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Halogen bonding of neutral donors using imine groups of porous
organic cage compounds as acceptors leads to the formation of
halogen-bonded frameworks. We report the use of two different
imine cages, in combination with three electron-poor halogen
bond donors. Four resulting solid-state structures elucidated by
single-crystal X-ray analysis are presented and analysed for the first
time by plane-wave DFT calculations and QTAIM-analyses of the
entire unit cells, demonstrating the formation of halogen bonds
within the networks. The supramolecular frameworks can be
obtained either from solution or mechanochemically by liquid-
assisted grinding.

Halogen bonding is a highly directional and tuneable non-
covalent interaction.™® Anions, n-systems and a variety of lone
pair possessing molecules such as, for example, amines,**
dithianes,? thiocarbonyls,* isocyanides,*® or phosphines®®/
can act as halogen bond acceptors, leading to numerous diverse
and exciting applications of halogen bonding.'“/* Chiral fractal
architectures with amplified circularly polarized luminescence
were generated using halogen bonding,* while Xing and co-
workers recently illustrated the crucial role of halogen bonds in
controlling supramolecular chirality in multicomponent
systems.”” Supramolecular structures such as macrocycles,’
boxes,® and capsules’” were assembled using halogen bonding.
Employing two resorcin[4]arene-based hemispheres, a supramole-
cular capsule was formed by halogen bonding.””¢ Rissanen and
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colleagues used halogen bonding of halonium ions [N:--I'"---N] to
create capsules of various sizes,'*’*** including a 4.5 nm cavitand-
based hexameric capsule.” Halonium ion bonding has also recently
been used to create a halogen-bonded organic framework.** Net-
works based on halogen bonding of neutral halogen bond
donors®# emit organic room-temperature phosphorescence,* or
were shown to undergo guest-induced structural transformations.®
Self-assembly in the solid state is an important aspect of porous
organic cage (POC) compounds.”'® Because the solid state packing
of POCs has a large influence on their properties,” several groups
have developed methods to control the arrangement by covalently
linking several POCs to form networks and covalent organic frame-
works (COFs) based on POCs."" Crystallisation of POCs can be
directed in selected examples by using specific solvents.'> We herein
introduce imine-based halogen bonding for the formation of supra-
molecular networks.

Unlike many other halogen bond donors, imines have been
previously used in catalysis'** but no further research regard-
ing their halogen bonding properties or the binding motif itself
has been conducted."™*¥

Using this interaction, no functionalisation of the imine
POCs is needed, as all cages formed by dynamic covalent
chemistry between aldehydes and amines carry imine groups.
The integration of POCs into halogen-bonded frameworks is a
technique for facilitating crystallisation and influencing solid-
state packing. We exemplarily chose a small Tri’Di® cage (A)
based on isophthalaldehyde and (2,4,6-trimethylbenzene-1,3,5-
triyl)trimethanamine, and a larger Tri*Di® cage (B) synthesised
from terephthalaldehyde and (2,4,6-trimethylbenzene-1,3,5-
triyl)trimethanamine, as halogen bond acceptors.'*'> Addition
of fluorinated halogen bond donors, iodopentafluorobenzene
(IF5), 1,4-diiodotetrafluorobenzene (I,F,) and 1,3,5-triiodo-
trifluorobenzene (I;F;) to these cages resulted in the formation
of four different co-crystals with completely different
topologies.

To study imine halogen bonding, a model system based on
IF5 as a halogen bond donor and N-benzylideneaniline as a
halogen bond acceptor (Fig. 1) was chosen and investigated in
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Fig. 1 (a) Imine halogen bonding between iodopentafluorobenzene (IFs)
and N-benzylideneaniline; (b) corresponding Laplacian of electron density
with critical points and bond paths. Bond critical (3, —1) points are depicted
in pink, nuclear critical (3, —3) points in blue, ring critical (3, +1) points in
black, paths and zero-flux surfaces as blue and pink lines.

the gas phase and in solution. Analysis of the DFT-computed
density showed interaction energies for the N- - -I halogen bond
(2.89 A, 18.62-29.07 k] mol™') and additional H---I interac-
tions. In comparison, typical values for halogen bonding lie
between 10 k] mol ' and 150 k] mol " depending on the
chosen donors and acceptors.'’”*® The donor IF; can also be
used to generate a co-crystal with imine cage A in which each
cage is connected by imine halogen bonding to one donor
(Fig. S3 and S4, Table S4, ESIY).

