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Step-by-StepSelf-Assemblyof aDouble-WalledKnottedCage
With IncreasingTopological Complexity
Hiroki Takezawa,*[a] Yukari Tamura,[a] and Makoto Fujita*[b, c]

The self-assembly process of a double-walled cage formed from
a semiflexible tripodal ligand and a Pd(II) 90-degree block was
tracked by NMR and x-ray analysis. At least two intermediate
structures with distinct topologies were observed prior to the
formation of the final double-walled cage. By optimizing the
self-assembly conditions (e.g., time, solvent, and concentration),

these topological intermediates were successfully isolated and
analyzed by x-ray crystallography. They are considered crucial
metastable structures that navigate the shortest pathway to the
final structure, demonstrating the critical role of molecular topol-
ogy in guiding and controlling the kinetics of metal-directed
self-assembly.

1. Introduction

In the self-assembly of well-defined complex structures, dynamic
phenomena in which their frameworks change over time
can generate a chemical system that exhibits time-dependent
multifunctionality.[1] Recently, such dynamic behavior has also
been reported in the self-assembly processes of molecular
cages.[2] However, in conventional simple metal–ligand self-
assemblies, the intermediate products formed on the way to
the final product often possess similar kinetic and thermody-
namic stabilities. As a result, they are observed as complex
mixtures that change over time, making it difficult to identify
their individual structures.[3]

On the other hand, when the assembly processes involve
topological transformations (i.e., changes in the crossing num-
ber of molecular strands), the processes are thought to require
significant motions, such as threading molecular strands through
cyclic or looped frameworks, and thus tend to proceed relatively
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slowly.[4] In this study, we demonstrated that in the double-
walled knotted cage 1,[5] assembled from semiflexible ligand 2
and Pd(II) 90° block 3, two well-defined interlocked isomers are
stepwise formed prior to the final structure (Figure 1). These
interlocked structures exhibited significantly different kinetic sta-
bilities due to their topological differences, and it was confirmed
that each product can be obtained in nearly pure forms in the
order of increasing crossing numbers. This strategy reveals the
critical role of topology in determining the kinetics and path-
ways of metal-directed self-assembly, offering valuable insights
for designing controllable dynamic systems.

2. Results and Discussion

We previously reported double-walled knotted cage 1, con-
structed from semiflexible ligand 2 and cis-endcapped Pd(II)
complex 3, with an M12L8 (M = metal, L = ligand) composition
(Figure 1).[5] Here, we carefully tracked the initial stages of the
self-assembled process (Figure 2). When a 2:3 mixture of ligand
2 and complex 3 in CD3CN/D2O = 1:4 ([2] = 10 mM) was stirred
at room temperature for 10 min, a series of sharp 1H NMR sig-
nals appeared along with broad signals that possibly derived
from an oligomeric mixture (Figure 2b). The first NMR-identifiable
product 4 has more than 30 aromatic signals, suggesting a lower
symmetric structure. The product was then converted to another
species 5 with much smaller numbers of signals upon heating at
100°C for 5 min (Figure 2c). Further reaction at 100°C for 1 day
quantitatively gave cage 1 (Figure 2d).

Optimization of the self-assembly conditions allowed us to
obtain each 4 and 5 in a nearly pure form. Stirring the reac-
tion mixture in methanol-d4 at room temperature for 10 min
yielded complex 4 near quantitatively (Figure 2e). The 1H NMR
spectrum of the resulting solution revealed six distinct sets of
signals corresponding to the ligand arms. This observation sug-
gests the presence of two inequivalent ligands, each adopting
three distinct orientations for their arms. The wide chemical shift
range of aryl protons (4.7–10.2 ppm) indicated the formation of
an interlocked structure, where shielding and deshielding effects
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Figure 1. Sequential formation of interlocked, double-walled complexes from a semiflexible ligand and a 90° Pd(II) block. The crossing number n indicates
that the topology of a compound, regardless of how it is represented on a plane, will result in at least n crossings.

