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New aromatic oligoamide macrocycles with Cz-symmetry bind a
bipyridinium guest (G) to form compact pseudol[3]rotaxanes involving
interesting enthalpic and entropic contributions. The observed high
stabilities and strong positive binding cooperativity are found in few
other host—guest systems.

Shape-persistent molecular architectures have attracted significant
scientific interest, as their defined structural characteristics provide
unique opportunities for both basic understanding and practical
applications.! Compared to flexible structures, shape-persistent
molecules offer distinctive advantages. Such molecules, with their
discrete sizes and defined shapes, engage in predictable inter-
molecular association and assembly as a result of the cooperative
and controlled action of multiple non-covalent forces. By
minimizing the energy cost associated with conformational
changes, shape-persistent foldamers® and macrocycles® are able
to rigidly hold and convergently orient binding sites, based on
which hosts containing preorganized cavities with extraordinary
guest-binding capabilities are created.

Over the years, we have discovered and studied the six-
residue aromatic amide macrocycle 1 and its analogs.* Macro-
cycle 1 has a persistent shape with its backbone being fully
constrained due to the presence of highly favorable, three-
center intramolecular hydrogen bonds.®> The internal cavity of
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Stable pseudo[3]rotaxanes with strong positive
binding cooperativity based on shape-persistent
aromatic oligoamide macrocyclesyi

C
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1, being decorated with six rigidly held amide carbonyl groups
that orient toward the center of the macrocycle, is electronega-
tive and capable of strongly binding cationic guests. For
example, the guanidinium ion has been found to bind tightly
with 1.° Guests based on bipyridinium derivatives have been
found to form 2:1 (host: guest) complexes with 1.” Macrocycle
1 is equipped with proper side-chains stacked into membrane-
spanning columnar assemblies with electronegative cylindrical inner
pores, which serve as highly conducting channels for cations.®
Consisting of alternating diacid and diamine residues
derived from the corresponding meta-disubstituted benzene
derivatives, macrocycle 1 is one of many possible types of
aromatic oligoamide macrocycles that have constrained back-
bones. Macrocycles of various sizes that have the same back-
bone as 1 have been constructed.” However, adjusting the
orientations of the amide groups of the backbone should lead
to new macrocycles that have persistent shapes but with altered
backbones and cavities containing various arrangements of
amide oxygen atoms. For example, inverting the orientation
of every second amide group in the backbone of 1 results in
macrocycle 2, which has remained unknown until now (Fig. 1).
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Fig. 1 Inverting the orientation of every second amide group in the backbone
of macrocycle 1, which has a C,- and Cz-symmetrical backbone highlighted
with a blue circle, results in macrocycle 2, which has a Cz-symmetrica (N-to-C)
backbone highlighted with a circular, blue arrow. Hydrogen bonds are shown
as dashed lines. R and R" are methyl groups and other side-chains.
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Like 1, macrocycle 2 has an aromatic oligoamide backbone
that is fully constrained due to the presence of three-center
intramolecular hydrogen bonds. Unlike 1, macrocycle 2
consists of basic residues that share the same core based on
5-amino-2,4-dialkoxybenzoic acid and thus have the same
electronic properties. In contrast to macrocycle 1, which has
D;-symmetry, macrocycle 2 has Cz;-symmetry and a backbone
with a circular N-to-C, ie., clockwise or counterclockwise,
direction. With a backbone that is electronically different from
that of 1, macrocycle 2 is expected to have different assembly
properties. Furthermore, the cavity of 2 differs from that of 1 by
having convergently oriented, equidistant amide oxygen atoms,
which could lead to distinctive guest-binding behavior.
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Herein, we report the synthesis, guest-dependent discrete
assembly, and guest-binding behavior of 2. Guest G, derived
from the alkylation of 4,4’-bipyridine with n-octyl bromide,
followed by exchanging Br~ with PFs ions, was chosen to
examine the capability of 2 in binding cationic species. This is
because similar bipyridinium guests have been widely used in
assessing the binding capabilities of hosts with electronegative
cavities.'>'!

