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Two molecular baskets are presented, which were constructed based on a resorcin[4]arene platform. The
molecules completely surround suitable guests, such as cyclo- or oxacycloalkanes, and bind them with
high strength. The thermodynamic parameters for inclusion complexation were determined as well as
the influence of encapsulation on the ring inversion barrier of bound cyclohexane. Two-dimensional
NMR spectroscopy clearly shows the existence of a directed attractive interaction between oxa-
cyclohexane and one of the hosts, which constrains the rotation of the bound molecule. Both containers
exhibit remarkable binding selectivity as a consequence of their precisely defined structures. They both
differentiate between homologous cycloalkanes, and whereas cyclohexane binds best within the larger of
the two interior cavities, cyclopentane fits best in the smaller one. The selectivity is governed by ideal
filling of space. We have conducted molecular dynamics experiments to understand the thermal fluc-
tuations in the cavity sizes when a guest is bound. The simulations show that within a very narrow range
the hosts adapt their binding site to different guests in order to optimize the fraction of occupied space.
Once a binding geometry is established, it is characterized by a very low degree of flexibility. The guest-
hosting properties of both molecules can be suspended by an external stimulus: addition of acid induces
an opening of portals in the structures and immediately releases all bound cargo. Neutralization of the
solution completely restores the initial state.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

sense of helical polymers.®" Provoking a geometry change in
rotaxanes or diarylethene molecular switches® can control, among

Molecular-scale functional systems' have emerged in eclectic
variety since Feynman’s fundamental reflections on such machin-
ery.? They are targeted at an enormous number of innovative
applications in fields such as materials and catalysis, energy har-
vesting, information storage and processing, or targeted delivery
and transport. Molecular switches are one such type of device:?
external stimuli can be used to toggle between distinct stable states
with different properties.

A particularly effective strategy in the construction of molecular
switches for exerting dynamic control over physical properties is to
provoke changes in molecular geometry:* to just name examples,
motion in interlocked molecules can modify their fluorescence or
conductivity and allow for the construction of macroscopic Boolean
logic gates* or nanoelectromechanical memory devices,*"
whereas light can be used to induce unidirectional rotation in
three-state chiroptical SWitChES,4h'k which then directs the twist
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other materials properties, the water repellency of surfaces.#st

Controlled mechanical motion has also been exploited to
modulate the guest-hosting properties of molecular (nano)systems,
whereby allosteric® and photoresponsive?®€ crown ethers repre-
sent classical examples. Most recently, (pseudo)rotaxane molecules
attached to the surface of mesoporous silica have been reported.
The molecular switches act as gatekeepers and allow encapsulation
of guest molecules within the pores of nanoparticles; stimulation
results in controlled release.’

Among switchable receptors are also the resorcin[4]arene
cavitands, introduced by Cram et al. in 1982 (Scheme 1).% At room
temperature and in organic solvents, the cavitands are exclusively
present in the vase conformation, whereas lowering the tempera-
ture’ or adding metal ions® or acid® converts the molecules to the
open, flat kite form. This controllable transformation has recently
been applied in the construction of molecular switches that un-
dergo precisely defined multi-nanometer expansion/contraction
movements.'®

In their pristine quinoxaline-bridged guise, the cavitands are in
principle capable of accepting guest molecules within their concave


mailto:diederich@org.chem.ethz.ch
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet

8308 T. Gottschalk et al. / Tetrahedron 64 (2008) 8307-8317

vase

Scheme 1. Structural representation for the tetraquinoxaline-bridged cavitand 3 and molecular models (MOPAC2007, PM6), illustrating the vase-kite equilibrium. The cavitand can
be switched to the kite conformation by lowering the temperature or by the addition of acid or metal ions.

interior.!! Still, as a consequence of their open-top geometry and
conformational flexibility, binding is weak and guest exchange
proceeds rapidly in the absence of additional rim functionaliza-
tion.!? Closed-shell structures enforcing an interior cavity do on the
other hand allow for the formation of stable and inert encapsula-
tion complexes. Uptake and release of smaller molecules into and
from these containers are then, however, difficult to control dy-
namically because exchange kinetics are a function of host struc-
ture: covalently closed surfaces completely inhibit guest exchange,
while the introduction of shell holes of appropriate size can allow
for entrance and egress of smaller species.® Self-assembled
capsules™ and cages' do additionally impose their own associa-
tion-dissociation dynamics on the exchange kinetics of their en-
capsulation complexes,?*16 and approaches to exert dynamic
control over guest uptake and release properties of enforced inner
phases have targeted influencing the self-assembly of supramo-
lecular structures.'4Pd

Herein, we report on the syntheses and on extensive binding,
molecular dynamics, and switching studies of the switchable bas-
kets 1 and 2 (Scheme 2), resorcin[4]arene-based container mole-
cules that accommodate suitable guests within well-defined
cavities and completely surround them. The molecules show re-
markable binding selectivity as a consequence of their precisely
defined geometry. Portals delimiting the cavity are opened upon
the addition of acid and binding is suspended as a result of
the induced change in structure. The process is fully reversible;
neutralization of the solution completely recovers the initial state.'”

2. Results and discussion

2.1. Container molecules with portals based on
a resorcin[4]arene platform

The switchable baskets 1 and 2 are constructed from a
resorcin[4]arene bowl, to which two quinoxaline flaps are appended
in anti-orientation (Scheme 2 and Fig. 1). Two diazaphthalimide
walls are connected to each other by a rigid hexa-2,4-diyne-1,6-diyl
bridge in the case of 1 and by an octa-3,5-diyne-1,8-diyl unit in 2.

The acetylenic connections cap-off the baskets and enforce pre-
cisely defined cavities within 1 and 2.

Pairs of adjacent phenol ethers, by which the quinoxaline flaps
are attached to the resorcin[4]arene bowl, act as hinges to open
these portals in the switching process. However, the barrier for the
required flip of the constrained nine-membered ring (Scheme 2,
highlighted in red) is high®® and at room temperature in solvents
such as acetone-dg, CDCls, or mesitylene-di;, the molecules are
exclusively present in their closed conformations.”

