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is and structural transformation
between a molecular ring-in-ring architecture and
an abnormal trefoil knot†

Li-Long Dang,a Xiang Gao,a Yue-Jian Lina and Guo-Xin Jin *ab

The synthesis of complicated supramolecular architectures and the study of their reversible structural

transformations remains a fascinating challenge in the field of supramolecular chemistry. Herein, two

types of novel coordination compounds, a non-intertwined ring-in-ring assembly and an abnormal

trefoil knot were constructed from a strategically selected Cp*Rh building block and a semi-rigid N,N0-
bis(4-pyridylmethyl)diphthalic diimide ligand via coordination-driven self-assembly. Remarkably, the

reversible transformation between the abnormal trefoil knot and the ring-in-ring assembly or the

corresponding tetranuclear macrocycle could be achieved by the synergistic effects of Ag+ ion

coordination and alteration of the solvent. Single-crystal X-ray crystallographic data and NMR

spectroscopic experiments support the structural assignments.
Introduction

In the eld of supramolecular chemistry, the aesthetic features
and potential applications of interlocked or intertwined
compounds continue to motivate scientists to design and
construct new compounds with intricate topologies.1–3 Among
the many synthetic strategies applied, coordination-driven self-
assembly has proven to be a particularly fruitful approach.
Based on this, a wide range of topologies, such as catenanes,4–7

rotaxanes,8–13 knots,14–22 Solomon links,23–27 Borromean
rings,28–32 and interlocked cages,33–35 have been constructed.
Recent reports of the synthesis and structural transformations
of molecular Borromean rings and Solomon links have marked
considerable progress in the research eld, in particular the
development of unlinking transformations from Borromean
rings to the corresponding component monomers by taking
advantage of the inverse electron-demand Diels–Alder (IEDDA)
reaction,36 and the successful realization of reversible trans-
formation of a Solomon link to an unusual trefoil knot by
utilizing the coordination ability of silver(I) ions.37,38

Additionally, the successful synthesis of complicated
molecular knots,18,19,39,40 and [n]catenanes (n ¼ 3, 4, 6)41–46 are
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tremendous developments in the study of topologically complex
molecules. Nevertheless, structural interconversion between
intricate supramolecular architectures is seldom realized due to
the difficulties inherent in their design and controllability.38,47

Molecular ring-in-ring motif is rarely observed in supramo-
lecular host–guest chemistry, the structures of which are non-
intertwined but consist of two chemically independent rings
in which one ring encapsulates a second.48–53 Although an
example of a metallarectangle-based molecular ring-in-ring
structure has been reported by the group of Chi by using an
arene-Ru acceptor and the rigid ligand 1,4-di(pyridin-4-yl)buta-
1,3-diyne through p–p interactions,53 constructing a novel
organometallic ring-in-ring complex with a nonrigid ligand and
achieving its transformation to other intricate supramolecular
structures remains an unfullled goal.

In recent works, a series of intricate complexes including
molecular trefoil, gure-eight knots and Solomon links have
been achieved using the building blocks [Cp2*M2(-
BiBzIm)](OTf)2 (M ¼ Rh/Ir, BiBzIm ¼ 2,20-bisbenzimida-
zole).21,38 This success was based on the appropriate width and
electron decient characteristics of the BiBzIm plane, which
provides the possibility of forming p–p stacking and C–H/p

interactions.
In the ligand N,N0-bis(4-pyridylmethyl)-diphthalic diimide

(L), the two pyridyl moieties are separated by diimide spacers,
and the sp3-hybridized methylene carbon atoms in L allow the
two pyridyl arms to rotate freely, thus making ligand L an
example of a semi-rigid ligand. Moreover, the phthalic diimide
(PDM) cores not only bear different angular geometries, but
endow the ligand with rich hydrogen-bonding possibilities.54,55

Additionally, its p-conjugated phthalic diimide and pyridyl
moieties can engender favorable aromatic p–p stacking and
Chem. Sci., 2020, 11, 8013–8019 | 8013
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Fig. 1 Single-crystal X-ray structure of 10: (a) top view, (b) side view.
Most hydrogen atoms, anions, solvent molecules and disordered
elements are omitted for clarity (N, blue; O, red; C, gray; Ir, pink).
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CH–p interactions. These unique advantages of [Cp2*M2(-
BiBzIm)](OTf)2 and ligand L provide the possibility of synthe-
sizing novel ring-in-ring assemblies and other supramolecular
complex architectures.

