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ABSTRACT: A small organic cage molecule (1) containing
six nitrile groups was crystallized in the presence of a number
of guests with hydrogen bond donor groups, and from
different solvents. In total, eight crystal structures of 1 were
obtained, six of which are guest-free and two of which are
cocrystals. When the guest was resorcinol or pyrogallol,
cocrystals did not form, but the presence of the guests
directed formation of new crystalline phases that were not
observed when the cage was crystallized alone. When the guest was hydroquinone or diaminobenzene, it was possible to isolate
cocrystals where the guest hydrogen bonds to some of the nitrile groups of the cage.

■ INTRODUCTION

Molecular cages are a class of molecules containing a pore in
their center, and numerous examples of both organic1−3 and
metal−organic cages4−8 have been reported. While by
definition cages contain a void (i.e., are usually intrinsically
porous), they are often nonporous as solids, because the cages
pack in such a way that the pores present in the material do not
align. Nonetheless, cages are attractive candidates for porous
materials as they are solution processable and can often be
prepared in a modular fashion.3

To benefit from the advantages of cages while overcoming
their tendency to nonporosity in the solid state, there is
considerable interest in developing methods to control the
organization of cages in three-dimensional (3D) solids. Ideally,
this would involve taking a discrete cage molecule and using
additional interactions to drive formation of a porous
crystalline 3D network. Significant progress has recently been
made in this area with covalent bond formation,9,10 metal−
ligand coordination,11−20 and noncovalent forces21−28 being
used to drive framework assembly.
An alternative approach would be to cocrystallize appropri-

ately functionalized cage molecules with hydrogen bonding
guests and use these guests to direct the formation of 3D
superstructures (i.e., hydrogen bonded frameworks29−31). In
this manner, one cage could potentially be used to assemble
several cage networks simply by using a variety of guest
molecules. Presumably, relatively strong hydrogen bonding
groups would be needed to prevent collapse of the framework.
As a first step toward hydrogen bonded cage networks, we

report our investigation into the crystallization of cage 1 in the
presence of various hydrogen bonding guests (hydroquinone,
HQ; resorcinol, Res; pyrogallol, PG; 1,3-diaminobenzene,
DAB; Figure 1). Compound 1, first reported by Katz,32

contains six potentially hydrogen bond-accepting nitrile groups
that could interact with hydrogen bond-donating guest

molecules. These nitrile groups are not particularly strong
hydrogen bond acceptors33,34 and so are unlikely to lead to
stable hydrogen bonded networks;35 however, this cage is easy
to synthesize, allowing for a detailed study of its crystallization
behavior. We demonstrate that 1 possesses a rich crystal-
lization landscape and that hydrogen bonding guests can be
used to control crystallization,36 with or without the formation
of cocrystals.37−39
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Figure 1. Structure of organic cage molecule 1 and potential
hydrogen bonding guests used in this study.
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■ RESULTS AND DISCUSSION

Solvatomorphs of 1. Before studying the interaction of 1
with hydrogen bonding guest molecules, we investigated how
crystallization solvent affected crystal packing.40 Katz has
reported the crystal structure of 1·2EtOAc, which was prepared
by crystallization from hot ethyl acetate;32 this structure has Z′
= 1. We crystallized 1 by vapor diffusion of diethyl ether into
an ethyl acetate solution of the cage, which gave a different
crystal form, 1Z0.5 with one-half of the cage in the asymmetric
unit. Two regions of ill-defined electron density were present
about a special position; these could not be sensibly modeled,
and so PLATON-SQUEEZE41 was used to include the
electron density in the refinement. Crystallization of 1 by
vapor diffusion of diethyl ether into acetone or acetonitrile
solutions gave the solvatomorphs 1·2acetone and 1·2MeCN.
The structures of these four solvatomorphs are shown in

Figure 2: generally, the structures are very similar with two
solvents per cage molecule located between the pairs of
dicyanopyridine “wings” of the cage. In the case of 1Z0.5, the
regions of solvent density are of similar size and in similar
locations to the other three solvatomorphs, suggesting a similar
solvent content. While the structures appear quite similar,
subtle differences in packing are apparent (Figures S16−S23)
with the larger solvent molecules forcing the cages slightly
further apart. These small changes caused by solvent are a
notable contrast to those caused by other hydrogen bonding
guests (see later).
Interaction of 1 with Guests in Solution. Having

observed that solvent had only a subtle effect on the
crystallization of 1, we next investigated the effect of hydrogen
bond donors on crystallization. We initially studied whether 1
could interact with hydrogen bonding guests in solution. The
cage is soluble in a range of moderately polar to polar solvents
(e.g., EtOAc, acetone, MeCN) but not in chlorinated solvents.
Addition of guests to 1 in acetone-d6 showed only very minor
shifts in the 1H NMR spectra indicating very weak interactions
in this solvent (Figures S13−S15).
Quantitative NMR binding studies were undertaken using

