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Abstract: A molecular Solomon link was synthesized in high
yield through the template-free, coordination-driven self-
assembly of a carbazole-functionalized donor and a tetra-
cene-based dinuclear ruthenium(II) acceptor. The doubly
interlocked topology was realized by a strategically chosen
ligand which was capable of participating in multiple CH···p
and p–p interactions, as evidenced from single-crystal X-ray
analysis and computational studies. This method is the first
example of a two-component self-assembly of a molecular
Solomon link using a directional bonding approach. The
donor alone was not responsible for the construction of the
Solomon link, and was confirmed by its noncatenane self-
assemblies obtained with other similar ruthenium(II) accept-
ors.

The topologically intriguing threaded molecular architec-
tures such as catenanes,[1] trefoil,[2] and pentafoil[3] knots,
Solomon links (a doubly-interlocked [2]catenane),[4] and
Borromean rings[5] have attracted a great deal of attention
not only because of their aesthetic charm but also because of
their potential applications in nanomaterials, biomaterials,
molecular machines, electronic devices, and sensors.[6] Syn-
thesis and properties of knots and links at the molecular level
will certainly provide new insight to understanding these
biomolecules and materials.[7, 8] In this regard, ruthenium-
metal-centered, coordination-driven self-assembly for the
construction of discrete two- and three-dimensional supra-
molecular architectures has seen rapid growth in recent
years.[9] These supramolecular architectures are potential
materials for host–guest chemistry,[10] selective sensing,[11] and
especially for drug delivery,[12] and anticancer studies.[13] The
synthesis of [2]catenanes has become routine with a plethora

of strategies available. However, synthesis of more topolog-
ically complex and mechanically interlocked molecular archi-
tectures such as Solomon links (SLs), pentafoil knots, and
Borromean rings, is still a great challenge. Only a few
examples of SLs have been prepared so far and templating
approaches have been the primary methodology used in their
preparations.[4] Figures 1a–c show the previously known and
common approaches for the synthesis of SLs.[4]

We recently reported the template-free self-assembly of
a molecular HopfÏs link,[14] an interlocked prismatic cage,[15]

and a noncatenane rectangle-in-rectangle,[16] all of which
likely occur through CH···p, p–p, and other noncovalent
interactions. Herein we report the one-pot synthesis of a SL
through a ruthenium-directed, two-component self-assembly.
The doubly entwined topology was obtained from the
coordination-driven self-assembly of the arene/RuII acceptor
1 and the 3,6-di(pyridin-4-yl)carbazole donor (5 ; Scheme 1).
The equimolar mixture of 1 and 5 was stirred in CD3OD for
6 hours at room temperature and the 1H NMR spectrum was
recorded. The complex 1H NMR spectrum indicated the
quantitative formation of a new self-assembled architecture,
as the a- and b-pyridyl protons were shifted by 0.1–0.8 ppm

Figure 1. Methods for the synthesis of molecular Solomon links:
a) metal templating followed by self-assembly, b) interwoven strategy
using metal template followed by ring closing reactions, c) self-
assembly using external loop, and d) two-component, coordination-
driven self-assembly (this work).
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from 8.60 and 7.51 ppm, respectively. The 1H NMR spectra
remain the same during the course of reaction (up to 2 days).
The product was then precipitated and collected, by the
addition of diethyl ether, as 6. The 1H NMR spectrum of the
pure product indicated a dimeric structure as all signals from
1 and 5 were significantly shifted and split into more than two
kinds of signals (see Figures S1 and S2 in the Supporting
Information). The NMR study clearly indicated more com-
plex topology than for the usual [2]catenane. In the ESI-MS
spectrum of 6, the prominent signal at m/z = 1753.0
([M¢3OTf]3+ confirmed the dimeric composition (see Fig-
ure S3). The theoretical isotopic distribution was also found
to be in good agreement with the experimental peaks. The
collective NMR and ESI-MS data revealed the presence of
a dimeric structure in solution. The doubly entwined topology
of 6 was conclusively confirmed by single-crystal X-ray
analysis in the solid state.

