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ABSTRACT: Supramolecular capsules are desirable containers for the study of
molecular behavior in small spaces and offer applications in transport, catalysis,
and material science. We report here the use of chalcogen bonding to form
container assemblies that are stable in water. Cavitands 1—3 functionalized with
2,1,3-benzoselenadiazole walls were synthesized in good yield from resorcin[4]-
arenes. The solid-state single-crystal X-ray structure of 3 showed a dimeric
assembly cemented together through multiple Se--*N chalcogen bonds. Binding
of hydrophobic and amphiphilic guests in D,0 was investigated by '"H NMR
methods and revealed host—guest assemblies of 1:1, 2:1, and 2:2
stoichiometries. Small guests such as n-hexane or cyclohexane assembled as . .
2:2 capsular complexes, larger guests like cyclohexane carboxylic acid or Chalcogen bondmg prOVIdeS
cyclodecane formed 1:1 cavitand complexes, and longer linear guests like n- a |eakpr00f capsule in water
dodecane, cyclohexane carboxylic acid anhydride, and amides created 2:1

capsular complexes. The 2:1 complex of the capsule with cyclohexane carboxylic acid anhydride was stable over 2 weeks, showing
that the seam of chalcogen bonds is “waterproof”. Selective uptake of cyclohexane over benzene and methyl cyclohexane over
toluene was observed in aqueous solution with the capsule. Hydrophobic forces and hydrogen-bonding attractions between guest
molecules such as 3-methylbutanoic acid stabilized the assemblies in the presence of the competing effects of water. The high
polarizability and modest electronegativity of Se provide a capsule lining complementary to guest C—H bonds. The 2,1,3-
benzoselenadiazole walls impart an unusually high magnetic anisotropy to the capsule environment, which is supported by density
functional theory calculations.
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B INTRODUCTION A Lone pair
Supramolecular synthetic containers afford confined spaces to @ssigma hole
affect the behavior of small molecules. The containers isolate )
molecules from the bulk solution and can stabilize reactive \“‘Se

intermediates, even species unknown in solution.'™® The
supramolecular capsules can be assembled by a variety of
forces including metal—ligand interactions developed by Fujita
and other groups,4_9 halogen bonding reported by Die- Figure 1. (A) Chalcogen bonding “squares” between Se-N (red
deriCh;m—lz hydrogen bonding (HB) explored by our lab:13_18 dotted lines) in 2,1,3-benzoselenadiazoles. (B) Capsules formed
and even purely hydrophobic effects introduced by Gibb.'?~** through chalcogen bonding: Ch = S, Te (ref 36); Ch = Se (this
These supramolecular systems have their advantages and work).

disadvantages, so there is still space for the novel capsules
assembled through other attractive forces.

Chalcogen bonding (ChB) involves interactions between o-
holes associated with the electron-deficient chalcogen atoms
(S, Se, and Te) and nucleophile sites such as N-donor
atoms.””*> A number of experimental and theoretical studies Received: February 5, 2020
detail the nature of the ChB interaction between ¢* orbitals Published: March 3, 2020
and nucleophiles (Figure 1A).”**” These interactions are
forces of emerging interest in catalysis,”® transport,” and
crystal engineering.””**~>* Chalcogen bonding in supra-
molecular chemistry is also known, but examples in

water’” are scarce,” perhaps because the donors and acceptors
of HB in water can compete with ones involved in ChB.

33,34
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Scheme 1. Synthesis of Water-Soluble Cavitand 1 and Organic-Soluble 2 and 3

NH
HoN 2

6 equi SeO,

Ethanol, reflux

Morpholine
K,CO3, DMF

or 1,2-dimethyl imidazole
100 °C, 24 h

Figure 2. Single-crystal X-ray structure of 3. (A) Dimeric capsule containing one cyclohexane molecule as a CPK model. (B) Close-up of the
circular array of chalcogen bonds stabilizing the capsular dimer with distances in angstroms. (C) Packing of perpendicularly oriented dimeric
capsules into rods, which further assemble into layers. (D) Planar layer rotated 90° and sandwiched between two rods (CPK models) of adjacent

layers.

Recently, Diederich and coworkers developed capsular
complexes by ChB forces in solid-state and organic media.*®
They prepared cavitands with 2,1,3-benzotelluradiazole and
2,1,3-benzothiadiazole walls that assembled to form capsules
(Figure 1B, Ch = Te or S). The Te derivative showed strong
dimerization in organic media (Figure 1B), but the
corresponding S analog was reluctant to do so, probably due
to the lower polarizability of S.

