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ABSTRACT: Shape-persistent macrocycles are attractive functional targets for
synthesis, molecular recognition, and hierarchical self-assembly. Such macrocycles are
noncollapsible and geometrically well-defined, and they are traditionally characterized
by having repeat units and low conformational flexibility. Here, we find it necessary to
refine these ideas in the face of highly flexible yet shape-persistent macrocycles. A
molecule is shape-persistent if it has a small change in shape when perturbed by
external stimuli (e.g,, heat, light, and redox chemistry). In support of this idea, we
provide the first examination of the relationships between a macrocycle’s shape
persistence, its conformational space, and the resulting functions. We do this with a star-shaped macrocycle called cyanostar that
is flexible as well as being shape-persistent. We employed molecular dynamics (MD), density functional theory (DFT), and
NMR experiments. Considering a thermal bath as a stimulus, we found a single macrocycle has 332 accessible conformers with
olefins undergoing rapid interconversion by up—down and in—out motions on short time scales (0.2 ns). These many
interconverting conformations classify single cyanostars as flexible. To determine and confirm that cyanostars are shape-
persistent, we show that they have a high 87% shape similarity across these conformations. To further test the idea, we use the
binding of diglyme to the single macrocycle as guest-induced stimulation. This guest has almost no effect on the conformational
space. However, formation of a 2:1 sandwich complex involving two macrocycles enhances rigidity and dramatically shifts the
conformer distribution toward perfect bowls. Overall, the present study expands the scope of shape-persistent macrocycles to
include flexible macrocycles if, and only if, their conformers have similar shapes.

THERMAL BATH

B INTRODUCTION binding is considered as just one type of perturbation from
among many. Here, we present a close examination of the
shape persistence of flexible cyanostar macrocycles, and how
the shape is largely unchanged with temperature and guest
association. We show that, with the new definition, flexible
molecules can be shape-persistent if the differences in shape
between their conformers are quantified to be small.

The conformational space of several macrocycles had been
studied in the past,l‘?’_17 but to the best of our knowledge, their
shape persistence had not been assessed. Considering Moore’s
phenylacetylene macrocycles, they were shown'’ to have very
few conformations, with only one unique conformation in the
planar hexamer and two in the octamer (boat and chair).
Similarly, prior work with triazolophane macrocycles showed
only four low-lying, semiplanar conformations.'* These macro-
cycles clearly follow the structural definition of shape-
persistence by displaying little conformational freedom. In
these cases, shape persistence is self-evident. Other examples of
macrocycles include the classic calixarenes," cyclic peptides,'®
and crown ethers'” of host—guest chemistry. The last, crown
ethers, are seen to collapse upon themselves, thus not

Shape-persistent macrocycles are traditionally defined as cyclic
compounds with low conformational flexibility to ensure they
are noncollapsible and geometrically well-defined.’ Shape
persistence is advantageous for many applications: synthesis
of macrocycles,” preorganization,” in silico design,” catalysis,”
configurationally stable stereochemistry,” and hierarchical self-
assembly’~” of multifunctional architectures.”***'* To design
shape-persistent macrocycles, Moore has suggested that they
have limited degrees of conformational freedom, ie., they are
rigid."" Yet, through the results obtained in the present study,
we were confronted with an apparent contradiction involving
cyanostar macrocycles (Figure 1a).12 Cyanostars appear to be
flexible based on their many conformations and yet geometri-
cally well-defined based on their preorganization toward
anionic guests.

