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Abstract
A novel, interlocked, self-assembled (M2L2)2 molecular architecture (3) was constructed from
arene-Ru acceptor 1 and 1,4-di(pyridine-4-yl)buta-1,3-diyne donor 2. Two M2L2 units, with
cavities of ~7.21 Å, spontaneously interlock with one unit encapsulating a twin in a non-catenane
fashion. The dimeric host-guest complex thus formed is unique among two dimensional self-
assemblies and is stabilized by π-π interactions between the M2L2 units.

Self-assembly is a ubiquitous phenomenon in natural systems and is at the heart of many
biological processes,1 including protein synthesis and DNA formation. These processes have
inspired chemists to adopt approaches which take advantage of the molecular principles
employed by nature to develop intricate abiological supramolecular systems2 with respect to
both structure and function, all the while maintaining synthetic ease and versatility. For
example, the synthesis of various complex polygons utilizing coordination-driven self-
assembly has garnered a significant amount of interest as a route towards nano-scale
machinery.3 From its origins in exploring molecular self-recognition and generating simple
2D shapes, coordination-driven self-assembly has grown to afford a level of control and
rational design which enables a myriad of 2D and 3D metallacycles and metallacages.4,5

These constructs use a variety of metal acceptors and organic donors and have extended
beyond a simple two-component paradigm to encompass selective self-assembly, in which
multiple assemblies form from a mixture of subunits, to multicomponent assemblies.6 Non-
covalent interactions7 between coordination-driven self-assemblies can result in increased
complexity, leading to architectures such as nano-capsules,8 nano-reactors9 and multi-
component selfassemblies. 10 In this context, complex, interwoven structures11 such as
catenanes, pseudorotaxanes, and rotaxanes, have attracted considerable attention, not only
for their interesting topological properties but also for their function as molecular
machines.12 The prevalent molecular phenomena behind the formation of interlocked
structures are metal-ligand coordinations and H-bonding interactions.13 Among these, there
are but a few examples which invoke the importance of π-π interactions between subunits.14

Herein, we report for the first time the preparation of a self-assembled metalla-rectangle
which encapsulates a second, identical rectangle through π-π interactions. This ensemble
results from the coordination-driven self-assembly of arene-Ru acceptor 1 and 1,4-
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di(pyridine-4-yl)buta-1,3-diyne donor 2, and may represent a new paradigm for the
formation of interlocked supramolecular species which form with π-π interactions as the
impetus.

The first indication of the dimeric nature of 3 was found in the 1H NMR spectrum of the
reaction mixture. The treatment of an equimolar amount of arene-Ru acceptor 1 with 1,4-
di(pyridin-4-yl)buta-1,3-diyne (2) in CD3NO2-CD3OD (1:1) gave a complex 1H NMR
spectrum after stirring for 24 h at room temperature. Initially interpreted as resulting from
incomplete assembly, the reaction time was increased to three days with no noticeable
change in the 1H NMR spectrum throughout the course of the experiment. Hence, the
product was isolated by the addition of diethyl-ether. The 1H NMR spectrum of the isolated
product supported a dimeric structure as all the protons resonances were split into two
signals, rather than the simple resonances previously observed for metalla-rectangles of the
M2L2-type.

Two sets of signals for the α-pyridinyl protons were observed at δ = 8.87 (downfield) and
8.53 ppm (upfield) with significant shifts as compared to those found in the spectrum of 2.
Similarly, two sets of doublets were assigned to the β-pyridinyl protons at δ = 7.24 and 6.50
ppm, with noticeable upfield shifts as compared to the spectrum of 2. The large upfield shift
of the β–pyridinyl proton resonances is due to the increased shielding by the flanking
tetracene moieties. Likewise, the tetracene protons are observed as four multiplets at δ =
8.71 (two multiplets overlapped for H1, 16 H), δ 7.95 and 7.28 ppm (H2, 16H). The p-
cymene protons of 3 are observed at δ = 6.00, 5.95, 5.88 and 5.79 ppm as four doublets for 3
(Figure 1).

The HR-ESI-MS spectrum of 3 confirmed the (M2L2)2 composition with a prominent signal
at m/z = 1532.1 ([M – 3OTf]3+; Figure 2). The theoretical isotopic distribution is in good
agreement with the experimental peak. The 1H NMR coupled with the HR-ESI-MS data
demonstrates that the (M2L2)2 dimeric structure is present in the solution phase.

To further investigate the structural features of 3 we performed single-crystal X-ray analysis
using synchrotron radiation (Figure 3).15 A single crystal suitable for X-ray diffraction was
obtained by slow vapour diffusion of diethyl ether into a nitromethane-methanol solution of
3. The dimeric nature of 3 was confirmed upon structural refinement, clearly revealing one
rectangle threaded through the cavity of a second rectangle. A noteworthy feature of the
structure is the close contact of the tetracene units of the outer rectangle with the diethynyl-
dipyridinyl moieties of the inner rectangle, exhibiting intramolecular π-π interactions with a
distance of 3.4 Å throughout the dimer. In order to accommodate the inner rectangle, some
distortions are observable in the outer rectangular subunit. The pyridinyl donors of the outer
rectangle are bent inwards, resulting in a separation of 7.21 Å between the two pyridinyl
units. This is in contrast to the pyridinyl units of the inner rectangle which are bent outward
to yield a diameter of 9.41 Å, thus maximizing the π-π interactions. Similarly, the tetracene
skeleton of the outer rectangle is bent outward with a distance of 16.33 Å between the
intramolecular moieties, while the tetracene frame of the inner rectangle curls inward with a
distance of 13.72 Å between moieties, potentially reducing the steric-strain while
maximizing the π-π interactions. This macromolecule-in-a-macromolecule motif is rarely
observed in supramolecular host-guest chemistry and to the best of our knowledge it is the
first example among coordination-driven self-assembled metallacycles.16

