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Self-assembly process of a quadruply interlocked
palladium cage
Tomoki Tateishi 1, Yuichi Yasutake1, Tatsuo Kojima 1, Satoshi Takahashi 1 & Shuichi Hiraoka 1

A supramolecular approach is effective to construct topologically complicated molecules

with the aid of reversible bond formation. Although topologically complicated molecules

have been synthesized for the past three decades, their formation mechanisms have rarely

been discussed. Here we report the formation process of a tetranuclear interlocked palladium

cage composed of two binuclear cages, which are quadruply interlocked with each other.

In the main pathway, the binuclear cages are produced with binuclear partial cages. The

ditopic ligand that does not bridge the two palladium(II) ions in the binuclear partial cage

then threads into the binuclear cage to afford a tetranuclear partially interlocked cage,

with partial conversion of the binuclear cage into the binuclear partial cage. The tetranuclear

partially interlocked cage interlocks intramolecularly through repetitive cleavage and

formation of Pd(II)–N coordination bonds mediated by a free pyridyl group, finally leading to

the tetranuclear interlocked cage.
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Interlocked molecules are nanoscale miniature artworks com-
posed of intertwined molecules that are not connected by
covalent bonds but cannot apart from each other without

breaking chemical bonds1–7. Nowadays, such mechanically con-
nected molecules have been recognized as a class of structural
motifs for molecular machines beyond simple synthetic
targets8–14. Molecular self-assembly is the best way to efficiently
synthesize interlocked molecules. Molecular building blocks
spontaneously assemble into a well-organized interlocked struc-
ture in high yield as long as the interlocked structure is ther-
modynamically most stable. The advantage of molecular self-
assembly in the formation of interlocked structures is that if the
building blocks are incorrectly connected, the reversible chemical
bonds employed in molecular self-assembly enable the building
blocks to rearrange so that improper species are converted into
the final product. A variety of structurally complicated inter-
locked molecules have been reported by molecular self-assembly
for the past three decades15–25. However, how molecular building
blocks assemble into such complicated interlocked structures has
rarely been discussed26 mainly because the observation of tran-
siently produced intermediates, whose stability is lower than the
final product, is quite difficult. Recent progress in the investiga-
tion of coordination self-assembly processes by a method that can
provide information about intermediates by quantifying all sub-
strates and products instead of intermediates (QASAP: quanti-
tative analysis of self-assembly process) has gradually unveiled
ordering processes of supramolecular self-assemblies at the
molecular level27–30.

Here we report the self-assembly process of a Pd4L8 interlocked
cage (IC)31–39, where two molecules of Pd2L4 cages are quadruply
interlocked. This is an attempt to understand the formation
mechanism of an interlocked coordination assembly. In the self-
assembly of the Pd4L8 IC, the Pd2L4 cage is firstly produced with
the concomitant formation of a Pd2L4X partial cage (PC)
(X: leaving ligand). A ditopic ligand (L) with a free coordination
site in PC threads into the Pd2L4 cage or another PC to afford a
Pd4L8X partially interlocked cage (PIC). Subsequent intramole-
cular interlocking in PIC promoted by the coordination of a free
ligand (free coordination sites in PC, PIC or Py*) finally gives the
thermodynamically most stable Pd4L8 IC.

Results
Monitoring the self-assembly by 1H NMR. The self-assembly
process of the Pd4L8 IC from ditopic ligand 1 (Fig. 1)39, which
possesses two 3-picolyl groups connected to a benzophenone by
ether linkages, and PdPy*4(BF4)2 (Py*: 3-chloropyridine) in
CD3NO2 at 298 K was monitored by 1H NMR spectroscopy
(Fig. 2 and Supplementary Fig. 1). Right after the self-assembly
started, many 1H NMR signals appeared (5 min), which is due to
the formation of primitive intermediates. These signals soon
disappeared and the signals for the Pd214 cage (signals coloured
in red) were observed. The 1H NMR signals of the Pd418 IC
(signals coloured in blue) appeared at 5 h with concomitant
decrease in the intensity of the signals for the Pd214 cage. The
self-assembly finally reached the convergent sample containing
69% of the Pd418 IC and 31% of kinetically trapped species
(calculated based on the ditopic ligand 1 by using an internal
standard), which could not be converted into the IC even by
heating.