Herein, we report the reversible structural transformation
between a molecular ring-in-ring complex and an abnormal
trefoil knot for the rst time, which can be achieved by the
addition or removal of Ag+ ions. And these two structures can
also transform to the corresponding tetranuclear macrocycle
based on solvent effects and/or the presence of Ag+ ions. These
three compounds are synthesised by coordination-driven self-
assembly of the [Cp2*Rh2(BiBzIm)](OTf)2 building block and
a semi-rigid diimide ligand (L) under mild conditions. p–p and
C–H/p interactions may play synergetic roles in the formation
of the ring-in-ring assembly and abnormal trefoil knot. In
addition, these structures and their reversible transformation
are unambiguously characterized by NMR spectroscopy, ESI-
MS, and single-crystal X-ray diffraction analysis.
Results and discussion
Self-assembly of tetranuclear macrocycle 1 and ring-in-ring
complex 2

The reaction of [Cp2*Rh2(BiBzIm)](OTf)2 (E1) with AgOTf (2.0
equiv.) in CH3CN, followed by the addition of L, produced
a tetranuclear macrocycle complex 1 (yield: 88%; Scheme 1).
The structure of 1 was conrmed by NMR spectroscopy (Fig. S6–
S9, ESI†) and X-ray crystallographic analysis (Fig. 1).

The 1H NMR spectrum of 1 in CD3CN showed doublets at
d 8.26, 7.67 and 7.07 ppm and two singlets at d 7.86 and
4.33 ppm corresponding to the protons of L, while the protons
of BiBzIm appeared as two multiplet peaks at d 7.93–7.94 and
7.42–7.44 ppm (Fig. S6, ESI†). The 1H DOSY NMR spectrum of 1
showed a single diffusion coefficient (D ¼ 5.04 � 10�10 m2 s�1),
suggesting that only one stoichiometry of assembly was formed
(Fig. S8, ESI†). The structure of 1 in solution was also supported
by ESI-MS. The prominent signal at m/z ¼ 838.16 ([1–3OTf�]3+)
is in good agreement with the theoretical isotopic distribution
Scheme 1 Self-assembly of tetranuclear complex 1 and ring-in-ring
structure 2.

8014 | Chem. Sci., 2020, 11, 8013–8019
(Fig. 2A). In addition, only a single complex was detected in
solution in a wide range of concentrations, suggesting the
signicant stability of 1 in CD3CN (Fig. S10, ESI†).

To gain further information regarding complex 1, NMR
spectroscopic experiments were carried out in [D7]-DMF solu-
tion (30.0 mM, with respect to Cp*Rh). The 1H NMR spectrum
of the solution presented similar signals to those observed in
CD3CN solution, indicating that 1 is similarly stable in [D7]-
DMF solution (Fig. S11, ESI†).

The Cp*Ir-based complex 10 was prepared analogously to 1 by
combination of E10 and L in a yield of 83% and was crystallised
by diffusion of diethyl ether into its acetonitrile solution. 10 was
found to be a boat-shaped tetranuclear macrocycle by single-
crystal X-ray diffraction analysis (Fig. 1). The two binuclear
(IrIII) molecular clips (E10) are linked by two dipyridyl ligands,
adopting U-conformations with dimensions of 5.56 Å (short Ir/
Ir nonbonding distances) and 20.57 Å (long Ir/Ir nonbonding
distances). The shortest H–H distance between two adjacent
PDM of different L units is ca. 2.50 Å. This small internal space
of the tetranuclear macrocycle 1 presumably hampers the
formation of interlocked metallarectangles or other more
complicated species.

