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ABSTRACT: The iodoalkynyl group is a ditopic synthon, able to act
as a halogen bond (XB) donor through the iodine atom and as an XB
acceptor on the C=C triple bond. With the aim of exploring the self-
assembly properties via XB of calix[4]arene macrocycles containing
this synthon, we synthesized and characterized a tetra(iodopropargyl)-
calix[4]arene (3). In the solid state, all the iodoalkynyl units of 3 are
involved in intermolecular XB interactions as both donors and
acceptors, resulting in a two-dimensional network of calixarene double
layers. On the contrary, in the cocrystal of 3 with 4,4'-bipyridine, a
bidentate XB acceptor, the iodine atoms are halogen bonded to the
pyridine nitrogen atoms forming a one-dimensional ribbon of
calixarenes alternated by two 4,4'-bipyridine units. These supra-
molecular architectures are the first example of solid-state networks of
calixarene derivatives where the self-assembly is mostly driven by XBs.

he inclusion of concave calixarene macrocycles in solid- a combination of halogen-S and halogen-z halogen bonds,
state supramolecular architectures is a promising strategy halogen—halogen interactions and hydrogen bonds.”™"° A

to obtain functional molecular materials. The presence of similar calix[4]arene having two bromine atoms at the upper
discrete aromatic cavities within the crystal lattice can endow rim and two propyl chains at the lower rim was reported by
the solid with specific properties directly related to the Pulham, Ling and Dalgarno to form nanotubules through CH-
molecular recognition ability of these scaffolds, findin 7 and 7—7 interactions that are packed thanks to a bromine-z
applications in different fields, among which gas sorption” halogen bond.'® The sole example of a cocrystal of a calixarene
and catalysis.”* with a smaller synthon where the two components are linked
The parent calix[4]arene, when crystallized by sublimation, together also by halogen bonds was reported by Resnati in
forms a hexagonal close-packed arrangement held together 2000."” The structure consists of a calix[4]arene functionalized
only by van der Waals interactions. The stmfture contains at the lower rim with two pyridyl moieties that, in the presence
lattice voids where gas molecules can be stored.” Alternatively, of 1,4-diiodotetrafluorobenzene, forms a one-dimensional
supramolecular architectures by design can be obtained by (1D) ribbon held together by 77—z interactions. Halogen

functionalizing the upper or IOW?r rim of the cali.xarene With bonds between the two iodine atoms of perfluoroarene and the
groups capable of giving appropriate noncovalent interactions. nitrogen atoms of the lower rim pyridines serve to cross-link

While a wide range of self-assembled structures have been the ribbons and form a two-dimensional (2D) network.
obtained through hydrogen bonds® or metal-ligand inter-

actions,’ it is surprising that halogen bonds have not yet been
extensively exploited to direct the self-assembly of calixarene
networks. A large body of papers,™"" in fact, show that XBs
allow a precise positioning of molecular building blocks,
affording, in the case of highly preorganized components,
molecular solids whose supramolecular structure can be
assembled in a predictable manner.'” To the best of our
knowledge, only three research groups have reported solid
state structures of calixarene networks where the macrocycles
are held together by halogen bonds. Yamada and Hamada have
shown that thiacalix[4]arenes functionalized with bromine or
iodine atoms on the para positions of the phenol rings self-
assemble in three-dimensional (3D) networks held together by

Evidence of the solid state formation of a halogen-bonded
capsule between a resorcinarene and a calixarene has also been
reported.'®

Among the XB donors, the iodoalkyne moiety is well-known
to give strong XB interactions. The higher electronegative
character of the sp hybridized C atom linked to the iodine
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Scheme 1. Synthesis of the Tetrakis(3-iodopropargyloxy)calix[4]arene 3
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produces an increase of the o-hole positive electrostatic
potential compared to sp® and sp> carbon atoms.'”*’ A
number of different structures have been reported where the
iodoalkyne moiety is halogen bonded to nitrogen,”' ™
oxygen,”””* and 7 acceptors.” Moreover, the iodoalkyne can
behave as a bidentate synthon, as the triple bond is a good XB
acceptor, and a 90° halogen bonded arrangement of
iodoalkyne groups can be observed in their crystalline
structures.