To resolve the contradiction, we propose a more robust
definition of shape persistence: A molecule is shape-persistent if it
undergoes small change in shape when perturbed by external
stimuli (eg, heat, light, redox chemistry, etc.). This definition
retains Moore’s original ideas while providing a broader context
by introducing the ability to assess the extent of shape changes
under any type of perturbation. This refined definition Received: January 20, 2016
subsumes the concept of preorganization in which guest Published: March 25, 2016
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Figure 1. (a) Chemical structures of cyanostar (CS) and diglyme. (b) Bowl chirality of cyanostars and their cartoon representations. (c) Crystal
structure of the 2:1 cyanostar—diglyme complex (represented by a P—M dimer). tert-Butyl groups and hydrogen atoms are omitted for clarity. The
tilting angle of CN groups is related to the bowl shape. The molecular electrostatic potential of cyanostar shown in (a) is calculated with M06-2X/6-

311++G(3df,2p) (—130 to 175 kJ/mol, red to blue).

conforming to being shape-persistent, despite being considered
preorganized'® relative to their linear counterparts, podands.
For the case of cyanostars, their shape persistence has yet to be
formally analyzed. The potential for conformational freedom in
the cyanostar is suggested by the crystal structure that shows
accommodation of a shallow, bowl-like shape (Fi%ure Ic).
Cyanostar also possesses bowl chirality (Figure 1b)'>" and,
like other bowl-shaped compounds,” is therefore expected to
undergo bowl inversions”' that offer access to multiple
conformations.

Bowl-shaped molecules can be shape-persistent. For example,
they have been conformationally preorganized as chiral hosts by
imposing extremely high inversion barriers as a means to
achieve enantioselective recognition and asymmetric cataly-
sis.>'??° In contrast, rapidly inverting bowls that exhibit high
conformational freedom have started to find applications such
as in supramolecular polymerization by cofacial association.””
Aida and co-workers designed the first living and stereoselective
supramolecular polymerization by using corannulene deriva-
tives.””” In Aida’s polymerization scheme, shape persistence of
the monomers is critical for propagating the chirality in the
growing self-assembled polymers, whereas flexibility in the
initiator bowls allows production of either enantiomeric form of
the monomer. Unlike corannulenes, however, cyanostar has a
cavity in its center, a feature that provides a unique model for
testing the shape persistence of cyanostars upon guest binding.

Herein, we report that conformationally rich flexibility can
coexist with shape persistence in the cyanostar macrocycle. This
assertion is based on the results from density functional theory
(DFT), molecular dynamics (MD),""** and NMR experiments.
Although as many as 332 conformations are thermally
accessible by single cyanostars, the Boltzmann-weighted
variation in atomic positions relative to the most stable
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conformer leads to ~87% retention of the molecule’s shape,”*
indicative of high shape persistence. Unlike the crystal of the
2:1 complex, the single macrocycle has a ruffled rim with two
olefins rotated up and three down. The ensemble-averaged
bowl shape of cyanostar is further verified by through-space
"H—'H NMR measurements based on the nuclear Overhauser
effect (NOE), which closely matches with theory to within
+2%. We also test the use of a diglyme guest and cofacial
stacking of a second macrocycle as perturbations. We see the
shape is retained based on the conformational analysis. By
evaluating the conformational landscape, we are able to show
that the steric hindrance between the two cofacial macrocycles,
rather than the interactions with the weakly bound diglyme, is
responsible for the shift in conformer population to enhance
shape persistence. The correlations between theory and
experiment substantiate the refined definition of shape
persistence to enable inclusion of macrocycles that are both
conformationally flexible and geometrically well-defined.

B RESULTS AND DISCUSSION

A. Delineating Cyanostar's Conformational Land-
scape. To investigate the conformational landscape and
examine the shape persistence of a single cyanostar macrocycle,
MD simulations and DFT were used (details of the two
methods can be found in Supporting Information). To date,
cyanostars have only been observed as guest-bound dimers,'>**
and the strong tendency of cyanostar to form such 2:1
complexes has precluded our ability to examine single
cyanostars experimentally.

The shapes of the cyanostar’s conformations were analyzed
geometrically. To facilitate data mining of the many MD-
generated geometries, dihedral angles between the olefins and
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their neighboring phenylene groups were measured to
characterize local tilting (®cy, Figures lc and S4) and the
overall shape of the bowl. With the use of these dihedrals, two
isomerization phenomena were found. First, up-and-down
motions of cyano-olefins change the bowl chirality of cyanostar
(Figure 2a). Second, in-and-out motions change the orientation
of cyano groups relative to the cavity but leave the bowl
chirality unchanged (Figure 3a).

