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Crystal engineering is blossoming as a powerful strategy for the
construction of functional materials for use in application areas as
diverse as nonlinear optics, drug delivery, and energy storage.1 To
achieve proper function of the crystalline material, it is necessary
to precisely position the component molecules within the crystal
lattice by means of appropriate noncovalent interactions between
molecules. Among the common noncovalent interactions, hydrogen
bonds and coordination interactions have been extensively employed
because of their strength and high directionality. In contrast, the
use of weaker and less highly directional forces, especially π-π
interactions, have remained challenging to employ in a predictable
manner.2 In this paper, we demonstrate that increasing the π surface
area of suitable building blocks results in a concomitant increase
in the free energy of the resulting π-π interactions to a point where
such building blocks can be used in programmed assembly
processes to build up supramolecular rhombic grids.

For our initial demonstration of this concept, we decided to target
the formation of noninterpenetrated grid networks, which are of

great interest because of the range of applications enabled by
selective guest inclusion. To date, grid networks have been
constructed using either metal-ligand interactions or hydrogen
bonds.3,4 Although H-bonded grid networks have been prepared
in single- or multicomponent processes by the use of templating
guests,5 their preparation from a single component in a nontem-
plated manner is rare.6 Conceptually, we decided to target a set of
compounds (L) which contain π surfaces (aqua), H-bond donors
(blue spheres), and H-bond acceptors (red semicircles), as shown
in Scheme 1. We planned that L would undergo dimerization by
π-π interactions to generate bimolecular grid synthons (L2). The
bimolecular grid synthons, which feature orthogonal donor-donor
(DD) and acceptor-acceptor (AA) H-bond arrays, should then
undergo H-bond-mediated assembly to form the desired grid
network (Scheme 1).

To implement the strategy outlined in Scheme 1, we designed
compounds L1-L4 (Scheme 2). Compounds L1-L4 are based on
the well-known glycoluril scaffold, with its rigid concave geometry
and abundance of H-bond-accepting and -donating functionalities,
which we and others are developing as a scaffold for crystal

† Central China Normal University.
‡ Radboud University Nijmegen.
§ University of Maryland.

Scheme 1. Schematic Representation of the Buildup of a Grid
Network Structure from L

Scheme 2. Supramolecular Synthons (L1-L4) and Synthetic
Intermediates (5-7) Used in This Study
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engineering.7 Compounds L1-L3 (L4) contain two 4-ethynylpy-
ridine (4-ethenylpyridine) rings, which define a large electron-poor
π surface that holds two excellent H-bond-accepting N atoms
oriented collinearly. The two unsubstituted ureidyl N-H groups
are directed roughly parallel to one another and define a DD
H-bonding array. The synthesis of compounds L1-L3 was achieved
by Pd-catalyzed Sonogashira coupling reactions8 between glycoluril
derivatives 5-7 and 4-ethynylpyridine in 67-78% yield (Scheme
2).7c,9 For the preparation of L4, we conducted the Pd-catalyzed
Heck coupling reaction10 between 5 and 4-vinylpyridine in 90%
yield (Scheme 2). Details of the synthesis and complete charac-
terization of L1-L4 are given in the Supporting Information.

We were fortunate to obtain X-ray-quality crystals of L1-L4
as plates from 1:1 (v/v) CH2Cl2/MeOH solution. The crystal
structures of L1-L4 were all solved in the monoclinic system.
Figure 1 shows the X-ray structure of L1. Figure 1a illustrates the
dimerization of L1 by π-π interactions between the extended π
systems. To maximize the π-π interactions, the two π systems
assume an offset stacked geometry with a separation of ∼3.46 Å
between the mean planes of the π systems.11 This π-π stacking
interaction occurs between the convex faces rather than within the
concave pseudocavity of molecular-clip building block L1. Figure
1a also illustrates how this bimolecular grid synthon (L12) engages
a third molecule of L1 through NH · · ·N hydrogen-bonding interac-
tions.12 On the basis of Etter’s rules13 we were not surprised that

the best H-bond acceptor (e.g., pyridyl N) and the best H-bond
donor (e.g., ureidyl N-H) preferentially formed hydrogen bonds.
Consequently, the ureidyl CdO H-bond-accepting group, which is
so important in the recognition behavior of glycoluril molecular
clips,14 remains unsatisfied in the crystal of L1. Figure 1b shows
a stereoview of the rhombic subunit of the crystal lattice of L1
built up from four L12 bimolecular grid synthons. The lengths of
the sides of these rhomboids are 16.4 Å, and they have diagonals
of 21.5 and 24.8 Å. Figure 1c illustrates how these rhombic subunits
pack to form a two-dimensional grid network. It is interesting to
note that no interpenetration of the network was observed for these
crystal forms, despite their large grid size.15 The rhombic grids
pack on top of each other with a slipped geometry stabilized by
weak C-H · · ·O interactions.16

