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ABSTRACT

Through the combination of hydrogen bonding and metal-templated self-assembly, molecular squares and molecular triangles are observed in
chloroform solution upon the complexation of hydrogen-bonded dimers of para-pyridyl-substituted 2-ureido-4-[1H]-pyrimidinone (UPy) and an
appropriate cis-substituted palladium complex. Molecular modeling studies and NMR analysis confirmed the presence of two distinct structures
in solution: the tubular structure of the molecular square and propeller-bowl structure of the molecular triangle.

Hydrogen bonding has been widely employed to
build up rosette-like supramolecular structures.1,2 Use of
cyanuric acid�melamine combinations,3 hydrogen bond

scaffolds inspired by G�C pairs,4 or G-quartet mimics,5

among others,6 have been reported. Also, 2-ureido-4-[1H]-
pyrimidinone (UPy) has been efficiently employed to build
up self-assembled architectures,7 due to the remarkable
strength of the dimers arising from its DDAA hydrogen
bonding array [Ka(chloroform)>107 M�1].8 We recently
reported a 16 hydrogen bonded self-assembly of tubular
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cyclic tetramers based on UPy subunits attached to a 3,6-
carbazolyl core, in which substituents are oriented to both
edges of the ring to improve the solubility of the aggregate.9

Alternatively, self-assembly into helices, macrocycles,
and cages can be achieved through metal coordination.
Independent work pioneered byFujita and Stang, utilizing
square planar Pd(II) or Pt(II) metal centers coordinated to
4,40-bypyridine ligands, generates charged, cyclic frame-
works.10�12 The combination of the 90� angle of the cis-
coordinated metal centers with the 180� angle of the linear
ligand provides the basis for the square framework. Fujita
also reportedmolecular triangles in solution, depending on
the length and flexibility of the ligands, with short inflex-
ible ligands more likely to form squares than longer,
flexible ones, which often result in a square-triangle
equilibrium.
We reasoned that the substitution of our carbazolyl

moiety9 for a square planar cis-coordinated Pd(II) species
would favor the formation of neutral tetrameric cyclic
arrangements, each UPy dimer constituting an edge and
each metal center a corner (Figure 1). To the best of our
knowledge, the combination of both hydrogen bonding
and metal-templated self-assembly, without interference,
for the formation of discrete cyclic molecular squares and
triangles has never been reported.13,14 As we previously
observed,9 the presence of a methylene spacer between the
carbazole and the UPy moieties was essential for the
formation of cyclic aggregates.

Initially, we prepared compound 1 with no methylene
spacer between theUPy and pyridylmoieties (see Support-
ing Information (SI)). However, this compound was not
soluble in CDCl3, except in the presence of a trace of
trifluoroacetic acid (TFA), and no dimers were observed
by 1H NMR spectroscopy under these conditions. The
formation of dimers was also unsuccessful in tetrahydro-
furan (THF). In contrast, dimer 22 bearing the methylene
spacer for increased flexibility showed the well-defined,
typical signature for a UPy dimer in 1H NMR (CDCl3,
sharp peaks at 12.97, 12.17, and 11.04 ppm).7,9,15 The
addition of traces of TFA allowed characterization of the
monomeric species 2.

Fromthevarietyofcis-protectedsquareplanarpalladium(II)
complexes tested for complexation to the dimer (solubility,
1H and 19F NMR analysis), only (1,5-cyclooctadiene)bis-
(3,5-dichloro-2,4,6-trifluorobenzene) palladium(II) 3was
found to be successful. Upon mixing equimolecular
amounts of 22 and 3, shifts were observed in the hydrogen-
bonding and pyridyl regions of the 1H NMR spectra,

Figure 1. Para-substituted UPy dimer 22 (edge), two monomers
of 2 coordinated to the Pd(II) species Pd-22, and schematic
representation of conformations around the UPy subunits.