A very similar result was obtained when the self-assembly was
carried out with Pd(CH3CN)4(BF4)2 as a metal source instead of
PdPy*4(BF4)2 (Supplementary Figs. 2 and 3); the only difference
between the two self-assemblies is that <6% of free ditopic ligand
1 remained until the end in the case of the self-assembly from
1 and Pd(CH3CN)4(BF4)2. In the previous report39, the Pd418

IC was synthesized from 1 and Pd(CH3CN)4(BF4)2 in polar
coordinative solvent, DMSO, at a higher temperature of 333 K.
Thus, it was found that the Pd418 IC can be assembled in less
coordinative solvent at 298 K whether CH3CN or Py* is used as
the leaving ligand.

PdPy*4(BF4)2 was used as the Pd(II) ion source so that we
could quantify both metal ion source (PdPy*4) and the leaving
ligand (Py*) by 1H NMR measurement. During the self-assembly
of the Pd418 IC, 1H NMR signals for the Pd214 cage, which is a
transient intermediate, were observed, while any other inter-
mediates except for the small signals in the beginning of the self-
assembly were not detected by 1H NMR spectroscopy. Thus, the
ditopic ligand 1, the Pd418 IC and the Pd214 cage were quantified,
from which the existence ratio of the species that cannot be
observed by 1H NMR (Int) was determined (gray lines in Fig. 3a,
b). In the beginning of the self-assembly, Int was produced in
about 80% yield (based on the ditopic ligand 1) and gradually
decreased with time. Therefore, the characterization of Int is
necessary to understand the self-assembly process of the Pd418
IC. However, none of the signals of Int were observed by 1H
NMR spectroscopy, which is the reason for the difficulty in the
investigation of self-assembly processes. To solve this problem, in
QASAP the average composition of Int (Pd〈a〉1〈b〉Py*〈c〉, 〈a〉, 〈b〉
and 〈c〉 indicate composition ratios) was determined by the
existence ratios of all the substrates, products and the Pd214 cage.
The time variation of Pd〈a〉1〈b〉Py*〈c〉 enables us to discuss the self-
assembly process of the Pd418 IC.

Quantitative analysis of the self-assembly process. The changes
in the existence ratios of the substrates (1 and PdPy*4), the
products (the Pd418 IC and Py*), the Pd214 cage and all the
intermediates except for the Pd214 cage (Int) with time are shown
in Fig. 3a, b. The yield of the Pd214 cage reached the maximum
(52%) at 5 h and then decreased. The Pd418 IC started to produce
at 5 h. Interestingly, after the decrease in the yield of the Pd214
cage, the existence ratio of Int turned to increase for some time
and decreased again after 1 day. Slight decrease in the existence
ratio of Py* (1.6%) observed during the period when Int
increased (5 h to 1 day) indicates that the reverse reaction from
the Pd214 cage and Py* to Pd214Py* took place (Pd214+ Py*→
Pd214Py*). As the amount of Py* consumed is very small (only
1.6%), the formation of Pd214Py* would be most probable. All the
Pd214 cages at 5 h (52%) were finally converted into the Pd418 IC
in 69% yield, indicating that at least 75% of the Pd418 IC was
derived from the Pd214 cage.