To assess the degree of rigidification caused by bridging the
cavitand structure with alkyne bridges, we have performed mo-
lecular dynamics experiments (1000 ps simulation time with 1.0 fs
time steps, MMFF94s force field, 300 K, GB/SA model for CHCls,
MacroModel 9.5).® Figure 2 compares the local conformational
space of vase-3, lacking any rim bridging, and the closed conformer
of 1. It is clear that the vase form of the tetraquinoxaline-bridged
cavitand 3 is poorly defined because the walls are subjected to
enormous fluctuation. In sharp contrast, closed-1 exhibits a highly
restricted local conformational space. The acetylenic bridge en-
forces the structure as a whole, including bowl and portals; a pre-
cisely defined cavity results.

2.2. Synthesis and purification

The key step in the synthesis of 1 and 2 is an oxidative acetylenic
coupling reaction of open-top precursor cavitands 4 and 5
(Scheme 2). Intramolecular coupling of 5 affords the basket 2 along
with a dimeric structure, the switchable tube 6, in a ratio of 2/
6=10:1. The two products can be separated by preparative high-
performance gel-permeation chromatography (GPC)."” Precursor 4
does not give isolable quantities of a dimerization product under
the coupling conditions, most probably because the resulting tube
would be too strained. The open-top precursor molecules are
formed by bridging the bis-anti-quinoxaline cavitand 7'° with the
propynyl- or butynyl-substituted 2,3-dichlorodiazapthalimide 8
and 9, respectively (Scheme 3). Synthesis of these wall units pro-
ceeds, in the case of 8, via condensation of 2,3-dichloropyrazine-
5,6-dicarboxylic acid anhydride?® with propargylic amine 10, or for

6 (from 5)

Scheme 2. Synthesis of switchable container molecules. (i) CuCl, CuCl,, DMF, 17 h; 20% (1), 31% (2), 6% (6).
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Figure 1. Molecular models (MOPAC2007, PM6) for the closed and open conformations of 1 and 2. The equilibria can be controlled by adjusting [H"] in their solutions. Legs and

hydrogen atoms are omitted.

9, by Mitsunobu-reaction®! of 2,3-dichlorodiazapthalimide?? with
homopropargylic alcohol 11.

GPC separation of basket 2 and tube 6 in CHCl3 (HPLC grade)
gave both compounds in high chemical purity as determined by
analytical GPC as well as 'H and 3C NMR spectroscopies in CDCls.
In acetone-dg, it became apparent that the sample of container 2
contained traces of residual CHCl3 after drying (102 mbar, >24 h,
298 K). We usually perform host-guest complexation studies on
these systems in mesitylene-dy,, which is the largest commercially
available deuterated solvent. It is too large to enter the cavity of the
baskets and does not compete for binding.”>?>14¢ Recording an 'H
NMR spectrum of 2 in this solvent showed only one set of host
signals (Fig. 3a). We therefore concluded initially that residual
CHCls is either not encapsulated or only weakly, with host-guest
exchange being rapid on the NMR chemical shift time scale.

In the case of 1, purification by GPC is not necessary and, after
work-up, we subjected the crude product to flash chromatography
in distilled technical grade CH,Cl,. Again, analytical GPC as well as
H and 3C NMR spectroscopies in CDCl3 indicated the presence of
only one host species. In mesitylene-di,, however, several sets of

host signals were observed. We initially attributed these to bound
impurities from the technical solvent. Using high-purity CH,Cl;
(‘Baker analyzed’ grade) for separation and drying the sample for
10 days at 1072 mbar (298 K) still left us with two sets of host
signals in "H NMR spectra, recorded in carefully distilled mesityl-
ene-dy; (Fig. 3d). It turned out that one set of signals corresponded
to free 1, whereas the second set was caused by the inclusion
complex CHyCl,c1. To attain a clear view on only the host reso-
nances, we bubbled Ar for 58 h at 298 K through a solution of 1 in
distilled mesitylene-di;, which purged the CH)Cl, impurity
(Fig. 3e).23

In preparation of comparative host-guest chemistry studies, we
had to ensure consistency between the baskets 1 and 2 in terms of
sample preparation and solvent used for purification. We therefore
subjected the crude product mixture of 2 and 6 to medium pressure
liquid chromatography (MPLC) in CH,Cl, (‘Baker analyzed’ grade).
Although this treatment is not effective for obtaining pure tube 6,
we were able to separate a homogenous sample of 2. In contrast to
what we had observed previously, the 'H NMR spectrum of this
sample in distilled mesitylene-di> showed only broad featureless

Figure 2. Overlays of 1000 structures of vase-3 (a) and closed-1 (b), sampled from molecular dynamics simulations. In both cases, the hexyl legs were substituted for methyl groups.
Whereas the structure of vase-3 is subjected to pronounced fluctuation, the local conformational space of closed-1 is very restricted.
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Scheme 3. Synthesis of the precursor cavitands 4 and 5. (i) 5,6-Dichloropyrazine-2,3-
dicarboxylic acid anhydride, (COCl),, THF, 17 h; 40% (8). (ii) PPhs, diethyl azodi-
carboxylate, 5,6-dichloropyrazine-2,3-dicarboxylic acid anhydride, THF, 20 h; 48% (9).
(iii) 8 or 9, i-Pr,NEt, DMF, 17 h, 40 °C; 60% (4), 62% (5).

signals (Fig. 3b). We attribute this behavior to the larger confor-
mational space of 2 as compared to 1. The additional two methylene
groups in the bridge allow for different conformations, which in our
interpretation interconvert and have lifetimes comparable to the
NMR time scale (500 MHz, 298 K). Gradually heating the sample to
350K allowed the observation of one set of well-resolved reso-
nances (these spectra are reproduced in Supplementary data).
Addition of CHCI3 to the sample at 298 K did also resolve the
spectrum: the basket binds the guest and its structure is stabilized
(Fig. 3c). These sharp resonances were identical to what we had
considered free host in all our earlier experiments (Fig. 3a), which
only allows the conclusion that we had previously dealt!” with host
2, fully occupied by residual CHCls.

