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ABSTRACT: Unlike the precise structural control typical
of closed assemblies, curbing the stacking of disc- and ring-
shaped molecules is quite challenging. Here we report the
discrete stacking of rigid aromatic oligoamide macrocycles
1. With increasing concentration, the aggregation of 1
quickly plateaus, forming a discrete oligomer, as suggested
by 1D 'H, 2D nuclear Overhauser effect, and diffusion-
ordered NMR spectroscopy. Quantum-chemical calcula-
tions indicate that the tetramer of 1 is the most stable
among oligomeric stacks. X-ray crystallography revealed a
tetrameric stack containing identical molecules adopting
two different conformations. With a defined length and an
inner pore capable of accommodating distinctly different
guests, the tetramers of 1 densely pack into 2D layers.
Besides being a rare system of conformation-regulated
supramolecular oligomerization, the discrete stacks of 1,
along with their higher-order assemblies, may offer new
nanotechnological applications.

mong known nanotubular structures, organic nanotubes

have unique advantages," and the stacking of ring-shaped
building blocks offers a conceptually straightforward approach
for constructing such nanotubes.'*™** Aside from their
fascinating properties, tubular stacks consisting of defined
numbers of building blocks, or discrete nanotubes, may help
elucidate the factors responsible for aligning ring-shaped
molecules, leading to a much-needed correlation between
different structural levels. However, the stacking of flat
aromatic> or ring-shaped'*>®* molecules almost invariably
leads to extended stacks. Unlike the spontaneous formation and
precise dimensional control of closed assemblies,* curbing the
stacking of disclike molecules or assemblies usually relies on
templation or tethering,® chain-stopping,® or the introduction
of anticooperative interactions.” To date, few examples of
discrete tubular assemblies consisting of identical ring-shaped
molecules are known.

Here we report the discrete stacking of macrocycles 1.
Initially designed to stack into extended tubular assemblies
reinforced by side-chain H-bonding interactions, macrocycles 1
exhibited only insignificant aggregation,® which was in sharp
contrast to the strong association of analogous macrocycles.”
The current study indicates that macrocycles 1, instead of
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forming extended stacks, associate into dicrete stacks in
solution and the solid state. Crystal structures of 1 reveal
tubular stacks having a defined length and an inner pore with a
fixed diameter defined by the constituent molecules. The self-
assembling nanopore remains intact in the presence of different
guests. The discrete stacks of 1 closely pack into two-
dimensional (2D) layers that further stack. To the best of
our knowledge, the template-free tetramerization shown by 1 is
unprecedented for the stacking of identical ring-shaped
molecules. Such supramolecular oligomerization of macrocycles
is remarkable since most known ring-shaped molecules
associate into polydisperse oligomeric or polymeric aggregates.
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The '"H NMR spectra of 1a measured in CDCl; show that
with increasing concentration the signals of amide protons d
and e shift downfield initially and start to plateau beyond 20
mM and 10 mM, respectively (Figure S2a in the Supporting
Information (SI)). Although the shift of protons d may be
explained by H-bonding interactions, that of protons e cannot
be, as protons e are engaged in highly favorable intramolecular
three-center H-bonds'’ and cannot undertake additional H-
bonding.'® The concentration-dependent shifts of protons d
and e indicate that the self-association of 1a similarly influences
these protons located in different environments. This judgment
is corroborated by the shifts of protons a, b, and ¢, which are
incapable of H-bonding but nevertheless show an initial shift
followed by a plateau region as the concentration of la
increases (Figure S2b). At elevated concentrations, the
plateauing of the shifts and the well-dispersed 'H NMR signals
imply that further aggregation of 1a is being curbed.
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The aggregation of la was confirmed by 'H diffusion-
ordered NMR spectroscopy (DOSY). At 9 °C, the apparent
translational diffusion coefficient (D) of la increased with
decreasing concentration (Figure 1), indicating reduced
aggregation of la with decreasing concentration. The same
change in diffusion rate was observed at 25 °C (Figure S3).
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Figure 1. DOSY spectra of la recorded at 9 °C in CDCl, at (a) 36,
(b) 15, and (c) 1 mM. The values of D are based on the signals of
protons a, b, ¢, d, ¢, f, i, j, and k.

The aggregation of la was examined by estimating the
apparent hydrodynamic volumes of la in CDCl; relative to
nonaggregating tetramethylsilane (TMS)."" The ratios R,,/
Ry, where Ry, and Ry are the hydrodynamic radii of 1a or
its aggregates and TMS, respectively, were obtained from the
measured diffusion coefficients D,, and Dy (see the SI; (R,,/
Ryys)® equals Vi,/Viy, the ratio of hydrodynamic volumes).
Concentration-dependent variations of V,,/Vyyg reflect the
extent of aggregation of la. Importantly, using TMS as an
internal reference eliminates contributions from varying
solution viscosity,'" which may change significantly as a
function of the concentration of 1la.