In order to investigate the intermediates for the Pd214 cage and
for the Pd418 IC, n–k analysis27–30 was carried out. In QASAP,
two parameters (〈n〉 and 〈k〉) indicating the nature of Int (whose
average composition is indicated as Pd〈a〉1〈b〉Py*〈c〉) are defined
and used for the characterization of the intermediates. The 〈n〉
value, which is defined as 〈n〉= (4〈a〉–〈c〉)/〈b〉, indicates the
average number of Pd(II) ions binding to a single ditopic ligand,
while the 〈k〉 value (〈k〉= 〈a〉/〈b〉) indicates the ratio between the
Pd(II) ions and the ditopic ligands in Int. The change in the (〈n〉,
〈k〉) value with time is shown in Fig. 3c. From 5 to 30 min, the 〈n〉
value increased with time, while the 〈k〉 value decreased, which
reflects the incorporation of free ditopic ligands 1 into Int
(Fig. 3a). The (〈n〉, 〈k〉) value finally reached (1.85, 0.50) and
stayed around there until almost the end of the self-assembly. The
Pd214 cage was predominantly produced during the first 5 h,
while the Pd418 IC was produced after 5 h. With this in mind, the
result that the (〈n〉, 〈k〉) value observed at 15 min (1.76 ± 0.09,
0.52 ± 0.01), is very near to the (n, k) value of a Pd214Py* partial
cage (PC), (1.75, 0.5), suggests that the Pd214Py* PC is the long-
lived intermediate of the Pd214 cage. The 〈n〉 value at 35 min
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(1.84) is much larger than the n value of the Pd214Py* PC (1.75)
but smaller than that of Pd418Py* (1.875). This suggests that the
intermediates for the Pd214 cage (mainly the Pd214Py* PC) and
for the Pd418 IC (mainly the Pd418Py* PIC) have already been
produced much earlier than when the Pd418 IC begins to produce
(5 h). The (〈n〉, 〈k〉) value reached (1.88. 0.5) at 3 days, which
indicates that the Pd418Py* PIC, whose (n, k) value is (1.875, 0.5),
is the main intermediate of the Pd418 IC.

The self-assembly of the Pd418 IC under the same condition
was monitored by ESI-TOF mass spectrometry (Supplementary
Fig. 4). The species mainly observed are listed in Table 1. The
signals for the Pd214Py* PC could not be found. This is due to the
removal of the Py* molecule, whose coordination ability is weaker
than 1, during the ionization. Similar results have often been
obtained in other Pd(II)-linked coordination self-assemblies40–42.
The result that the signals for Pd418 were observed instead of that
for Pd418Py* can be interpreted in the same way. Interestingly,
the signals for Pd418 (m/z= 526.40 for [Pd418(BF4)]7+ and
771.60 for [Pd418(BF4)3]5+) appeared at 30 min, which is much
faster than when the 1H NMR signals for the Pd418 IC started to
appear (5 h). This result indicates that these mass signals should
arise from the Pd418Py* PIC by the removal of the Py* molecule

during the ionization. Thus, the Pd418Py* PIC have already been
produced by 30 min as the intermediates of the Pd418 IC, which is
well consistent with the result that the (〈n〉, 〈k〉) value at 35 min,
(1.84, 0.5), is between those of the Pd214Py* PC (1.75, 0.5) and
the Pd418Py* PIC (1.875, 0.5) (Fig. 3c).

Transformation mechanism of the Pd214 cage to the Pd418 IC.
QASAP for the self-assembly of the Pd418 IC from 1 and
PdPy*4(BF4)2 revealed that all the Pd214 cages (52% yield at 5 h
determined based on 1) were transformed into the Pd418 IC in
69% yield (based on 1) after the convergence (Fig. 3b). This
indicates that the Pd418 IC is mainly produced through the Pd214
cage. Thus, the conversion mechanism from the Pd214 cage to the
Pd418 IC was investigated. The Pd214 cage can be isolated from a
reaction mixture of 1 ([1]0= 77.5 mM) and Pd(CH3CN)4(BF4)2
in CH3CN at 343 K as a precipitate39, but once the Pd214 cage
is precipitated, the cage is not soluble in any solvent except
DMSO39. After several attempts, we found that the reaction of
1 and Pd(CH3CN)4(BF4)2 in CD3NO2 in a 4:2.2 ratio at 343 K,
where slightly excess amount of Pd(CH3CN)4(BF4)2 was added,
resulted in the selective formation of the Pd214 cage in 70% yield

8

(1)

(2)

(3)

(4)

BF4
–

(5)

(6)

etc.