After investigating the general halogen bond acceptor prop-
erties of imines, we used I,F, as a donor with a higher count of
iodine to build networks based on cage A.

A structure resembling a box is formed by two cages A
connected by halogen bonding of four I,F, molecules (Fig. 2).
The four different N- - -I halogen bonds are of similar strength,
ranging in length between 2.933(3) and 2.997(5) A with N- - -I-C
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Fig. 2 (a) Box-like structure in the single-crystal structure of A.--2(12F,),
N---I halogen bonds are shown as grey dotted lines, (solvent molecules are
omitted for clarity); (b) packing of A.--2(IzF4) along the crystallographic
b axis; (c) corresponding Laplacian of electron density with critical points
and bond paths. Bond critical (3, —1) points are depicted in pink, nuclear
critical (3, —3) points in blue, ring critical (3, +1) points in black, paths and
zero-flux surfaces as blue and pink lines.
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angles between 164.6(2) and 171.6(2)° (normalized bond
lengths for all XBs, Table S8, ESIT). The unoccupied side of A
interacts with neighbouring cages, each forming its own box,
via m-stacking and distant n-stacking, building a 2D lattice.

To confirm that the bonding in A---2(I,F,) is indeed inter-
molecular halogen bonding as suggested by the geometrical
parameters, plane-wave DFT-D3 calculations'” were performed,
as well as detailed QTAIM-analyses,'® demonstrating the exis-
tence of appropriate bond critical points (3, —1) for the N-- I
contacts (Fig. S12, ESIt). The unit cell structure of A- - -2(I,F,)
was geometry-optimised, showing marginal shortening
of the N---I bond to 2.84 and 2.89 A. The structure was used
to calculate the interaction energies for two halogen bonds that
lie between 15.64 and 24.43 k] mol ' and 17.66 and
27.58 kJ mol ™', respectively. A simplified model system was
also created, yielding bond lengths and interaction energies of
the same magnitude (Fig. S16 and S17, Table S10, ESIf). In
A. - -4(I3F3), each donor site of A is connected via imine halogen
bonding to one I3F3, binding to three cages in total, in an
infinite 2D network (Fig. 3). The six different N---I halogen
bonds are of slightly different lengths (distances between
2.967(5) and 3.016(4) A) and angles (N---I-C angles between
163.3(1) and 166.4(1)°). Two additional I;F; are showing only
minor interactions with A. These donors, which act as a
“solvent molecule” in the crystal structure, aid in the inter-
connection of the different layers via halogen bonding with
lattice-building and n-stacking with “solvent-like” I;F;.

Theoretical calculations support these findings, as the
two lattice-building I;F; each participate in three intermolecu-
lar N---I halogen bonds with similar calculated distances

Fig.3 (@

Lattice-building motif
A---4(I3F3), N---1 halogen bonds are shown as grey dotted lines, IzFs
exhibiting no halogen bonds with A are not shown; (b) infinite network
built by A- - -4(I3F3) pictured along the crystallographic ¢ axis; (c) cage with
lattice-building and “solvent-like” IsF3, additional I- -1 halogen bonds are
shown as grey dotted lines.

in the single-crystal structure of

This journal is © The Royal Society of Chemistry 2022
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(a) Single-crystal structure of B---2(I2F4), N- - -1 halogen bond are shown as grey dotted lines; (b) view of B---2(I;F4) along the crystallographic

¢ axis, voids (solvent accessible surface area) calculated using a probe of 1.2 A are depicted in grey colour (highly disordered solvent molecules were
removed during the refinement of B- - -2(I;F4), see the ESI for details); (c) thermogravimetric analysis of A- - -2(I;F4) (blue), A. - -4(I3F3) (pink) and B- - -2(I5F4)
obtained by slow evaporation (green) and liquid assisted grinding (grey) (the initial dip for the green curve is due to the loss of remaining solvent, while the

sample obtained by grinding (grey curve) contains little to no solvent).