In an effort to perturb the synthesis of 1 through solvent
alteration, ligand L was added to a CH3OH solution of E1, and
the mixture was stirred for 8 h, resulting in a yellow solution.
Fig. 2 Calculated (bottom, blue) and experimental (top, red) ESI-MS
spectra (3+) of (A) tetranuclear 1 and (B) ring-in-ring complex 2.

This journal is © The Royal Society of Chemistry 2020
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Then, a 1 : 1 mixture of methanol and isopropyl ether as tran-
sition layer solution was gradually added to the above solution
until the transition layer became colorless. Aer that, an
equivalent volume of isopropyl ether was added. Single crystals
2 suitable for X-ray diffraction were obtained from this mixture
in 82% yield aer 3 days (Fig. 3).

The solid-state structure of 2 shows that complex 2 has
a non-catenane interlocked structure in which one macrocyclic
unit threads another (chemical) identical macrocycle, thus
forming a ring-in-ring complex. Close-contact analysis of the
structure shows that the individual macrocycle forms a chair-
shaped structure composed of two binuclear molecular clips
E1 linked by two pyridyl ligands with Z-conformations.
However, the phthalic diimide moieties in each macrocycle
reveal different conformations (horizontal and parallel). The
horizontal arrangement of adjacent phthalic diimide moieties
in the outer macrocycle results in a distance that is wide enough
to accommodate another macrocycle (minimum distance
(r(H/O)): 5.1 Å), while the parallel arrangement of the inner
macrocycle makes this unit narrower. The ring-in-ring structure
is stabilized by parallel-displaced p–p interactions (of interlayer
distance 3.59 Å) between the pyridyl moieties and phthalic dii-
mide moieties of two macrocycles, as well as edge-to-face-type
CH–p interactions (2.76 Å) between the BiBzIm moieties and
the phenyl groups of the phthalic diimide ligands. In addition,
the presence of four weak C–H/O hydrogen bonds56,57

(distances r(H/O) ¼ 2.48–2.69 Å and angles :COH ¼ 136.21–
155.87�) suggest that inter-macrocycle interactions between the
phthalic diimide moieties might also play a pivotal role in
stabilizing the ring-in-ring structure (Fig. 2). Moreover, the
analogous Cp*Ir-based ring-in-ring complex 20 was separately
constructed in a yield of 87%.
Fig. 3 (a) Wireframe, and (b) space-filling representations of the solid-
state structure of ring-in-ring complex 2 coloured according to ring;
(c) wireframe representation of the solid-state structure of ring-in-ring
complex 2 coloured according to atom; (d) wireframe representation
of the solid-state structure of ring-in-ring complex 20 coloured
according to atom. Measurements in (c and d) indicate p–p stacking
interactions between PDM groups and pyridine moieties and CH/p

interactions between BiBzIm moieties and phenyl moieties of PDM
groups. Hydrogen atoms, anions, solvent molecules and disorder are
omitted for clarity (atom colours: N, blue; O, red; C, gray; Rh, orange;
Ir, pink).

This journal is © The Royal Society of Chemistry 2020
Aer determination of the solid-state molecular structure of
ring-in-ring complex 2, extensive attempts were made to explore
its behavior in solution by NMR spectroscopy, however, these
were signicantly hampered by the very poor solubility of
complex 2 in CD3OD. However, the ESI-MS spectrum of 2
indicated that the ring-in-ring dimeric structure of the complex
is retained in solution: [2–3OTf]3+ (m/z ¼ 1825.59) (Fig. 2B).
Additionally, the poor solubility of 2 might reect the
compactness of its ring-in-ring architecture.