Figure 2. DOSY spectra of aggregates Pd3-26 and Pd4-28 (CDCl3)
at 1 mM (light blue), 20 mM (pink), and 40 mM (dark blue).
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as well in the 19F NMR spectra, corresponding to the
fluorine atoms on the Pd ligands.
Two species displaying a high level of symmetry at room

temperature were observed. Variable concentration 1H
DOSY diffusion experiments in CDCl3 (Figure 2) con-
firmed the presence of two discrete species of different sizes
(observationof twowell-defined signals on theD axis). The
spectra show the slight change ofDwith the concentration
increase, which favors cyclic oligomers.2 Using the Stokes�
Einstein equation, the experimentally found diffusion
coefficients of the two species were converted to approx-
imate hydrodynamic radii.16 Thus, values of 8.9 and 6.4 Å
at 20 mM for the large and small species respectively were
calculated, translating into “spherical” volumes of 3070
and 1148 Å3. The average theoretically estimated radii/
volumes for a square (9.9 Å/4064 Å3) and triangle (6.7 Å/
1260 Å3) strongly point toward these two species being
present in solution (pentamer >5000 Å3).17�19

The assembly of flat, rosette-like structures (schemati-
cally shown in Figure 3) is unlikely, as it would result in
significant torsional strain, and subsequent unfavorable
hydrogen-bonding angles, due to the presence of the
undecyl chains at the inner region of the rosette, as clearly
revealed by model inspection. In contrast, folded struc-
tures can easily be arranged. Indeed, model optimiza-
tions18 for the triangle are fully compatible with a propel-
ler-like shape (at 25 �C) or a bowl-shaped aggregate (at low
temperature) where both UPy subunits in each monomer
are pointing to opposite sides (Figures 3a and 4). In the
case of the square, although a propeller-like structure is
also possible (Figure 3b),model optimizations suggest that
a very favorable, sterically unhindered tubular (belt-like)
shape can be generated (Figures 3c and 5), as with our
carbazole tetramer.9 In this case both UPy subunits are
mirror images pointing to the same side of the spacer and
all alkyl chains orient away from the assembly, and into the
bulk solvent.

Further spectroscopic studies were in full agreement
with our predictions of the presence of a molecular square
and a molecular triangle (see SI for spectra). For instance,
at lower concentrations (∼1 mM) the triangle was present
in greater abundance, with the amount of the square
increasing linearly as concentration was increased, as
expected (DOSY).

Variable temperature 1H and 19F NMR studies con-
firmed that the aggregates were destroyed at high tem-

peratures (>378 K). Upon increasing the temperature,

formation of the entropically more stable, but enthalpi-

cally less stable, triangle was favored. Upon lowering the

temperature the enthalpically more stable square was

observed. It is also likely that, at low temperatures, where

both species are less flexible, the bowl shaped triangle is

more sterically hindered than the tubular square species

and is, therefore, less favorable.10,11

NOESYspectra at 298K (CDCl3) give little information
regarding the conformation of the two species, as all
aggregates are dynamic at room temperature. However,
one NH proton of each species (10.96 and 11.12 ppm for
the triangle and square respectively) does not show con-
tacts with the first CH2 of the undecyl chain. However at
213K,where the structures are “frozen”, theNHproton at
10.96 ppm shows contacts with both the first methylene
group of the undecyl chain and the UPy CH proton (5.80
ppm) of its dimeric partner. Generally the NH protons of

Figure 3. Schematic representation of cyclic aggregates from 22
and 3. (a) Propeller-shaped triangle. (b) Propeller-shaped
square. (c) Tubular-shaped tetramer.

Figure 4. Optimized CPK models of molecular triangle Pd3-26
showing the bowl-shaped aggregate. (a) Bottom view omitting
undecyl chains (colored by atom type). (b) Top view showing
undecyl chains (colored by unit Pd-22). (c) Side view showing
orientation of undecyl chains.