Figure 2. All-out conformers of cyanostars. (a) Top and side views of
the DFT-optimized conformations with global P chirality. The cyano
groups are colored in pink for P chirality (up) and blue for M (down).
(b) Cartoon representations of bowl chirality at the local (circles) and
global (pentagon) levels. (Geometries: M06-2X/6-31+G(d,p),
IEFPCM implicit solvation of CH,CL,).

Up-and-Down Conformations of Cyanostar Determine
Local and Global Bowl! Chirality. The up-and-down motions
are closely associated with changes in bowl chirality of the
cyanostar. Therefore, use of local chirality to augment the
traditional definition of bowl chirality provides a means to
describe the conformational diversity of cyanostars. Bowl
chirality is usually defined globally’® by looking from the top
into the bottom of the bowl (Figure 1b) and then using priority
rules when symmetry is first broken while moving away from
the benzene in either a clockwise (P) or counterclockwise (M)
direction. Here, we identified the P face to be the specific face
of a single cyanostar in which a clockwise direction is observed.

For simplicity, all top views of cyanostar are shown with P faces.
Thus, cyano groups oriented toward the readers will have P
local chirality and are oriented “up”, and others with local M
chirality are oriented “down” (Figure 2a).

To begin the conformation count, there are four pairs of up-
and-down combinations of olefins that are possible (Figure 2b).
They can be named using local chiralities: Ps, M,P,, 0-M,P;,
and m-M,P;, where o and m refer to the ortho and meta
relationship of the two olefins with M chirality. Global chirality
can also be interpreted from this nomenclature by the majority
rule: monomers that have more P local chirality will be P
globally.

The thermal accessibility of the four types of all-out
conformations (Figure 2) was confirmed by MD simulations
and independently by DFT geometry optimization (Figure 2).
Furthermore, the root-mean-square deviation (RMSD) of
atomic positions for the DFT-optimized Ps conformer relative
to the X-ray solid-state structures'” agree to within 0.1 A, this
verifying the accuracy of DFT methods.

In-and-Out Conformations of Cyanostar Are Connected
by Olefin Rock and Roll Rotations. The rotation energy
landscape of a single olefin was computed (Figure 3a) by
utilizing the MD-generated distribution of dihedral angles. Four
rotamers were identified (see minima in Figure 3a and
representative images in Figure 3b) along with two types of
barriers (rocking and rolling). The two global minima are out
rotamers (®cy ~ +30°) and the high-energy minima are in
rotamers (®cy ~ +£120°). These rotamers can either be up (P)
or down (M). The free energy difference between the two types
of rotamers is sufficiently low (2.8 kcal/mol) that the in
rotamers are thermally accessible.

The same energy profile was computed using DFT and the
same four rotamers were found (Figure 3b). Interestingly, DFT
shows that a complete 360° rotation is possible. With a barrier
of 6.5 kcal/mol (Figures S2 and S3), this motion would be
expected on a 10 ns time scale (assuming a typical 10" pre-
exponential factor for unimolecular reactions'®). However, this
motion was never observed in the MD simulation that covered
a 400 ns time period. We attribute this apparent contradiction
to differences in the calculation methods: in DFT, all of the
internal coordinates are fully relaxed other than the rotating
olefin, whereas in the MD simulations, and in reality, all internal
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Figure 3. (a) Free energy landscape of olefin rotation. The rotation energy landscape was computed based on MD simulations with a bin size of 5%
errors are presented as pink areas (see Section 4.3 of Supporting Information). Rocking and rolling motions are indicated. (b) The four rotamers
obtained from a DFT relaxed scan for the m-M,P; conformer (Insets: top views).
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modes are thermally excited. Thus, the rotations of nearby
olefins in the MD simulation hinder the 360° rotation of any
individual olefin.

