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“Breathing” Motion of a Modulable Molecular Cavity

[a, b

Dawei Zhang,

Heinz Gornitzka,'” Jean-Pierre Dutasta,® and Alexandre Martinez*

Abstract: A class of hemicryptophane cages that adopt
imploded conformations in solution and in the solid state
has been described and studied by NMR spectroscopy
and X-ray crystallography. It is reported that the degree of
collapse of the molecular cavity can be controlled by
changing the stereochemistry of the chiral elements of
the hemicryptophanes, leading to a modulation of their
physical and chemical properties. Upon the binding of an
oxidovanadium unit, the collapsed molecular cavity can
inflate to give an expanded conformation. Removal of the
vanadium core by an ancillary complexing ligand restores
the initial folded structure. Thus, coordination/de-coordi-
nation of the metal ion controls the dynamic motions of
the cage, leading to a reversible nanomechanical process.
This controlled motion between a collapsed and expand-
ed cavity can be seen as that of a breathable molecular
cage.

N /

There is an increased interest in the synthesis and develop-
ment of systems able to perform a defined function at the mo-
lecular level™ For instance, molecular machines can produce
quasi-mechanical movements (output) in response to specific
stimuli (input). Currently, synthetic systems mimicking the abili-
ty of brakes®™ gears, propellers,”™ ratchets,” rotators,”
scissors," muscles,*9" gyroscopes,® walkers,” and motors®"!
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have been widely devised and studied. Among them, cate-
nanes and rotaxanes are well known molecular systems that
are frequently used as supramolecular forces in the design of
molecular devices.""™ Remarkable molecular motion of molecu-
lar strands from folding to unfolding states has also been ach-
ieved using coordination/de-coordination of metal ions.”!

Recently, besides the properties of recognition, catalysis, and
reactive species stabilization, there has been growing interest
in molecular cages in the construction of molecular ma-
chines.” For instance, hemicryptophanes have been used to
achieve nanomechanical processes mimicking the function of
gyroscopes or molecular propellers.”* Although nice exam-
ples of size and shape modifications of molecular cavities in
self-assembled or covalent cages have been recently de-
scribed,” control of the dynamic motion in molecular cages
from fully folded to extended states is still a challenge.

We previously reported the synthesis of a new family of
enantiopure hemicryptophane cages bearing three types of
stereogenic elements, that is, helical, axial, and central chirality,
which result from the cyclotriveratrylene (CTV), binaphthol,
and trialkanolamine moieties, respectively, giving rise to four
pairs of enantiomers (Figure 1a).””! Here, we report how these
chiral units modulate the shape and size of the inner cavity
and the consequences on their physical and chemical proper-
ties. We found that these molecular cages collapse in solution
and that the resulting imploded form can re-inflate upon the
complexation of an oxidovanadium unit. This conformational
change between the collapsed and expanded form is reversi-
ble, leading to a synthetic molecule simulating the breathing
motion upon the binding-unbinding of an external stimulus.

Crystals of M-RRR-RRR-1-2(CHCI,)-0.5 (Et,0) suitable for X-ray
diffraction analysis were obtained by slow evaporation from
a concentrated solution of the cage in CHCI;/Et,0. The struc-
ture of hemicryptophane M-RRR-RRR-1 exhibits a C; symmetry
with an unexpected imploded conformation where the trialka-
nolamine core is collapsed within the CTV unit obstructing the
inner cavity (Figure 2 and Figure S1 in the Supporting Informa-
tion).”? The three OH groups point outward, forming hydrogen
bonds with the two closest O atoms of the binaphthol groups
(0--O distances, 2.77-2.94 A), whereas the NCH, protons, di-
rected toward the CTV unit, interact with the aromatic rings
(distances between the axial proton of NCH, and the closest
CTV aromatic ring, 3.08-3.53 A).

Insights into the conformations of the cavities of the four
diastereomers of 1 in solution were obtained by 'HNMR,
BCNMR, COSY, HSQC, and HMBC experiments (see the Sup-
porting Information). In the 'H NMR spectra, we can observe
the high-field shifted signals of the NCH, protons (Figure 1 and
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Figure 1. (a) Partial "H NMR spectra (500.1 MHz, 298 K) of the four diastereo-
meric pairs of hemicryptophane 1 in CDCl; and their protons assignment.