Benzoselenadiazoles are also reported to form dimeric
structures known as ChB “squares” (Figure 1A).”" " The
synthesis appeared easier than that of 2,1,3-benzothiadiazoles
or 2,1,3-benzote]luradiazoles,36’40_44 and Se also shows strong
ChB interactions with nucleophiles.”""*> Here we introduce
cavitands with such walls in both water-soluble (1) and organic
soluble versions (2 and 3, Scheme 1). The water-soluble
cavitand showed 1 + 1 complexes with some guests, but 2 + 2
and 2 + 1 dimeric capsules assembled, depending on the
dimensions of the particular guest. The assemblies form in the
presence of suitable hydrophobic guests, and they are robust,
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suggesting that the forces of HB and ChB are more orthogonal
than incompatible.

B RESULTS AND DISCUSSION

Synthesis. We treated the well-known octaamino cavitand
4" in ethanol with 6 equiv of SeO, dissolved in water by
stirring and heating the mixture over $ h (Scheme 1). Cavitand
2 was obtained in excellent isolated yield (93%). The reaction
of 2 with morpholine in the presence of K,CO; in warm DMF
produced 3. Similarly, 2 was heated in 1,2-dimethyl imidazole
at 100 °C, which gave 1 in 90% yield, which showed good
solubility in water. All of these cavitands were isolated in the
pure form by merely washing with appropriate organic
solvents, then characterized by high-resolution 'H and *C
NMR spectroscopy and electrospray ionization mass spec-
trometry (Figures S1—S10)

Solid-State Single-Crystal X-ray Study of the Capsule.
Single crystals suitable for X-ray diffraction grew by the slow
evaporation of a chloroform—acetone—cyclohexane (1:1:0.1)
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Scheme 2. Cartoons of 1 + 1 Host—Guest Cavitand and 2 + 2 and 2 + 1 Host—Guest Capsules

1+ Guest

a.

2+2 host-guest capsule

1+ Guest

2+1 host-guest capsule

solution mixture of 3. The small amount of cyclohexane was
intended to act as a template to induce the cavitand to adopt
the vase conformation by encapsulation. The analysis of the
diffracted data revealed that in the solid state, cavitand 3 was
present as a capsular dimer (Figure 2A). The interior of the
capsule was occupied by partially disordered cyclohexane
molecules, making difficult their complete exact location. For
this reason, some of the cyclohexane molecules included in the
capsule’s cavity were “squeezed” during the structure refine-
ment. The diffracted X-ray data also showed the presence of
additional solvent molecules in the crystal packing surrounding
the capsules, which were also omitted during refinement
(Figure 2A and Table S1). In the capsular dimer, two
molecules of cavitand 3 are bound by means of a circular array
of 16 chalcogen bonds, defining the capsule’s equator. The
shortest and possibly strongest Se-N interactions define a
“square” featuring chalcogen bond lengths of 2.92 and 2.94 A.
Other “squares” displaying comparatively weaker Se--N
interactions based on chalcogen bond lengths (3.01 and 3.03
A or 298 and 3.04 A) are also observed. The circular
arrangement of the benzoselenadiazole units demands that the
chalcogen bonds deviate from linearity (~162°, N—Se-N
angle). This geometric feature is expected to weaken the ChB,
yet in solution, the capsule proved to be thermodynamically
and kinetically quite stable. The distance between the two Se
atoms in the corners of the squares was roughly 3.7 A (Figure
2B). Remarkably, all benzoselenadiazole units of the cavitand 3
are engaged in four chalcogen bonds. This means that each Se
atom makes use of its two sigma-holes to interact with the lone
pairs of two N atoms of adjacent benzoselenadiazole units.
This interaction mode is substantially different from the one
typically observed for the packing of benzoselenadiazole in the
solid state, in which the Se atom interacts with only one
nitrogen atom of a nearby molecule.

The crystal packing of the capsule, 3,, takes place through its
assembly in rods of perpendicularly oriented dimers that are
stabilized mainly by CH—x interactions (side-to-tail) (Figure
2C). In turn, the rods pack, forming a planar layer, also
through side-to-tail CH—7 interactions (Figure 2C). Finally,
the assembled planar layers stack one on top of another,
establishing side-to-side z—n interactions between parallel
oriented capsules and thus producing the 3D structure of the
crystal lattice (Figure 2D).

