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ABSTRACT: A rigid bis(urea) molecular cleft (BU1) based on the cis diastereomer of a rigid
isophorone-derived spacer forms solid-state inclusion complexes with a range of small
molecular guests. Larger guests can be accommodated by a shift in orientation to open up v a0, o Vb
crystalline channels while retaining the same overall hydrogen-bonded topology. The )23 //
introduction of molecular flexibility to give BU2, which possesses a methylene spacer, destroys , / / \ \\ N
the host—guest complexation behavior and restores the more conventional urea a-tape

packing, giving viscous solutions due to columnar aggregation. Crystallization of both BU1 and
BU2 from a mixture of cis and trans diastereomeric forms is highly diastereoselective with the
cis isomers being significantly less soluble. Isolation of a trans isomer of BU2 from
crystallization of cis-depleted mother liquor reveals an unusual intramolecular hydrogen bond
arrangement, explaining its greater solubility.
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B INTRODUCTION the pincers, suitable for accommodating a guest molecule, and
Molecular clefts, clips, and tweezers are a type of receptor (iii) a spacer that holds the two pincer arms rigidly in a syn
featuring two guest-binding domains and are typically type of conformation.” Usually, aromatic rings or alkynes serve
somewhat rigid, acyclic systems with a well-defined backbone as rigid spacers to ensure that the pincers of the host remain at
spacer geometry resulting in a controlled, but somewhat the required distance apart. The concept originates from the
flexible, binding site geometry. Broadly, the ability of the work of Chen and Whitlock in 1978 inspired by the
binding pocket to surround the guest increases going from observation, in 1970, that the hydrolysis of aspirin in water

molecular clefts to clips to tweezers (Figure 1), but the is inhibited by caffeine and hence there must be some

hydrophobic binding.” It has remained enduringly popular ever
. 2,4 . . .

since.”” Examples include recent work on acyclic glycoluril-
based receptors,” double recognition of guests by receptors
> % . incorporating 7—x stacking arms and an additional hydrogen

bonding core functionality,’ and versatile series of rigid

molecule clip hosts based on Kemp’s triacid.” A characteristic
of molecular clefts is their ability to flex and adapt their binding

cleft clip tweezer pocket according to guest size and shape, and a receptor based
Figure 1. Loose progression from molecular clefts to clips to tweezers on methylene—b;‘ ifiged six-membered rings reported by I(.larner
(the latter binding tetracyanoquinoline guest; reproduced with and co-workers" is able to squeeze down from a separation of
permission from ref 2. Copyright 2022 Wiley-Blackwell). approximately 10 A in the absence of guest to 7.6 A when an

electron-deficient aromatic guest is sandwiched between the

. electron-rich aromatic pincers. Other common, rigid back-
concepts are closely related. Formally, the systems have “bond

angle distortions”, which require little energy and, therefore,
should induce a certain flexibility, allowing the receptor “arms”
to be expanded and compressed during the substrate
complexation”." This setup allows the guest molecule to be
held between the two “pincer arms” of the host. Molecular
clefts require (i) a spacer that prevents self-association, (ii) a
spacer that maintains a distance of at least about 7 A between
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bones include the chiral Trdger’s base’ and the Kagan’s ether
scaffold studied extensively by Harmata."”

Much of the interest in molecular clefts has been in their use
in solution-phase guest binding. As examples of “awkwardly
shaped” molecules with an intrinsic void space,"’ molecular
clefts might also be expected to form solid-state inclusion or
clathrate complexes in which the molecular cavity is occupied
by coformers or guest molecules such as solvents or gases.
While self-inclusion might reduce the space available for guest
binding, the rigid, open V-shape of molecular clefts may reduce
the self-inclusion tendency, particularly if the cleft opening is
held apart by hydrogen bonding interactions in the solid state.
One of the most spectacular demonstrations of this kind of
principle is the recent prediction and experimental realization
of a porous solid phase of an extended benzimidazolone host,
which has a low density open hexagonal pore structure. The
2.8 nm wide hexagonal channels represent the largest pores
found so far in an organic material, and the density of the
empty apohost phase of this “organic molecule of intrinsic
microporosity” (OMIM) is just 0.303 g cm™"."?