HQ and PG in this solvent, but in both cases, 1:1 association
constants were calculated to be ≪1 M−1 (see Supporting
Information for more details). Attempts to determine
association constants in less polar solvents were thwarted
because either 1 is not soluble in these solvents (CD2Cl2,
CDCl3, THF-d8) or the solvents are prohibitively expensive
(EtOAc-d8).
Effect of Guests on Solid State Structures. While

negligible interactions are present between 1 and guests in

acetone-d6 solution, we were still interested in the effect of
these guests on the crystallization behavior of 1. To study this,
we obtained crystals by diffusing diethyl ether vapor into an
EtOAc solution of the cage and guests.

1 and Res. Crystallization of 1 in the presence of one molar
equivalent of Res gave colorless block-like crystals. X-ray
crystallography and 1H NMR spectroscopy showed that no
Res was incorporated in the structure, but interestingly the
crystals are not the same as those when the cage is crystallized
under the same conditions in the absence of guest. In the
absence of guest, 1Z0.5 is formed; when Res is present during
crystallization, a new phase is formed which has Z′ = 2. This
phase, 1Z2, has one diethyl ether molecule present per
molecule of cage, i.e., two in the asymmetric unit (Figure 3).
When 2 or 6 equiv of Res was used, the same crystal phase was
produced, along with a small amount of amorphous material.

1 and PG. Crystallization of 1 in the presence of 1 equiv of
PG gave two different types of crystals. The major product
were prisms, while a small amount of block-shaped crystals was
also formed. X-ray crystallography and 1H NMR spectroscopy
revealed that neither type of crystal contained the guest. X-ray
crystallography showed that the minor block product was 1Z2,
while the major product was a new phase 1Z3, with Z′ = 3
(Figure 4). The asymmetric unit of 1Z3 contains one diethyl
ether solvent molecule as well as large regions that appear to
contain disordered/partial occupancy diethyl ether and ethyl
acetate solvent molecules. These could not be modeled
sensibly, and so PLATON-SQUEEZE41 was used to include
the electron density in the model. When 2 or 6 equiv of PG
was used, crystals of 1Z3 were the only product that formed.

1 and HQ. Crystallization of 1 in the presence of 1 equiv of
HQ gave crystals of 1Z2; when 2 equiv of HQ was used, one or
two crystals of 1Z2 formed, but the major product was the
cocrystal 1·(HQ)0.5 (as determined by NMR spectroscopy and

Figure 2. Views of the asymmetric units of different solvatomorphs of 1 (hydrogen atoms omitted for clarity). PLATON-SQUEEZE41 was used to
include ill-defined disordered solvent in the structure of 1Z0.5; the structure of 1·2EtOAc was reported by Katz et al.32

Figure 3. Asymmetric unit of 1Z2 phase (hydrogen atoms omitted for
clarity).
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visual analysis of crystals, see Figures S3 and S7). Using 6 equiv
of HQ gave exclusively 1·(HQ)0.5 in very good yield (95%).
1 and DAB. Adding an ethyl acetate solution of 1 to DAB

did not result in a clear solution (as was the case when PG,
Res, and HQ were used). When an ethyl acetate solution of 1
was carefully layered with an ethyl acetate solution of DAB,
single crystals of 1·(DAB)2 formed. If only 1 equiv of DAB was
used, these crystals formed in low yield (15%), while using 2 or
6 equivalents gave better yields (45 and 65%, respectively).
Cocrystals. The asymmetric unit of 1·(HQ)0.5 contains one

molecule of the cage and half a molecule of HQ as well as a
region of diffuse electron density, which appears to result from
disordered solvent molecules. This electron density could not
be refined sensibly, and so PLATON-SQUEEZE41 was used to
include the density in the refinement. The hydroquinone O−H
group forms a relatively short hydrogen bond to a nitrile
moiety from the cage (H···N = 1.98 Å, 69% of the sum of the
van der Waals radii42 of H and N), with crystallographic
symmetry, meaning that this HQ group links two cages
together in the solid state (Figure 5). Relatively short stacking
interactions between the electron-rich HQ ring and electron-
deficient dicyanopyridine groups from the cage further direct
the crystal packing (centroid···centroid distances: 3.53 Å).
Interestingly, this combination of noncovalent interactions

leads to a relatively open structure containing large channels
(Figure 6). These channels are apparently filled with
disordered solvent molecules, and these voids make up 29%
of the unit cell volume.43