A Landscape of 332 Thermally Accessible Conformers. On
the basis of the up—down and in—out orientations of cyano
groups, there will be 1024 mathematically possible conforma-
tions for single cyanostars. However, many combinations are
not energetically favorable, except for a group of 332
conformations that are predicted to be thermally accessible
(Supporting Information). These 332 conformations create a
free energy landscape of equal populations of P and M chirality
at both local and global levels (Figure 4ab). When the
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Figure 4. Calculated results showing the distribution of local and
global chiralities for a single cyanostar macrocycle using (a) DFT and
(b) MD. (c) Snapshots of P conformers during the MD simulation.
For simplicity, DFT energies (M06-2X/6-311++G(3df2p), [EFPCM
implicit solvation of CH,Cl,) are Boltzmann-weighted for the listed
conformers, e.g., AGppr(M,P;) is a Boltzmann average of all ortho,
meta, and in—out combinations.

degeneracies are factored out, the landscape of 332 states can
be simplified into 34 unique geometries, or 17 pairs of
enantiomers, that exist as local minima (Figure $1).2° Overall,
theory predicts a very rich conformational landscape for the
single cyanostar macrocycle.

At equilibrium, the single macrocycle is not a perfect bowl
but instead is ruftled with two out of the five cyano groups on
opposite sides. DFT predicts that 82% of the total population
will be P,M; and M,P; (Figure 4a), while MD predicts 66%.
The relative stabilities of the various conformers can be
understood by assessing dipole—dipole interactions between
cyano-olefins, which carry a strong 5.3 D dipole moment. This
value is comparable to the 5.4 D dipole moment of an

analogous benzene-triazole-benzene triad that has been widely
used in CH-based anion binding.”'**” Repulsions between
local dipoles favor alternating orientations of the cyano groups.
With five olefins, m-M,P; or m-P,M; conformation has the best
up—down alternation and is thus the global minimum. The
perfect bowl conformation present in the crystal structure of
the dimers,'”” P5 or Mj, is the least stable with all dipoles
pointing in the same direction. However, this perfect bowl
provides a better environment for guest binding with all CH
hydrogen bond donors focused toward the center of the dimer.

Rapidly Inverting Bowl Chirality in Flexible Cyanostars.
The 332 thermally accessible conformers undergo rapid
isomerization and racemization (Figures 4b, S6, and S8).
Although most bowl-shaped compounds have one global
inversion,””* the simultaneous inversion of all five cyano groups
in the cyanostar was never observed in MD simulations. Rather,
local inversions involving movements of a single olefin
contribute 94% of all stereoisomerizations, the two-olefin
inversion pathways are limited (5%), and all others are rare.
Consequently, the energetic profile for rocking single olefins
between different all-out conformers was explicitly characterized
by DFT (Figure S).

The rocking motions are rapid. DFT-derived barriers (Figure
S) range from 0.7 to 1.7 kcal/mol, and are in good agreement
with the MD ensemble-averaged rocking barrier of 1.5 kcal/mol
(Figure 3). The very low barriers highlight again the flexibility
of cyanostars at 298 K. It has been suggested' " that at 298 K,
a barrier of 24 kcal/mol is a practical limit to distinguish
between rigid and flexible conformers. Others consider slow
exchange on the NMR time scale (16 kcal/mol) to demarcate
rapid versus slow dynamics.”” With either standard, cyanostar
rocking motions are much faster.

Rapid interconversions were confirmed using lifetime
correlation functions (Figure 6) that were calculated from the
MD data (see Section 8.1 of Supporting Information). The
expedited loss of coherence between local chiral centers was
reflected by a short relaxation time of 35 ps. Beyond 200 ps, the
correlation coeflicient dropped to zero, suggesting that the
olefins have completely lost the memory of their past status of
chirality.

B. Shape Persistence of Single Cyanostars. Cyanostar
macrocycles are flexible: they rapidly interconvert between
multiple conformations. Now we have to determine if the
cyanostars are shape-persistent.

N

O'M2P3

AGper (kcal/mol)

m'M2P3

m-P,M,

Figure S. Rocking pathways between all-out conformers (pink P) and their enantiomers (blue M) are established through corresponding transition
states (yellow). The free energies were calculated by DFT with implicit solvation (see Section S of Supporting Information).
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Figure 6. Average lifetime correlation functions of local bowl chirality
for cyanostars as 2:1 cyanostar—diglyme complexes (black) and single
macrocycles (red).