A recent series of works have revealed that pyrene can induce
the reversible conversion of some interlocked metallacycles to
non-catenane rectangles through the inclusion of the former as
a guest molecule.6,58 To investigate the inductive effect of pyrene
on the dimeric ring-in-ring structure, a similar self-assembly
reaction of E1 and L in the presence of pyrene was performed,
resulting in the new complex 2-pyrene. The single-crystal X-ray
analysis of 2-pyrene shows that the pyrene molecules are
distributed around the ring-in-ring structure by forming p–p

stacking interactions with the Cp* groups or as free guest
molecules, clearly indicating that the pyrene molecules are
unable to separate the macrocycles of the ring-in-ring structure
(Fig. 4).
Self-assembly of abnormal trefoil knots 3 and 30

As reported previously, the building block [Cp2*Ir2(-
BiBzIm)](OTf)2 (E10) can react with two Ag+ ions and a BiBzIm
ligand to form the Ag+-ions-bridged complex E3 based on the
formation of N–Ag–N bonds,38 and E10 can also be re-formed by
removal of Ag+ ions by sunlight or Cl� ions, thus providing
a reliable method for adjusting the size of the building block.
This strategy encouraged us to explore whether the introduction
of Ag+ ions into the ring-in-ring system could result in its
supramolecular transformation. Thereby, a mixture of silver
triate and BiBzIm was added during the self-assembly process
of complex 2. The resulting mixture was stirred for 6 h in the
dark at room temperature, at which point evaporation of solvent
and recrystallization provided compound 3 as a yellow solid
(yield: 89%). In addition, the analogous E3-based complex 30

was separately constructed in a yield of 90% (Scheme 2). The
structures of 3 and 30 were conrmed by NMR spectroscopy, ESI-
MS, and single-crystal X-ray diffraction analysis.
Fig. 4 Wireframe representation of solid-state structure of 2-pyrene
coloured according to (a) atom and (b) ring. Hydrogen atoms, anions,
solvent molecules and disorder are omitted for clarity (atom
colours: N, blue; O, red; C, gray; Rh, orange).

Chem. Sci., 2020, 11, 8013–8019 | 8015
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Scheme 2 Self-assembly of abnormal trefoil knots 3 and 30.
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Complex 3 exhibited a far greater solubility in CH3OH than
complex 2. Therefore, the relevant NMR spectroscopic experi-
ments in CD3OD were performed to explore its solution
behavior. The 1H NMR spectrum (Fig. S17, ESI†) of 3 shows very
complicated peaks which can be analyzed by combination with
1H–1H COSY NMR (Fig. S18, ESI†), 1H DOSY NMR spectra
(Fig. S19, ESI†) and 1H–13C HSQC NMR (Fig. S21, ESI†) of 3. The
1H NMR spectrum shows three singlets at d 1.79, 1.66 and
1.50 ppm in a ratio of 1 : 1 : 1, which can be attributed to three
types of Cp* groups, reecting the formation of a new
compound with an intricate structure. It also showed six
doublets at d 5.17, 4.51, 4.40, 4.34, 4.17 and 3.84 ppm for the
protons of –CH2– groups of L ligands. Another three singlets at
d 7.86, 6.75, 5.95 ppm and ve doublets at 5.08, 5.06, 4.59, 4.15,
3.81 ppm display the protons of PDM groups of L ligands.
Besides, there are two multiplet peaks at d 8.80–8.77 and 7.37–
7.33 ppm, corresponding to the protons of pyridyl groups of
ligands L. The prominent doublets at d 8.43, 8.20, 8.12, 8.07,
7.93, 7.19 ppm, triplets at d 7.51, 7.03 ppm could be attributed
to multiple types of BiBzIm groups. In addition, the 1H DOSY
NMR spectrum of 3 shows that the aromatic and Cp* signals are
associated with a single diffusion constant (D¼ 2.36� 10�10 m2

s�1), suggesting that only one stoichiometry of assembly is
formed in methanol (Fig. S19, ESI†). Along with this NMR
spectroscopic data, ESI-MS also indicated the presence of
complex 3 in solution: [3–2OTf�]2+ (m/z ¼ 2296.23) and [3–
3OTf�]3+ (m/z ¼ 1480.84) (Fig. 5). The abnormal trefoil knot
topology of 3 in the solid state was conrmed by single-crystal X-
Fig. 5 Calculated (bottom, blue) and experimental (top, red) ESI-MS
spectra of 3.