Figure 2. 1H NMR spectra of (a) ligand 2 in CDCl3, (b) a mixture after
10 min complexation at room temperature with 2 and 3 in CD3CN/D2O =
1:4, (c) complex 5 obtained after the complexation at 100°C for 5 min, (d)
complex 1 in CD3CN/D2O = 1:4, and (e) complex 4 in CD3OD.

arise from neighboring aromatic rings. In addition, 1H DOSY NMR
measurements revealed that all signals show the same diffusion
coefficient (logD = −9.5, in CD3OD), confirming the formation of
a single, well-defined product 4 (Figure S8).

The structure of 4 was unambiguously determined through
single-crystal x-ray diffraction using a synchrotron x-ray
beamline (Figure 3a, see the Supporting Information for
details).[6] Crystals suitable for the analysis were obtained
by in situ anion exchange, replacing NO3

− with PF6− by adding
grains of KPF6 salt to a methanol solution of 4. By combining
data from two crystals, we successfully resolved the crystal
structure. Complex 4 adopts a pseudo-C2 symmetric structure
comprising two interlocked, apparent Cs-symmetric M3L2 units.
Each ligand in 4 exhibits a C1 symmetric conformation, resulting
in six virtually inequivalent ligand arms consistent with the NMR
assignment. The kinetic product 4 possesses a [2]catenane topol-
ogy, [7] which can also be described as a double-walled cage.
The walls of the structure are formed by two non-symmetric,
distorted ligands, similar in conformation to those observed in
final knotted cage 1. This feature highlights the propensity of
the ligand to form a pseudo-hexapodal ligand by loose stacking
interactions.

The second product, 5, was obtained quantitatively by halt-
ing the assembly process after stirring the reaction mixture in
CD3CN/D2O = 1:4 at 100°C for 5 min. The 1H NMR spectrum of 5
indicated a structure with higher symmetry, characterized by the
presence of only two inequivalent ligand arms. 1H DOSY NMR
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Figure 3. Crystal structures of (a) C2-symmetric (M3L2)2 4 and (b)
D3-symmetric (M3L2)2 5 (carbon, mazarine or green; nitrogen, blue; oxygen,
red; palladium, yellow). Hydrogen atoms, solvent molecules, and counter
anions are omitted for clarity.

measurement confirmed that 5 exists as a single, well-defined
product (logD = −9.7, in CD3CN/D2O = 1:4, Figure S15).

A single crystal suitable for the x-ray analysis was obtained
through slow anion exchange from NO3

− to BF4− in ace-
tonitrile, using CH2I2 as a co-crystallization agent (Figure 3b,
see the Supporting Information for details).[6] Complex 5
adopts a D3-symmetric configuration comprising two interlocked
C3h-symmetric M3L2 units.[8] As observed previously, ligand 2
forms pseudo-hexapodal dimeric panels via self-stacking. The
averaged distances between the planes of the inner and outer
benzene cores are 4.4 Å, comparable to the spacing in 1. All four
ligands in 5 adopt C3-symmetric conformations.

We then demonstrated a one-pot, three-step conversion of
self-assembled products by solvent change and temperature
control (Figures 4 and S18). In the first step, ligand 2 and Pd(II)
block 3 were mixed in CD3OD (2.0 mL,[2] = 30 mM) and stirred
at 60°C. After 10 min, 1H NMR analysis revealed that [2]cate-
nane 4 was the major product (∼80% molar ratio). Next, the
solvent was removed in vacuo, and the residue was dissolved in
a D2O/CD3CN mixture (4:1 v/v, 2.0 mL). Heating the solution at
60°C for 2 h facilitated the conversion from 4 to triply interlocked
catenane 5, with the ratio of 4:5 reaching ∼1:4. Finally, the solu-

Figure 4. Step-by-step formation of double-walled cages through solvent
changes and temperature adjustments. (i) Mixing of 2 (20 mM) and 3 (30
mM) in CD3OD, followed by stirring at 60°C. (ii) Removal of CD3OD in
vacuo, addition of a D2O/CD3CN mixture (4:1 v/v), and stirring at 60°C. (iii)
Heating and stirring the resulting solution at 100°C.

tion was heated at 100°C for an additional 18 h, resulting in the
quantitative formation of double-walled cage 1.