Binding of Guests in D,O Solution. The solution
conformations (vase/kite/dimeric kite or velcrand)*” of related
resorcinarene-derived cavitands are dependent on experimental
conditions such as temperature, solvent, and metal ions™ ™
and are readily determined by '"H NMR spectroscopy. The
vase form is recognized by its methine proton’s characteristic
chemical shift at 5.5 ppm, whereas in the kite or velcrand form,
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it appears below 4 ppm. Cavitand 1 was found in the vase form
in DMSO-dg or methanol-d, and in the velcrand conformation
in D,O (Figures SS, S7, and S8). Hydrophobicity is one of the
most important factors that push a guest into the space of such
cavitands. On the addition of a suitable hydrophobic guest, >’
the kite form of 1 in D,O was converted to the vase shape, and,
depending on the size of the guest, 1 + 1 host—guest cavitand
complexes or 2 + 2 and 2 + 1 capsular host—guest complexes
were observed (Scheme 2 and Figure 3).

The hydrophobic or amphiphilic guests in 1 include alkanes,
cycloalkanes, and branched or cyclic carboxylic acids, and their
amides showed binding in 1 in water solution (Scheme 2 and
Figure 3). A proclivity for capsule formation with alkanes was
observed: Small n-alkanes, C5 and C6, bound well in 1
(Figures S11—S24) and formed 2 + 2 host—guest capsular
complexes; n-heptane did not bind, and C9—C13 formed well-
defined 2 + 1 host—guest capsules. The inner space of the
capsule could be stabilized by taking up two small molecules,
but one n-heptane alone was too small, and two were too large
to be accommodated. n-Octane and n-tetradecane were
transitional cases and formed a mixture of cavitand and
capsule. Longer n-alkanes such as C15 or C16 did not bind
despite their highest hydrophobicity.”” No evidence of guest
binding or folding with these long alkanes was observed, unlike
their behavior in hydrogen-bonded capsules.>®

Another peculiarity of the capsule derived from 1 comgared
with hydrogen-bonded capsules previously encountered'™'” is
the magnetic environment within. The terminal methyl
(—CHj;) groups of each n-alkane guest appeared at —3.5 to
—3.7 ppm (or —AJ 4.3 to 4.5). This is similar to their shifts in
hydrogen-bonded capsules. These nuclei are in the deepest and
narrowest part of the cavity, and the upfield shifts reflect the
effects of the resorcinarene platform, which all such cavitands
have in common. The methylene signals (—CH,—) in 1
appeared clustered around —2.7 to —2.9 ppm (or —AS 3.9 to
4.1), even those farthest from the resorcinarene and near the
center of the space. This is in contrast with cavitands and
capsules with benzimidazolone or pyrazine imide walls, which
impart regular and sizable downfield shifts on guest nuclei as
they move away from the end of the cavity toward its center.
These observations, summarized in Scheme 3, offer challenges
to the theory concerning the prediction of anisotropy in cross-
conjugated systems. We will discuss below the results of the
theoretical data using density functional theory (DFT)
calculations of chemical shifts for the capsular assemblies.

Cyclic alkanes were also studied in the capsule of 1 (Figures
$25—530), and again two molecules of smaller size (C5—C7)
assembled a capsule. The larger cyclodecane formed neither a
2 + 2 capsule nor a 2 + 1 capsule; instead, it formed a 1 + 1
cavitand, as indicated by the integration of the host methine
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Figure 3. Comparative "H NMR spectra of 1 in the presence of guests
giving different complexes: (A) the 1 + 1 cavitand complexes with
cyclodecane or cyclohexane carboxylic acid, (B) the 2 + 1 capsular
complexes with anhydrides, amides, or long n-alkanes, and (C) 2 + 2
capsular assemblies with short alkanes, acids, or cyclohexane.

Scheme 3. Typical Upfield Chemical Shifts (—A&)
Experienced by Nuclei of Guests Like Octane at Different
Depths in Cavitands
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protons and guest protons. Guests from cyclopentane to
cyclooctane showed single peaks in their NMR spectra,
indicating their fast rotation and translational motion in the
space (on the NMR chemical shift time scale). The signal for
cyclohexane was observed at —2.87 ppm, indicating an
averaged upfield shift of A5 = —4.27 (Figure S27). An
increase in the guest size barely changed the chemical shifts
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(AS), denoting the consistent anisotropy throughout the inner
space (Figure S25).