Identically treated samples of 1 and 2 were then used to
quantify the amount and nature of impurities present, as well as to
estimate the association constants of their encapsulation com-
plexes. Both containers were purified in CH,Cl, (‘Baker analyzed’
grade) and dried for 10 days at 10~2 mbar (298 K). We then added
cycloalkane guests in excess to their solutions in carefully distilled
mesitylene-dq,, cyclohexane in the case of 2 and cyclopentane in
the case of 1. These are bound more strongly than the halogenated
solvents and therefore expel them from the cavity. In both cases,
one well-resolved set of signals resulted and all resonances corre-
sponded to the baskets fully occupied by cycloalkane guest. In ad-
dition, one sharp singlet at 6=43ppm ('H NMR, distilled

mesitylene-di,) was present, caused by free CH,Cl, (Fig. 3f).24 In-
tegration of this signal revealed stoichiometries of 1-0.55 CH;Cl,
and 2-0.50 CHCl,—an assignment, which was corroborated by
elemental analysis. Further decrease in the amount of residual
solvent is extremely slow (see Supplementary data): prolonging
the drying time to 25 days still leaves behind 0.48 equiv CH,Cl; in
the case of 1. All experiments described here were carried out after
10 days of drying, i.e., on samples containing 0.50 equiv CH,Cl; for 2
and 0.55 equiv for 1. This amount of residual solvent corresponds
to about 200 nL in a typical NMR experiment. Knowing the con-
centrations of all species present in the different solutions, we
were able to deduce association constants for halogenated sol-
vents in distilled mesitylene-di»: K, (CH2Cl,c1)=0.2x10° M},
K, (CHyCl, ©2)=0.5x10> M~ and K, (CHCl3c2)=1x10> M,

2.3. Host-guest chemistry

In the earlier communication, we had established that 2 binds
cycloalkane guests under enthalpy control.”” The container com-
pletely surrounds its encapsulated cargo and causes large diamag-
netic shifts for the hydrogen atom resonances of included molecules
("H NMR signals for encapsulated cycloalkanes appear at around
—3 ppm, see Fig. 3f). According to current knowledge, guest ex-
change requires the opening of at least one portal®> and therefore
a conformational flip of the constrained nine-membered ring, which
connects the bowl to a quinoxaline flap (Scheme 2, highlighted in
red). In accordance with this, we observed a sizeable enthalpic
barrier to guest self-exchange. We have also reported that 2 is highly
selective and prefers to encapsulate cyclohexane over its homolo-
gous cycloalkanes. This behavior is still clearly observed, as a com-
parison of the apparent association constants (Kapp) for the guests
with 2 in distilled mesitylene-di; (Table 1) indicates: cyclohexane is
bound most strongly in this series and with Kapp=(41+9.9)x 10> M~
it is preferred by 2 over cyclopentane, for which Kypp=(2447.1)x
10® M1 results. Cycloheptane is bound much more weakly, as the
value of Kapp=(0.96-:0.30)x 10> M~ shows. The absolute values are
about 10-fold higher compared to those measured earlier!” on the
CHCl3-occupied samples and certainly on the upper limit of what
can be determined from integration of '"H NMR spectra at slow ex-
change. As discussed, all apparent association constants given in this
account are measured in the presence of =0.5 equiv residual CH,Cly
and possibly other binding impurities below the detection threshold
of '"H NMR spectroscopy. However, the values are comparable to
each other because the amount of impurities present is the same in
all experiments reported here.

Container 1 is slightly smaller than 2. Determining the apparent
association constants for cycloalkanes with 1 (Table 1) allowed us

i
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Figure 3. Portions of 'H NMR spectra (500 MHz, 298 K, mesitylene-d;5). Basket 2 after separation by preparative GPC in CHCl; (a), after separation by flash chromatography in
CH,Cl, (b), and after separation by flash chromatography in CH,Cl, and addition of 2 equiv CHCls (c). Basket 1 after separation by flash chromatography in CH,Cl, (d), after
separation by flash chromatography in CH,Cl, and purging with Ar for 58 h at 298 K (e), and after separation by flash chromatography in CH,Cl, and addition of 3 equiv cyclo-
pentane (f). The encapsulated guest appears at —3.16 ppm; *: free CHCls; #: bound CHCls; §: free CH,Cly; : CHyCl,C 1.



T. Gottschalk et al. / Tetrahedron 64 (2008) 8307-8317 8311

Table 1

Packing coefficients, apparent association constants, and thermodynamic parameters determined by van’t Hoff analysis of VT-NMR data for encapsulation compounds

Complex PCstatic PCub Kapp (103 M~ 1) AG?*3X (kcal mol 1)° AH (kcal mol~1) AS (calK™1)
Cyclobutanec1 0.48 0.47+0.04 0.95+0.12 —4.1+0.08 —< —
Cyclopentanec1 0.58 0.53+0.04 9.74+0.84 —5.4+0.05 —6.3+0.28 —3.1+0.85
Cyclohexanec1 0.70 0.61+0.05 2.34+0.32 —4.6+0.09 —5.3+0.20 —2.3+0.48
Oxacyclobutanec1 0.42 — weak® —e —e —e
Oxacyclopentanec1 0.53 —d 24445 —6.0+£0.12 —8.0+0.70 —6.8+1.38
Oxacyclohexanec1 0.64 —d 48+5.8 —6.4+0.08 —8.7+0.55 —7.5£1.70
Oxacycloheptanec1 0.76 — 3.7+0.85 —4.9+0.15 —71+0.35 —7.5£1.08
Cyclobutanec2 0.38 0.44+0.04 1.1+0.26 —41+0.16 —< —<
Cyclopentanec2 0.46 0.52+0.04 24+7.1 —6.0+0.21 —10+0.59 —15+1.8
Cyclohexanec2 0.55 0.54+0.05 41+9.9 —6.3+0.16 —12+0.52 —19+1.6
Cycloheptanec2 0.64 0.61+0.05 0.96-+0.30 —41+0.22 —7.94+0.21 —13+0.64

All measurements were conducted in distilled mesitylene-d5.
3 Determined by integration of "H NMR spectra at slow exchange.
b Calculated from Kapp.

¢ Although solutions of cyclobutane (bp 12 °C) in mesitylene-d,, were found stable enough to determine K, the concentration was not stable in variable temperature (VT)
experiments: all VT experiments were conducted in the order of increasing temperatures, and, after cooling down to room temperature again, the concentration of the guests
was checked. For all guests except cyclobutane, no significant evaporation was observed.

