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A great variety of molecules are chiral by virtue of a helical Chart 1
structure. Classical examples are helicenes, double-stranded DNA, +Bu
and helicate$.Helicity results from twisting, an effect that is due e
to steric hindrance, strain, or stereoelectronic factors such as ﬁ
sequences of homochiral stereogenic units found in helical natural T I Ts
and synthetic polymers, or geometries of transition metal complexes. SN s NS NSs N
Currently explored issues are the control of the expression of helicity ? j ( < [ {
from a pre-existing achiral structure and the stabilization of the o 8T NS N~TS
helical forms of a molecular structure that may encompass a variety
of conformations while favoring one helix over the other and
preventing helix racemization. These have been addressed by studies
that have led to the development of the concepts of helicity 1
programming, helicity amplification, supramolecular helicity induc-
tion, and chirality memory effects. Remarkable examples of systems patterns of diastereotopic protons indicate that chiral conformations

t-Bu

that have been investigated in this context are zinc bilivét@ind have also been frozen (Figure S3a).

bis-porphyrin derivative®<oligo(pyridine-pyrimidine/dicarbox- After standing for several days, a CHGlolution of 1 shows
amide) strand&° foldamers’¢ saddle-shaped macrocycfeself- two spots by TLC, which correspond to the neutral starting material
assembled capsulégolumnar aggregatésand polymers. and to a new, polar product, respectively. Protonation is immediate

An alternative would be to use flexible, covalent cage molecules When a dry CD{ solution of1 is stirred in the presence of an
that can adopt many conformations, including helical ones. In €quimolar amount of GEOH (TFAA, pK, = 0). When 1 equiv
support of this proposition, a few such systems were shown to °f CRSO:H (TfOH, pKa = —16) is used, the protonation is slow
crystallize in helical fornfsor, better, display helical shapes in  (tvz2= 2.5 h) and proceeds through intermediates (Figure S4). The
solution? protonated species shows an intense peak in the MALDI-TOF

In this Communication, we show that protonation freezes the SPECtrum atmz = 2401 that corresponds indeed to the singly
flexible moleculel (Chart 1) in a helically chiral inout conforma- ~ charged species [M- H]". The RT*H NMR spectrum of the
tion both in solution and in the solid state. It is noteworthy that a M°n0adduct1-H](OTf) in CDCls is perfectly resolved (Figure S5)

significant diastereomeric excess (de) can be obtained when theanOI is consistent with that of a molecule with symmetry, lower

optically active R)-(—)-1,1-binaphthyl-2,2diylphosphoric acid than that of neutrall at high temperature. It is noteworthy _that
. several features of the spectrum of the protonated species are
(BNPH) is used as proton source.

CompoundLl is a cryptand-derived macropentacy&&The 15- reminiscent of those observed for the neutral form at low temper-

o - ature (Figure S3). In addition, all the methylene protons form pairs
atom-membered §$, macrocyclic bridges are unsymmetrical, the . . .
. . ) of diastereotopic atoms. Therefore, at least on the NMR time scale,
shorter fragment being directed toward the inner part of the

.~ the monoprotonated species is rigidly chiral in solution and has
molecule, as suggested by a CPK _model. The mOIGCl.Jle looks like the in—out conformation. The proton is presumably encapsulated
a ball-shaped bundle of atoms, with a crowded, S-rich core. Its

in the cavity, where it can form hydrogen bonds with the inner
room temperature (RT)H NMR spectrum shows broad features g n atoms, as suggested by its low-field NMR resonance (9.40

