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Microporous materials are of significant interest owing to
their central role in gas storage, separation processes, and
catalysis."™ Recently, microporous molecular solids com-
posed of discrete, shape-persistent organic cages have
received growing attention!!! because they possess unique
properties that set them apart from conventional, extended
network materials, such as zeolites,” metal-organic frame-
works,! and covalent organic frameworks."! For example,
molecular solids are readily solution-processable,” provide
facile access to multicomponent materials by mix-and-match
synthesis,””! and, by virtue of their noncovalent intermolecular
packing, can exhibit advanced properties, such as adsorbate-
triggered on/off porosity switching.”!

Unlike extended networks, where solvent-accessible voids
are linked through rigid covalent framework solids composed
of discrete organic cages predominantly aggregate by rela-
tively weak dispersion forces. Predicting the crystal structures
of such weakly aggregating materials is a long-standing
challenge in solid-state chemistry,® and is, in this field,
inherently coupled to estimating the ultimate porosity of
a molecular solid from its building units, as different
polymorphs can afford solids with dramatically different
surface areas.”) Accordingly, relatively few examples of
porous organic solids have been reported.'¥! Nevertheless,
recent work from the laboratories of Cooper and Mastalerz
have demonstrated that the porosity of such materials can be
modified through crystal engineering strategies and synthetic
processing.”®!" Herein we describe the synthesis and charac-
terization of a novel, permanently porous, shape-persistent
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cage molecule (C1) that is constructed entirely from thermo-
dynamically robust carbon—carbon bonds and has the molec-
ular formula C,;,H¢,0O, (Scheme 1). Furthermore, we demon-
strate kinetically controlled access to two crystalline poly-
morphs Cla and C1f that possess dramatically different N,
porosities: polymorph Cla, which is nonporous to N,, and
polymorph C1f, which affords a BET surface area of
1153 m*g™".

CuCl (45 equiv),
Cu(OAc), (65 equiv)
pyridine, 65 °C, Ar

Scheme 1. Procedure for the synthesis of trigonal-prismatic cage C1.

Molecule C1 was synthesized by Eglinton homocoupling
of two rigid, alkyne-terminated building units (Scheme 1; 2).
Such reactions, which are often conducted with a stoichio-
metric excess of copper reagents, have been widely employed
in macrocycle synthesis."'! The cage precursor, compound 2,
can be elaborated from a tripodal building block, 4-[tris(4-
iodophenyl)methyl]phenol,'” by sequential phenol methyl-
ation, Sonogashira coupling, and silyl deprotection reactions
in 53% yield over three steps.'”] The ultimate homocoupling
step proceeds under high-dilution conditions with a large
excess of catalyst to maximize the yield of the kinetic product
C1. The yield of C1 (20%) is remarkable given the
irreversible nature of the bonding involved and the fact that
one incorrect bond formation step during cage synthesis will
direct the reaction towards the formation of oligomers. No
other major products are isolated in this reaction that requires
three Eglinton homocoupling reactions. The energy-mini-
mized structure of C1 is best described as a distorted
triangular prism with internal vertical and horizontal diam-
eters of 13.5 A and 12 A, respectively.'¥
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The most common strategy used to synthesize organic
cages is to employ covalent dynamic imine chemistry to
facilitate isolation of the thermodynamic molecular product
from a one-step reaction. Inspired by analogous chemistry, ™!
we aimed to expand the reaction space of such porous
molecular solids by synthesizing a thermodynamically robust
shape-persistent cage molecule by homocoupling of a single
component. Furthermore, we note that the one-step synthesis
of related multicomponent cages may be possible, under such
bond-forming conditions, by judicious choice of templating
strategies.!"’]

The formation of C1 was confirmed by 'HNMR and
3C NMR spectroscopy, which showed aromatic resonances in
the range 7.76-6.85 ppm and a resonance for the methoxy
group at 3.83 ppm in the 'H NMR spectrum; these are all
consistent with the cage structure.™™ The alkyne proton of 2 is
notably absent from the 'HNMR spectrum of C1, and
electrospray ionization mass spectrometry (ESI-MS) showed
a peak for the parent ion at m/z 1439, which corresponds to
[C1]H". Two weak IR bands for the C=C stretches at 2219 and
2207 cm™! were readily apparent. Bulk samples of C1 were
readily desolvated and stable up to about 400°C, as deter-
mined by concomitant thermal gravimetric analysis—differ-
ential scanning calorimetry (TGA-DSC) experiments. It is
noteworthy that the DSC trace showed no evidence of
chemical transformations below 400 °C. This is quite remark-
able given the close proximity of three diyne moieties but
points to the overall rigidity and thermal robustness of the
structure. C1 is soluble in common organic solvents, such as

3.1 nm

Angewandte

imemationalediion . CEIMIE

chloroform, dichloromethane, and benzene, but insoluble in
alcohols, H,O, and other highly polar solvents.