The 1H NMR, HR-ESI-MS and crystal structure of 3 provide collective proof for the
formation of a unique, intercalated structure driven by π-π interactions which exist in both
solution and the solid state.
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In order to probe the importance of π-π interactions in the formation of the dimeric structure
3, experiments were carried out in the presence of 2.0 equiv of pyrene, included to inhibit
intramolecular π-π interactions between the rectangles. Pyrene was added to CD3NO2-
CD3OD solutions of 3 which were stirred for 24 h at room temp and 60°C. No change was
observed in 1H NMR spectra of these solutions, attesting to the stability of the (M2L2)2
dimer. A second experiment involved the addition of pyrene prior to self-assembly: the 1H
NMR spectrum of a solution of arene-Ru acceptor 1, donor 2 and 2.0 equiv of pyrene in
nitromethane-methanol suggests the formation of singular M2L2 rectangles (4) after 24 h of
stirring at room temperature. The presence of pyrene is expected to hinder the formation of
3, thus yielding a M2L2type metalla-rectangle 4 in high yield (77%). The simpler 1H NMR
spectrum obtained (Figure 4) clearly supports the formation of 4. Two doublets (δ = 8.67
and 7.35 ppm) for the pyridinyl protons are observed in the reaction mixture. The p-cymene
protons are observed at δ = 5.99 and 5.79 ppm and the tetracene protons are observed as two
multiplets at δ = 8.73 and 7.95 ppm. The peaks associated with pyrene are shifted in the
spectrum of 4 versus free pyrene (Figure 4). These shifts support that the formation of 3 is
disrupted by π-π interactions between pyrene and the metalla-rectangles.

The UV-Vis absorption and emission spectra of 3 and 4, along with their corresponding
metal acceptor (1) and donor (2) were also investigated (Figure 5, top). The absorption
spectra of 3 and 4 in dichloromethane solution (1.0 × 10−5 M) exhibit intense bands at λabs =
329 nm, 357 nm, 565 nm, 604 nm for 3 and 4. The absorbance bands of 3 and 4 are
dominated by π-π* transitions of the tetracene moieties from 550 to 620 nm. The tetracene
rings of complex 3 are held parallel to its pyridine groups, resulting in a red-shifted band
(Δλ ~ 15 nm) with respect to acceptor 1. Similar red-shifts (Δλ ~ 25 nm) are observed for the
bands in 3 which correspond to bands in donor 2.

The photo-excitation at 390 nm (Figure 5, bottom) of acceptor 1 and complexes 3 ((M2L2)2)
and 4 (M2L2) show emission bands at λem= 531 nm and 566 nm, respectively. The fact that
the emission wavelengths of 3 and 4 match well with acceptor 1 suggests that the emission
originates from the arene-Ru moiety. Interestingly, the fluorescence intensity of 3 and 4
decrease markedly in comparison with that of the acceptor 1 at the same molar concentration
of arene-Ru moiety. The occurrence of intramolecular photo-induced electron transfer
(PET)17 in 3 and 4 from the arene-Ru fluorophore unit to the 1,4-di(pyridine-4-yl)buta-1,3-
diyne moeities is likely to be responsible for the emission quenching. As 1 contains no diyne
ligand, this quenching pathway is precluded. The emission features of arene-Ru acceptor 1
indicates that the tetracene ring of the acceptor behaves as a luminophore.18 The further
attentuation of emission from 1 to 4 to 3 is due to an increase in quenching associated with
the more extensive conjugated system due to the stronger π-π stacking in 3 as compared to 4,
which increases the efficienty of the PET pathway from the arene-Ru unit to the diyne
ligands.

In summary, we report here a novel example of a non-catenane interlocking of metalla-
rectanges stabilized by multiple π-π interactions between the tetracene-containing arene-Ru
acceptors and the four π-electron rich 1,4-di(pyridine-4-yl)buta-1,3-diyne donors. This new
class of a molecular host with extended aromatic π surfaces holds promise for host-guest
properties and can potentially be used to develop new functional materials and sensors.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Partial 1H NMR spectra (300 MHz) of donor 2 (a), and 3 (b) in d3-nitromethane.
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Figure 2.
Calculated (red) and experimental (black) HR-ESI-mass spectra of intercalated rectangle
dimer 3.
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Figure 3.
X-ray crystal structure of 3 with a top view (a) and side view (b). Hydrogen atoms, counter-
ions and solvents of crystallization are omitted for clarity.
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Figure 4.
Partial 1H NMR spectra (300 MHz) of 4 (a), and free pyrene (b) in d6-acetone.
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Figure 5.
UV-vis (top) and Fluorescence (bottom) spectra of 1–4.
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Scheme 1.
Synthesis of a discrete (M2L2)2 supramolecule.
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