A =water; p =grease. The high-field shifted NCH, protons are highlighted.
The distance d between the more shielded NCH, proton and its closest CTV
aromatic-H has been illustrated, which is used for the evaluation of the cage
collapse degree. (b) TLC migration properties of 1 (silica, eluent: CH,Cl,/
MeOH =200/3); the symbols used are the abbreviation names of each hemi-
cryptophane isomers, for instance, PSS represents P-SSS-555-1.

Figure 2. Crystal structure of M-RRR-RRR-1. Solvent molecules are omitted
for clarity. Dashed lines in the left figure represent the distance between the
two neighboring binaphthyl groups, and those in the right figure represent
the distances between the axial proton on NCH, and its closest aromatic-H
on CTV or between the O atom on OH and its two closest binaphthyl O
atoms.

Figure S2 in the Supporting Information), with a shielding
order P-555-555-1 (6 =—0.20 ppm) > M-555-555-1 (0.30 ppm) >
M-SSS-RRR-1 (0.97 ppm) =~ P-SS5-RRR-1 (1.08 ppm). These high-
field shifted signals are consistent with imploded conforma-
tions, as viewed in the crystal structure (Figure 2). To further
demonstrate the concave conformation of each cage in solu-
tion, ROESY experiments were performed (Figures S3-S6 in the

Supporting Information). Cross-peaks between the protons of
the trialkanolamine core and the aromatic and methoxy pro-
tons of the CTV unit directly evidence short distances between
the two moieties (<5 A) and are indicative of the imploded
conformations of these host molecules in solution. The inter-
proton distance between the most shielded NCH, proton and
its closest CTV aromatic-H (see Figure 1a and the Supporting
Information) was calculated, giving a distance for P-555-555-1/
M-RRR-RRR-1 in the range of 3.03-3.08 A, in agreement with
that measured from the crystal structure (3.08-3.53 A). More-
over, the implosion degree indicated by the calculated H--H
distances for each cage follows the same trend as that of the
chemical shifts of the shielded NCH, protons: P-S55-SS5-1 (aver-
age: 3.06 A) >M-555-S55-1 (3.21 A) > P-SSS-RRR-1 (3.86 A). The
measurement for M-SSS-RRR-1 failed due to peak overlap of
the two NCH, signals. These results suggest that the size and
shape of the cavity can be modulated by the chirality of its
constitutive chiral units. Notably, this imploded conformation
is also retained in other solvents such as [Dgltoluene and
[D¢IDMSO, and at higher temperatures (up to 373 K, Figures S7
and S8 in the Supporting Information).

Several physical properties of these cages are directly related
to the hierarchical modulation in the size and shape of their
inner cavities. With the increase of the implosion degree from
M-SSS-RRR-1 to P-S55-555-1, (i) the 'H NMR signal of the alcohol
proton becomes sharper and sharper (Figure 1a), (ii) their ex-
change with MeOD becomes increasingly difficult (Figure S9 in
the Supporting Information), and (ii)) the migration properties
of these compounds on TLC plates appears easier (R; equals
1.00, 0.47, 0.29, and 0.30 for P-SS5-S55-1, M-SSS-S55-1, P-SSS-
RRR-1, and M-SSS-RRR-1, respectively, Figure 1b). All these ob-
servations indicate that the alkanolamine core of the most im-
ploded cage P-5$55-$55-1, which occupies the inner cavity, is
well protected by the CTV shelter, significantly reducing its in-
teraction with the surrounding environment.