4 Not determined.
¢ Binding is too weak to accurately determine Kjpp.

to observe a shift in selectivity: with Kapp=(9.7+0.84)x10° M},
cyclopentane is in this case preferred over cyclobutane
(Kapp=(0.95+0.12)x10* M~1) and cyclohexane with Kypp=(2.3+
0.32)x103M~L Cycloheptane is not bound. To rationalize this
selectivity, we have calculated the packing coefficients (PCs) for the
encapsulation complexes and applied the so-called 55% rule. This
solution, elegantly elaborated by Mecozzi and Rebek, applies to
apolar binding events and says that a molecule-within-molecule
complex is favored, when the guest fills 55+9% of the available
space (PC=0.55+0.09).>% Tighter ensembles have to invest too
much of their translational and rotational freedoms in the binding
event, whereas in looser complexes, the guest fails to maximize the
enthalpic benefits of nestling to the inner host surface. The rule has
been validated in a number of synthetic host-guest systems, ?>27
and we have recently applied it to an enzyme environment.?

To determine the packing coefficients, the molecular volume of
the guest and the volume of the available cavity have to be calcu-
lated. We previously performed these calculations by the so-called
cavity-filling method.?®?® This means that a tight hydrocarbon
network is constructed inside the host. If a molecular modeling
package is used, which does not count overlapping volumes twice,

(a)

145 A3

subtracting the volume of the empty host from the volume of the
container with the network inside delivers a good estimate for the
space within. A slightly different approach to determine interior
volumes is implemented in software packages used in structural
biology, such as Voidoo:%° the cavity is filled with spherical probes
that are positioned on a grid and all non-overlapping volumes that
can be occupied are summed up. Employing the latter method
and the atomic radii of Bondi,*® which are particularly suitable for
volume considerations, the cavity size of 1 was determined as
145 A3, whereas 2 has 184 A? of space on the inside. The cavities
determined by these methods are illustrated in Figure 4.

It has to be pointed out here that using different sets of atomic
radii will deliver different cavity volumes, different guest volumes,
and possibly different packing coefficients. However, the absolute
value of 0.55 as an optimum packing coefficient is less central than
the fact that there is an optimum packing coefficient for series of
inclusion complexes. Relating quantitative binding data to PCs
determined by the same method using the same parameters and
atomic radii is, however, a very suitable approach to gain important
and fundamental insights into the molecular recognition properties
of pockets and cavities.

184 A3

Figure 4. Visualization of the available cavity space within models for 1 (a) and 2 (b). The geometries were optimized with MOPAC2007 (PM6) and the cavity volumes were

determined with Voidoo. Hexyl legs were substituted for methyl groups.
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In this case, determining the packing coefficients of our
complexes with both methods outlined above gave essentially the
same results: cyclohexane occupies 55% of the space within 2 when
volumes are calculated with Voidoo, whereas the cavity-filling
method gives 56%. Cyclopentane fills 46% (47%), whereas cyclo-
heptane needs 64% (65%). Cyclooctane, corresponding to 72% cavity
occupation, is not bound.

Host 1 differs only by a subtle structural modification: on each
side of the butadiyne unit, the bridge comprises one methylene
group less. This difference has consequences on the cavity volume
and therefore on binding selectivity. Cyclopentane, filling 58%
(given are results from Voidoo, the values obtained by the cavity-
filling method are similar) of the interior, is now the preferred
binder. Cyclobutane (48%) and cyclohexane (70%) are bound
significantly weaker. An encapsulation complex of 1 with cyclo-
heptane would correspond to 81% occupation and is not formed.

The quality of attractive interactions between host and guest is
clearly dependent on cavity occupation. This is evident from the
relative apparent association constants as discussed above, but also
from different behavior of cyclohexane inside the two baskets at
lowered temperature. We cooled a solution of cyclohexane in
acetone-dg to 189 K, where the axial and equatorial hydrogen atoms
give different signals in 300 MHz 'H NMR spectra. From the
separation of the resonances (Av) and the temperature, at which the
signals coalesce upon warming up (Tc), the activation barrier for chair
inversion at coalescence (AGZ ) can be calculated.3! For cyclohexane
in acetone, we determined this value as AGZ =10.3140.05 kcal mol~!
(Av=142 Hz, T.=228 K), which compares well with the literature
data®'® For cyclohexane encapsulated within 1, we observed
no significant change in AGZ, which now amounts to 10.34+
0.05 kcal mol~! (Ar=301 Hz, T.=236 K). Cyclohexane bound in the
cavity of 2, however, shows a small but significant increase for the
barrier to ring inversion AGZ =10.56-:0.05 kcal mol~! (Av=209 Hz,
T=237 K). The observed additional activation free enthalpy of
AAGZ =0.25+0.10 kcal mol ! that is required for the ring flip inside
only the larger container is similar to what Rebek et al. have observed
for cyclohexane inside a dimeric host (the so-called ‘Jelly Doughnut’).
The increase in activation energy for cyclohexane ring inversion was
attributed by them to favorable interaction of the host with the
ground state of cyclohexane.?

Only the larger 2, in which cyclohexane does optimally fill the
cavity, stabilizes the chair conformation to the extent that an
increase in AGZ is observed. Cyclohexane c1 is packed too tightly;
stabilization of the chair is less pronounced and does not effect
a change in AGZ. The larger frequency separation Av inside 1 is
indicative of an anisotropic effect: interaction of the host with axial
and equatorial hydrogen atoms of cyclohexane is more different in
the case of 1, which is presumably caused by a preferred position of
the guest inside the cavity. Rotation of the guest around its C; axes
must be more restrained in the smaller 1 as a consequence of the
higher packing coefficient.

The electronic environment within the cavity of both container
molecules is not isotropic. The bottom, with the resorcin[4]arene
bowl, is quite electron rich. In contrast, the upper part has a more
electron-deficient surrounding, with the two quinoxaline portals,
the butadiyne bridge, and in particular the two rigid diazaph-
thalimide walls. Hence, we added a series of cyclic ethers to
container 1 in distilled mesitylene-dy; to evaluate if interaction of
their electron-rich oxygen atoms with the upper part of the cavity
leads to a preferred orientation of the bound guests and provides for
additional stabilization of the encapsulation complexes. In this
series, oxacyclohexane (tetrahydropyran) is bound with a 20-fold
higher apparent association constant than its carbocyclic
analogue and gives the strongest complex of the series with
I(app:(4815.8)x103 M~! (Table 1). The cavity occupation is
64%. Oxacyclopentane (tetrahydrofuran, 53% occupation,

Kapp—(24+4.5)x103> M) is bound more weakly than its larger
homologue, but still twice as well as cyclopentane. Oxacyclobutane
(oxetane, 42%)is only weakly bound, while significant encapsulation
of oxacycloheptane (oxepane, 76%) is still observed with
Kapp:(BJiO.SS)xlO3 M~L. When additional polar stabilization,
such asdipolar C;0---C=0 interactions between guest and the imide
moieties,>> complements the C-H---m interactions in such molecule-
within-molecule complexes, association is clearly enhanced. The
optimum cavity occupation seems higher; slightly tighter com-
plexes seem to be preferred. However, K;p, values for the cyclic
ethers in 1 are on the upper limit of what can be determined by
integration of NMR spectra at slow exchange and the resulting errors
are sizeable. Binding of the ethers in 2 is so strong that meaningful
data could not be derived from integration of '"H NMR spectra. Fur-
ther quantitative work to clarify the influence of different associative
interactions on the optimum packing coefficient in encapsulation
complexes is therefore clearly necessary.