8016 | Chem. Sci., 2020, 11, 8013–8019
ray analysis. However, despite great efforts, the crystal data of 3
is not ideal (Fig. S3†).

Fortunately, single crystals more suitable for X-ray diffrac-
tion were obtained by slow vapor diffusion of diethyl ether into
a saturated solution of 30 in CH3OH under ambient conditions
for four days. The structure was denitively revealed by X-ray
crystallographic analysis to have an abnormal trefoil knot
topology. Complex 30 crystallises in space group C2/c with the
topology of a 31 knot according to the Alexander–Briggs nota-
tion. The observation of a 1 : 1 ratio of both enantiomers (LLL

and DDD) is consistent with other reported trefoil knot struc-
tures16 (Fig. 6c and d). In the rened structure, two different
binuclear units are connected via ligands L featuring two
different geometries (U and Z shapes), making up an abnormal
trefoil knot form. The diagonal centroid–centroid distance of
benzene groups of the newly-formed Ag(I)-containing bridging
building block E30 (10.40 Å) is similar to the separation of two
nitrogen-atoms of phthalic diimide groups of L (10.59 Å), which
allows for the face-to-face placement of phthalic diimide groups
of L and the benzene rings of E30. The distances between
phthalic diimide groups of L and the opposing benzene rings of
E30 are ca. 3.66 and 3.93 Å, indicating the formation of p–p
interactions between the TmBiBzIm group of E30 and L. Edge-to-
face-type CH/p interactions (ca. 2.46, 2.68 Å) between the
phenyl moieties of L and TmBiBzIm were observed, in addition
to parallel-displaced p–p interactions (of interlayer distance
3.77 Å) between benzene rings and adjacent pyridyl moieties of
another L (Fig. S2, ESI†). Thus it is likely that the stabilization of
the abnormal trefoil knot structure is due to a combination of
p–p and CH/p interactions (Fig. 6a and b). As the abnormal
trefoil knot structure of 30 is achieved by the formation of only
one Ag(I)-containing bridging building block E30 with the two
other E3 building blocks remaining Ag(I)-free, we wondered if
additional Ag(I) ions would result in further structural
Fig. 6 Molecular structure of 30 coloured according to atom: (a) top
view; (b) side view. Wireframe representation of (c) right-handed trefoil
knot (+31) of 30 and (d) left-handed trefoil knot (�31) of 30. Counter-
anions and hydrogen atoms are omitted for clarity (atom colours: N,
blue; O, red; C, gray; Ag, teal; Rh, orange).

This journal is © The Royal Society of Chemistry 2020
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transformation of 30 to other intricate structures. In a series of
exploratory experiments, different amounts of silver(I) triate
were added to solutions of 30 in CH3OH. However, in all of these
experiments, only the abnormal trefoil knot 30 was observed by
NMR spectroscopy (Fig. S22–S24†), ESI-MS (Fig. S38†), and
single-crystal X-ray crystallographic analysis.

Structural transformations between abnormal trefoil knot 3
and ring-in-ring complex 2 or tetranuclear macrocycle 1

The solvent-dependent formation of tetranuclear macrocycle
and ring-in-ring complexes encouraged us to explore their
interconversion starting from the respective pure entities. We
speculated that alteration of the solvent might promote
a unique and reversible conversion between ring-in-ring
complex 2 and tetranuclear rectangle 1. Upon dissolution of
crystals of the ring-in-ring complex 2 in CD3CN, a set of simple
1H NMR spectroscopic signals was observed, clearly indicating
the formation of tetranuclear rectangle 1. The initial 1H NMR
spectrum of tetranuclear rectangle 1 in CD3OD also showed
simple peaks, however, over time, precipitation began to appear
along with the reduction of the intensity of the 1H NMR signals.
Accordingly, we grew single crystals of this species by slow vapor
diffusion of diethyl ether into a saturated solution of 1 in
CH3OH under ambient conditions. X-ray crystallographic data
obtained for these crystals were consistent with those of 2,
conrming the ability of complex 1 to convert gradually to
a ring-in-ring complex in CH3OH (Scheme 3).