The apparent diffusion coeflicients D;, and Dryg were
measured in CDCl; at 9 °C (Table S1 in the SI). Increasing the
concentration of la retards the diffusion of la and TMS
differently. In going from 1 to 15 mM 1la, Dpys shows an
insignificant change while D,, decreases noticeably, suggesting
that the slower diffusion of la at 15 mM is mainly due to
aggregation. As the concentration of la further increases, the
diffusion of TMS also slows down, indicating that the solution
has become more viscous, while the diffusion of 1a shows a
much steeper slowdown, suggesting both a global change in
viscosity and increased effective size due to self-association.

The values of (R,,/Ryys)” at 15 and 36 mM are about 3- and
4-fold larger, respectively, than that at 1 mM (Table S1). If 1a
exists mainly as monomers at 1 mM, the 4-fold increase in the
effective size observed at 36 mM, a concentration that lies
beyond the “plateau region” where the 'H signals show
insignificant further shift (Figure S2), suggests that the
macrocycles do not aggregate further and exist as discrete
oligomers (i.e., tetramers) at this and higher concentrations.
The values of (R;,/Ryys)® measured at 25 °C are essentially the
same as those obtained at 9 °C (Table S2), suggesting that the
discrete aggregation of la remains unchanged over this
temperature range.

That single and precise apparent diffusion coefficients D,
were measured for 1a at 15 mM (Figures 1 and S3 and Tables
S1 and S2), at which the monomeric and oligomeric species of
la have about the same abundance, suggests that the
equilibrium between the monomeric and oligomeric species
of 1a must be very fast on the scale of the DOSY mixing time.
Taken together with the manifestation of averaged 'H NMR
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lines (Figure S2), this result indicates that the corresponding
rate constants appear to be at least in the kilohertz range.

Examination of la with 2D nuclear Overhauser effect
spectroscopy (NOESY) revealed cross-peaks between the
aromatic protons of the two different benzene residues at 36
mM but not at 1 mM (Figures S4—S9), suggesting that at
elevated concentrations the macrocycles undergo well-aligned
stacking involving their oligoamide backbones.

The limited aggregation of la contrasts with the extended
stacking typical of disc- or ring-shaped molecules. To gain
additional insights, macrocycle 1d, along with its oligomeric
stacks, was examined computationally (see the SI). The
semiempirical AM1 method"? was used. Its reliability was
verified by optimizing the monomer, dimer, and trimer of 1d
using density functional theory (DFT) with the M06 functional
and the 6-31G* basis set (M06/6-31G*). The optimized
structure of 1d reveals planar and bowl-shaped conformations
of similar stability (Figure S12), with the former being 0.9 and
1.8 kcal/mol more stable than the latter at the AM1 and M06/
6-31G* levels, respectively. For the dimer of 2d, only the one
consisting of two planar macrocycles has an energy minimum
(Figure S13), which is ~4.0 and ~5.0 kcal/mol less stable at the
AM1 and MO06/6-31G* levels, respectively, than two isolated
planar molecules. The bond parameters of the two conformers
of 1d and those of the dimer and trimer optimized at both
levels are very similar, indicating that the AM1 method reliably
describes these structures.

Five oligomeric stacks of 1d were energy-minimized at the
AM]1 level (Figure 2a). Unlike the dimeric stack, each of the
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Figure 2. Optimized stacks of 1d. (a) Side views of the dimeric,
trimeric, tetrameric, pentameric, and hexameric stacks. (b) Plot of
association energy vs degree of aggregation. The results are from
optimizations at the AMI1 level and were verified at the M06/6-31G*
and M06/6-31G levels.

other four stacks has two end-capping bowl-shaped macrocyclic
units and planar inner unit(s). The association energy (E,qoc)
per macrocycle for each stack indicates that the tetramer, with
Eiec & 11.0 kcal/mol, is the most stable (Figure 2b).
Optimizing the monomer, dimer, and trimer at the M06/6-
31G* level and the tetramer and pentamer at the M06/6-31G
level also indicates the tetramer to be the most stable (E,.. ~
13.0 kcal/mol). Similar computations on 1lc showed its
tetrameric stack to be the most stable (Figure S14). These
results suggest that the tetramerization of 1 mainly depends on
the macrocyclic backbone.