We report in this communication the first example of a
supramolecular architecture composed of a calix[4]arene
multivalent XB donor (3) and a ditopic XB acceptor (4,4'-
bipyridine, bipy) self-assembled through XBs. Calix[4]arene 3
is functionalized at the lower rim with four iodoalkyne groups,
while the N lone pairs of bipy are preorganized to accept two
coaxial interactions. Thanks to the formation of moderately
strong XBs, the two synthons are organized in linear ribbons.
Interestingly, we found that in the absence of bipy, both the
alkynyl precursor 2 and the iodinated derivative 3 crystallize in
compact structures where the alkyne and iodoalkyne moieties
function as both hydrogen/halogen bond donors and accept-
ors. Computational investigation at the density functional
theory (DFT) level with long-range corrected density
functional with dispersion corrections (WB97XD) were useful
to rationalize the hydrogen/halogen bond preferences of the
systems through the calculation of molecular electrostatic
potential (ESP) surfaces.

Tetrakis(3-iodopropargyloxy)calix[4]arene 3 was synthe-
sized in two steps starting from the alkylation of calix[4]arene
1 with propargyl bromide followed by the reaction of the
resulting tetrapropargyl derivative 2 with N-iodomorpholine
hydrogen iodide (Scheme 1).

Single crystals of propargylcalixarene 2 and iodopropargyl-
calixarene 3 were, separately, obtained from the slow
evaporation of CH,Cl, solutions of the calixarenes. The
molecular structure of propargylcalixarene 2 is depicted in
Figure 1. The calix[4]arene scaffold adopts a flattened cone
conformation, with two distal propargyl groups projected
outward the calixarene macrocycle, and the other two partly
overlaying the aromatic rings. Three out of four alkyne
moieties are involved in CH--7 interactions as acceptors, by
using the electron-rich 7z cloud of the C=C triple bond, and
three ethynyl hydrogens interact with the alkynyl or aromatic 7
systems in nonclassical hydrogen bonds. In particular, H31 and
H34 interact with two distinct aromatic rings (H31---C24, 2.93
A; H34---C17,2.88 A), and H37 interacts with the 7 cloud of a
triple bond (H37--C34, 2.79 A). These weak interactions
organize the calixarene macrocycles in a compact 3D network
where no solvent molecules are included (Figure S1).

The iodinated calix[4]arene 3 exhibits the same conforma-
tion of the calixarene scaffold as the propargyl presursor 2,
while the linear iodopropargyl groups adopt a different
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Figure 1. Above, apical and lateral view of the molecular structure of
2, with thermal ellipsoids depicted at the 30% probability level. Below,
portion of the crystal packing showing the interactions exchanged by
2 and the surrounding molecules. In yellow are depicted the carbon
atoms of the 7 systems accepting CH---7 interactions.

orientation, which is less symmetric than the one displayed
by 2, Figure 2.

Obviously, the linear iodopropargyl fragment is considerably
longer (approximately 1 A) than the propargyl system in 2, on
the account of the C—I bond length of ~2 A. Furthermore, the
presence of three distinct charged regions (two negative and
one positive, see below) along this system implies that a
significant number of interactions can be exchanged by the
lower rim of the calixarene.

The crystal structure of 3 shows that two of the four
iodopropargyl branches (those including 12 and 14) are
disordered in two positions with 0.7 (I2 and I4) and 0.3
(I2a and I4a) site occupancy factors. Nevertheless, the
conformations of the two images are such that I4 is
superimposable with 12a, and I2 is superimposable with I4a.
The resulting arrangement implies that, although disordered,
the images exchange the same type of interactions with the
surrounding molecules. All of the iodine atoms act as XB
donors toward the CC triple bond of adjacent molecules. More
specifically, I1 points toward C39 and C40 (3.50 and 3.53 A),

https://dx.doi.org/10.1021/acs.cgd.0c00442
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Figure 2. Above, apical and lateral view of the molecular structure of
3, with thermal ellipsoids depicted at the 30% probability level. Only
one disordered image is depicted for clarity. Below, a portion of the
crystal packing showing the interactions exchanged by 3 and the
surrounding molecules. In yellow are depicted the carbon atoms of
the 7 systems accepting XB and CH---7 interactions.

12 points toward C36 and C37 (3.55 and 3.48 A), I3 interacts
with C34 and C39 (3.50 and 3.40 A), and, finally, I4 interacts
with C36 and C37 (3.64 and 3.60 A); see Figure 2. It has,
however, to be borne in mind that the maximum of the
electrostatic potential (ESP, see below) on the surfaces is
located midway of the two C atoms of the triple bond, so that
the distance between the region of the iodine o-hole and the
triple bond electron density is in the 3.40—3.57 A range. The
XBs exchanged between the iodine atoms and the triple bonds
are responsible for the crystal packing. Both the XBs" donor
and acceptor, the iodopropargyl groups, are on the same side
of the cone calixarene (lower rim) scaffold, and hence a 2D
double layer of calixarenes is formed through the XBs. These
double layers are then piled up through weak interactions
between the aromatic fragments of the calixarene upper rim
(mainly CH---x, Figures 3 and S2), with no solvent molecules
included in the crystal lattice.