–

– –x1

=

O

O

N

N

4·PdPy*4(BF4)2

Pd214Py*
(partial cage: PC)

Pd418Py*
(partially interlocked
cage: PIC)

Pd214 (cage)

Pd418
(IC)Py*: 3-chloropyridine

Py*

Py* or free pyridyl group of 1, PC or PIC

Dashed arrows indicate structural conversions without recombination of bonds

O

Fig. 1 Self-assembly process of the interlocked cage. The self-assembly of the Pd418 interlocked cage (IC) takes place through reaction steps (1)–(6): (1)
formation of the Pd214Py* partial cage (PC) from PdPy*4(BF4)2 and the ditopic ligand 1 by ligand exchanges between Py* (3-chloropyridine) and the pyridyl
groups of 1. As the coordination ability of Py* is slightly weaker than that of the pyridyl groups in 1, the reaction takes place towards the formation of Pd(II)–
1 coordination bonds. (2) Intramolecular ligand exchange(s) in the Pd214Py* PC to lead to the Pd214 cage. (3) Conversion of the Pd214 cage to the Pd214Py*
PC. (4) Threading of a partially free ditopic ligand in the Pd214Py* PC into the Pd214 cage to lead to a Pd418Py* partially interlocked cage (PIC). (5)
Threading of a partially free ditopic ligand in the Pd214Py* PC into another Pd214Py* PC followed by the intramolecular ligand exchange to lead to a
Pd418Py* PIC. (6) One of the possible pathways of interlocking in Pd418Py* PIC through repetitive cleavage and formation of Pd(II)–1 coordination bonds to
form the Pd418 IC
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(based on 1) without the formation of the Pd418 IC (Fig. 3e and
Supplementary Fig. 5). Although the isolation of the Pd214 cage
from this reaction mixture failed, the conversion of the species
that remained after the convergence of the self-assembly into the
Pd418 IC is negligible because the Pd418 IC was not produced by
standing this solution mainly containing the Pd214 cage at 343 K
for 4 days. As breaking of Pd(II) coordination bonds does not
take place without coordination of a certain ligand to the Pd(II)
center to form five-coordinate intermediates and the transition
structure through associative mechanism43, 44, the transformation
of the Pd214 cage to the Pd418 IC should be promoted by Py* or
free ditopic ligand 1.

Upon the addition of Py* (11.4 equiv. against the Pd214 cage,
which is equal to 2.0 equiv. against the initial amount of 1) to the
above CD3NO2 solution containing the Pd214 cage (70% yield),
2.0 equiv. of Py* molecules against the Pd214 cage were consumed
in 1 day (blue solid circles in Fig. 3f). (The 1H NMR spectra and
the existence ratios are shown in Supplementary Figs 6 and 7,
respectively.) The production of the Pd418 IC started at 3 h after
the addition of Py* (blue open circles in inset of Fig. 3f). The
Pd418 IC was formed in 64% yield (based on 1) at 12 days,
so most of the Pd214 cages (91%) were converted into the Pd418
IC. It is worth noting that after the convergence of the
conversion, 1.5 equiv. of Py* were still consumed, suggesting
that a part of Py* molecules should be incorporated into the
uncharacterized species. This is reasonable because a part of
the Pd(II) centers in the uncharacterized species should be
occupied with CH3CN molecules, whose coordination ability is
weaker than that of Py*. Therefore, only the difference between
the maximum consumption (2.0 equiv.) and the consumption
after the convergence (1.5 equiv.), 0.5 equiv. of Py*, is the amount
of Py* molecules used in the transformation. This suggests that
the Pd214Py* PC and the Pd418Py* PIC were produced as the
dominant intermediates, which is consistent with the 〈n〉 value
of about 1.85 after 20 min in the self-assembly of the Pd418 IC
from 1 and PdPy*4 (Fig. 3c). During the time-lag between the

addition of Py* and the formation of IC (2 h), formation of the
Pd214Py* PC, threading the PC into the Pd214 cage to lead to the
Pd418Py* PIC and intramolecular interlocking in the PIC should
take place (Fig. 1). The rate of formation of the Pd418 IC from the
Pd214 cage in the presence of Py* is slower than that from 1 and
PdPy*4 (Fig. 3f). This is because the Pd214Py* PC has already
been produced as a part of Int in the self-assembly from 1 and
PdPy*4.