Large colorless block-shaped crystals of C1 formed in
approximately 24 h from slow evaporation of a dichlorome-
thane/methanol solution of C1. The crystal structure of C1'7
(Figure 1) closely resembles the energy-minimized structure
identified by computational approaches. The vertical and
horizontal outer dimensions of C1 are circa 3.1 nm by 1.6 nm,
and these enclose an internal cavity of the dimensions noted.
The volume occupied by a cage molecule is about 1300 A°.
The preorganized tripodal building block adopts the geom-
etry anticipated from initial modeling and structure predic-
tion with angles of 104.1(3)-111.5(3)° around the tetraphenyl
carbon atom. The dialkynyl struts are close to linear and all
alkyne moieties have the expected bond lengths (in the range
1.171(5)-1.224(5) A). This single-crystalline polymorph, Cla,
crystallizes in the orthorhombic space group Pbcn with four
molecules in the unit cell. Consideration of the packing
reveals that the cages pack in a herringbone-type arrange-
ment, if the cages are treated as rods along their long
molecular axis. Each individual molecule of C1 packs closely
with four other molecules of C1 in the same orientation and
two sets of four additional cages, with a near-orthogonal
direction of their molecular axis, at the poles of the first cage
(Figure 1b). This has the effect of placing at least two
molecules of C1 into each window of an individual cage.
Owing to the lack of functional groups directing the packing,
the primary intercage forces in the crystal packing are van der
Waals interactions and edge-to-face m-stacking interactions
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Figure 1. a) Representations of the structure of C1 and b) wire-framed depiction of the packing of Cla. down the b axis. c) N, accessible surface
area of Cla and d) the simulated mean-squared displacement of N, and H, through Cla.
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involving both phenyl and alkyne moieties."™ The crystals of
C1 contain residual solvent electron density peaks that could
not be definitively identified and the SQUEEZE routine of
Platon"” was applied to the collected data.”® Powder X-ray
diffraction (PXRD) was used to confirm that the single crystal
structure was representative of the bulk sample and deter-
mine that the o polymorph was retained subsequent to
evacuation of residual solvent.™!

The simulated accessible pore space of N, displayed in
Figure 1c shows that the structure of Cle. contains one-
dimensional channels comprised of adjacent cages connected
by windows of about 4 A. Given that the kinetic diameter of
N, is 3.64 APt was expected that that these windows would
restrict the diffusion of N, through the material. To support
this hypothesis we employed molecular dynamics to simulate
the diffusion of H, and N, within the pore structure of Cla.*
This was determined by measuring the mean-square displace-
ment of single N, and H, molecules for 3 ns after 1 ns of
equilibration at 77 K. Figure 1d clearly shows that the motion
of N, is constrained within polymorph Cle while the smaller
H, is able to diffuse through the structure by the circa 4 A
windows. In accordance with these structure simulations, 77 K
N, isotherms indicated that activated samples of Cla were
non-porous to N, but porous to H,, affording a total uptake of
approximately 40 cm’g™' at 77 K. However, Cle. can be
considered a “soft” porous crystal, and it is plausible that with
greater gas loading pressures and temperature, slight struc-
tural deformations may allow N, to diffuse through the
framework.