In order to establish the robustness of the rhombic grid motif,
we investigated the X-ray crystal structures of L2-L4. Compound
L2 differs from L1 in the length of the alkyl ester functional group.
Not surprisingly, L2 also crystallizes in the form of a rhombic grid.
The side lengths of the rhomboids are 16.6 Å, and the lengths of
the diagonals are 22.2 and 24.7 Å. We next examined the X-ray
crystal structure of L3, which contains Ph rings on the convex face
of the molecule. Even in the presence of these Ph groups, which
might be expected to compete for π-π interactions with the
bis(ethynylpyridyl)-substituted o-xylylene sidewall, L3 reliably
forms a rhombic grid network. The dimensions of this rhombic
grid (side length ) 13.5 Å; diagonals ) 15.4 and 22.1 Å) are
somewhat smaller than those observed for L1 and L2. Figure 2
shows a stereoview of the rhombic subunit of the crystalline form
of L3. In contrast to the assemblies formed from L1 and L2, L3
undergoes initial dimerization by π-π interactions between the π
surfaces on the concave face of L3, yielding bimolecular grid
synthon L32 (Figure 2a). As for L1 and L2, grid synthon L32 then
undergoes H-bond-mediated assembly between its DD- and AA-
substituted faces to yield a rhombic grid network. The consequence
of the π-π dimerization of L3 via its concave face is a reduction

Figure 1. (a) Cross-eyed stereoview of a portion of the X-ray structure of
L1, illustrating the π-π stacking and H-bonding interactions. (b) Cross-
eyed stereoview of the rhombic-grid subunit built from (L12)4. (c) CPK
representation of the two-dimensional rhombic grid formed from L1. Color
code: C, gray; H, white; N, blue; O, red; H bonds, red-yellow striped.

Figure 2. (a) Cross-eyed stereoview of L32 from the X-ray structure of
L3, illustrating the concave-face π-π stacking interaction. (b) Cross-eyed
stereoview of the rhombic grid subunit built from (L32)4. Color code: C,
gray; H, white; N, blue; O, red; H bonds, red-yellow striped.
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in the side length of the rhomboid and a concomitant decrease in
the size of the holes in the grid network. Similar to L3, compound
L4, with its 4-ethenylpyridine arms, also reliably forms a rhombic
grid network via π-π interactions involving its concave π surface
followed by H-bond-mediated oligomerization. The rhombic subunit
formed from L4 has side lengths of 12.4 Å and diagonal dimensions
of 16.0 and 18.9 Å.

In conclusion, we have reported the synthesis of glycoluril
building blocks L1-L4 and their supramolecular organization into
two-dimensional rhombic grids. Such rhombic grids, when grafted
to surfaces or organized into porous solids, have promise for the
development of materials for controlled sorption and desorption
processes such as hydrogen storage, drug delivery, and remediation
applications. Beyond the wide range of potential applications for
rhombic grid materials, we believe that the construction strategy
described herein is significant. Through the use of aromatic walls
with large π surfaces and interaction energies, it was possible to
predictably promote dimerization of building blocks L1-L4 by
π-π interactions even in the presence of competing aromatic rings.
When these robust π-π interactions are used in combination with
NH · · ·N hydrogen-bonding interactions, building blocks L1-L4
reliably deliver the rhombic grid networks. The strength, direc-
tionality, and orthogonality of the π-π and H-bond-mediated
assembly steps on a common length scale suggests its description
as a programmed self-sorting process.17 This system presents a
clear-cut example of a π-π interaction system that satisfies Etter’s
criteria18 regarding the use of sufficiently strong and directional
noncovalent interactions in crystal engineering. Ongoing work aims
to use L1-L4 and related compounds in self-assembly processes
in homogeneous solution and for solid-state storage and release
applications.
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