Having shown that the iodopropargylcalixarene 3 is capable
of engaging all of its iodine atoms into XBs, we explored the
formation of cocrystals of 3 with a good XB acceptor””*® to
obtain calixarene networks where the XBs directionality might
be partly directed by the tetragonal calixarene scaffold. Our
choice fell on bipy, whose N lone pairs are preorganized to
give two coaxial interactions, thus favoring the formation of a
linear arrangement of the two halogen bond donors (C—C=
C—I--bipy: I-C=C—C). The iodoalkyne-bipy combination
has already been reported to favorably yield halogen bonded
solid state structures.”*>%*’

The cocrystals of 3 and bipy were prepared by mixing
calixarene 3 with 2 equiv of bipy in chloroform. Slow
evaporation of the solvent afforded colorless crystals suitable
for X-ray diffraction analysis. The asymmetric unit comprises
one calixarene, three bipy units, and a CHCI; molecule of
crystallization (Figure S3). Each iodine atom acts as XB donor
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Figure 3. Crystal packing of 3 as viewed along the b crystallographic

axis.

toward a nitrogen atom of a bipy, which in turn acts as a bridge
between two iodine atoms. The I---N distances are in the
narrow range of 2.82—2.85 A, in agreement with moderately
strong XB interactions (~20% less than the sum of the van der
Waals radii, see Table 1 below).'”** Interestingly, the
iodopropargyl arms of the calixarene adopt a more symmetric
conformation than that exhibited in the structure of 3 alone,
with the I1/14 and 12/13 pairs pointing in divergent directions
(Figure 4). By taking into account only the XBs, supra-
molecular ribbons are formed that alternate calixarene 3 and
bipy (Figure SA,B).

The two bipy molecules involved in the XBs are edge-to-
edge oriented, and they exchange CH:--7 interactions. A third
bipy unit is trapped into the calixarene aromatic cavity forming
a series of CH:--7 and 7---7 interactions. This latter bipy also
interacts with the CHCl; molecule of crystallization. The
solvent occupies a confined cavity (8% of the unit cell volume,
Figure SC), mostly delimited by the bipy molecules.

In order to compare the XB interactions present in 3 and in
3-bipy, in Table 1 we report the geometric parameters of the
XBs in both structures. In particular, it can be appreciated that
in 3 the shorter I:--acceptor (I--C/N) distance is with the
centroid of the -C=C- bond, in agreement with the presence
of the triple bond electron density. The normalized distance
R*>' shows that the four iodine atoms in 3 form XBs of
moderate but comparable strength. On the other hand, in 3-
bipy, it is evident that the XB is more linear and there is a
significant shortening of the I--acceptor distance, in agreement
with the more directional lone pair of the nitrogen of bipy with
respect to the triple bond.

The XB interactions observed in the crystal structures were
subsequently investigated through a computational approach.
The ESP surfaces of 2 and 3 were calculated by DFT methods
using the long-range corrected hybrid density functional with
dispersion corrections wB97XD’*** after optimizing the
geometries derived from the X-ray structures. The ESP was
computed in order to identify positively and negatively charged
regions on the molecular surface (Figure 6), as supramolecular
interactions are likely to occur between fragments of
complementary charges.”

In each of the four linear CH,—CCH struts on the lower rim
of calixarene 2, there is a region of negative charge,
corresponding to the 7z system of the alkyne group, and a

https://dx.doi.org/10.1021/acs.cgd.0c00442
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Table 1. Geometric Parameters for the XB Interactions”

XBaonor XBcceptor

3 11 C39

11 C40

11 C(C39-C40)"

2 C36

2 C37

2 c(c36-C37)"

3 C33

3 C34

3 c(C33-C34)"

14 C36

14 c37

4 c(c36—C37)"
3-bipy 1 N1

2 N2

3 N4

14 N3

I.--C/N C-I-C/N % vdW R
3.529 167.6 4 0.96
3.496 162.4 S 0.95
3.462 168.3 6 0.94
3.549 166.0 4 0.96
3.482 171.3 N 0.95
3.465 173.6 6 0.94
3.396 170.6 8 0.92
3.495 163.7 S 0.95
3.395 170.9 8 0.92
3.635 166.3 1 0.99
3.597 164.1 2 0.98
3.567 168.5 3 0.97
2.844 173.6 19 0.81
2.850 171.3 19 0.81
2.837 177.2 20 0.80
2.819 174.8 20 0.80