Amphiphilic branched-chain or cycloalkyl carboxylic acids
showed behavior different from the cyclic alkanes. The smaller
and water-soluble isobutyric acid did not bind; that is, it was
unable to overcome the stabilization forces of the velcrand. But
3-methyl butanoic acid and cyclopentane carboxylic acid
formed 2:2 capsules, suggesting stabilization through an acid—
acid hydrogen bond in addition to ChB (Figures S31—S39).
The terminal methyl groups of 3-methylbutanoic acid were
found deepest in the cavity. To confirm the H bond between
the two carboxylic acid groups, we performed the "H NMR
analysis in 10% D,O in H,O. This solvent system gave rise to a
small signal for COOH protons that persisted even after 1
week (Figures S34 and $35). We observed four downfield-
shifted signals for the 2 + 2 capsule of cyclopentane carboxylic
acid. The hydrogen of COOH could not be seen in D,O due
to the exchange with D of deuterated water. The cyclopentane
carboxylic acid dimer is a rod-like structure of the two
molecules that have fast translational motion on the NMR
chemical shift time scale in the capsule, as observed by the
average shift seen by "HNMR analysis. Cyclohexane, cyclo-
heptane, and adamantane carboxylic acid gave stable 1 + 1
cavitand inclusion complexes with their C—H groups all inside
the cavity (Figures S37—S39). For these larger cycloalkane
carboxylic acids, the H-bonded dimer could not be
accommodated, so it formed a 1 + 1 cavitand complex by
pushing the hydrophobic part deeper in the cavity of 1. As
previously mentioned, the acid—acid hydrogen bond may be a
force that stabilizes the capsule. With guests of larger size, this
bonding results in a longer assembly of guest molecules that
cannot be accommodated, so a 1 + 1 cavitand complex results.
The 2 + 2 capsule and acid—acid HB in the case of 3-
methylbutanoic acid and cyclopentane carboxylic acid guests
can also be deduced from their protons’ chemical shifts. In the
case of cyclopentane carboxylic acid, the deepest protons’
chemical shifts were observed at —2.99 ppm, whereas for
cyclohexane carboxylic acid, they were at —3.31 ppm, showing
that the bigger sized guest is bound deeper, which is opposite
to the previously reported observations for dynamic
cavitands.”">>*

To further characterize the capsule, we studied 1 with
different medium-sized amides (Figures S40—S46). With 0.5
equiv of the amides, 1 formed a 2 + 1 host—guest capsular
complex, as confirmed by the integration ratio of the methine
peak of 1 with different protons of the guests. We also
confirmed the capsule formation by DOSY analysis in D,O.
The DOSY spectrum for the mixture of cavitand complex
(cyclohexane carboxylic acid @ 1) and capsular complex
(cyclohexane carboxylic acid anhydride @ 1,) displays two
assemblies with different diffusion constants for the cavitand
and capsule complexes (Figures S47—S52).

Theoretical Studies of the Capsular Assemblies. To
rationalize the observed 'H NMR chemical shifts, we
performed DFT calculations of three capsular complexes
corresponding to the three aromatic panels depicted in Scheme
3. The dimeric assemblies studied encapsulated one molecule
of n-nonane (CyH,,) in an extended conformation. The
computational approach involved DFT calculations using two
functionals, M062X and PBEO, in conjunction with the 6-
31G(d,p) basis set. (See the Supporting Information.) The
calculated geometries of the complexes and the computed 'H
NMR chemical shifts of the guest are shown in Figure 4. Figure
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Figure 4. Computed (PBE0/6-31G(d,p)) upfield shifts inside
capsules with extended n-nonane as a guest: (A) benzimidazolone,
(B) benzoselenadiazole, and (C) pyrazine-imide walls.

4A depicts the results of the capsule containing aromatic walls
equipped with ureas (NH),C=0 at the rim. Figure 4B shows
the results of the calculations on the selenadiazole capsule, and
Figure 4C summarizes the results of the capsular assembly
displaying aromatic walls with terminal imide functions. The
experimentally observed differences in chemical shift values for
the encapsulated guest in Figure 4B and the other two
examples are nicely reproduced by theory, especially for the
hydrogen atoms located at the center of the capsular complex.

The origin of the observed (and calculated) differences in
'"H NMR chemical shifts may be attributed to a greater
polarizability and enhanced aromaticity of the wall containing
the Se atom. Its increased magnetic anisotropy, in comparison
with the capsules featuring urea and imide functions, is detailed
in the Supporting Information. (See Table 1.) The increase in
the isotropic (anisotropic) polarizability in the Se-capsule
(Figure 4B) compared with Figure 4A is ~22 (42)%, and

Table 1. Percent Increase in Dipole Electric Field Isotropic
and Anisotropic Polarizabilities of 4B Se-capsule with
Respect to 4A and 4C (See Also Scheme 3)

4A 4C
caps caps + guest caps caps + guest
iso 22 22 46 45
aniso 42 41 141 125
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compared with 4C, it is 46 (141)%. (These capsules
correspond to the first and third panels of Scheme 3.)

