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Salt cocrystals with components that assemble by hydrogen bonds
and aromatic anion-molecule stacks (- stacks) are reported. U-
shaped bipyridines and an isocoumarin carboxylic acid self-
assemble to form 5-, 6-, and 10-component aggregates with
components in double and quadruple face-to-face stacks. DFT
calculations support the m-mn stacks to help stabilize the salt
cocrystals.

While it is now clear that cocrystals are experiencing a
variety of applications (e.g. solid-state reactivity, organic
electronics, pharmaceutics), 2 strategies for their design and
formation remain under development. In this context, a salt
cocrystal represents an intriguing class of cocrystals, being
composed of a salt BA (salt co-former) and an included acid HA
lattice molecule as general form B*AHA.3 Contributions to the
lattice energy of a salt cocrystal will, arguably, be dominated by
the charged ions, which can present a challenge to reliably
predict the integration of the neutral acid molecule within the
lattice. # > A neutral molecule is not expected to be integrated
into a crystal lattice based on charge effects. Indeed, while
important progress is being made, there still remains a general
lack of systematic examples of salt cocrystals reported in the
literature.610

In this context, U-shaped receptors are important ditopic
building blocks in the fields of supramolecular chemistry and
recognition. The receptors exhibit convergent
recognition sites to direct the assembly of approaching
molecules. Here, we report on the formation of a robust series
of salt cocrystals formed using U-shaped monomolecular
dications. The dications

molecular

orchestrate face-to-face anion-
molecule stacks of aromatics, or t—mn stacks, to form hydrogen-
bonded aggregates with 5, 6, and 10 molecules in the self-
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and with assistance of n——m stacking
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assembly. While nonbonding m*-mt interactions have been
investigated  both crystal
structures,1213 contributions of -7t interactions have, to our

computationally!* and in
knowledge, not been documented. The presence of an anion
and molecule in a crystal lattice is an intrinsic characteristic of a
salt cocrystal. We are also unaware of a series of salt cocrystals
involving monomolecular dications.

HA is isocoumarin-3-carboxylic acid (IsoH). Isocoumarins are
abundant in microbes and higher plants.’* We combined IsoH
with members of the series of U-shaped ditopic bipyridines
DAPN, DEPN, and DPN (Scheme 1). We determined dicationic
DAPN and DEPN to assemble with copies of Iso” and IsoH to
form salt cocrystals with aggregates that contain six
components in the self-assembly. The components are
sustained by N*-H---O- and neutral O-H---O- hydrogen bonds.
Dicationic DPN forms a salt cocrystal composed of tweezer-like
aggregates with five components in the self-assembly and
generate interdigitated structure with 10 components. That salt
cocrystals form in each case is predicated on the formation of
double and quadruple face-to-face anion-molecule - stacks
of [Iso]~/IsoH, pairs. DFT calculations show the m~—m stacks to
be comparable and preferred over alternative molecule-
molecule and anion-anion stacked pairs.
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Scheme 1. Double and quadruple face-to-face stacks of anion-molecule
[Iso]~/IsoH pairs and self-assembly.
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Figure 1. X-ray structure 1: (a) 6-component aggregate, (b) n~—m stacks, and (c)
extended 1D packing highlighting hydrogen-bonded bis(carboxylates).

DEPN,'> DPN, ¢ and IsoH’ were prepared as reported while
DAPN?8 was prepared according to a modified procedure. When
DEPN (11 mg, 0.03 mmol) and IsoH (25 mg, 0.13 mmol) were
combined in nitromethane/methanol (viv 4:1), pale
yellow parallelepiped single crystals of [DEPN-2H][Iso],-2(IsoH)
(1) formed by slow evaporation after a period of 3 d. Similar
syntheses afforded pale orange plate-like crystals of [DAPN-
2H][Iso],-2(IsoH) (2) and [DPN-2H][Iso],-2(IsoH)-3NO,Me (3)
after 1 d. For 3, ethanol was used instead of methanol. The
composition of each salt cocrystal was confirmed by single-
crystal and powder X-ray diffraction, as well as *H NMR
spectroscopy.

The components of 1 crystallize in the monoclinic space
group P24/c (Fig. 1). The asymmetric unit is complex, consisting
of a [DEPN-2H]?* ion, two [Iso]" ions, and two IsoH molecules.
The pyridinium groups adopt a cofacial conformation (angle of
planes: 15.2°; centroid-centroid 4.23 A). Each dication
participates in a N*-H---~0,C- and N*-H::-:O,HC- hydrogen bonds
to a carboxylate (anion) and a carboxyl group (molecule),
respectively. The geometries of the carboxyl groups are
consistent with anionic [Iso]™ (see SI, Table S5) and neutral IsoH
(1.231(3)/1.281(4) A) moieties. This means that a face-to-face
double-stacked anion-molecule [Iso] /IsoH pair of -t type sits
adjacent to each dication (plane-to-plane 3.50 A). The
remaining O-atoms of the carboxylate and carboxyl groups
participate in intermolecular O-H:--:O~ hydrogen bonds. As a
consequence, two bis(pyridinium) ions, two carboxylates [Iso]~
ions, and two molecules of IsoH form a discrete 6-component
self-assembled aggregate sustained by six hydrogen bonds. Two
sets of stacked [Iso] /IsoH pairs are present in the aggregate,
while two additional and isolated hydrogen-bonded
bis(carboxylates) reside exterior in the lattice. We are unaware