A distinct geometrical preference for oxacyclohexane binding in
1 was unambiguously detected by an 'H-'H rotating-frame Over-
hauser spectroscopy (ROESY) experiment (500 MHz, 300 K, mesi-
tylene-di2; a reproduction of the spectrum is contained in
Supplementary data): cross-peaks appeared between the signals
for hydrogen atoms in 4-position of oxacyclohexane (H*) and the
resonances for aromatic hydrogen atoms in the resorcinarene bowl,
but not between signals for H* and the methylene hydrogens in the
hexadiyne bridge (HF). Cross-peaks between signals for oxacyclo-
hexane H%/® and the methine protons of the container (Ha/"’/) were
not visible, instead a strong correlation between H2/® and Hf was
observed. These results reveal an orientation of the guest, which
interacts with its ether oxygen atom more favorably with the more
electron-deficient upper cavity environment. In addition, the
appearance of cross-peaks between signals for H* and the methine
protons underneath the imide walls (H¥) but not to those
underneath the quinoxaline portals (H?) indicates a preferred ori-
entation of the guest parallel to the diazaphthalimide moieties,
presumably caused by attractive dipolar C;0---C=O0 interactions
between guest and host.>

To further characterize the binding events, we determined the
thermodynamic parameters for three series of encapsulation
compounds: cycloalkanes within 1 and 2, as well as the cyclic
ethers within 1. The results obtained by van’'t Hoff analysis of
variable temperature TH NMR data in distilled mesitylene-di, are
summarized in Table 1. Binding is clearly enthalpy-driven, with AH
values between —5 and —12 kcalmol~L. The entropic costs for
encapsulation were measured as —2 to —20 calmol~!' K, corre-
sponding to values for TAS at 298 K between —1 and —7 kcal mol™".
We were interested in whether tighter ensembles pay relatively
higher entropic costs, as compared to the most favorable com-
binations, so we plotted AH against AS for complexes of both 1
and 2 (Fig. 5). Linear regression over all data points is indicative
of a situation subjected to enthalpy—entropy compensation.>*
Thermodynamic data do not indicate sizeable correlation between
cavity occupation and relatively higher or lower entropic penalties
in the formation of molecule-within-molecule complexes.

For the determination of the packing coefficients, we had used
molecular structures for the containers that were optimized with
the semiempirical PM6 method as implemented in MOPAC2007.3°
Certainly, the determination of void volumes in static structures is
intrinsically approximative with respect to packing in encapsula-
tion complexes because, as shown in Figure 2b, the molecules are
subjected to some degree of conformational fluctuation and guest
binding can also affect geometrical changes.

Molecular Dynamics (MD) simulations allow the evaluation of
molecular geometry under consideration of thermal fluctuation,
and we have employed such methods to assess the rigidification
that results from the acetylenic bridge in 1 (see above). Using MD
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Figure 5. Enthalpy-entropy compensation. Thermodynamic parameters are plotted
for encapsulation complexes with 1 (filled circles) and 2 (empty circles).

simulations, we wanted to further complement the determination
of packing coefficients and overcome the approximative nature of
void volume calculations on static structures. We were also in-
terested to what extent guest binding within our baskets is medi-
ated by an induced-fit behavior.

Therefore, we subjected both series of cycloalkane encapsulation
compounds to MD experiments (1000 ps simulations with 1.0 fs
time steps, MMFF94s force field, 300 K, GB/SA model for CHCls,
MacroModel 9.5).® For each of the complexes, we sampled 1000
structures over the simulation time, removed the guest molecules,
and submitted all resulting host geometries to the program Voi-
doo.?° The time-averaged cavity sizes further corroborate that ge-
ometry and binding site of the baskets are not subjected to
pronounced fluctuation, but depending on the guest size, the bind-
ing event is characterized by some degree of induced-fit behavior.

For the preferred complexes cyclopentanec1 and cyclohex-
ane c 2, packing coefficients of PCstatic=0.58 and PCgatic=0.55 were
determined on the static structures. Results from the dynamics
runs give values of PCyp=0.53+0.04 and PCyp=0.52+0.04, re-
spectively. The best binders fill identical fractions of the interior
space. Once the host has accepted a guest, the cavity size is locked,
as indicated by the small standard deviations over all processed
structures. Cyclobutane € 1 shows no adaptation of the container to
the guest (PCstatic=0.48, PCyip=0.4740.03), whereas in the tighter
complex cyclohexanec1 (PCgac=0.70) some widening of the
cavity is enforced (PCpp=0.6140.05). A cavity occupation of 70% is
not tolerated and the molecule has to expand its structure in order
to accept the guest. For the larger container, a very similar picture
emerges: formation of  cyclobutanec2 (PCstatic=0.38,
PCpp=0.4440.04) induces some contraction of the host, although
only to a limited extent. Cyclopentanec2 (PCgtatic=0.46,
PCyp=0.52 + 0.04) also causes the larger container to slightly
reduce its cavity size, whereas in cycloheptane 2 (PCstatic=0.64,
PCpp=0.61+0.05) we observe minimal time-averaged widening.

Thus, molecular dynamics experiments reveal that the con-
tainers can adjust their geometry, if this leads to more favorable
filling of space. Other cases are known where the guests also adaptin
order to fill an optimum fraction of a cavity.!2272£28.36 | inear alkane
chains, e.g., which are too long to be encapsulated in a given space,
will assume unfavorable gauche conformations, if the resulting
encapsulation complexes have favorable packing coefficients.

