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We demonstrated the organization of two differently sized
calixarenes C-methylresorcin[4]arene (RsC1l) and either
Calix[6]arene (Calix6) or Calix[8]arene (Calix8), where the lower rim
of RsC1 partially overlaps with the upper rim of Calix6 or Calix8. An
adaptive nature of the heteromacrocyclic assembly towards
binding of a model guest has been observed.

Synthetic nanocarriers mimicking in vivo biological vehicle
such as exosomes, are at the focal point of nanomedicine
research powering therapeutic control.! In this global surge of
miniaturizing tools and technologies for customized
applications, engineered cavities with defined size, shape, and
selectivity, could potentially resolve the dual issue of
immobilization and targeted delivery.? In this paper, we have
focused our efforts on engineering a completely new class of
supramolecular cavity containing architectures, with the help of
differently sized calixarenes arranged in a ‘bowl-in-bowl’
fashion. Based on feasibility studies with the theoretical
calculations, the experimental analysis indicated the formation
of such a heteromacrocylic assembly for the first time.

Controlling cavity geometries in spaces is a challenge in
supramolecular chemistry, which limits applications in synthetic
biomimetics. Common examples of such cavitands includes
cyclodextrins, 3 calixarenes and analogues,* pillarenes,> and
cucurbiturils.® These cavitands primarily differ in symmetry,
shape and hydrophilicity. For example, cyclodextrins and
calixarenes primarily adopt a cone architecture with non-
identical cavity gates (upper and lower rims). Pillarenes and
cucurbiturils, on the other hand, are symmetric with identical
cavity gates. Aqueous solubility and biocompatibility makes
cyclodextrin popular in pharmaceutical sectors, 7 whereas ease
of synthesis and functionalization, make calixarenes one of the
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most investigated macrocycles for the last five decades. The
guest binding property of calixarenes and their sister
derivatives, resorcinarenes and pyrogalloarene crucially relies
on the macrocycle conformation. Among all, a crown or the
bowl-shaped conformation is considered to be the most
effective for guest binding, because of the defined cavity size
and shape. However, the flexibility of the conformations
increases with increase in ring sizes. This is why calixarenes with
a ring size of four is the most exploited species in this group.
Apart from the individual
macrocycles forming discrete geometries offer extended cavity

macrocycles, self-assembled

features based on the ring size, solvent, ligand, guest and/or
metal salts.® Calixarene based supramolecular polymers also
provide a wide range of extended macrocyclic arrays bridged by
various types of noncovalent linkers.? However, in both cases,
linkers or guest molecules occupy the macrocycle cavity
partially or completely. On the other hand, covalently coupled
systems with defined cavity features require complex synthetic
methods.1? A supramolecular alighment of macrocycles in space
without the help of a linker is non-existent in the literature.
There is only one report of crystallization of a smaller
cucurbituril sitting inside a larger cucurbituril.11

To overcome the issue, we hypothesized that two primary
criteria need to be satisfied. Firstly, the two macrocycles should
interact with each other in a specific direction, and secondly,
the overlap between two units needs to be partial in nature to
utilize the extended cavity feature. Two similar types of
macrocycles with different ring sizes could fulfil the first
criterion because of similar surface curvature and size
compatibility (smaller with larger). On the other hand, a crown
(bowl-shaped) conformation could be an ideal candidate
preventing a complete inclusion because of the differently sized
cavity gates at either of the ends. Thus, only bowl-shaped
heteromacrocyclic assemblies can satisfy the above criteria.

In our approach, we have programmed two macrocyclic
host molecules complemented in size and shape, offering a
series of potential pre-organized host assemblies based on
kinetic and thermodynamic preferences. We have selected
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Fig. 1 Molecular structures of the macrocycles used, and illustration of possible
modes of arrangement between RsC1 with either Calix6 or Calix8.

C-methylresorcin[4]arene (RsC1l) as the smaller bowl, and
either calix[6]arene (Calix6) or calix[8]resosrcinarene (Calix8) as
the larger bowls, based on their structural simplicity and easy
availability (synthetically or commercially). We preferred RsC1
over the Calix[4]arene as the smaller bowl, to minimize the
steric and electronic repulsion of hydroxyl groups with the
larger bowl (Fig. 1). The upper and lower rim of the macrocycles
are designated as ‘head’ (H) and ‘tail’ (T), respectively. Also, in
naming a particular organization mode, the smaller bowl! (RsC1)
precedes the larger bowl (Calix6 or Calix8). We ruled out the HT
mode of interaction because of the similar face sizes, and steric
hindrance among the hydroxyl groups.