To further investigate the effect of solvent on the self-
assembly, we carried out the identical reaction of 1 and 5 in
CD3NO2 instead of CD3OD, and it resulted in 7. The 1H NMR
spectrum of the reaction mixture recorded after 6 hours was
entirely different from that of 6 because the a-pyridinyl
protons (d = 8.53 ppm, upfield) and b-pyridinyl protons (d =

7.28 ppm, upfield) were significantly shifted in comparison to
those of 5 (see Figures S4 and S5). DOSY, ROESY, and
multinuclear NMR spectroscopy collectively confirmed that 7
has a non-interlocked structure (see Figures S7 and S9). The
ESI-MS spectrum of 7 further confirmed its monomeric
nature with a prominent signal at m/z 801.9 ([M¢3 OTf]3+; see
Figure S6). The theoretical isotopic distribution was also in
good agreement with the experimental peaks. Interestingly,
upon increasing the concentration of the CD3NO2 solution,
the interlocked structure 6 also started to form. Therefore
isolation and solid-state characterization of 7 remained

impossible and the structure of 7 was identified only in
a dilute solution (< 4 mmol) of nitromethane.

The ROESY and DOSY NMR analyses were performed
in CD3NO2 to compare the structures of 6 (originally
prepared in methanol) and 7. The ROESY spectrum of 6
showed multiple space-coupling interactions for almost all the
neighboring protons, thus confirming a more complex inter-
woven structure (see Figure S8) whereas in the spectrum of 7
all the coupling interactions between neighboring protons
were well-defined to indicate a simple discrete molecule (see
Figure S9). The coupling interactions between the a,b-pyridyl
protons and a-pyridyl-p-cymene protons also confirmed the
coordination between the metal and ligand. The DOSY
spectra of 6 and 7 (3.0 mmol in CD3NO2) were recorded
separately at 298 K, thus providing the diffusion coefficients
D = 4.4 × 10¢10 and 5.4 × 10¢10 m2 s¢1, respectively, which con-
firmed their different identities (Figure 2). The DOSY

spectrum of 6 at a 3.0 mmol concentration in CD3NO2 also
confirmed that 6 is stable even in a dilute solution and not
converting to 7. Combined multinuclear and various two-
dimensional NMR, ESI-MS, and elemental analyses con-
firmed the interlocked dimeric structure of 6 and the
monomeric structure of 7 in solution (see Figures S1–S15).

The bent, rather than planar structures, of the macrocycles
7–10 (Scheme1) were taken into account as per computa-
tional calculation results (see Figure S30). Their simple NMR
spectra might have resulted from fast conformational rotation
of ligand moieties on the NMR timescale. Comparison of the
1H NMR spectra of 6 and 7 shows that the former has
a doubly interlocked topology in solution, based on the
following argument: The latter shows only one signal for the
eight methyl groups of the isopropyl moieties, whereas the
spectrum of the former shows four signals for sixteen methyl
groups of the isopropyl moieties (see Figure S12). The
symmetry of 6, based on its X-ray crystal structure is D2,
each of the three C2-symmetry axes makes just two non-
equivalent isopropyl groups. The methyl groups of a given
isopropyl substituent are diastereotopic, therefore is a total of
four different methyl signals. If the topology of 6 were
[2]catenane, its symmetry would be C2 (lower than D2) and

Scheme 1. Formation of the Solomon link 6 and self-assembly of the
compounds 7–10.

Figure 2. Comparison of DOSY NMR spectra of 6 (blue) and 7 (red) in
CD3NO2. Assignment of signals is provided in Figures S2, S9, and S15.
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the 1H NMR spectrum would be much more complex,
considering the bent ligand and restricted rotation.

To investigate whether only 5 was responsible for the
doubly-interlocked structure, we carried out the identical
reactions using slightly different acceptors (2–4 ; Scheme 1),
both in methanol and nitromethane solvents, to obtain the
corresponding self-assembled macrocycles 8–10. Multinuclear
NMR and ESI-MS analyses confirmed that 8–10 have non-
interlocked macrocycles in solution (see Figures S16–S27).
The solid-state structure of 8 was also confirmed by single-
crystal X-ray analysis[17] (Figure 3).

We have recently shown that an interlocked ruthenium-
(II) metallacycle was reversible to a non-catenane rectangle
upon addition of pyrene.[14] To investigate the template effect
on the doubly interlocked dimeric structure, a methanol
solution of 6 was stirred with 2.0 to 10.0 equivalents of pyrene
at 25 and 60 88C while 1H NMR spectra were recorded at an
interval of 2 hours. No change was observed in the spectra of
the reaction mixture over the course of up to 24 hours, thus
confirming no effect of the p-electron-rich template on the
stability of 6. A similar self-assembly reaction of 1 and 5 in the
presence of pyrene also resulted in 6. No change was observed
in the 1H NMR spectra of 6 after keeping it at room
temperature for several days in nitromethane.