In the cases studied here, the guests cannot change their volume
significantly. The hosts adjust to the different guests, but the
adaptability is limited, with PCs changing by less than 0.1. Changes
in cavity size require the quinoxaline flaps to move inward or
outward; in both cases, the host molecules have to move away from
their lowest-energy geometries and strain is introduced. For the

best binders in the two series of encapsulation compounds studied
here, packing coefficients closest to 0.55 were determined on the
static structures and K,pp of 10* M~ are only observed when the
adapted complex lies in the narrow range of 52-54% cavity occu-
pation. For host-guest combinations that lie somewhat away from
the optimum filling of space, the hosts contract or expand, in order
to come closest to an optimum value for cavity occupation—until
the costs for further adjustment would jeopardize the enthalpic
gain of the binding event. As a consequence, packing coefficients
determined on the static thermodynamic minimum structures
represent a good estimate for the time-averaged situation, at least
for the relatively rigid systems studied here.

2.4. Conformational switching and reversibly controllable
guest encapsulation

A key property of resorcin[4]arene cavitands is their ability to
reversibly change their conformation upon stimulation. When a so-
lution of the tetraquinoxaline-bridged cavitand 3 is treated with
CF3COOH, the equilibrium between vase-3 and kite-3 is completely
shifted to the open conformation. Protonation of the mildly basic
quinoxaline nitrogen atoms introduces positive charges that repel
each other.? As a consequence, the nine-membered rings connecting
the quinoxaline walls to the bowl flip over and the flaps assume the
sprawled out positions illustrated in Scheme 1.37 This conforma-
tional change is commonly monitored by the highly diagnostic 'H
NMR signal for the methine protons underneath the quinoxaline
walls (H?, see Scheme 2).*° The resonance appears at rather low
field in vase-3 (6=5.56 ppm, CDCl3, 298 K) because the protons are
located in the deshielding zone of the neighboring aromatic rings.
When the solution is acidified with increasing amounts of CF3COOH
up to a concentration of 0.4 M, the methine resonance moves
gradually upfield and comes to stand at §=3.80 ppm, which is in-
dicative of fully opened structures, as comparison with kite-locked
resorcin[4]arenes such as velcrands?%3® (§=3.52 ppm) or an octa-
nitro derivative'®? (6=3.90-3.96 ppm) shows.

A major objective in the design of 1 and 2 was to preserve two
quinoxaline walls as gates to open the cavities. To characterize the
behavior of our containers in this respect, we titrated solutions of 1
and 2 in different solvents with CF3COOD and monitored the po-
sition of the "H NMR signals (500 MHz, 298 K) for H* (underneath
the quinoxaline walls, red lines in Fig. 6) and for H* (underneath
the rigid imide walls, blue lines). It turned out that in both CDCl3
(dashed lines) and CD,Cl; (solid lines), for both 1 (triangles) and 2
(circles), the resonance for H* did only marginally change position

1 2 3 4 5 6 7 8
[CF;COOD] /M —

Figure 6. Switching profiles of the container molecules 1 (triangles) and 2 (circles), as
well as, for comparison, for precursors 4 (diamonds) and 3 (squares) in CDCl; (dashed
lines) and CD,Cl, (solid lines). Blue: resonance of H* underneath the imide walls; red:
resonance of H* underneath the quinoxaline gates.
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Figure 7. Reversibly controllable guest encapsulation within 1. Shown is the 'H NMR signal (500 MHz, 300 K, mesitylene-d;) for bound cyclopentane ([1]=3.5 mM, 0.5 equiv guest
present). (a) Increasing amounts of CF3COOD are added and the guest is released. (b) After acid addition, neutralization of the solution with NEt; immediately and completely
restores binding. An ionic liquid is formed by the salt, which was removed by syringe prior to data acquisition.

upon acidification, indicating that the bridged walls above these
hydrogen atoms are indeed rigid and cannot move outward.

For H?, a different picture emerged: in CD,Cly, this resonance for
the larger 2 did slowly move upfield, with a maximum chemical shift
difference of Ad=-1.40 ppm. The magnitude of this value is com-
parable to the open-top cavitands (Aé=-1.78 ppm in the case of 4)
and indicates almost complete opening of the flaps with essentially
exclusive population of the open conformations. Instead of
[CF3CO00D]=0.4 M, however, a concentration of 9 M is required.
Owing to the rigidified framework, opening induces substantial
strain in 2 and the process is more difficult to effect as compared to
the unbridged structures. Basket 1is more rigid and, in accordance, it
is even more difficult to shift the equilibrium from closed to open: in
CD,Cly, signals for H* moved by Aé=—0.50 ppm at [CF3CO0D]=9 M.

In addition, solvent effects have to be considered: CD,Cl; is
bound by both containers, which works in favor of the closed
forms.’® Such stabilization can be observed to a higher extent when
the baskets are switched in CDCls, which fits very well in the cav-
ities (the solvent occupies 38% of the space within 2 and 49% in the
case of 1). In this case, the resonance for H* in 2 changes position by
A6=-0.86 ppm, whereas for 1 a shift of only 0.21 ppm results.

Overall, however, the containers exist in closed and open con-
formations, and, with varying ease, we can progressively increase
the population of the latter forms in their equilibria.

We finally went on to evaluate the key property of our novel
container molecules. We added the preferred guest molecules to
solutions of 1 and 2 in mesitylene-d;; and subjected the resulting
encapsulation complexes to the switching stimulus. As shown in
Figure 7a, container 1 completely lost its cargo at [CF3COOD]=2.0 M.
Basket 2 behaves essentially identical. The addition of only small
amounts of acid is sufficient to release the encapsulated guests
because once the HT concentration in solution is increased, open
conformations of 1 and 2 become populated, which are in fast
equilibrium with the closed forms. As a consequence, the ensemble’s
constrictive barrier to guest release is completely suspended.

The process is fully reversible: it is illustrated in Figure 7b, how
neutralization of the acid with base completely and immediately
restores binding within the basket 1. Again, this observation is
identical in the case of 2. If NEt3 is used to neutralize the acid
CF3CO0D, a room-temperature ionic liquid is formed,*® which
phase separates and can be conveniently removed by syringe. Only
the starting encapsulation complex in mesitylene-d;; is left and the
cycle is completed.