In the present work, we report initial studies on a series of
molecular cleft materials based on a rigid isophorone-derived
spacer. Isophorone is found naturally in cranberries and has a
peppermint-like odor."> Isophorone diisocyanate is a cheap,
commercially available derivative and is a common polymer
precursor. In addition to its rigid, cyclic aliphatic structure, the
isophorone backbone is unsymmetrical, giving rise to the
possibility of enhanced selectivity and directional binding. The
two isocyanate groups have different reactivities, with the
primary being more reactive than the secondary isocyanate
group, suggesting the possibility of further desymmetrization.
Isophorone has been used as the basis for bis(acyl-semi-
carbazide) fatty acid gelators that computational and IR studies
indicate intramolecular hydrogen bonding and no open
molecular cleft.'* In this case, we focus on the derivatization
of isophorone diisocyanate to give sterically hindered urea-
based pincer arms, which have been shown previously to give
interesting clathrate structures'> and have been incorporated
into the molecular cleft and MOF materials for solid-state
anion recognition.m’17

B RESULTS AND DISCUSSION

Synthesis and Design. Two new bis(urea) molecular
clefts (BU1 and BU2; Scheme 1) were prepared by the
straightforward reaction of isophorone diisocyanate with either
3-aminopyridine or 3-aminomethylpyridine in a 1:2 stochio-
metric ratio. After solvent evaporation, the resultant white

Scheme 1. Molecular Clefts Prepared in This Work”

“Chiral centers are marked with an asterisk. Both compounds were
prepared as diastereomeric mixtures with either cis (RS/SR) or trans
(RR/SS) relative disposition of the two urea arms.
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powders were washed with boiling water to remove impurities
and characterized by 'H and *C{'H} NMR spectroscopy, FT-
IR spectroscopy, elemental analysis, and single-crystal X-ray
diffraction (see the Supporting Information).

The urea functional groups in BU1 and BU2 are rigid and
planar and offer the possibility of a well-defined hydrogen-
bonded channel by formation of the common urea a-tape
hydrogen-bonded motif.'"""** The pyridyl group in BU1
extends the rigid structure to give a significant molecular
cleft. The occurrence of intramolecular CH:-O hydrogen
bonding interaction in pyridyl ureas of this type, from the
activated pyridyl CH group to the urea carbonyl oxygen
atom,”” is expected to planarize the entire pincer unit and
reduce the tendency toward gel formation common in
bis(ureas).”*>° For comparison, the methylene spacer in
BU2 is likely to impart significantly more molecular flexibility.

The isophorone backbone possesses two chiral centers and
occurs as a mixture of cis and trans diastereoisomers (each of
which exists as two enantiomers). While the 1,3-substitution
pattern of the cyclohexenyl ring ensures that the two pyridyl
urea pincers tend toward a cleft-like arrangement, the cis
isomer is expected to direct the pincer arms parallel to one
another, while the trans isomer may be less effective. The
evaporation and washing workup adopted are not expected to
bring about any selective precipitation of either diaster-
eoisomer.

Solid-State Host—Guest Chemistry. The propensity of
molecular cleft BUI to form solid-state host—guest complexes
was examined by crystallization by using an extensive solvent
screen. BU1 was screened with 34 different solvents at 1% and
2 wt % and dissolved in 15 cases. Saturated solutions were
identified at the concentration at which the compound
remained in solution for a few hours, and if more BU1 was
dissolved into solution, then it would cause precipitation. The
concentration of BUl was increased for better solvents,
namely, ethanol, methanol, cyclopentanone, 2-picoline, 1-
propanol, and 2-propanol, to reach saturation. The concen-
tration of BU1 was lowered in solutions, which resulted in
precipitates, namely, nitrobenzene, THF, and 1,4-dioxane.
Crystallization was attempted by both slow cooling from
heated solutions and by slow evaporation. These experiments
resulted in four samples suitable for single-crystal structure
determination from acetone, ethanol, cyclopentanone, and
nitrobenzene. Two different habits of crystal were noted from
ethanol solution; however, both proved to be the same form
upon crystallographic analysis (Figure 2).

Figure 2. From left to right: crystals of BU1 from ethanol (square
plates) 10%, ethanol (needles) 10%, acetone 1%, cyclopentanone 1%,
and nitrobenzene 1%.

Analysis of these samples by single-crystal X-ray diffraction
showed that BU1 forms host—guest complexes in every case,
with the guest molecules sandwiched between the pincer arms
of the BU1 cleft (Figure 3a). In every structure, it is the cis
(RS/SR diastereoisomer) that crystallizes, indicating that this
is the less soluble form. This issue is discussed in detail under
the Isomeric Selectivity section below. The crystals exist as two
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Figure 3. (a) Acetone cleft inclusion complex of BUI. (b) Discrete
cavities containing solvent guests in Type I (c) Linked voids
containing nitrobenzene in the Type II complex of BUI.