The asymmetric unit of 1·(DAB)2 contains half a molecule
of 1 and a complete molecule of DAB. Interestingly, this
structure does not contain any solvent molecules (Figure 7),
but instead crystallizes in a manner similar to 1·2EtOAc, 1Z0.5,
1·2acetone, and 1·2MeCN, with the DAB guests filling the
spaces occupied by solvent molecules in those structures. One
of the DAB NH2 groups forms moderate length hydrogen
bonds with nitrile groups of 1 (H···N = 2.21, 2.27 Å; 77, 79%
of the sum of the van der Waal radii42 of H and N) such that a
1D H-bonded polymeric structure is formed. The other NH2
does not take part in any short hydrogen bonds (H···acceptor
> 2.5 Å), and no short stacking interactions are observed
either.

■ DISCUSSION
The effect of the hydrogen bonding guests on the solid state
structure of 1 is summarized in Table 1. It is clear that the
presence of hydrogen bonding guests has a significant

structural impact on 1, even when the guest is not included
in the crystal, i.e., when a cocrystal does not form. When PG is
the guest,45 it is possible to isolate 1Z3 when a small amount of
guest is used and 1Z2 with a greater amount of guest. In the
case of HQ, a small amount of guest gives 1Z2, while adding a
larger amount of guest leads to the formation of cocrystals.

Figure 4. Asymmetric unit of 1Z3 phase (hydrogen atoms omitted for
clarity; PLATON-SQUEEZE41 used).

Figure 5. View of the noncovalent interactions in the crystal structure
of 1·(HQ)0.5 (most hydrogen atoms omitted for clarity, yellow
spheres represent centroids of aromatic rings).

Figure 6. View of large channels running through the structure of 1·
(HQ)0.5. Blue channels calculated using Mercury44 with a probe
radius of 1.82 Å.
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While this discussion and Table 1 focus on SCXRD studies,
visual analysis of crystal habit, PXRD, and NMR spectroscopy
(to determine whether or not cocrystals have formed) are all
consistent with these results.
It is well-known that addition of modifiers can affect the rate

and outcome of crystal growth:36,46,47 typically by affecting the
rate of crystallization and favoring a slower- or faster-forming
phase. While we cannot rule out this effect in our studies, it
does not appear to have a dramatic rolecrystals of all phases
formed in 1−2 days (i.e., no phase crystallized particularly
quickly or slowly).
The role of the guests also does not appear to be purely due

to their hydrogen bonding ability: crystallization using either 6

or 25 equiv of methanol gave the same phase (1Z0.5) as when
no guest was present. It is noteworthy that the 1Z0.5 phase is
not observed at all when any of Res, PG, HQ, or DAB are
present.
Nonetheless, solvent clearly has an important role: when 1

was crystallized in the presence of excess HQ from MeCN/
Et2O rather than EtOAc/Et2O, we obtained 1·2MeCN. While
a detailed study of the effect of guests and solvent together is
beyond the scope of this investigation, it is notable that in the
polar organic solvent MeCN, a new phase is not observed. This
may suggest that the role of the guests is to associate with the
cage during crystal formation and direct crystallization to
different forms and that this effect is negated by a polar solvent
(which reduces interactions between cage and guest).
Despite obtaining six different structures of 1 without a

guest, solvent is always present, occupying 17−30% of the unit
cell volume.48 Indeed, the only solvent-free structure is that of
1·(DAB)2, where the DAB guests effectively take up the space
that would otherwise be occupied by solvent molecules.
Presumably, there is no easy way for 1 to pack efficiently, and
so some void space is inevitable. Despite the varied structures
formed, the volume/Z (i.e., volume per cage molecule and
associated guests/solvents) does not change significantly,
ranging from 855 Å3 in the closest-packed structures (1·
2MeCN and 1Z2) to 954 Å3 in the least closely packed guest-
free structure (1·2EtOAc). Guest cocrystallization results in a
slight expansion of these values [969 Å3 for 1·(DAB)2 and
1036 Å3 in 1·(HQ)0.5].
Interestingly, the slightly larger volume/cage in the structure

of 1·(HQ)0.5 results in moderately large channels running
through the structure (Figure 6). While this structure is not
particularly stable to drying, this does suggest that if stronger
hydrogen bonding-accepting or -donating groups can be
designed into intrinsically porous organic cage molecules,
then it may be possible to use guests to order the pores present
in these cages. Alternatively, an appropriate guest could be
used to introduce extrinsic porosity.