3. Conclusion

In summary, we have reported the synthesis and properties of
the novel container molecules 1 and 2. The molecules completely

surround suitable guests within their cavities. The well-defined
structures of the baskets lead to strong intrinsic and constrictive
binding of smaller molecules with very high selectivity. The
selectivity is governed by optimum volume occupancy and the
containers can slightly adjust the size of their binding sites to
optimize the fraction of filled space. This adaptation is, however,
only effective if the volume of the guest does not differ much from
optimum. The closed conformations of both 1 and 2 are in equi-
librium with their respective open forms, and the addition of acid
leads to population of the latter. The open forms have no enforced
cavity and instantly release the guest. The process is fully
reversible: addition of base completely and immediately restores
the guest-hosting properties of the switchable molecular baskets.
Enforced inner spaces with switchable portals could assume
growing importance for exerting dynamic control over the kinetics
of chemical reactions on the inside of molecules. Furthermore, the
principle of highly selective hosts, which hold their cargo over long
periods of time, and open their stowage in response to a stimulus
hold enormous potential in applications such as controlled release
of active molecules.

4. Experimental
4.1. Syntheses

Imide 9, precursor cavitand 5, and basket 2 were synthesized
according to the procedures we have described in the preliminary
communication.'” Cyclobutane was obtained by Wolff-Kishner
reduction of cyclobutanone.*°

4.1.1. General methods

Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were
purchased from Fluka ([H,0] <0.005%). All reactions were carried
out under a dry N atmosphere in flame-dried glassware following
standard Schlenk techniques. Air was dried by slow passage through
25 cm Blaugel. 'H and >C NMR spectra were recorded at 298 K on
a Bruker ARX 300 or a Bruker Avance DRX 500 spectrometer unless
otherwise stated. >C NMR spectra are 'H broadband decoupled.
Chemical shifts 6 were referenced to tetramethylsilane (TMS) as an
internal standard. High-resolution FT-MALDI ion cyclotron reso-
nance (MALDI-ICR) mass spectra were recorded on a Varian lon Spec
Ultima FT-ICR-MS, with 3-hydroxypyridine-2-carboxylic acid as the
matrix. IR spectra were measured of neat samples on a Varian 800
FT-IR spectrometer and absorptions 7 are given, with specification of
the intensity as s=strong, m=medium, and w=weak. Melting points
were determined on a Biichi B-540 melting point apparatus in open
capillary tubes and are uncorrected. Elemental analysis was carried
out by the Mikrolabor at the Laboratorium fiir Organische Chemie,
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ETH Ziirich. Flash chromatography was done as described by Still
et al.*! Medium Pressure Liquid Chromatography (MPLC) was run on
a Biichi Sepacore system. Stationary phase for flash chromatography
and MPLC was silica gel 60 (Silicycle, 230-400 mesh). Solvents used
for MPLC were technical grade and distilled prior to use unless
otherwise noted. High-performance gel-permeation chromatogra-
phy (GPC) was run on a Merck-Hitachi LaChrom D-Line system at
25 °C with UV-detection at 250 nm. HPLC-grade CHCl3 was used as
the mobile phase. Stationary phase was a NovoGROM SDV-Gel
100 A, 10 pm GPC-column of 300x8 mm dimensions; the flow rate
was 1 mL/min.

4.1.2. 2,3-Dichloro-5,7-dioxo-6-(prop-2-inyl)-6,7-dihydro-5H-
pyrrolo[3,4-b]pyrazine (8)

5,6-Dichloropyrazine-2,3-dicarboxylic acid anhydride (4360 mg,
19.9 mmol, 1.1 equiv) was suspended in 250 mL THF, propargylic
amine was slowly added (997 mg, 1159 puL, 18.1 mmol, 1.0 equiv), and
the mixture was heated to gentle reflux for 2.5 h. Then the clear,
orange solution was cooled to room temperature, placed in a water
bath (=15 °C), and oxalyl chloride was added dropwise (2642 mg,
1816 puL, 20.8 mmol, 1.2 equiv). Upon the addition of pyridine
(4295 mg, 4392 pL, 54.3 mmol, 3.0 equiv), considerable efferves-
cence was observed and a voluminous, cream-colored precipitate
appeared. After stirring the mixture for 17 h at room temperature,
the dark brown suspension was filtrated through Celite and con-
centrated to dryness. The residue was taken up with CHyCl;
(300 mL) and a brown solid was removed from the orange-brown
solution by filtration. The filtrate was concentrated and the resulting
solid remainder was recrystallized from MeOH (170 mL) to give
1855 mg (7.2 mmol, 40%) of a pale golden, flaky, glimmery solid. Mp
229 °C; Ry: 0.40 (CHClp); IR: # = 785m, 9215, 1012m, 1118s, 1140s,
1162m,1223m, 1291m, 1311m, 1397m, 1426m, 1482w, 1546w, 1719s,
1736s, 1801w, 2859m, 2934m, 3304scm™'; 'H NMR (500 MHz,
CDCl3): 6=2.29 (1H,t,J=2.3 Hz),4.56 (2H, d,j=2.2 Hz) ppm; >*CNMR
(75 MHz, CDCl3): 6=27.89, 72.83, 75.71,143.94, 153.94, 160.81 ppm;
HRMS (MALDI-ICR): m/z=255.9679 [MH]|*, CoH3N30,Cl,H ™ requires
255.9675. Elemental analysis, found: C 42.45, H 1.04, N 16.41;
CgH3N30,Cl; requires: C 42.22, H 1.18, N 16.41%.

4.1.3. (175,18s,195,20s)-17,18,19,20-Tetrahexyl-2,4,6,8,10,12,16-
octaoxa-3,11(2,3)-diquinoxalina-7,15(2,3)-bis[5,7-dioxo-6-(prop-2-
inyl)-6,7-dihydro-5H-pyrrolo[3,4-b]pyrazina]-1,5,9,13(1,2,4,5)-
tetrabenzenapentacyclo[11.3.1.7°.1>7.1%Bicosaphane (4)