Our studies revealed that macrocycle 2 bound G strongly,
with an overall binding constant of over 10" M2 and a 2:1
stoichiometry in the polar solvent DMSO/CHCl; (1/1, v/v). The
formation of the 2:1 complexes, as highly stable pseudo[3]
shows very strong positive cooperativity, with
the second binding even being much more favorable than
the first one. The X-ray structure reveals a highly compact
pseudo[3]rotaxane in which two molecules of 2 undergo strong
aromatic stacking with their backbones following the same
N-to-C direction, i.e., clockwise or counterclockwise Scheme 1.

Macrocycles 2a and 2b were synthesized from noncyclic 3a
and 3b, which are members of aromatic oligoamide foldamers
that we developed over the years.'*> Removing the CBZ and
t-butyl groups from oligopamides 3a and 3b gave amine- and
carboxyl-terminated hexamers, which, with constrained backbones
enforcing stably folded, crescent conformations, were predisposed
to cyclization. Macrocycles 2a and 2b were obtained in good to
excellent isolated yields (from 43% to 80%) by treating the
corresponding linear hexamers with the coupling reagent

rotaxanes, >
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Scheme 1 Synthesis of macrocycles 2a and 2b.
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1-bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridi-
nium 3-oxide hexafluorophosphate (HATU).

The proton resonances of 2a (1 mM) appear as featureless
broad peaks in CDCl;, suggesting self-aggregation that restricts
the motion of the macrocyclic molecules. Adding DMSO-d, to
CDCIl; resulted in the sharpening and downfield shifting of
'"H NMR signals, with the "H NMR peaks becoming well
dispersed upon increasing the ratio of DMSO-ds to 20% (by
volume) or more. The NMR signals continued to sharpen and
shift downfield with increasing DMSO-d, ratio, indicating the
weakening of aggregation and aromatic stacking interactions
in solvents of enhanced polarity (Fig. S1, ESIF). With 50%
(by volume) or more of DMSO-dg¢ in CDCl;, the line width of
the NMR peaks ceased to change, which points to the complete
interruption of aggregation. In DMSO-ds/CDCl; (1/1, v/v), the
'H NMR resonances of 2a from 1 mM to 0.05 mM remained
unchanged in both their line widths and chemical shifts
(Fig. S2, ESI}), demonstrating that 2a became molecularly
dissolved.

Examining the mixture of 2a or 2b and G with Electrospray-
ionisation quadrupole time-of-flight mass spectrometry (ESI-Q-
TOF) revealed ions with mass/charge ratios at 1867.0657 and
2058.9883, respectively, which appear as base peaks in the mass
spectra (Fig. S3, ESIf). These peaks correspond to the 2:1
complexes of 2a and 2b with G, ie., pseudo[3]rotaxanes, as
confirmed by the excellent match of the measured and
simulated isotope distributions (Fig. 2). Ions corresponding
to the 1:1 complexes of 2a and 2b with G, with mass/charge
ratios of 1029.1089 and 1125.0772, respectively, only appear as
minor peaks in the mass spectra (Fig. S3, ESI%). These results
indicate that 2a and 2b bind G strongly in a 2: 1 stoichiometry.
The fact that the ions corresponding to the 2:1 complexes
give rise to the most prominent peaks in the mass spectra
demonstrates the high stabilities of the pseudo[3]rotaxanes.

Mixing the solutions of 2a and G, both colorless, gave a
solution that turned light yellow. This observation prompted us
to examine the binding of 2a with G by performing UV-vis
titration in DMSO/CHCI; (1/1, v/v) (Fig. S4, ESI).: Plotting the
change in the absorbance of 2a (1 mM) at 430 nm against the
proportion of G (0 to 2 equiv.) revealed two distinct trend lines
showing an abrupt change in their slopes at ~0.5 equiv. of G
(Fig. S4, ESIi). This confirms the 2:1 binding of 2a and G
revealed by the ESI-Q-TOF results. The abrupt change indicates
a proper titration regime at the concentrations used in this
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Fig. 2 Isotope distributions of (a) [2a + G + 2a]®* and (b) [2b + G + 2b]**
ions from ESI-Q-TOF (blue) and computer simulation (red).
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Table 1 Thermodynamic parameters, binding constants and interaction
parameters («) for the 2:1 complexes of hosts 2a and 2b with guest G°