■ CONCLUSIONS

We have prepared several different solvatomorphs of the
organic cage molecule 1 and studied the effect of hydrogen
bonding guests on crystal formation. Addition of Res, PG, HQ,
or DAB gave access to different crystal phases, which could not
be isolated in the absence of these guests. In the case of HQ
and DAB, we were able to isolate cocrystals of these guests and
the cage where hydrogen bonds are present between some of
the nitrile groups on the cage and the guests.
The cage used in this study is not intrinsically porous and

does not contain accessible strong hydrogen bonding groups.
However, we suggest this approach may offer a way to
effectively order intrinsically porous cages (allowing for guest
diffusion through ordered pores) or to introduce extrinsic
pores. This would require cage molecules that are function-
alized with strongly hydrogen bond-donating and/or -accept-
ing groups, and work toward this goal is underway in our
laboratories.

■ EXPERIMENTAL SECTION
Synthesis. Organic Synthesis. Cage compound 1 was prepared in

one step from phloroglucinol and 2,6-dichloro-3,5-dicyanopyridine as
described by Katz.32 Other chemicals and solvents were bought from
commercial suppliers and used as received.

Figure 7. Views of the structure of 1·(DAB)2: views of asymmetric
unit showing the similarity of structure to solvatomorphs of 1 (Figure
2), and a hydrogen bonded 1D chain formed from 1 and DAB (most
hydrogen atoms omitted for clarity).

Table 1. Structures of Products Formed from
Crystallizations of 1a

guest product

no guest 1Z0.5

methanol
6 equiv 1Z0.5

25 equiv 1Z0.5

Res
1 equiv 1Z2

2 equiv mainly 1Z2, some amorphous powderb

6 equiv mainly 1Z2, some amorphous powderb

PG
1 equiv mainly 1Z3, a few crystals of 1Z2

2 equiv 1Z2

6 equiv 1Z2

HQ
1 equiv 1Z2

2 equiv mainly 1·(HQ)0.5, very few crystals of 1Z2

6 equiv 1·(HQ)0.5
DABa

1 equiva 1·(DAB)2
2 equiva 1·(DAB)2
6 equiva 1·(DAB)2

aAll crystallizations conducted by vapor diffusion of diethyl ether into
a solution of 1 and guest in ethyl acetate, with the exception of DAB
crystallizations: for solubility reasons, these were conducted by
layering solutions of 1 and DAB in ethyl acetate. bNMR spectroscopy
suggests this powder is Res.
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Solvatomorph Crystal Growth. Crystals of 1·2EtOAc were
prepared as described by Katz,32 by recrystallization from hot
EtOAc. Crystals of 1Z0.5 were prepared by vapor diffusion of Et2O
into an EtOAc solution of 1. Crystals of 1·2acetone were prepared by
vapor diffusion of Et2O into an acetone solution of 1. Crystals of 1·
2MeCN were prepared by vapor diffusion of Et2O into an acetonitrile
solution of 1.
Crystallization with Hydrogen Bonding Guests. A solution of 1

(13 mg, 0.020 mmol) in EtOAc (2 mL) was added to solid HQ, PG,
or Res resulting in the formation of clear solutions. These solutions
were subjected to Et2O vapor diffusion, resulting in the formation of
crystals, or cocrystals in the case HQ. Adding a solution of 1 in EtOAc
to DAB did not result in the formation of a clear solution, and so
cocrystals of 1·(DAB)2 were prepared by layering EtOAc solutions of
1 and DAB. Yields of cocrystals were 95% in the case of 1·(HQ)0.5
and 65% for 1·(DAB)2.
Crystals and cocrystals formed were studied by 1H NMR

spectroscopy, SCXRD, PXRD, and visual analysis of crystal
morphology. Details of crystallization experiments and character-
ization are provided in the Supporting Information.
X-ray Crystallography. Data were collected using mirror-

monochromated Mo Kα or mirror-monochromated Cu Kα radiation
on an Agilent SuperNova diffractometer. Crystals were cooled to 150
K using an open-flow cooling device. Raw frame data (including data
reduction, interframe scaling, unit cell refinement, and absorption
corrections) were processed using CrysAlis PRO.49 Structures were
solved using SIR9250 or SUPERFLIP51 and refined using full-matrix
least-squares on F2 within the CRYSTALS suite.52 C−H hydrogen
atoms were generally visible in the Fourier difference map and were
initially refined with restraints on bond lengths and angles, after which
the positions were used as the basis for a riding model.53 O−H and
N−H hydrogen atoms were visible in the Fourier difference map and
were refined with restraints on X−H bond lengths and R−X−H bond
angles. A summary of crystallographic data is given in Table S2.
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