The conversion of the Pd214 cage into the Pd418 IC also took
place by the addition of 0.57 equiv. of free ditopic ligand 1 against
the Pd214 cage (red solid and open circles in Fig. 3f). (The 1H
NMR spectra and the existence ratios are shown in Supplemen-
tary Figs. 8 and 9, respectively.) As the yield of the Pd418 IC is
70% after the convergence (red open circles in Fig. 3f), all the
Pd214 cages were efficiently converted into the Pd418 IC. As
observed in the conversion of the Pd214 cage in the presence of
Py*, 0.23 equiv. of the added ditopic ligand 1 were consumed
after the convergence (red solid circles in Fig. 3f), indicating that a
part of ditopic ligands 1 were incorporated into the uncharacter-
ized species. Compared with the addition of Py* instead of 1, the
time-lag between the addition of 1 and the formation of IC (1 h)
is shorter and the formation of the Pd418 IC took place faster
even though the amount of 1 added is much fewer than the
amount of Py* added (inset in Fig. 3f). This is probably because
the coordination ability of 1 is stronger than that of Py*. The
mass signal of (2,5,0) observed during the self-assembly of the
Pd418 IC from 1 and PdPy*4 (Table 1) suggests that a part of
the Pd418 IC molecules is produced mediated by the Pd215 PC.
As mentioned above, 6% of free ditopic ligand 1 remained until
the end of the self-assembly of the Pd418 IC from Pd
(CH3CN)4(BF4)2 and 1, while the Pd418 IC could not be obtained
at all when slightly excess amount of Pd(CH3CN)4(BF4)2 was
used. These results indicate that free ditopic ligand 1 plays a role
as the catalyst for the conversion of the Pd214 cage into the Pd418
IC in the self-assembly of IC from Pd(CH3CN)4(BF4)2 and 1.
As a consequence, species with sufficiently strong coordination

c
d

N

O

O

O
1

1

N

N

Cl

= CHCl3
o = Outer
i = Inner

Internal
standard

Py*

PdPy*4(BF4)2

Py*

5 min

30 min

6 h

1 day

3 days

ai bi
ao bo do di

gi ci
go fo fi

fcgdba

a b d g c f

h i

co
7 days

ppm 10.0 9.5 9.0 8.5 8.0 7.5 6.57.0

e
f

h
i k j

g
j

k

hi

ab

k j

Fig. 2 1H NMR spectra of the self-assembly of the interlocked cage. 1H NMR spectra (500MHz, CD3NO2, 298 K) of PdPy*4(BF4)2, the ditopic ligand 1,
Py* and the reaction mixture for the self-assembly of the Pd418 interlocked cage (IC) from PdPy*4(BF4)2 ([Pd]0= 1.0 mM) and the ditopic ligand 1
([1]0= 2.0mM) in CD3NO2 at 298 K. The signals coloured in blue, red, green, magenta and brown indicate the Pd418 IC, the Pd214 cage, Py*, the ditopic
ligand 1 and PdPy*4(BF4)2, respectively
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ability (free ditopic ligand 1, Py* and the free pyridyl groups in
the Pd214Py* PC and the Pd418Py* PIC) can promote the
formation of the Pd418Py* PIC and the intramolecular treading
in the PIC.

Effect of BF4– anions on the self-assembly process. As seen in
every Pd4L8 IC reported so far, the trapping of three counter
anions in between the Pd(II) ions in the Pd4L8 ICs is essential for

their formation as templates (Fig. 1)31–39, so the effect of the
counter anions on the self-assembly process of the Pd418 IC
from 1 and PdPy*4(BF4)2 was investigated by 19F NMR spec-
troscopy (Fig. 4). The signals for the two kinds of BF4– anions
trapped in the Pd418 IC were observed at –144.0 ppm (inner) and
–142.6 ppm (outer), respectively (Fig. 4a), whose assignment is
the same as was reported previously39. These 19F NMR signals
for the encapsulated BF4– anions appeared at almost the same
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time when the 1H NMR signals of the Pd418 IC appeared. Only
one signal of BF4– was observed at –152.3 ppm before the for-
mation of the Pd418 IC. This signal is near to the signal of free
BF4– (–153.0 ppm) but slightly shifted to downfield. This signal
was gradually shifted to upfield with time and finally only the
signals for the free and encapsulated BF4– anions in the Pd418 IC
were observed. The diffusion coefficient of the BF4– signal at
–152.3 ppm determined by 19F DOSY spectroscopy (Supple-
mentary Fig. 10), 1.01 × 10–9 m2 s–1, is larger than that bound in
the Pd418 IC (–142.6 and –144.0 ppm), 2.39 × 10–10 m2 s–1