(2.90-2.93 A) and interaction energies (between 14.45 and
24.22 kJ mol ™).

As a model for larger cages, B was chosen. In combination
with LF,, a structure is formed in which each cavity of B is
occupied by one donor (Fig. 4). The distances between the
acceptor sites of B and the incorporated L,F, are quite large
(3.251(9)-3.448(7) A), and the N---I-C binding angles of
142.1(3) and 164.6(3)° indicate that while one imine is bound
to the donor, the other contact is rather weak. The encapsulated
donor and B show appropriate bond critical points according to
QTAIM analysis, and the computed interaction energies reveal
the presence of a halogen bond (8.37-13.35 k] mol™ ") and an
additional weak interactions (4.85-8.13 k] mol ") (Fig. S15 and
Table S10, ESIt). The second donor is located on the exterior of
B, connecting the two cages via halogen bonding. One of the
acceptors is an imine group (N-- T distance of 2.978(7) A and
N- - I-C angle of 161.2(3)°), while the n-system of a neighbour-
ing cage B acts as the complementary acceptor (r- - -I distance of
3.281 A and n---I-C angle of 171.32° distances and angles
measured between I and the centre of the nearest n-bond).'?
Appropriate bond critical points and a corresponding inter-
action energy between 14.59 and 22.78 kJ mol™ " were found.

To make the synthesis of our networks more efficient and to
enable the synthesis of large quantities, we tested whether the
frameworks are also accessible by mechanochemical strategies.
Creating co-crystals by neat grinding or liquid-assisted grinding
(LAG, also known as solvent-drop grinding or kneading),
reduces the amount of solvent needed, as well as the need for
its disposal.'® Through mechanochemistry, materials and co-
crystals assembled by halogen bonding can also be generated.?
A homogenous powder was obtained in each case after grinding
the corresponding donors and acceptors in the desired stoi-
chiometry for 15 minutes at 25 Hz with a small amount of
solvent. While the formation of the composites by slow eva-
poration was usually observable by powder X-ray diffraction
(PXRD) analysis, the samples obtained by LAG showed a higher

This journal is © The Royal Society of Chemistry 2022

amorphous fraction. As IR spectroscopy has been used previously to
observe the formation of halogen-bonded adducts, especially for
those obtained by grinding,*” we recorded spectra for the starting
materials, as well as for the networks obtained by evaporation and
LAG, showing the successful formation. The stability of A - -2(I;F,),
A: - 4(IF;), and B- - -2(I,F,) was initially investigated by thermogravi-
metric analysis, showing that the materials obtained by evaporation
or LAG are stable to at least 90 °C. Additionally, the different
materials were soaked in n-pentane and subsequently kept under
high vacuum at 60 °C for 10-16 hours to determine whether they
could be activated. The PXRD or IR spectra recorded showed no
major decomposition of the networks, even though the highly
fluorinated donors are known to sublime under similar conditions
(Fig. S34-S37, ESIT) and the 2D pore network of B- - -2(I,F,) is able to
take up N, (Fig. S38 and S39, ESIY).

Herein, we could show that halogen bonding using electron-
poor, highly fluorinated donors is an excellent method to post-
modify imine-based materials. The halogen-bonded
frameworks based on POCs can be synthesized by co-
crystallisation or LAG. Detailed QTAIM and computed binding
analyses in combination with SC-XRD studies gave a comprehensive
insight into the previously underexplored halogen bonding of
imines. In addition, because SC-XRD analyses of large and porous
compounds are inherently difficult due to diffuse diffraction within
the reciprocal space at higher resolutions, we believe that this is a
viable technique for future analysis of large and very large, novel
POC-based compounds using in-house SC-XRD machines after
network formation with iodine-containing donors enhancing the
scattering. The intermolecular interactions that lead to the for-
mation of the regular crystal lattice can be influenced by employing
a reversible and simple approach for binding with the most
common functional group used for POC formation, leading to
new network topologies and adding a methodology for the devel-
opment of complex materials for advanced technologies.

This work was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) - SCHM
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