Quantitative Definition of Shape Persistence for Flexible
Cyanostar Monomers. The shape persistence of single
cyanostars was determined from the coordinates of all 332
cyanostar conformers. Specifically, the Boltzmann-weighted
RMSD relative to the global minimum provides a temperature-
dependent determination of the shape deformation. To
calibrate the relative significance of the shape changes, we
refer the RMSD to the mean molecular radius (assuming the
volume of the molecule is distributed as a sphere). Accordingly,
a normalized shape-change index, Ao, can be expressed as:

Ac = Y RMSD()p(i)/ (3Vepx/47)"

Where p(i) is the relative population of conformer i, and Vpy
is the CPK volume of the molecule. The basic logic of the
shape-change index is consistent with the concepts of shape
similarity”* and of conformational heterogeneity.”” Both
concepts have been widely used in biology31 and in developing
algorithms for conformational searches.”

Cyanostar has a small shape-change index, Ao. Using DFT-
optimized geometries, the typical RMSD from m-P,Mj to other
out conformers of a single cyanostar is 0.4 A (Table S2). The
Boltzmann-weighted RMSD across all conformers was found to
be 0.7 A. Considering the mean molecular radius of 5.5 A of
cyanostar, the normalized shape change index (Ac) is only 0.13
for single cyanostars in solution at room temperature. In other
words, the flexibility of cyanostar produces, on average, only
13% variation in its radius. Thus, there is a corresponding 87%
shape persistence that originates in the relatively small RMSD
values. The modest variations in shape can also be seen from
the MD simulations (see Movies S1 and S2). When the
intensity of the stimulus is lowered by reducing the temperature
in the thermal bath to 218 and 178 K, the shape persistence
increases to 91% and 93%, respectively. These theoretical
findings unambiguously show cyanostars are shape-persistent as
well as being flexible.

Interestingly, the noticeable dynamic motions of the single
cyanostar macrocycle originate entirely from the olefinic units,
while the aromatic units remain quite static (see Movie S1). We
liken this behavior to a hovering humming bird in which the
wings move rapidly and the body is stationary. Thus, it can be
understood that the aromatic component of the backbone is
contributing to the shape persistence of cyanostar and the
rocking-and-rolling olefins are responsible for the flexibility.
This observation may be the reason why cyanostar macroczcles
are more flexible than other aromatic-based receptors.'*"
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Quantitative NOE Verifies the Bowl Shape of Single
Cyanostars As Predicted by Simulations. The accuracy of the
theoretical calculations were verified experimentally using
quantitative NOE experiments.”> NMR spectra obtained at
212 K are consistent with fast exchange between conformers on
the NMR time scale (see Section 11 of Supporting
Information). The relatively static aromatic components
provide a reference point to determine intramolecular
proton—proton distances from olefinic proton, H, to the
aromatic ones, H* and H%. These enable calculation of the
ensemble-averaged distances and thus the bowl shape of single
cyanostars. Specifically, a ratio of two proton—proton distances,
n, was measured from a 'H—'H 2D NOESY experiment
(Figure 7). This distance ratio (n) was shown from DFT
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Figure 7. Structural correlations between proton distances and the
cyanostar’s bowl shape. (a) Aromatic region of the "H—'H NOESY
spectrum of cyanostar (298 K, 500 MHz, CD,Cl,, mixing time 600
ms). (b) Plot of the ratio of proton—proton distances () as a function
of dihedral angle (®cy). Open circles were obtained from DFT. The
values of n = 1.6 obtained from NOE experiments and theory are
marked.

(Figure 7b) to decrease steadily with increasing dihedral angle.
Thus, the average depth of the bowl and the shape of single
cyanostars can be determined.