r-11,c-13,c-29,c-36-Tetrahexyl-7,10:12,15:24,27:29,32-tetra-
ethano-8,31:14,25-dimethano-11H,28H-[1,4,14,17]-tetraoxacyclo-
hexacosino[2,3-b:15,16b’]diquinoxaline-36,38,42,43-tetrol  (7)
(1212 mg, 1.1 mmol, 1 equiv) was dissolved in 60 mL DMF and
imide 8 was added (846 mg, 3.4 mmol, 3 equiv). N,N-Diisopropyl-
ethylamine was added dropwise (727 mg, 980 uL, 5.6 mmol,
5equiv) and the clear yellow solution became green brown
within 15 min. After stirring for 17 h at 40 °C, the mixture had
become dark black brown and the solvent was removed in vacuo.
Purification by MPLC (hexane/EtOAc) gave 969 mg (0.67 mmol,
60%) of a yellow solid. Mp 220 °C; R=0.40 (hexane/EtOAc=2:1);
GPC: tg=8.6 min; IR: 7 = 761m, 896m, 935w, 1016w, 1066w,
1118m, 1157m, 1201m, 1230w, 1261w, 1331s, 1369s, 1412m, 1482w,
1735s, 1795w, 2857m, 2927s, 3075w, 3296mcm '; 'H NMR
(500 MHz, CDCl3): 6=0.87 (12H, m), 1.16-1.46 (32H, m), 1.93 (2H,
t, J=2.4Hz), 2.20 (8H, m), 435 (4H, d, J=2.4Hz), 542 (2H, ¢,
J=8.1Hz), 5.57 (2H, t, J=8.0 Hz), 7.16 (4H, s), 7.47 (4H, m), 7.93
(4H, m), 8.01 (4H, s) ppm; 3C NMR (75 MHz, CDCls): 6=14.25,
22.85, 27.36, 28.10, 29.51, 29.54, 32.04, 32.06, 32.58, 32.68, 34.50,
34.55, 72.16, 76.73, 118.89, 123.93, 128.59, 129.91, 135.62, 136.87,
139.82, 141.74, 152.19, 152.26, 153.21, 158.51, 161.35 ppm. HRMS
(MALDI-ICR): m/[z=1443.5901 [MH]"; CggH7gN10012H' requires
1443.5873.

4.1.4. (13s,195,23s,265)-13,19,23,26-Tetrahexyl-2,11,24,25-octaoxa-
16,21(2,3)-diquinoxalina-3,10(2,3 )-bis(5,7-dioxo-6,7-dihydro-5H-
pyrrolo[3,4-b]pyrazina)-1,12,14,18(1,2,4,5)-tetrabenzenahexa-
cyclo[10.7.3.1+12.1318 11014 11418 ]hexacosaphane-5,7-diyne (1)

Precursor cavitand 4 (434 mg, 0.3 mmol, 1 equiv) was dissolved
in DMF (150 mL). CuCl (1488 mg, 15 mmol, 50 equiv) was added in
one portion, and the solution became brown and cloudy. After
addition of CuCl, (431 mg, 3.0 mmol, 10 equiv), the solution
became green and cloudy and air was gently bubbled through for
15 min. The black-green mixture was stirred at room temperature
for 16 h and diluted with CH,Cl, (200 mL, ‘Baker analyzed’ grade).
The organic phase was washed with saturated aqueous NH4Cl
solution, until the washing liquors stayed colorless (4x150 mL),
with H,0 (150 mL), and saturated aqueous NaCl solution (100 mL).
After drying (MgS04) and concentration in vacuo, a yellow solid
remained. This material was purified by flash chromatography
(CHCly, ‘Baker analyzed’ grade) to give 1 as a colorless solid (82 mg,
0.06 mmol, 20%), which was dried for 10 days at 10~2 mbar (298 K).
Mp >248°C (dec); R=0.60 (CH,Cl;/MeOH=100:1); tr (GPC)=
8.7 min; IR: ¥ = 637w, 761m, 896w, 1061w, 1157m, 1199m, 1261w,
1329m, 1370s, 1411m, 1481w, 1680w, 1745s, 1792w, 1935w, 2857m,
2927s cm™'; 'TH NMR (500 MHz, CDCl3): 6=0.94 (12H, m), 1.31-1.53
(32H, m), 2.26 (8H, m), 4.44 (4H, s), 5.56 (2H, t, J=8.2 Hz), 5.73 (2H,
t,J=8.2 Hz), 7.23 (4H, s), 7.61 (4H, m), 8.15 (4H, m), 8.21 (4H, s) ppm;
13C NMR (75 MHz, CDCl3): 6=14.08, 22.67, 27.62, 27.94, 27.98, 29.33,
29.38, 31.86, 31.91, 32.34, 32.75, 34.10, 34.18, 66.95, 70.79, 119.08,
123.74,128.76,129.90, 135.61, 136.92, 139.52, 141.78, 152.02, 152.32,
153.09, 158.62, 160.54 ppm. HRMS (MALDI-ICR): m/z=1441.5743
(M™); CggH76N10072 requires 1441.5717. Elemental analysis, found:
€ 69.89, H4.98, N 9.34; [CgsH76N10012-0.5CH,Cl;] requires: C 69.85,
H 5.22, N 9.41%.

4.2. NMR experiments

Containers 1 and 2 were directly weighed into new NMR tubes
using a Mettler AT-20 balance and dissolved with mesitylene-dy;
(purchased from ARMAR Chemicals), which had been carefully
distilled over a 10 cm Vigreux column. Stock solutions of the guests
were prepared (2% v/v in distilled mesitylene-di3) and an aliquot
was added to the host solutions. Liquid guests were purchased from
major suppliers and used without further purification. In the case of
cyclobutane stock solutions, their concentration was checked by
comparison to a cycloheptane standard before addition to the host.
Concentrations of 1 and 2 were =3-4 mM and 0.6 equiv of guest
was added. "H NMR spectra were recorded on a Bruker Avance DRX
500 spectrometer with TMS as an internal standard at 298 K and
processed with Bruker TopSpin software.*? Pulse angle was 30° and
acquisition time 5 s. Recording a spectrum of a representative host-
guest complex with an additional delay of 10 s between two scans
verified that relaxation was complete. The full sequence of Fourier
transformation, phase and baseline correction, and integration was
repeated at least three times to obtain values for Kypp+0. For the
determination of thermodynamic parameters, 'H NMR spectra
were recorded at 6-7 temperatures, which were measured with
a Greisinger GMH 3710 high-precision thermometer connected to
a platinum four-wire temperature sensor embedded in an NMR
tube, which was inserted into the probehead instead of the sample.
Values for Kpp were determined for each temperature as described
above. All resulting values (at least three for each temperature)
were plotted, and van’t Hoff analysis gave AH+c and AS+oc.
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