(Supplementary Fig. 11), and smaller than that of free BF4–,
1.36 × 10–9 m2 s–1 (Supplementary Fig. 12). These results indicate
that there exist BF4– anions chemically different from the free
BF4– and the encapsulated ones in the Pd418 IC, which should

Table 1 List of species detected by ESI-TOF mass
spectrometry during the self-assembly.a

5min 30min 3 h 6 h 12 h

(2, 4, 0)b (2, 4, 0) (2, 4, 0) (2, 4, 0) (2, 4, 0)
(2, 5, 0) (2, 5, 0) (2, 5, 0)↑ (2, 5, 0) (2, 5, 0)
(3, 6, 0) (3, 6, 0) (3, 6, 0)↓

(4, 8, 0)↑c (4, 8, 0)↑ (4, 8, 0)↑ (4, 8, 0)↑

aTime variation of the species detected by ESI-TOF mass spectrometry for the self-assembly of
the Pd418 IC from PdPy*4(BF4)2 ([Pd]0 = 0.95 mM) and 1 ([1]0 = 1.9 mM) in CD3NO2 at 298 K
was monitored
b(a, b, c) indicates species Pda1bPy*c
cUp and down arrows, ↑ and ↓, indicate increase and decrease in the intensity of the signal
compared to the previous measurement, respectively

5 min

a

b c

Outer BF4
–

Inner BF4
–

6 h

9 h

12 h

1 day

3 days

6 h

7 days

7 days

ppm –142

ppm –152 –153 ppm –152 –153

–144 –146 –148 –150 –152 –154

Outer Inner

Pd214 cage

Pd214 cage

6 h

7 days

Pd214 cage

Fig. 4 19F NMR spectra of the self-assembly of the interlocked cage. 19F NMR spectra (470MHz, CD3NO2) of the reaction mixture for the self-assembly of
the Pd418 interlocked cage (IC) from PdPy*4(BF4)2 ([Pd]0= 1.0 mM) and the ditopic ligand 1 ([1]0= 2.0mM) in CD3NO2 at 298 K. a Time variation of the
19F NMR spectra of the reaction mixture measured at 298 K. Signals coloured in blue indicate two kinds of chemically different (inner and outer) BF4–

anions trapped in the Pd418 IC. The 19F NMR spectrum of the Pd214 cage is shown as a comparison. b A magnified view of the 19F NMR spectra observed in
upfield region for the reaction mixture at 6 h and 7 days with the 19F NMR spectrum of the Pd214 cage measured at 298 K. c A magnified view of the 19F
NMR spectra observed in upfield region for the reaction mixture at 6 h and 7 days with the 19F NMR spectrum of the Pd214 cage measured at 253 K
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be the BF4– anions that interact with the Pd214 cage and/or the
intermediates of the Pd418 IC, and that the exchange between
these and the free BF4– anions is faster than the NMR time scale
at 298 K. In order to characterize these BF4– anions, 19F NMR
measurements were carried out at 253 K (9 K higher than the
melting point of CD3NO2). Upon decreasing the temperature
of the reaction mixture at 6 h to 253 K, the 19F NMR signal at
–152.3 ppm observed at 298 K was not divided, indicating that
the exchange between the chemically different BF4– anions is
still faster than the NMR time scale. Similar 19F NMR spectra
showing only one signal at –152.3 and –152.3 ppm at 298 and
253 K, respectively, were observed (Fig 4b, c). The interaction
between BF4– anions and the inner space of the Pd214 cage was
previously confirmed by 1H NMR titration experiment39. Con-
sidering the fact that the Pd214 cage and the intermediates
(mainly Pd214Py* PC and Pd418Py* PIC) coexist in the reaction
mixture at 6 h, the BF4– anions should interact not only with the
Pd214 cage but also with the intermediates. As a consequence,
BF4– anions participate in the self-assembly process of the Pd418
IC but are not bound to the intermediates as strongly as to the
Pd418 IC.