The quantitative NOESY experiment indicates that the
conformational ensembles generated by the DFT and MD
approaches are quite accurate (Table S22). The range of
possible distance ratios (1) can be related to a perfectly planar
cyanostar (n = 1.9) and a conformation with the olefin making
a ~60° angle (n ~ 1.4). The data analysis on the NOE
experiments yielded n values of 1.6, clearly indicating that
cyanostars on average have the ruffled out conformation in
solution. The distance ratio obtained from the NOE experi-
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Figure 8. MD simulations of 2:1 cyanostar—diglyme complexes (P—M) at various temperatures: 178, 218, and 298 K. Images in (3, ¢, and i) show
overlays of diglyme recorded over 400 ns within a cyanostar dimer. (b, f, and j) Top views and (¢, g, and k) side views of structural overlays of
cyanostar dimers in the 2:1 complexes but with the diglymes omitted for clarity. (d, h, and 1) Histogram from the MD simulation of the equilibrium
distribution of states for the P cyanostars in the 2:1 complex (dashed boxes). (Oxygen atoms are colored in red, nitrogen in blue, and carbon in cyan;
hydrogen atoms are omitted. Overlays in (a) include an additional, faded data set generated with an 800 ns simulation. The corresponding average

displacements (R) between diglyme and cyanostar dimers are noted.)

ment is smaller than that of the crystal structures (P, n = 1.7),
which is consistent with the existence of multiple conforma-
tions, including in rotamers with a distance ratio of n ~ 1.3. To
our satisfaction, distance ratios predicted by theory deviate only
by 0.03 from experimental values (2% error), with MD slightly
overestimating planarity (1.63) and DFT slightly under-
estimating it (1.57).

C. Shape Persistence under the Perturbation of
Diglyme Binding and Molecular Self-Association. With
the shape persistence of flexible cyanostars confirmed for the
single macrocycle at various temperatures, we made the same
assessment from effects of guest binding.

The Conformational Landscape Changes To Favor Perfect
Bowils in Dimers of Cyanostars Stabilized by Complexation
with Diglyme. The shallow free energy surface of single
cyanostars suggests that even modest external forces are
sufficient to perturb the conformer distribution, shape
persistence and flexibility of cyanostars. To test this idea, the
impact of guest binding was examined using the cyanostar—
diglyme model system seen in the 2:1 binding stoichiometry in
the crystal.'> Specifically, we focus here on the meso-dimer
formed by the rim-sharing arrangement of one bowl with P
chirality and the other with M chirality.>* The weak
perturbation introduced by diglyme binding is manifested by
the modest 2:1 binding constant, 3,, of only 30 M2 (2 kcal/
mol; see Section 10 of Supporting Information). MD
simulation was the primary modeling tool for the 2:1 complex,
as its size of ~300 atoms prevents DFT from efliciently
characterizing the entire conformation space.

MD simulations of the 2:1 cyanostar—diglyme complex
revealed substantial motion of hosts and guest within the
complex. The bound diglyme was observed to gyrate within the
cavity, and occasionally displayed escape and rebinding
dynamics (Figure 8a,e,i). Upon cooling to 218 K, the
dissociation is diminished enough to resemble the correspond-
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ing crystal structures (Figure 8a). Cyanostars in the dimers
showed partial rotations, although restricted by the steric
gearing of tert-butyl groups between the pair of stacked
macrocycles (Figure 8b,fj).

Consistent with our hypothesis, binding of diglyme to the
dimers dramatically alters the conformational landscape of
cyanostars. Compared to the flexible free macrocycle (Figure
4), the population of conformers in the 2:1 complex becomes
highly concentrated in the newly emerged global minimum of
P; or Mg with a shape of perfect bowls (Figure 8dh)]l),
predominating 85% of the time. The free energy differences
between out and in conformers upon diglyme binding are raised
from 2.7 to 3.9 kcal/mol; consequently, the overall population
of in-rotamers dropped from 30% for the single macrocycle to
4% in the 2:1 complex. Rocking motions were infrequent and
resulted in negligible bowl inversions: at 298 K, only 0.1% of all
cyanostars in the dimer had an inversion of global chirality from
their P (or M) starting point. Only 3% were inverted locally
(Figure 8dh,1). The rigidification of cyanostar in the 2:1
complex upon diglyme binding was accompanied by suppressed
olefin rotations and an extended chirality lifetime beyond 800
ns (Figure 6, vide supra). The steady state correlation
coefficient remained high, indicating that >96% of the original
chirality configuration was preserved (Figure S34). The number
of thermally accessible conformers is reduced upon formation
of the 2:1 complex around diglyme from 332 to 20 (P, M,P,,
0-M, P, and m-M,P; with their five-fold degeneracy).35