Rapid precipitation of C1 was found to reliably form
a second, kinetically trapped polymorph C1p. Addition of an
antisolvent to solutions of C1 or freeze drying from benzene
both form microcrystalline powders with identical PXRD
patterns (Figure 2). Upon solvent removal and drying,
polymorph C1f retains crystallinity and yields a PXRD
pattern that corresponds to the solvated forms, indicating
structural uniformity subsequent to guest removal. The
propensity of C1 to form a crystalline material following

Single crystals
(simulated)

| Single crystals

Intensity
(
{
(

[ |
I
\.“ )‘ Solvent evaporation
AWl

N
A U A oM n A A M

|

|
|
H/\I Rapidly precipitated

. S T S U W S —

5 10 15 20 25 30 35 40
20/°

Figure 2. PXRD patterns of desolvated samples of Cla (red) and C1
(mauve). The green PXRD pattern shows a mixture of polymorphs
Cla, and C1f. The blue arrow on the right of the Figure is a guide for
the timescale in which each solid sample was crystallized.
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freeze drying is very unusual for porous molecular solids,
however, we note that PXRD methods are silent to the
presence of an amorphous component. Scanning electron
microcoscopy (SEM) indicated that polymorph C1ff forms
thin plate-like crystallites, in contrast to polymorph Cla that
form block-shaped crystals."® This plate-like morphology of
the C1p polymorph accounts for the broadness of the peaks
and weak high-angle diffraction in the PXRD. Our contention
that access to crystalline polymorphs Cla and C1f is a kineti-
cally driven process is supported by PXRD experiments
carried out on samples of C1 generated from supersaturated
solutions on a rotary evaporator (Figure 2). Solvent evapo-
ration from a solution of C1 in dichloromethane gives rise to
crystalline solids with PXRD patterns that are consistent with
a mixture of both polymorphs. On the qualitative time scales
investigated in this work, solvent evaporation (minutes) lies in
the intermediate range between single crystal growth by slow
evaporation (hours to days) and rapid precipitation (seconds).
We acknowledge that exploration of other crystallization
techniques, solvent combinations, and temperatures may
provide access to additional polymorphs. Nevertheless, we
clearly demonstrate predictable and reproducible access to
polymorphs Cla and C1f by simple kinetic control. These
observations suggest that crystallization of C1 follows Ost-
wald’s rule, as C1f is kinetically trapped in a metastable
crystalline phase that upon dissolution and slow crystalliza-
tion affords the thermodynamically favored form Cleo.™!
Although the formation of Cla and CI1f is kinetically
driven, variable-temperature PXRD experiments showed no
evidence that a thermodynamic phase transition occurs in the
solid state.

We assessed the permanent porosity of polymorph C1f by
first evacuating solvent molecules from its pores (12 hours,
2 uTorr, 298 K) and then measuring a N, isotherm at 77 K
(Figure 3). The isotherm shape is best described as type 1,
which is consistent with pore diameters of less than 2 nm. The
slight hysteretic behavior suggests the presence of structural
inhomogeneity or poor uniformity in crystal size distribution
and this has been observed in other porous molecular solids
and flexible metal-organic framework materials.'” BET
analysis of the isotherm in Figure 3 indicates that C1f has
a surface area of 1153 m?g . It is noteworthy that surface
areas in excess of 1000 m?g~" are rare for molecular cages.!
Additionally, polymorph C1f can be dissolved and precipi-
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Figure 3. N, 77 K isotherm of C1f}. @ adsorption, O desorption.
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tated several times without diminishing the accessible surface
area. These properties highlight the facile processability of
C1. Pore size distributions calculated by nonlocal density
functional theory from the adsorption data shows two main
peaks centered at approximately 6 A and 11 A. The larger
pore size corresponds well to the predicted internal pore
diameter of C1 and the presence of a second pore suggests
solvent accessible extrinsic voids. However, in the absence of
structural data, the contribution of intrinsic and extrinsic
porosity to the total surface area cannot be confirmed.

In summary, we have described the synthesis and charac-
terization of a robust organic cage that is constructed entirely
from carbon—carbon bonds. Solids of C1 can be predictably
crystallized by kinetic control into two separate polymorphs
Cla and C1f. Rapid precipitation of C1 leads to the
permanently porous polymorph C1f, which has a notably
high surface area of 1153 m?g™' for a molecular solid;
however, slow crystallization methods yield Cla, which was
found to be nonporous to N, gas. Such control of polymorph-
ism is of great interest, as the properties of polymorphic
materials can, as in this present case, show remarkable
variation. Furthermore, fine control of polymorphism can
provide insight into the mechanism of multistage polymorphic
transitions from the beginning of crystallization to the
formation of stable solids. We are currently investigating if
the kinetic trapping methods observed in this work can be
generally applied to derivatives of C1. Additionally, we are
also synthesizing C1 analogues functionalized with moieties
designed to enhance its selective gas adsorption properties.
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