of a salt cocrystal composed of a U-shaped monomolecular
dication. The components form a 1D structure based on face-
to-face and edge-to-face stacking of naphthyl-naphthyl and
pyridinium-carboxylate moieties, respectively.

The self-assembly process involving m—-m stacks is
persistent, with 6-component aggregates forming in salt
cocrystal 2 with DAPN. The components of 2 crystallize in the
triclinic space group P T (Fig. 2). [DAPN-2H]?* assembles with
four [Iso]~ anions and four IsoH molecules as a 6-component
aggregate sustained by N*-H:--~O,C-, N*-H:--O,HC-, and O-H---O"~
hydrogen bonds. The dications adopt a cofacial conformation
(angle of planes: 15.7°; centroid-centroid 4.55 A), with the
pyridiniums separated greater than 1. The larger separation
likely reflects strain introduced by the shorter distance of the
C=C bond. The face-to-face anion-molecule [Iso]7/IsoH pairs
stack offset (plane-to-plane 3.52 A). The components assemble
by stacking of naphthyl-naphthyl and carboxylate-carboxylate
moieties. That the 6-component aggregate is preserved despite
differences in crystal packing attests to the robustness of the
hydrogen bonding and m"—mt stacking interactions.

Figure 2. X-ray crystal structure 2: (a) 6-component aggegate, (b) extended
packing highlighting bis(carboxylates).
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DFT calculations® (RB97D3/def2-TZVP//RB97D3/6-31G*
level zero-point corrected using methanol for implicit solvation)
support the anion-molecule [Iso]~/IsoH face-to-face -t stacks
as stabilizing forces for self-assembly and salt cocrystal
formation. Specifically, the stacks were calculated energetically
favored by 3.1 kcal/mol versus a hypothetical anion-anion (i.e.
salt with carboxylate-carboxylate) stack. Moreover, the m—n
stacking was virtually isoenergetic (difference 0.4 kcal/mol)
versus the stacking of two neutral IsoH molecules. Electrostatic
potential maps (Fig. 3) reveal appreciable build-up of negative
charge (Fig. 3a, red) for the anion compared to the molecule
(Fig. 3b, blue). Evidence for nonbonding - stacks in the solid
state also comes from a salt cocrystal based on 1,3-bis(4-
pyridyl)propane and 2,5-thiophenedicarboxylic acid.?® In the

This journal is © The Royal Society of Chemistry 20xx
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solid, similar to DPN, DEPN, and DAPN, the dication adopted a
bent conformation with an anion and molecule in a m-nt
stacked arrangement.

(a) (b)
£

Figure 3. DFT-computed electrostatic potential maps: (a) Iso~ anion and (b) IsoH
molecule (red: electron-rich, blue: electron-poor).

A 5-component aggregate with n~—n stacking formed for 3
(Fig. 4). The aggregates of 3 are sustained by N*-H----O,C- and
0O-H---O~ hydrogen bonds, crystallizing in the space group P 1
(Fig. 3). A larger splay of the cofacial pyridiniums of DPN (angle
of planes: 29.8°) and shorter pyridinium separation (centroid-
centroid 4.00 A) generates an aggregate with a tweezer-like
geometry (Fig. 3, both left and right). Remarkably, the tweezers
form a dimeric 10-component stacked structure sustained by
quadruple [Iso]7/IsoH m-m stacks. The interdigitated
aggregates generate cavities occupied by solvent nitromethane
molecules. The stacked and interdigitated structure of 3 further
attests to the robustness of the m—n forces.
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5-component 5-component
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Figure 3. X-ray crystal structure 3: (a) interdigitation of 5-component aggregates
to give 10-component aggregate, (b) quadruple stacks, and (c) space-filling of
packing to form cavities.

In conclusion, we have described a robust series of salt
cocrystals sustained by hydrogen bonding and m—m anion-
molecule stacking. The face-to-face m —mn stacks stabilize the
supramolecular structures versus -1t~ and m-Tt stacking. We
will now turn to exploit self-assembly process involving ditopic
component for further salt cocrystal formation (e.g.
pharmaceutical cocrystals). We also expect our study to be
useful for future work that lead to a fundamental understanding
of m~—mt stacking interactions.

This journal is © The Royal Society of Chemistry 20xx
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A series of salt cocrystals with components that form
complex aggregates based on hydrogen-bonding
and rt -1t stacks is reported.
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