2a 2b
AH; (cal mol™") (-1.94 £ 0.31) x 10° (5.97 & 2.29) x 10°
TAS, (cal mol ) (5.18 £ 2.21) x 10° (12.5 £ 2.87) x 10°
Ky (M) (1.69 £ 0.52) x 10° (6.41 £ 1.70) x 10*
AH, (cal mol™) (—5.16 £ 0.29) x 10° (—14.7 £ 2.30) x 10°
TAS, (cal mol™") (3.37 + 2.07) x 10° (-6.31 £ 3.14) x 10°
K, (M) (1.79 + 0.43) x 10° (1.47 4 0.38) x 10°

Kiotal (M™?) (3.03 + 1.18) x 10 (9.42 £ 3.49) x 10"
of 42 92

% The data here are a summary of binding data obtained from ITC
titrations of 2a (450 uM) or 2b (450 pM) into G (25 uM) in DMSO/CHCl,
(1/1, viv) at 25 °C. ° The interaction parameter « = 4K,/K; (« > 1:
positive cooperativity; o < 1: negative cooperativity; « = 1: no
cooperativity)."*

experiment. Thus, efforts to fit the UV-vis titration data failed to
yield satisfactory results due to large errors.

To gain additional insights into the host-guest interaction
between macrocycle 2 and guest G, the affinities of 2a and 2b
for G, along with other thermodynamic parameters of the
binding events, were determined with isothermal titration
calorimetry (ITC) experiments. In DMSO/CHCI; (1/1, v/v), both
2a and 2b bind G in high binding affinities, with the overall
binding constants being around 10" M~? (Table 1).

The stepwise binding constants K; and K,, along with the
corresponding enthalpy and entropy changes, reveal interesting
similarities and differences between the two host-guest pairs
(Table 1 and Fig. S5, ESI%). Differing only in their side-chains,
macrocycles 2a and 2b show different details in their binding of
G. For both complexes, the first and second binding events are
entropically and enthalpically driven, respectively. The first
binding events of 2a and 2b with G, being both entropically
dominant, involve opposite enthalpic contributions. That of
2a is enthalpically favorable and that of 2b is unfavorable.
In contrast, the second binding events of 2a and 2b with G,
being both enthalpically dominant, involve opposite entropic
contributions. That of 2a is entropically favorable and that of 2b
is unfavorable. The observed differences in the behavior of 2a
and 2b may be due to different solvation of these two macro-
cycles. The differences in their side-chains may lead to different
enthalpic and entropic outcomes. The specific factors
responsible for the observed differences remain to be elucidated,
and will require additional systematic studies.

For both complexes, the K, values are 10 to 20 times greater
than the K; values. Thus, for 2a or 2b, the second molecule
binds to G in much higher affinity than the first one does.
As indicated by the interaction parameters («) of 42 and 92" for
2a and 2b, respectively, the formation of the pseudo[3]rotaxanes
involves fairly strong positive cooperativity.

Unlike that of 1, the oligopamide backbone of 2a and 2b
seems to have a higher propensity for intermacrocyclic stacking
interactions, which, along with electrostatic and perhaps
C-H- - -O hydrogen-bonding interactions between the host and
guest, promotes the binding of the second macrocycle and the
positive cooperativity in the binding of G to 2a or 2b.

This journal is © The Royal Society of Chemistry 2021
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a. Top view

b. Side view

Fig. 3 Crystal structure of pseuo[3]rotaxane 2a,-G. PFg~ ions and
hydrogen atoms, except for those of the bipyridinium unit of G and the
amide groups of 2a, are omitted. Amide groups are shown by element
color to indicate backbone orientation. G is shown in orange. The two
molecules of 2a are shown in cyan and cornflower blue, respectively.

Single crystals, obtained by slow liquid-liquid diffusion of
CH;O0H into a solution of 2a and G in CH,Cl,, provided the
crystal structure of pseudo[3]rotaxane 2a,-G (Fig. 3). Guest G
threads through the 8.2 A (or 5.1 A vdw) cavities of the
macrocycles, with the long axis of its bipyridinium unit being
tilted at an angle of ~45° to the C; axis of symmetry of each
macrocycle. The bipyridinium CH groups engage in C-H:--O
interactions, with each of the pyridinium rings forming
C-H:--O bonds with four of the six amide O atoms of each
macrocycle.