Coordination/de-coordination of metal ions can allow for dy-
namic motions and reversible nanomechanical processes of
molecular compounds;® we thus prepared the oxidovana-
dium(V)-1 hemicryptophane complexes, which were also devel-
oped as efficient oxidation catalysts recently.”’ The reaction of
each cage diastereomer with 1.0 equiv of vanadium(V) reagent
was carried out at room temperature in CDCl; and monitored
by "HNMR (Figures S10 and S11 in the Supporting Informa-
tion). Interestingly, it was found that the reaction rate with the
most imploded cage P-555-S55-1 was ten-fold slower than
those of the other three diastereomers, suggesting a higher
energy barrier for the reorganization of the structure for vana-
dium complexation. In addition, in the 'H NMR spectrum of
the vanadium@P-555-555-1 complex in CDCl;, the chemical
shifts of the NCH, protons are in the region of 1.28-1.78 ppm
(Figure S12). Compared to those of the free ligand (—0.20 and
0.95 ppm), these protons show an obvious down-field shift.
ROESY experiments performed on this complex reveal no NOE
correlation between the trialkanolamine unit and the CTV
moiety (Figure S13). These results are in agreement with
strong conformational changes leading to the inflation of the
molecular cavity through vanadium complexation (Figure 3).
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Figure 3. Graphical representation of the hemicryptophane cage switching
between its bi-stable states, that is, imploded and inflated conformations,
with external inputs. This switching can be done for at least three cycles.
The new inflated vanadium complex is able to further encapsulate the am-
monium guest, whereas the parent imploded ligand cannot.

Furthermore, tetramethyl ammonium (Me,N ") can be efficient-
ly bound by the vanadium@M-SSS-RRR-1 cage with a binding
constant of 547 M~ (Figure S14),® evidencing the presence of
a well-defined cavity in the complex. An MM3 model of vana-
dium@M-SSS-RRR-1 with Me,N" encapsulated inside the cavity
was prepared using SCIGRESS software (Figure S15).” Results
show that the distance d between the more shielded NCH,
proton and its closest CTV aromatic-H, as indicated in Figure 1,
has been expanded from 3.86 to 13.57 A. In contrast, when
similar experiments were performed with Me,N* and any of
the free molecular hosts 1, no characteristic complex-induced
shift of the Me,N* signal was observed, even after several
days. These results demonstrate that the inner cavity of the va-
nadium cage complex is accessible, whereas there is no avail-
able molecular cavity in the parent free host. Thus, it seems
clear that the vanadium acts as an inflator to fully inflate the
imploded cages.

To test the reversibility of the inflation-deflation dynamic
process, we studied the binding—unbinding properties of the
hemicryptophanes 1 with vanadium(V) oxytriisopropoxide. To
remove the oxidovanadium moiety from the cage ligand, an
excess of triethanolamine (TEA) was added to a solution of va-
nadium@M-555-555-1 in CDCl;. The NMR spectrum showed
that vanadium was fully de-coordinated from the cage ligand,
followed by immediate collapse, proving that the imploded
structure of the free ligand is much more stable than its globu-

lar form. Subsequent addition to this solution of an excess of
vanadium(V) oxytriisopropoxide recovered the initial shape of
the vanadium@hemicryptophane complex. This switch be-
tween the imploded and inflated bi-stable states has been per-
formed at least for three cycles in the case of M-SSS-RRR-1 (Fig-
ures 3 and Figure S16 in the Supporting Information). There-
fore, through the input of vanadium reagent or TEA as a stimu-
lus, the hemicryptophane cage can artificially “breathe”.

In summary, we have described herein a class of imploded
hemicryptophane cages. The level of collapse, which can be in-
dicated by the interproton distances between the CTV and tri-
alkanolamine units, have been measured, based on NOE cross-
peaks of the ROESY spectra. It was found that the imploded
degree of the cages can be controlled by varying the stereo-
chemistry of the constructing units. Stereomodulation of the
inner cavity also results in the regulation of their correspond-
ing physical and chemical properties. For instance, the reaction
between vanadium(V) oxytriisopropoxide and the most im-
ploded cage P-S55-S55-1 suffers from a slower reaction rate
compared to the other three diastereomers. Interestingly, vana-
dium complexation re-inflates the cage from its imploded con-
formation to a globular form, and the resulting vanadium core
can also be removed from the inner cavity according to exter-
nal coordination with TEA. Thus, this system is capable of
switching between the imploded and expanded bi-stable
states through external inputs, leading to a molecular breath-
ing motion. This class of molecular cage has, for the first time,
been exploited as a novel mode of switching, which is worth
exploring further for potential applications.
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