different solid form types. Type I crystals (acetone, ethanol,
and cyclopentanone) adopt space group P2,/n with a 1:1
host—guest stoichiometry (confirmed by solution 'H NMR
spectroscopy), while the nitrobenzene complex is Type II in
C2/c with a 4:3 stoichiometry. While the nitrobenzene guests
and the host itself in the Type II crystal are highly disordered,
the guests are situated within the molecular cleft. The
difference in packing lies in the large size of the nitrobenzene
that lies in a continuous series of linked voids formed by pairs
of cleft hosts along the crystallographic ¢ axis (Figure 3c). The
solvent channel occupies 1012 A® per unit cell, or 18.8% of the
cell volume according to the Mercury void calculation.”” In
contrast, the other smaller solvent molecules fit well within the
molecular cleft as exemplified by the acetone structure (Figure
3b), and the guests sit within discrete voids in the Type I
structure. The overall void volume is 474 A® per cell, or 19% of
cell volume, very similar to Type II. Thus, the larger guest in
Type II is accommodated by a shift to a continuous channel
with lower occupancy rather than an expansion of the host
structure. While a good fit for the cleft, each Type I guest
exhibits two- or three-fold orientational disorder highlighting
the lack of specific interactions between the guest and cleft.

In both types of solvates, the dominant packing motif
comprises hydrogen-bonded dimeric pairs linked on the less
sterically hindered face of the isophorone linker unit. The urea
groups are antiparallel, and dimers are linked by two classic,
symmetrical R}(6) urea hydrogen-bonded motifs (Figure 4a),
with N--O distances of around 2.9 A’”*' The much more
hindered opposite face in both Type I and Type II adopts a
more complex hydrogen bonding mode with the two urea NH
groups hydrogen bonding to either the carbonyl oxygen atom
of an adjacent molecule or the pyridyl nitrogen atom on a
different adjacent molecule giving an overall much larger
second-level graph set”® pattern R}(22) (Figure 4b). Urea-
pyridyl hydrogen bonding in related systems is common
because of the hindrance of the urea carbonyl caused by
intramolecular CH---O hydrogen bonds,”* and this motif
corresponds to the arrangement termed intermediate non-
bifurcated urea-pyridyl synthon VI."
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Figure 4. (a) Symmetrical dimer formation on the less sterically
hindered face of cleft BU1 in both types of complexes. N---O
distances for the acetone solvate: 2.883(3) and 2.890(4) A. (b) Part
of the nonbifurcated urea-pyridyl synthon VI pattern that gives rise to
a R}(22) motif on the more hindered cleft face. N---O 2.873(3) and
N:---N 2.977(4) A. The same motifs are observed in all four structures.

The size of the cleft can be assessed by measurement of the
intercentroid distance between the terminal pyridyl groups and
is remarkably constant across all four structures of both types
with distances of 8.93, 9.06, 9.16, and 8.84 A for the Type I
acetone, cyclopentanone, ethanol, and Type II nitrobenzene
structures, respectively. This highlights the rigidity of the cleft
geometry.

Flexible Alternative Host. The more flexible BU2 acts as
a control compound since, unlike BU1, it does not possess a
rigidly preorganized molecular cleft. BU2 is more soluble than
BU1 and dissolves in 28 of the 34 solvents tested.
Crystallization was also attempted in solvent mixtures by
slow cooling and slow evaporation. These experiments resulted
in two samples of BU2 suitable for single-crystal X-ray analysis:
a chloroform solvate and an apparently nonsolvated form
(Figure Sa,b). Both were analyzed by single-crystal XRD. The
acicular habit and small size of the nonsolvated form required
the use of the 119 beamline at the Diamond synchrotron.”

Figure S. Crystals of BU2 isolated from (a) chloroform (cis
chloroform solvate), (b) acetone (cis nonsolvated form), and (c)
from the acetone mother liquor (trans nonsolvated form).

Unlike BUI, compound BU2 does not function as a
molecular cleft in either of the forms isolated, and in both
cases, the ostensible cleft position is filled by self-inclusion of
one of the pyridyl groups facilitated by the flexible methylene
spacer (Figure 6a). Both structures adopt a more conventional
double urea a-tape packing arrangement,”® which involves
face-to-face stacking similar to that seen in the BU1 structures
as well as similar stacking on the opposite face to give
molecular columns, albeit with somewhat unsymmetrical
bifurcated acceptor N---O interactions ranging from 2.89 to
3.1 A (Figure 6b). In the chloroform solvate, the chloroform
guests hydrogen bond with pyridyl nitrogen atoms on the
outside of the molecular stack. In the nonsolvated structure,
this pyridyl group is disordered and there remains 182 A’
(3.8%) of an accessible void space indicating “awkward”
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Figure 6. (a) Molecular structure of BU2 in chloroform solvate. (b)
Double urea a-tape columnar packing arrangement in the BU2
structures (chloroform solvate shown). N--O distances 2.885(2),
2.953(2), 2.978(2), and 3.119(2) A. CL,HC--N 3.213(2) A. In the
unsolvated structure, the pyridyl group is disordered and 3.8% void
space remains.