Figure 5. Optimized CPK models of molecular square Pd4-28
showing the tubular-shaped aggregate. (a) Top view omitting
undecyl chains (colored by atom type). (b) Top view showing
undecyl chains (colored by unit Pd-22). (c) Side view.
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the triangular species show greater interactions with the
protons of the undecyl chain than the square due to their
closer proximity at lower temperatures. These interactions
are not observed in the square, thus confirming that at
lower temperatures the triangular species is likely to adopt
the bowl conformation, whereas in the square the tubular
arrangement (Figure 5) prevails, as in our carbazole
tetramer,9 with both hydrogen bonded edges oriented in
a similar way as the 4,40-bypyridine ligands of Fujita’s
squares.10,11 As our “edges” are longer and more flexible
than 4,40-bipyridine, this also accounts for the observation
of both squares and triangles in solution.
In order to examine the effect of the angle between the

two pyridyl-UPy substituents on themetal center, dimer 42
was prepared, where a meta-substituted pyridine center is
utilized. This is likely to increase the angle between theUPy
substituents (Figure 6a), as the other conformations
(Figures 6b�c) are not likely to be observed due to steric
reasons.

Since the angle is closer to 180� than in the para-
substituted compounds (∼90�), it is possible that oligo-
meric or polymeric species may form. Indeed dimers were
observed in solution (CDCl3) for 42, and a discrete species
formed upon addition of the palladium species 3, as sharp
signals were observed in the 1H NMR spectrum. At lower
concentrations (1 mM) two species were present in equal
amounts, but at a higher concentration (<40 mM) the
intensity of the signals of only one species increased. As
expected, variable temperature 1H and 19F NMR studies
showed that increasing the temperature above 378 K

resulted in the destruction of the aggregates. In the 1H
NMR spectrum at low temperatures a small splitting was
observed in theNHsignal at 11.11 ppmand theCH2 signal
at 4.38 ppm (corresponding to the methylene spacer). This
suggests not only that these two protons are coupling to
one another but also that the environments of the two
protons on the methylene spacer are nonequivalent at low
temperatures.
DOSY diffusion experiments (1�40 mM, CDCl3) and

use of the Stokes�Einstein equation yielded an approx-
imate hydrodynamic radius of only 5.3 Å, giving a “spher-
ical” volume of 670 Å3. This value is too small to represent
any discrete cyclic aggregate. For the monomeric species
(after addition of TFA) an approximate hydrodynamic
radius of 3.7 Å (212 Å3) was calculated. This suggests a
dynamic mixture of small hydrogen-bonded and metal-
coordinated species in solution, which are equivalent on
the NMR time scale at room temperature. The 19F NMR
spectrum shows the presence of more than one signal for
both the ortho- and para-fluorine atoms, further suggesting
that more than one species is present. Also, low tempera-
ture NMR studies confirm the lower symmetry of these
species compared to the discrete cyclic aggregates.
An attempt to reduce the length of the chains (butyl

instead of undecyl) of themeta-substituted species to favor
cyclic aggregates (see SI for compounds 5, Pd4-58, and
Pd3-56) resulted in poor solubility. Finally, complexation
of dimeric species 22 with a platinum complex instead of a
palladium one was attempted but this was unsuccessful.
In summary, we have demonstrated that through

hydrogen bonding (UPy dimers) and metal coordination
(Pd-pyridine), self-assembly occurs in chloroform solution
to form neutral molecular squares and triangles, without
interference of both supramolecular interactions. As ex-
pected, the process is sensitive to slight structural changes
relating to internal angles, steric factors, and solubility
issues, highlighting the need for careful design in these
types of systems.9 These results pave the way for the design
of more complex molecular architectures by the combina-
tion of hydrogen bonding and metal complexation.
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Figure 6. Meta-substituted UPy dimer 42, two monomers of 4
coordinated to the Pd(II) species (Pd-42), and schematic repre-
sentation of conformations around the UPy subunits.
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