The tetramerization of 1 was confirmed by crystal structures.
Single crystals of 1c belong to the trigonal space group R3 (a =
b=26449 A, ¢ = 5941 A, a = = 90°, and y = 120°). Four
molecules of 1c stack into a discrete tube shaped like a
quadruple-decker hamburger with a length of ~18 A and fixed
inner and outer diameters of ~8 and ~26 A, respectively
(Figure 3a). This stack of lc consists of two planar “inner
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Figure 3. Crystal structure and further packing of the tetrameric stacks
of 1c. (a) Side and top views of the stack (left); the two different types
of benzene residues of the inner cycles are at a close stacking distance
(top and middle right); the side-chain amide oxygen from one of the
inner cycles engages in numerous C—H:---O-type contacts with the
side-chain alkyl hydrogens of the other inner cycle (bottom right). All
of the H atoms except those of NH groups have been removed for
clarity. (b) Side and top views of the single layer consisting of
hexagonally packed tetrameric stacks. (c) Side view of three stacked
layers. (d) Exploded view of the vertical stacking of the 2D layers in
the ..ABCABC... sequence. The cartoons show the orientation of each
layer.

cycles” and two bowl-shaped “capping cycles” (Figure 3a, left).
The inner cycles stack face-to-face, with one molecule rotated
by 60° relative to the other, placing the two different types of
benzene residues on top of each other (Figure 3a, top right).
The inner cycles are located 3.4 A apart (Figure 3a, middle
right), indicative of strong 7—x stacking. In contrast, the two
capping cycles are separated from the inner cycles by 7.0 and
6.7 A, respectively. The capping and inner cycles exhibit
numerous van der Waals contacts involving their side chains.

Surprisingly, none of the amide side chains of 1c is involved
in typical H-bonding interactions. The oxygen atoms of the
side-chain amide groups of an inner cycle engage in multiple
C—H--O contacts with the hydrogens of the isopentoxy side
chains of the other inner cycle (Figure 3a, bottom right).
Extended stacking of 1c seems to be curbed by the bowl-like
capping cycles, which place protruding electronegative amide
oxygens on both ends of the tetrameric stack.

The tubular stacks of 1c¢ pack hexagonally into a layer with a
thickness of ~18 A and densely packed ~8 A pores (Figure
3b). The 2D layers further stack by following the ...ABCABC...
sequence of cubic closest packing observed for f-graphite'
(Figure 3c). As a result, all of the nanotubular units along with
their inner pores are oriented unidirectionally in the crystal
structure (Figure 3d).

Although the crystal structure of 1b could not be solved at
high resolution, the diffraction data revealed unit cell
parameters similar to those of lc: trigonal, a = b = 27.29 A, ¢
=7228 A, @ = f=90° and y = 120°.

The tubular stack of 1c has an inner pore with a defined
length (18 A) and diameter (~8 A) containing three
chloroform molecules (Figure 3a). Three dimethylformamide
molecules are sandwiched between the backbones of one of the
capping cycles and its neighboring inner cycle.
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The lumen of 1 was previously found to bind guanidinium
ion.® Cocrystals of 1c and guanidinium chloride (1:1) also
belong to the trigonal R3 space group with unit cell parameters
a=b=26577 A, c=59934 A, a = =90°and y = 120°,
which are nearly the same as those of 1c alone. With four
guanidinium ions in its inner pore, the tubular stack of 1lc
remains unchanged, and these stacks pack hexagonally into
layers that further stack in an ..ABCABC... sequence (Figure
S11). Thus, replacing chloroform molecules with guanidinium
ions in the inner pores does not compromise the integrity of
the tetrameric stack and its 2D and 3D packing, which
demonstrates the tenacity of this discrete tubular motif and its
higher assemblies.

The stacking of 1 represents an unprecedented example of
template-free, distinctly defined supramolecular oligomerization
of ring-shaped molecules. The tubular stack of 1, with a defined
length and a fixed inner diameter, remains intact when
accommodating suitable guests. Subsequent studies of this
system may lead to a general strategy for controlling the
stacking of ring-shaped molecules, leading to a variety of
discrete self-assembling nanotubes. The hexagonal packing of
the self-assembling nanotubes observed in single crystals result
in a 2D layer consisting of densely packed subnanometer pores
with a very high pore density (2 X 10" pores/cm?). Further
stacking of the 2D layers leads to an organic framework with
densely packed, uniformly oriented pores. The tubular stacks
and the 2D and 3D frameworks provide a multilevel platform
on the basis of which new functional materials and devices may

be developed.
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