packing or possibly unresolved residual channel solvent. While
both solvated and unsolvated forms have a similar 9.2 A unit
cell axis corresponding to the urea a-tape column, the
desolvated form is high-symmetry tetragonal P4,/n while the
chloroform solvate is triclinic P1.

Isomeric Selectivity. Remarkably, it is the cis or RS/SR
diastereoisomer rather than the trans RR/SS form that is
observed in all of the BU1 and BU2 cleft structures. This is
fortuitous since this isomer is expected to have more parallel
pincer arms and hence function more effectively as a cleft. The
isophorone diisocyanate starting material exists as a mixture of
both diastereomeric forms. While the existence of two
diastereoisomers is not clear from the solution 'H NMR
spectroscopic data for BU1 and BU2, it is likely that both
forms have similar chemical shifts, and there is no reason to
expect diastereoselectivity in the synthetic procedure. To
assess isomeric purity and determine whether the single-crystal
structures are representative of the bulk material, XRPD
analysis was undertaken on all samples.

The powder patterns of the BU1 solvates with ethanol,
acetone, and cyclopentanone guests display the same peaks in
their experimental patterns as their calculated powder patterns
derived from the single-crystal data. Hence, the single-crystal
data is representative of the bulk, and the crystallization occurs
diastereoselectively. An additional set of broad peaks can be
identified in the powder pattern of the as-synthesized BU1
material, which is prepared by evaporation of the solvent,
compared with the XRPD patterns of the ethanol, acetone, and
cyclopentanone recrystallized samples. This additional set of
peaks (Figure 7a, arrows) is likely to be representative of the
trans diastereoisomer present in the “as-synthesized” BU1
powder before recrystallization. Small shifts in peak positions
reflect the different temperatures of the low-temperature
single-crystal data compared to the room temperature XRPD
measurement and likely different solvent occupancy of the as-
synthesized BU1l compared to the recrystallized samples,
although it is apparent that the cis isomer in the as-synthesized
material has a Type I structure. The nitrobenzene sample is the
alternative Type II solvatomorph, and the experimental XRPD
pattern appears to be significantly affected by preferred
orientation leading, for example, to the very low intensity of
the (110) peak at 8.2° 20 (Figure 7).

In the case of BU2, again, the single crystal appears to
represent the bulk recrystallized material in both the
chloroform solvate and unsolvated products and hence is
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Figure 7. X-ray powder diffraction patterns of BU1 recrystallized from
(a) ethanol and (b) nitrobenzene compared to the calculated patterns
from the low-temperature single-crystal data and the “as-synthesized”
material. Arrows in the “as-synthesized” pattern point to additional
peaks that may represent the trans diastereoisomer. The experimental
intensity of the (110) reflection in particular appears to be
significantly affected by the preferred orientation.

free of the trans diastereoisomer, albeit again with considerable
preferred orientation effects as would be anticipated from the
extreme acicular morphology of the samples (Figure Sa,b). The
XRPD pattern of the as-synthesized material resembles that of
the chloroform solvate (indeed, the compound is prepared
using chloroform) but with additional peaks suggesting the
presence of a second diastereoisomer (Figure 8).

The disappearance of this second trans diastereoisomer on
recrystallization implies that it is considerably more soluble for
both BU1 and BU2. To establish this point and rule out the
trans isomer as a potentially useful molecular cleft, the cis
nonsolvated crystals of BU2 were removed from the acetone
mother liquor by filtration and the remaining solution was left
to slowly evaporate over a week. This led to the formation of
another set of crystals with a tabular habit (Figure Sc). Single-
crystal X-ray analysis of this sample revealed it to be an
unsolvated form of the previously unobserved trans isomer.
The structure immediately provides a reason for the
compound’s greater solubility since it involves the relatively
unusual’' syn—anti conformation of one of the two urea groups
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Figure 8. X-ray powder diffraction patterns of BU2 recrystallized from
(a) chloroform and (b) acetone (unsolvated form) compared to the
calculated patterns from the low-temperature single-crystal data and
the “as-synthesized” material.