that are diagnostic of slowly interconverting conformers. Easily ppm)2% [1-H]* would thus have the {jo) form, while monopro-
identified are the signals of the tosyl (Ts) at@u substituents, tonated cryptands usually take up the,iji form in solutioniode
which suggest that the molecule has nevertheless a time-average-he encapsulated proton does exchange wit Bnd is removed
Dy symmetry. This ideally symmetrical molecule is fully realized  y reaction of -H](OT) with sodium methoxide (20 equiv in GH
at~110°C (CD:Cla), where relatively sharp signals are observed o) within several hours. Unlike cryptand [1.1.1], which cannot
for all the groups of equivalent protons (Figure S1). At low pe deprotonatechi5 M KOH,1%d but as noted earlier for cryptand
temperature {35 °C), numerous signals are observed which are [2.2.2]1%macropentacyclé behaves as an ordinary tertiary amine,
indicative of a mixture of nonexchanging and/or unsymmetrical jtg basicity being intermediate between that of DABCBp+ =
conformations. For example (Figure S2), theskgnals of the Ts 18.29) and that of [2.2.2] fsn+ = 18.60) in CRCN (Supporting
substituents are scattered in two groups (2.40 and 2.00 ppm). Thelnformation).

coalescence temperature of these grougsdsC, which gives for Additional information was provided by single-crystal X-ray
the interconversion process between symmetrical and unsymmetricadiffraction analysis. The ORTEP representation of Figure 1a clearly
conformationsAG = 54.7 kJ mot? (T, = 282 K, Av = 200 shows that the monoprotonated species has theuh conforma-

Hz).1%¢ At lower temperature<{63 °C, CD,Cl,), characteristic tion. It is noteworthy that the proton was unambiguously located
11412 = J. AM. CHEM. SOC. 2004, 126, 11412—11413 10.1021/ja048441w CCC: $27.50 © 2004 American Chemical Society
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Figure 1. X-ray crystal structure off-H](OTf). (a) ORTEP representation

(Ts groups and H atoms removed for clarity). Selected H-bonding distances

(A) and angles ): (N1)H:*+S = 2.64(5), 2.54(5), 2.60(5); NdH:*:S =
120(3), 133(4), 123(4). (b) CPK representation downG@hexis (exo side).

using a Fourier difference map and its positional parameters were
refined leading to a fast convergence. As expected, it was found to
reside on the endo bridgehead nitrogen atom. It is hydrogen-bonded
to the three closest sulfur atoms (average distance, 2.59 A). The
exo nitrogen is involved in weak hydrogen-bonding interactions
(Table S1) with three aryl hydrogen atoms (average distance, 2.43
A) and is buried in a hydrophobic pocket that is efficiently locked
by thet-Bu groups, as shown by a CPK view down t@e axis
(Figure 1b).

Stiffness of the molecule in the monoprotonated state most likely
results from the [NH-SJ" hydrogen bonds. To relieve the strain
that is enforced by the inout orientation of the bridgehead
nitrogens, the protonated molecule takes up the shape of a three-
blade propeller, each blade consisting of a macrocyclic subunit,
with a 49 global twist. Therefore, the molecule is also helically
chiral in the solid state.

Once it was established that the chirality &fH](OTf) resulted
from the regioselective protonation df the experiments were
conducted using an acid derived from an optically active anion. It
was hoped that, by analogy with the Pfeiffer effect in coordination
chemistryt!t asymmetric induction on the helicity of{H]* would
take place. R)-(—)-BNPH was selected as chiral proton soutte.
[1-H]((R)-(—)-BNP) was prepared by reaction of equimolar amounts
of 1 and R)-(—)-BNPH in CH,CI,/CH;OH 5%. The solvents were
removed and the residue was examinedhNMR. Several signals
of the product were split by comparison withiH](TFA). In CDCl3
the integration ratio of the split signals was 62:38 (Figure 2), which
corresponds to a 24% de. In more polar acetdpeghe dr was
lowered to 55:45 (Figure S6). This ratio was left unchanged after
heating the mixture at 50C overnight, indicating that the
diastereoselectivity induced by the optically acti®-(—)-BNP~
anion is of thermodynamic origin.

7.0

ppm

Figure 2. 500 MHzH NMR spectra (CDG) of (a) [1-H](TFA) and (b)
1 after reaction with R)-(—)-BNPH (x).
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