The single-crystal X-ray analysis unambiguously con-
firmed the doubly interlocked topology of 6 as a SL and the
non-interlocked structure of 8 (Figure 3).[17] Single crystals of
6 and 8 suitable for analysis were obtained by slow vapor
diffusion of diethyl ether into their concentrated methanol/
nitromethane (1:1) solution at room temperature.

The refined X-ray crystal structure of 6 shows the two
macrocyclic components are doubly interlocked by the four
crossings at the ethynyl bonds which define the topology of
a SL. The ethynyl bonds are nearly perpendicular and the p–p

stacking distances between ethynyl–ethynyl groups were
found in the range of 3.48–3.86 è. The shortest interaction
in the link was found to be 3.31 è, an interaction between
ethynyl and pyridyl donor atoms, whereas the minimum
distance between pyridyl-pyridyl atoms was 3.53 è. The mean
plane of pyridyl and benzene rings of the carbazole donor was
almost orthogonal to the mean plane of the tetracene rings as
a result of the CH···p interactions in an edge-to-face stacking
pattern in the range of 2.76 to 3.47 è. There are four such
edge-to-face stacks stabilizing the SL structure as all four
tetracene units are individually involved. These two factors,
p–p and edge-to-face stacking are probably the driving forces
behind the stability of the doubly interlocked topology. In the
solid-state structure of 8, the two identical molecules were
found to be partially stacked without interlocking. The
stacked structure was stabilized by parallel p–p stacking in
the range of 3.43 to 3.94 è. One of the two naphthyl rings was
involved in a CH···p interaction with a carbazole unit at
a distance of 2.91 è.

A computational study was performed to gain insight into
the formation of 6, and semiempirical and density-functional
theory (DFT) methods were used for geometry optimizations
and binding energy (BE) evaluations, respectively (see the
Supporting Information for computation details). CH···p
interactions and p–p stacking were found to be the major

intermolecular interactions, and agrees well with the geo-
metrical characters observed by X-ray diffraction (see Fig-
ure S32). The BE for the formation of 6 from two monomers
of 7 was evaluated to be ¢103.5 kcalmol¢1, which indicates
that intermolecular interactions of doubly interlocked struc-
ture provide the sufficient stabilization of 6 with the carbazole
unit at a distance of 2.91 è.

Furthermore, the data in Figure 4 clearly indicates the
higher thermodynamic stability, that is, larger BE, of 6
compared to three other doubly-interlocked structures simu-

Figure 3. a) Chemical structure of 6. X-ray crystal structures of the
Solomon link 6 (b) and non-interlocked macrocycle 8 (c) in stick
model showing p–p stacking (dashed pink lines) and CH···p inter-
actions in an edge-to-face fashion (dashed green lines). Hydrogen
atoms, counter ions, and solvent molecules are omitted for clarity.
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lated from 8, 9, and 10. Despite the structural similarity, the
participation of the tetracene moiety in the intermolecular
interactions provides the superior stability of 6 compared to
that of the other interlocked systems. The BE differences
between 6 and the doubly-interlocked system simulated with
8 are 25.6 and 17.5 kcalmol¢1 for wB97X-D and M06-2X,
respectively (Figure 4). The additional benzene rings of the
tetracene moieties, compared to naphthalene moieties, are
responsible for the larger BE of 6, and result from increased
CH···p interactions. The computational results revealed the
superior thermodynamic stability of 6 over the other inter-
locked systems simulated with 8, 9, and 10, and it is mainly
attributed to CH···p van der Waals interactions (see the
Supporting Information for details).

In conclusion, we have successfully employed a simple,
two-component self-assembly strategy using a specially
equipped carbazole-functionalized pyridyl donor and a tetra-
cene-based dinuclear ruthenium(II) acceptor for the synthesis
of a molecular Solomon link in 93 % yield. This ruthenium-
directed self-assembly provided the Solomon link without
assistance of any template. As evidenced by X-ray crystal
structures, the required four crossings to form a Solomon link
were provided by p–p interactions between ethynyl and
pyridyl groups. The doubly interlocked structure was further
stabilized by CH···p interactions, in an edge-to-face fashion,
between tetracene rings and pyridyl-carbazole hydrogen
atoms. Theoretical calculations also supported the stability
of the Solomon link over other similar simulated doubly
interlocked structures.
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