and the formation of an intramolecular hydrogen bond, N---O
2.88 A. This allows the formation of an eight-membered R3(8)
intermolecular hydrogen-bonded ring motif. The other urea
group is in the more common anti—anti conformation but is
highly sterically hindered, preventing the formation of the
conventional coplanar R}(6) motif. Instead, this group is
situated perpendicular to the syn—anti urea hydrogen-bonded
dimer giving a very unusual, perpendicular interaction (Figure
9), with relatively long N---O distances of 2.97 and 3.09 A. The
greatly reduced intermolecular hydrogen bonding in this trans
form is expected to result in lower crystal stability and hence
reduced solubility. The Uni intermolecular potential tool in
Mercury’>* gives an overall packing energy for this structure
of —252.6 kJ mol™ compared to the chloroform solvate cis
isomer of BU2 of —302.9 kJ mol™". The unfilled void space in
the nonsolvated form of the cis compound results in a
nonsensical calculated packing energy of +124.3 kJ mol™". The
SQUEEZE procedure™ indicates that this void space is
genuinely empty with no residual electron density.

Gelation Behavior. Bis(urea) compounds commonly give
rise to low molecular weight supramolecular gels in various
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&

Figure 9. X-ray crystal structure of trans-BU2 showing the
intramolecular hydrogen bonding, the syn—anti conformation of one
of the urea groups that results in (a) an R}(8) intermolecular
hydrogen-bonded ring motif, and (b) the highly sterically hindered,
perpendicular R}(6) motif.

24,26,30,35,36 . . .
solvents.”#>*3%393¢ Gel formation is often associated with the

formation of self-assembled fibrillar nanostructures (SA-
FiNs)*"~* via the urea a-tape hydrogen-bonded motif. No
gel formation was observed during this study, which may be
correlated with the lack of a-tape hydrogen bonding in both
types of the BUIL structure. While also a nongelator, BU2
formed very viscous liquids with water at 1—4% by weight. At §
wt %, however, BU2 precipitated. Similar results were obtained
with mixtures at different wt % of BU2 in water and THF at a
3:2 ratio. These solutions became more viscous as the THF
evaporated; however, no gels were observed. Similarly, neither
sonication nor shaking induced gelation in any of the solutions
or viscous liquid samples. Preliminary attempts were also made
to induce gelation by addition of copper(II) salts.’® Copper
salts were combined into solutions in which the salts are
soluble (e.g., water, THF, etc.) by first dissolving the metal salt
in a minimum amount of the solvent (0.01 mL) and then
adding the salt solution to the saturated solution of BU2.
Alternatively, the salt was dissolved in a minimum amount of
methanol and then added to the saturated solution of solvents
in which metal salts are not soluble (e.g., nitrobenzene). While
no metallogels were formed, the addition of Cu(BF,), and
CuCl, at 0.5 mol equiv in 3:2 water:THF at 2% and 4 wt % of
BU2 appeared to give rise to materials that pass the common
“inversion test” for gels."”*' However, these materials proved
not to be gels, and the lack of liquid flow was caused by the
formation of a solid skin across the surface of the samples,
likely prompted by the evaporation of THF from the solution
mixture and some minimal gel-like aggregation. The SEM
images of the freeze-dried “gel-like” samples displayed the
absence of any gel fibers, and the material beneath the skin
remained liquid (Figures S1 and S2).

Bl CONCLUSIONS

The rigid molecular cleft geometry of BUI induced by the
asymmetric isophorone-derived backbone prevents the for-
mation of the well-known urea a-tape hydrogen-bonded motif
and simultaneously creates a well-defined guest-binding
pocket. This results in hydrogen-bonded dimers in the solid
state that is associated with the unusual nonbifurcated urea-
pyridyl synthon VI pattern'” and gives rise to consistent
inclusion complex formation with small molecular guests such
as acetone, ethanol, and cyclopentanone. The pattern can be
adapted to give Type II channel structures the ability to
incorporate larger guests such as nitrobenzene. The crystal-
lization of both BU1 and BU2 is strongly diastereoselective
with the less soluble cis diastereoisomers being observed in
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every case. For at least BU2, the trans isomer may be obtained
from the mother liquor after removal of the cis form, and its
higher solubility appears to arise from the formation of
intramolecular hydrogen bonding and an unusual, perpendic-
ular distorted hydrogen-bonded arrangement. The introduc-
tion of additional flexibility as in BU2 restores the a-tape
packing motif and results in the beginnings of molecular
aggregation to give viscous solutions, if not complete, gelation
behavior. Finally, this work highlights the warning'® that
samples that pass the simple inversion test may well not be
gels, and liquid may be trapped under a thin solid layer.
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