The observed spontaneous, multi-step transformations sug-
gested the large differences in the formation kinetics of inter-
mediates 4 and 5, as well as final product 1. In particular,
intermediate 4 and 5 were formed sequentially despite their sim-
ilar (M3L2)2 interlocked structures. A simple presumption would
suggest that ligand 2 adopts C1-symmetric and C3-symmetric
conformations in a 3:1 ratio. Consequently, if there were no
thermodynamic or kinetic differences in the formation of these
complexes, a 3:1 mixture of 4 and 5 would be expected. How-
ever, the amount of 5 detected in the first step was consis-
tently much smaller than predicted. This observation indicates
that the formation of 4 proceeds significantly faster than that
of 5.

We hypothesized that the differences in formation kinetics
are primarily influenced by the topology of the complexes.[4] The
first kinetic product, complex 4, adopts a [2]catenane structure
with crossing number n = 2, while the second kinetic product,
complex 5, features a more intricate triply interlocked topol-
ogy (ravel triply-interlocked structure) with crossing number n
= 4.[8,9] The lower crossing number in complex 4 likely causes
easy access to the structure. In contrast, the conversion from 4
to 5 is slower, partially because it requires the dissociation of
at least one Pd─N(pyridyl) coordination bond, further hinder-
ing the formation of the more complex topology. Notably, 1H
NMR analysis during the conversion reveals neither isolated cage
species (e.g., M3L2), nor fully dissociated products (such as free
ligand or non-cage complexes), suggesting that these transient
species are inherently unstable.
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The relative thermodynamic and kinetic stability of two inter-
mediates (4 and 5) and the final product 1 is assumed to increase
in the order 4 < 5 < 1. Under the tested conditions, triply-
interlocked product 5 was found to be thermodynamically more
stable than 4. This conclusion was also supported by calculated
formation energies (see the Supporting Information for details).
The relative formation energy of 4 to 5 was estimated to be
23.8 kJ/mol in M06-2X/LanL2DZ/6-31G* level (LanL2DZ for the
Pd centers) in water, modeled with the polarizable continuum
model, applied to GFN2-xTB[10] optimized structures. Despite
their similar double-walled structures and inter-ligand interac-
tions, 5 exhibits more efficient inter-ligand hydrogen bonding
and van der Waals contacts due to the high symmetry of its
ligands and their stacking arrangement. These features are visu-
alized in a HIGM plot[11] of the calculated structures (Figure
S19). Although 5 is thermodynamically more stable than 4,
its triply interlocked topology makes it kinetically less acces-
sible. In contrast, the final product 1, which has the largest
number of crossing points and components, benefits from
extensive inter-ligand contacts that provide significant structural
stabilization.

3. Conclusion

In conclusion, we succeeded in the time-resolved observations
of a self-assembly process in which intermediate products under-
went stepwise transformations involving topological changes,
ultimately forming a double-walled knotted cage. These topo-
logical transformations represent kinetically forbidden conver-
sions unless the reversibility of coordination bonds is considered,
allowing each intermediate to possess sufficiently long residence
times for isolation and enabling detailed time-resolved obser-
vation of multistep spontaneous transformations. To date, in
self-assembly processes of complex structures derived from mul-
tiple chemical species, landscape models have been proposed,
analogous to protein folding, where several metastable inter-
mediate structures navigate the assembly pathways leading to
the final structure. In this study, the validity of such models in
self-assembly systems was demonstrated.

Furthermore, the system described in this study under-
scores the significance of topology in self-assembly, offering a
framework to control dynamic and thermodynamic aspects. It
also contributes to the understanding of why biological sys-
tems employ interlocked biomolecules such as lasso peptides[12]

and knotted proteins.[13] In addition, the kinetically forbid-
den nature of highly interlocked topologies is a critical fac-
tor in designing dynamic systems with controllable residence
times.
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