The shape persistence of the cyanostars in the 2:1 complex
increased over the single macrocycle. With the use of the MD-
simulated population and DFT-optimized geometries of single
cyanostars with the corresponding chirality, the shape-change
index (Ac) associated with the thermal energy present at room
temperature was estimated to be 2%. This finding indicates that
the shape persistence of cyanostar was greatly enhanced in the
2:1 complex up to 98%.
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The change in conformational landscape for the sandwich
complex can be attributed to either one or two structural
features (Figure 9). First, steric hindrance between tert-butyl

Less
Steric Hindrance

Figure 9. Side view of a DFT-modeled meso 2:1 cyanostar—diglyme
complex. (Diglyme and parts of cyanostars are removed for clarity,

MO06-2X/6-31G(d), CH,Cl,.)

groups on one macrocycle and cyano groups from the other
macrocycle could play a role (Figure 9). Rocking any olefins
from the top macrocycle toward the other macrocycle generates
more steric contacts. Second, hydrogen bonding between
cyanostar and diglyme could also be a factor. The perfect bowls
maximize guest binding when all of the olefinic CH donors are
pointed toward the center between the two macrocycles
(Figure 9, “better binding” label). Rotating any P olefins into M
olefins would redirect the hydrogen bond donor away from the
bound guest.

Steric Hindrance, Not Binding, Rigidifies Cyanostar in the
2:1 Complex with Diglyme. MD simulations show that steric
hindrance from cofacial stacking and not hydrogen bonding
from guest binding alters the conformational landscape. This
finding emerges from an examination of a putative 1:1 complex,
in which the second cyanostar partner was absent. The
equilibrium distribution of conformers for the 1:1 complex is
found to be almost identical to the distributions for the case of
the free cyanostar (Figure 10b). Even the lifetime correlations

(a)

1:1 Complex

Free Cyanostar

Figure 10. (a) Structural overlays of diglyme inside a macrocycle,
generated from a 400 ns simulation trajectory. (b) Top and side views
of structural overlays of cyanostar with diglyme omitted. (Oxygen
atoms are colored in red, nitrogen in blue, and carbon in cyan;
hydrogen atoms are omitted.)

4849

and relaxation of local inversions are indistinguishable from
those in the case of a single macrocycle (see Section 8 of
Supporting Information). The only noticeable change is a
slightly increased free energy difference between the in and out
rotamers by 0.2 kcal/mol, reflected by the reduced number of
in rotamers in the 1:1 complex (Figure 10b). The negligible
changes between the free macrocycle and the 1:1 cyanostar—
diglyme complex indicate that steric hindrance between
sandwiched macrocycles play a decisive role’® in reducing the
flexibility of olefinic units and thus enhancing the overall shape
persistence in the 2:1 complex.

Bl CONCLUSIONS

In conclusion, we have shown that flexibility can coexist with
shape persistence in cyanostar macrocycles. This coexistence
appeared to be a contradiction until we defined shape-
persistent molecules as having highly similar shape in response
to an external perturbation. When placed in a thermal bath, the
conformers were calculated to have similar shapes and resulted
in 87% shape persistence. The ensemble averaged geometries
matched experimental values determined by NOE experiments
and corresponded to an overall puckered bowl for the single
cyanostar. The shape persistence and flexibility is unperturbed
in response to binding a diglyme guest molecule. Yet, cofacial
stacking of a second cyanostar macrocycle shows enhanced
shape persistence of 98% and leads to perfect chiral bowls being
the preferred ensemble averaged structure. These findings show
that macrocycles need not be completely rigid to enjoy the
same advantages of traditional shape-persistent macrocycles.
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