“The reported distances are expressed in (A) and angles in (deg). bRepresents the centroids of the -C=C- fragment. % vdW = 100 — [d(I---N/C)
— (r + ryc)] X 100; R = d(1--N/C)/(r; + ryyc) using the Bondi VAW radii.** See also Brammer et al.*' for an analogous description.
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Figure 4. Portion of the crystal packing of the 3-bipy cocrystal,
highlighting the supramolecular ribbon. Short contacts are depicted as
dashed bonds.

region of positive charge associated with the electron-depleted
hydrogen atom. On the other hand, the linear fragment CH,—
CCI of 3 exhibits three distinct regions, namely, the positive o-
hole and the cylindrical negative (corona) region on the iodine
atoms, and the negatively charged 7 system. A comparison
between the ESP of 2 and 3 shows that the o-hole on 3 is more
pronounced than the positive charge on the terminal H atoms
in 2. Furthermore, the presence of two distinct negative
regions in 3 increases the number of potential interactions
exchanged by this compound. Nonetheless, as confirmed by
the structure of 3, the alkyne 7 system is preferred as an XB
acceptor to the iodine negative corona on the account of the
larger negative values. Moreover, in 3, the values of the
maximum ESP on the o-hole are in line with those reported for
similar halogenated compounds, which show that the
iodoalkyne group is a good XB donor.*”** Despite the
identical chemical nature of the iodopropargyl branches, the
difference in the ESP maxima and minima values arises because
each of these groups exhibits different conformations, hence
interactions, with the calixarene scaffold. The energy of the
noncovalent interactions between calixarene 3 and bipy was
estimated by computational methods. In particular, the
stabilization provided by a single XB between the bipy
molecule and 3 is approximately 17 kJ/mol (Figure SS). From
a comparison of the values computed on benchmark systems,
the reported energy is in a§reement with the maximum value
of the ESP on the o-hole.”

SIS Y \;’?"
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Figure S. Highlight on the supramolecular ribbons formed by the XB
interactions between 3 and bipy (A and B). In A, three distinct
ribbons are colored in green, orange, and blue, respectively. In B, the
crystal packing is viewed along the ribbon propagation. In C is
evidenced the cavity size that accommodates the solvent molecule.

In conclusion, we successfully crystallized the two analogous
calix[4]arenes 2 and 3 functionalized at the lower rim with four
propargyl and four iodopropargyl moieties, respectively. The
analysis of their ESP surfaces showed for both compounds a
region of positive charge located on the elongation of the C—H
or C—1I bond and a cylindrical negative region (corona) in
correspondence of the C=C triple bond. However, while, in
the crystal structures, the positive regions of the ethynyl
hydrogens of 2 interact with both the aromatic rings and the
alkyne m-systems, the o-holes of the iodine atoms of 3
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Figure 6. DFT optimized geometries of 2 (above) and 3 (below),
®B97XD/SDD. Electrostatic potential (ESP) mapped on the 0.001
isodensity surface. Red —0.0S, blue 0.05 au (wB97XD/def2TZVP).
The values of the ESP maxima and minima are reported in kJ/mol.

exchange XBs only with the C=C electron density, despite the
aromatic rings displaying a similar or more negative ESP
(Figure S6). The reason for this selectivity can be attributed to
a combination of steric and electronic factors. The larger
iodine atoms are able to contact only the more accessible
alkyne z-systems also because an XB to the aromatic rings
would imply a repulsive interaction between the negative
corona of the iodine and the electron density of the alkyne
linked to that ring.

As expected, when 3 is crystallized in the presence of an XB
acceptor displaying a larger negative ESP than the 7-systems
(the ESP on the nitrogen atoms of bipy was estimated as —142
kJ/mol, see Figure S7), the four iodine atoms of 3 interact with
the best acceptors,”” and the self-assembly is mainly driven by
XBs. These interactions organize the synthons in 1D ribbons
where the calixarenes are alternated with couples of parallel
bipyridines.

We believe that this work contributes to the insight into the
synthesis of crystalline molecular materials comprising
aromatic cavities thanks to the combination of the iodoalkyne
groups with the symmetric nature of the calixarene scaffold and
of the XB acceptor, together with the strong directionality of
the XB interactions. The crystallization of tetraiodocalix[4]-
arene derivatives in different geometries and with stronger XB
acceptors is currently underway in our laboratories with the
aim of obtaining more robust and possibly porous molecular
materials.
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