Binding Selectivity of 1. Cyclohexane and methyl
cyclohexane are prepared on an industrial scale by the
hydrogenation of benzene and toluene, respectively. Selective
sequestration of mixtures of benzene—cyclohexane or toluene—
methyl cyclohexane is desirable in the production of these
compounds.”> >’ We found selective encapsulation of cyclo-
hexane over benzene and methyl cyclohexane over toluene
using 1 as a host. In the presence of benzene and cyclohexane,
1 encapsulated two cyclohexane molecules and formed the 2 +
2 capsule (Scheme 4 and Figures S53—S60). Similarly, 1
showed excellent selectivity for methyl cyclohexane over
toluene, again forming a 2 + 2 capsular assembly (Scheme 4
and Figures S61—S68).

Scheme 4. Schematic Representation of the Selective
Uptake of Two Molecules of Cyclohexane over Benzene and
Two Molecules of Methyl Cyclohexane over Toluene in

Capsular Dimer of 1
R R
erlest
OO
2+2 host-guest capsule

1+Cyclohexane (R' =
Methyl cyclohexane (R' =

Hy/
CHa)

Miscellaneous Guest Binding. The action of 1 on 4,4'-
dimethyl biphenyl, 1-halooctanes (chloro, bromo, and iodo),
and 1,8-dibromooctane led to the assembly of the correspond-
ing 2 + 1 capsular complexes by encapsulation of one molecule
of the guests (Figure S and Figures S69—S74). In the case of

A— M A

I |

8580 7570656055

0.0 -0.5-1.0-1.5-2.0-2.5-3.0-3.5-4.0
PPM

Figure 5. Partiall '"H NMR spectra and cartoons of the capsule
complexes.

4,4'-dimethylbiphenyl, the guest’s six methyl protons were
observed upfield-shifted at —2.55 ppm, and its two aromatic
protons were observed at 3.03 and 3.30 ppm, again indicative
of large upfield shifts throughout the capsule (Figure S and
Figures S69 and S70). For 1-halooctanes, the terminal methyl
protons’ chemical shifts were easily recognized for chloro-,
bromo-, and iodooctane at —3.76, —3.80, and —3.85 ppm,
respectively. For the —CH,—X groups of chloro-, bromo-, and
iodooctane, the protons’ chemical shifts were observed at —1.0,
—1.09, and —1.23 ppm, respectively. The remaining six
methylenes of these guests were clustered around —3.00
ppm, showing that they occupied the middle region of the
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capsule (Figure S and Figures $71—S73). 1,8-Dibromooctane
also formed a 2 + 1 host—guest capsule showing a linear
conformation in the space with the two terminal bromides at
the ends of the capsule. The chemical shift for —CH,—Br (four
protons) was observed at —1.08 ppm (the largest A5), whereas
the next methylenes (four protons) were observed at —2.55
ppm. The remaining four methylene signals were clustered at
—2.94 ppm (Figure S and Figure S74). In the spectra of 1-
chlorooctane and 1-bromooctane, we also saw a small amount
of velcrand (free cavitand), showing the reversibility of the
host—guest complex that may be due to the higher polarity and
the greater water solubility of these guests.

Bl CONCLUSIONS

We described chalcogen-bonded supramolecular capsules in
water using a deep cavitand with 2,1,3-benzoselenadiazole
walls. Single-crystal X-ray structure analysis in the solid state
and high-resolution NMR and DOSY spectroscopy in solution
characterized the host—guest encapsulation complexes with
hydrophobic or amphiphilic guest molecules. For cavitand 1
dissolved in D,0, we observed 1 + 1 host—guest cavitand
complexes and 2 + 1 and 2 + 2 host—guest capsular complexes.
This cavitand showed selectivities for cyclohexane over
benzene and methyl cyclohexane over toluene that may lead
to applications for selective sensing and energy-efficient
separations through solvent—solvent extraction processes.
Both experimental data and theoretical calculations show
that the chalcogen-bonded capsule features enhanced magnetic
anisotropy. This study confirms that ChB persists well in water,
in competition with the forces of HB.
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