First, we predicted the feasibility of aligning the macrocycles
in a bowl-in-bowl fashion, using free energy calculations. The
systems consisted of 1800 molecules of methanol and DMSO,
and two macrocycles (RsC1 with either Calix6, or Calix8) in an
approximately 7 nm cube simulation cell with the two
macrocycles placed 3 nm apart along the z-axis. Macrocycle
conformations were based upon geometry optimizations done
using the Gaussian09 suite of programs, using the B3LYP
functional and 6-31G** basis set. The CHARMM general force
field was chosen to model the macrocycles and DMSO with
parameters assigned by analogy using the Cgenff utility.1?
Parameters used to describe the methanol molecules were
used previously by Spoel et al.13 All MD simulations were carried
out using the GROMACS code and suite of utilities.* A time step
of 2 fs was used for all calculations. Long range electrostatics
were represented using the PME algorithm. The Nose-Hoover?>
thermostat and the Parrinello-Rahman barostat!® were used to
regulate the temperature and to reach the appropriate density.
All potentials of mean force (PMFs) were computed using the
combined weighted histogram analysis method 17 (WHAM) and
umbrella sampling available in GROMACS. The PMFs were
calculated along the z-axis, which corresponds to the separation
distance (r) between the two macrocycles center of mass. Tests
of reversibility and pulling speed’s effect also reinforce that
convergence has been reached.’® Calix[4]arene's relaxation
time is 150ps in water.2® Thus each umbrella sampling window
is simulated 40 times longer to allow for complete relaxation.
The accuracy of the PMFs was assessed via Bootstrap analysis,
also present in the GROMACS WHAM module. Each PMF was
treated with 200 bootstrap iterations with each histogram
generated previously used as independent data points. Using
this method, the average profile and standard deviation of each
run is generated. The hypothesized interaction between RsC1
and Calix6 in the TH orientation produces the PMF curve as
shown in Fig 2. This PMF implies that the minimum for the
interaction is reached when the centers of mass are 0.57 nm
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Fig. 2 Hypothesized interactions between RsC1 and Calix6 in TH orientation.

apart. Comparison with the hypothesized interactions involving
HH and TT configurations clearly shows the preference for the
TH configuration (Fig S1, ESI). The HH and TT configurations
both have not only smaller magnitude minima, but the minima
are also located at a larger COM distance. All PMFs have been
zeroed at 2.6 nm for ease of comparison. Next, we have
performed a similar study by replacing Calix6 with Calix8 (Fig S2,
ESI). For ease of comparison, both PMFs have been zeroed to
1.5 nm. When compared to the PMFs for the RsC1 and Calix6
macrocycle interactions it can be seen that the minima are
located at similar distances (0.62 nm), however, these minima
are smaller in magnitude. Thus from the theoretical analysis it
is evident that the TH mode of interactions between RsC1 and
callix6 or calix8 is energetically feasible.

Stirring equimolar RsC1 with Calix6 or Calix8 separately at
room temperature (RT) in DMSO-dg did not show any significant
change as studied by *H NMR (Fig S3, ESI). This implies that
under such a condition interaction between two differently
sized macrocycles is not favorable. However, the theoretical
analysis prompted us to consider that perhaps a higher energy
barrier, compared to what theoretical analysis predicts, might
have been involved. We envisioned that an external source of
energy (such as thermal energy) might help to cross such an
energy barrier. Thus, we exposed the same reaction mixtures at
393 Kfor 1 h, and the color turned darker. This time NMR results
show noticeable changes in RsC1-Calix6 and RsC1-Calix8 spectra
(Fig S4, ESI). Signals associated with hydroxyl and aromatic
protons of RsC1 (marked as a, b and cin Fig 1) experience severe
broadening in both the systems. This is associated with a
restricted motion in the presence of another macrocycle. Other
changes of RsC1 protons are the bridging proton ‘d’ and the
hand,
associated with Calix6 or Cali8 aromatic protons (b and c) are
less but still demonstrates an interaction. Interestingly, the
extent of broadening is more in the case of the RsC1-Calix8
system. Thus, it appears at this point that increasing the size of
the larger bowl! might enhance the interaction with the smaller
bowl. We rule out the possibility of conformational
rearrangement at a high temperature, based on a control
experiment where RsC1 (most affected bowl among the three)
1H NMR shows only a minor broadening upon heating in DMSO-
dg at 393 K for 1 h (Fig S5, ESI). Although the theoretical analysis
predicted the TH mode of interaction as the most favored, the

methyl proton ‘e’. On the other the broadening
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Fig. 3. ROESY NMR spectra of RsC1-Calix6 and RSC1-Calix8 in DMSO-d6, prepared at 393 K (correlation between protons from different macrocycles are indicated)

1D NMR alone was unable to justify the same. Therefore, we
performed the ROESY NMR of the reaction mixtures obtained at
393 K. Interestingly, we observed clear correlations among
aromatic protons of RsC1 and either Calix6 or Calix8 (Fig 3, and
Fig S6, ESI). It is worth noticing that between two different
aromatic protons in RsC1 (b, c), only ‘c’ shows a correlation with
the aromatic protons (b, c) of Calix6é or Calix8. This clearly
indicates that the lower rim of the smaller bowl RsC1 partially
overlaps with the upper rim of the larger bowls Caliox6 or
Calix8. This is nothing but a TH mode of interaction between
two differently sized bowls, as predicted by the theoretical
analysis. It can also be noticed from ROESY NMR that the
interaction of proton ‘c’ of RC1 is stronger with the proton ‘b’
compared to the proton ‘c’ of the larger bowls in either Calix6
or Calix8. This is reasonable because the number of aromatic
units are different in a smaller bowl and a larger bowl, and
therefore a face-to-face aromatic stacking is not expected. To
the best of our knowledge, this is the first report in which
aligning of two macrocycles linearly in supramolecular fashion
is observed. We term this a ‘bowl-in- bow!’ formation as an
illustrative way of describing the configuration. The synthesized
heteromacrocyclic assemblies at high temperature were found
to be stable over time as evident from practically unaltered
NMR spectra (Fig S7, ESI). This signifies the robustness of the
complex with aging, and over a temperature range.20