Meanwhile, upon addition of AgOTf (2.0 equiv.) to a turbid
solution of ring-in-ring complex 2 in CD3OD, the solid gradually
dissolved and a complicated set of 1H NMR signals appeared,
that were consistent with the 1H NMR spectrum of complex 3,
conrming the transformation from ring-in-ring complex to an
abnormal trefoil knot. Likewise, upon combining AgOTf (2.0
equiv.) and tetranuclear rectangle 1 in CD3OD, clear changes in
the 1H NMR spectra were observed that indicated the gradual
transformation from tetranuclear rectangle to an abnormal
trefoil knot.
Scheme 3 Schematic representation of supramolecular trans-
formations between tetranuclear macrocycle 1, ring-in-ring complex
2 and abnormal trefoil knot 3 induced by the chemical reactivity of Ag+

ions and solvent effects.

This journal is © The Royal Society of Chemistry 2020
It is well documented that Ag+ ions are extremely sensitive
toward light and can react with Cl� ions to form insoluble
precipitates in solution. This opened the possibility of trans-
formation between the silver-containing abnormal trefoil knots
and ring-in-ring architectures or tetranuclear rectangles either
by exposure to sunlight or addition of Cl� ions. As expected, in
CH3OH, trefoil knot 3 transformed smoothly into ring-in-ring
architecture 2 upon removal of both Ag(i) ions by exposure to
with sunlight, which was additionally supported by X-ray crys-
tallographic analysis. Correspondingly, adding [Cp*RhCl2]2,
AgOTf and L in appropriate amounts to amethanol solution of 3
also led to formation of the ring-in-ring complex. Thereby, light-
induced degradation led to removal of the Ag(I) ions in complex
3, providing a clear yellow solution aer ltration to which
silver triate (4.0 equiv.), [Cp*RhCl2]2 (1.0 equiv.) and ligand L
(1.0 equiv.) were added. Single crystals suitable for X-ray
diffraction were subsequently obtained by slow vapor diffu-
sion of diethyl ether into the yellow solution under ambient
conditions for three days. The structure was conrmed to be
ring-in-ring structure 2. In another reaction, silver triate (2.0
equiv.) was added to a solution of [Cp*RhCl2]2 (1.0 equiv.) in
CH3OH in the dark, at which point ligand L (1.0 equiv.) and
complex 3 (1.0 equiv.) were added to the ltered solution. A
yellow solution was acquired aer 12 h. Subsequently, single-
crystal X-ray crystallography conrmed this species to be the
ring-in-ring complex 2. Additionally, a similar experimental
process were also attempted in CH3CN, providing compound 1,
conrming that the removal of silver ions with sunlight or Cl�

ions can facilitate the transformation of trefoil knot 3 to mac-
rocycle 1 in CH3CN. This results provide the rst conrmation
of interconversion between ring-in-ring, trefoil knot and tetra-
nuclear rectangle architectures, which is an important mile-
stone for the development of eld of supramolecular chemistry.

Conclusions

In summary, we have demonstrated a selective and reversible
transformation between molecular ring-in-ring structures and
abnormal trefoil knots for the rst time by addition of Ag+ ions
under ambient condition. Both structures were further proven
to be convertible to the corresponding tetranuclear macrocycle.
New molecular ring-in-ring structures, abnormal trefoil knots
and tetranuclear macrocycles bearing semi-rigid ligands were
synthesised in high yields, and these structures were conrmed
by X-ray crystallographic analysis, NMR spectroscopy and ESI-
MS. p–p stacking and C–H/p interactions were shown to
play important roles in the stabilization of the ring-in-ring and
abnormal trefoil knot architectures. A deeper understanding of
supramolecular transformations induced by the addition and
removal of Ag+ ions reaction and solvent effects will be helpful
to construct bespoke architectures and responsive supramo-
lecular systems, opening up new insights into the eld of smart
materials.
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