500 000 B-mol~2. The binding constant of the
cavities of4.2 Upon titrating4 with PTSA, the amide signal  second PTSA molecule is thi&a,) = K(a)/K(a;) = 3060
shifts downfield Ad = 1.7 ppm), suggesting that, in addition L-mol™?, to be compared witlK(a;)/4 = 610 L-mol~! that
to m-stacking, complexation involves hydrogen bonding would be expected if the two binding events were equivalent.
between the sulfonic acid function and the amide groups of These values thus indicate a positive allosteric effect between
4 (Figure 3). Additionally, PTSA is expected to partially the two binding events. Presumably, binding the first PTSA
molecule induces conformational changes of the host that

_ favor binding the second moleculeThis positive cooper-

ativity is qualitatively illustrated by the sigmoidal shape of

(b) the titration curve oft by PTSA (Figure 3a). A quantitative
S — — analysis using a Scatchard plot allowed us to calculate a Hill
S — N— coefficient of 1.38

- o~ These results illustrate the high potentiaddior binding
e e aromatic acid guests and forming unusual assemblies based

on aromatic stacking. Its inner rim is an octaaza-24-crown-8
macrocycle similar to that of cyclopeptidic ionophores found
in marine organism¥ and related to dibenzo 24-crown-8,
a component of numerous pseudorotaxdfiddetal ion

D e ————
binding and rotaxane formation bywill thus be explored
o in the future.
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protonate quinoline nitrogens, especially when they are not
involved in two hydrogen bond$,and electrostatic inter-

actions probably also contribute to the association. (17) For a review on allosterism see: Shinkai, S.; Ikeda, M.; Sugasaki,
L. . A.; Takeuchi, M.Acc. Chem. Re001, 34, 494-503.
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