N*-..O distances of 3.23 A and 3.46 A were found between
each of the pyridinium N atoms and two amide O atoms of one
of the two macrocycles, indicative of strong charge-dipole
interactions. The two octyl “tails” of G are within van der
Waals contact distances of an aromatic residue from one of
the two macrocycles, which cap the dimeric stack of 2a
(Fig. 3b).

In addition to the observed interactions between 2a and G,
the two macrocycles in the pseudo[3]rotaxane adopt nearly
planar conformations and are in close contact, with inter-
macrocyclic stacking distances between 3.4 and 3.5 A, indicating
very strong stacking interactions. The two macrocycles in 2a,-G
are offset and have their backbone in the same clockwise (or
counterclockwise) N-to-C direction. The other possible arrangement
of the two macrocycles, one with its backbone being in a clockwise
and the other in a counterclockwise direction, is absent in the X-ray
structure.

Thus, the X-ray structure reveals the atomic details of a
compact complex of 2a and G in which the bipyridinium
segment of guest G is completely encapsulated in the cavities

Chem. Commun., 2021, 57, 11645-11648 | 11647
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Fig. 4 Energy-minimized structures of the 2:1 complex 2,-G (left) and
1:1 complex 2-G (right) DMSO/CHCls (1/1, v/v). The octyl end groups of
guest G and the R side-chains of 2 are replaced with methyl groups in the
computed structures. Interaction energies ESIi are shown underneath the
structures.

of two stacked molecules of 2a. Along with the van der Waals
contacts between the octyl end groups and the backbone
aromatic residues of 2a, this structure results in maximum
contact between 2a and G. Strong stacking between the
two molecules of 2a provides additional stabilization for
the complex, leading to the strong cooperativity observed in
the binding of 2 and G.

The interaction parameters () of 42 and 92 observed with the
binding of 2a or 2b with G reveal strong positive cooperativity.
In contrast, the binding of macrocycle 1 with bipyridinium
guests showed negative to weakly positive cooperativity with
the largest o value being 2.5.” This noticeable cooperativity was
probed by performing density functional theory calculations on
the binding of 2 with G.*® The optimized structure of complex 2,-
G (Fig. 4, left) closely resembles the crystal structure of 2a,-G,
indicating the reliability of our method. The interaction energy
ESLi which reflects the binding between 2 and G, of complex 2,-
G is much larger in magnitude than that of binding one
molecule of 2 to G (Fig. 4, right). These results show that the
second binding event is energetically highly favorable, which is in
line with the experimentally observed strong positive cooperativity
in the binding of G with 2.

In summary, macrocycles 2a and 2b were found to strongly
bind to bipyridinium guest G in a 2:1 stoichiometry, forming
highly stable pseudo[3]rotaxanes. Results from ITC titrations
reveal that the interaction of 2 with G features strong overall
binding, different dominant entropic or enthalpic factors
associated with the first and second binding events, and, most
prominently, much stronger positive cooperativities than those
observed with other aromatic oligoamide macrocycles of
comparable sizes. The X-ray structure of pseudorotaxane 2a,-G
reveals a compact assembly that is stabilized by hydrogen-
bonding, charge-dipole, aromatic stacking, and van der Waals
interactions. Computational studies reveal a drastically
enhanced interaction for the 2:1 complex over that of the 1:1
complex, which further demonstrates the strong positive
cooperativity of this system. Macrocycle 2 represents a new
member of aromatic oligoamide macrocycles, based on which
highly stable pseudorotaxanes are being developed.

Synthesis and characterization (T. A. S., Y. L. Z., J. K. M.,
C. S.); computation (L. S. S. B., D. P. M,, E. Z.); X-ray crystal-
lography (B. K., Y. F., I. H.); general discussion (T. A. S., Y. L. Z.,
D.P.M, L H, E. Z.,, Y. F, B. G.); design and manuscript writing
(B. G.).
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