Further, we have performed small angle neutron scattering
(SANS) which is a powerful tool for unveiling the solution phase
assembly structure. 21 SANS measurements for RsC1-Calix6 and
RsC1-Calix8 were taken at NGB 30 m SANS instrument at the
NIST Center for Neutron Research (NCNR) in Gaithersburg, MD,
USA. The collected SANS data (0.0034 A-1 < g< 0.41 A-1) was
reduced and fitted to variety of models (Sphere, Ellipsoid,
Cylinder, and Bimodal Schulz Sphere) which was summed to the
power law model to account for the increased low-Q scattering.
Among the different form factor models we tested, the sphere
model was the best model fit (Fig 4 and Table S2, ESI). The SANS
fitting results show that upon heating (393 K) the radius of RsC1-
Calix6 nanoassembly decreases from 6.5 A to 5.9 A. This is in
agreement with the NMR results, displaying a closer approach
of RsC1 and Calix6 at an elevated temperature, thus favoring
interactions between the macrocycles. In contrast, the radius of

RsC1-Calix8 nanoassembly (R~7.5 A) remains practically
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unchanged. This can be attributed to (a) the conformational
flexibility of Calix8 due to its large ring size; (b) presence of two
energy minima (Fig S8) suggesting RsC1 and Calix8 can interact
at two distances. The increase in overall particle size for RsC1-
Calix8 compared to RsC1-Calix6 is because of the larger size of
Calix8 compared to Calix6.

Based on the experimental results, we extended our
theoretical analysis, and the change in PMF for TH the most
preferred configuration, was tested at an elevated
temperature. The PMFs of RsC1l-Calix6 at 400K show an
enhanced minima and is still located in the same area (Fig S8a,
ESI). The simulations done with RsC1-Calix8 at 400K (Fig S8b,
ESI) conversely show a minimum of reduced depth and an
interaction further away. There are still two minima perhaps
indicating a shared solvent minimum and ring contact
minimum.

Finally, we have tested the usefulness of our bowl-in-bowl
systems over the single bowls, by binding with a model guest 4-
aminobiphenyl (AMB) which is known as human bladder
carcinogens and widely used in case studies to investigate the
cancer. 22 While the presence of phenyl ring would facilitate the
guest inclusion, presence of two rings offers the unique
opportunity of differentiation between single bowls and bowl-
in-bowl in terms of cavity environment and guest fitting. We
studied the host-guest binding by 1H NMR in DMSO-de/D-,0 (4:1,
v/v) to facilitate the guest binding driven by hydrophobic force,
and also to test the water compatibility which is a vital issue for
applying such a system in presence of biologically relevant
molecules.?3 It is worth noticing that a significant downfield shift
of the aromatic protons of ABP could be observed in presence
of RsC1-Calix6 and RsC1-Calix8 (Fig S9, ESI).24 Such an effect is
much less pronounced in case of the single bowls, RsC1, Calix6,
and Calix8. Interestingly, in presence of RsC1-Calix6, ABP
aromatic proton signal splits, which can be attributed to the
anisotropic microenvironment the guest experiences because
of restricted rotational freedom inside the host cavity.?> This
supports that the bowl-in-bowl systems indeed offer an
extended cavity to accommodate larger guest, and at the same
time supramolecular nature of binding between two bowls
induces self-additivity in the host in fine-tuning the cavity
feature for most efficient guest binding (Fig S10, ESI).26

In this study, we have used simple molecular systems.
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Fig. 4 Example fit of a smeared Power Law+Sphere model to RsC1-Calix6 SANS
data.

Further functionalization of the hosts for additional interaction
sites, and various combinations of hosts, can create a library of
organizing cavity-containing systems towards developing more
complex geometries.

In conclusion, we synthesized two bowl-in-bowl ensembles
of resorcinarene (smaller macrocycle), with either calix[6]arene
or calix[8]arene (larger macrocycles). Theoretical analysis
predicted the feasibility of such a process at room temperature.
However, only the high temperature experiments shows similar
findings, as evidenced by NMR and SANS studies. Interaction
between the lower rim of the resorcinarene with the upper rim
of either calix[6]arene or calix[8]arene in bowl-in-bowl fashion,
is found to be the most favorable among all possible alignments.
The  bowl-in-bowl complex containing calix[6]arene
demonstrates an adaptive binding behavior towards a model
guest. The present approach can revolutionize the synthesis of
complex adaptive cavity geometries by using simple
supramolecular building blocks, and their potential usage in
transport and delivery applications.
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