Discussion
In conclusion, the self-assembly process of the Pd418 IC was
investigated by QASAP. Although the production of the Pd418 IC
was observed by time-dependent 1H NMR spectroscopy and ESI-
TOF mass spectrometry, the signals for the intermediates except
the Pd214 cage could not be observed due to their lower symmetry
and lower stability than the Pd214 and Pd418 cages. Nevertheless,
valuable information to discuss the self-assembly process was
obtained by QASAP. The self-assembly of the Pd418 IC takes
place in three steps. Initially, the Pd214Py* partial cages (PC) were
produced, about half of which were converted into the Pd214
cage. Then, threading the Pd214Py* PC into the Pd214 cage leads
to the Pd418Py* PICs. Finally, the Pd418 IC is produced by the
intramolecular interlocking through repetitive cleavage and for-
mation of Pd(II)–N coordination bonds in the PIC with the aid of
free pyridyl ligands (Py* or free pyridyl group in the Pd214Py* PC
and the Pd418Py* PIC). Although the Pd418Py* PIC would be
produced from two molecules of Pd214Py* PCs, the result that at
least 75% of the Pd418 IC is derived from the Pd214 cage indicates
that this route is a minor pathway. Considering the fact that the
Pd418 IC is a topologically complicated structure where two
Pd214 cages are quadruply interlocked, it is expected that many
undesired species in which several Pd(II)–pyridyl coordination
bonds are mistakenly formed are produced under mild condition
(at 298 K), where kinetically controlled products tend to be
formed. Contrary to this intuition, the Pd418 IC was assembled in
a straightforward way in high yield mainly through the Pd214
cage and the Pd214Py* PC as primary intermediates. ESI-TOF
mass spectrometry and n–k analysis suggest that the formation of
the Pd418Py* PIC started quickly (at 30 min). On the other hand,
1H NMR measurements indicate that the Pd418 IC appeared after
5 h. During this time-lag, the intramolecular interlocking in the
Pd418Py* PIC should take place. Similarly, it takes 3 h to start to
produce the Pd418 IC from the Pd214 cage in the presence of Py*.
Thus, the intramolecular interlocking in the Pd418Py* PIC is the
rate-determining steps of the self-assembly of the Pd418 IC.
The Pd418 IC binds three BF4– anions in between the four Pd(II)
ions, which stabilize the Pd418 IC. 19F NMR spectroscopy of the
reaction mixture indicates that BF4– anions interact with
the Pd214 cage and the Pd418Py* PIC, yet the binding of the BF4–

anions in these species is as weak as the exchange of the BF4–

anions with free BF4– is faster than the NMR time scale. There-
fore, the effect of the counter anion on the self-assembly process

of the IC is to shift the equilibrium towards the IC by the selective
stabilization of the IC.

Methods
General information. 1H and 19F NMR spectra were recorded using a Bruker
AV-500 (500 MHz) spectrometer. All 1H NMR spectra were referenced using a
residual solvent peak, CD3NO2 (δ 4.33), and all 19F NMR spectra were referenced
using a peak of n-Bu4NBF4 (δ –153.0) in CD3NO2 at 298 K. Electrospray ionization
time-of-flight (ESI-TOF) mass spectra were obtained using a Waters Xevo G2-S
Tof mass spectrometer.

Materials. Unless otherwise noted, all solvents and reagents were obtained from
commercial suppliers (TCI Co., Ltd., WAKO Pure Chemical Industries Ltd.,
KANTO Chemical Co., Inc. and Sigma-Aldrich Co.) and were used as received.
CD3NO2 was purchased from Acros Organics and used after dehydration with
molecular sieves 4 Å. Ditopic ligand 131 and PdPy*4(BF4)245 were prepared
according to the literature.

Monitoring the self-assembly of the Pd418(BF4)8 IC by 1H and 19F NMR. A
2.4 mM solution of [2.2]paracyclophane in CHCl3 (125 μL), which was used as an
internal standard, was added to two NMR tubes (tubes I and II) and the solvent
was removed in vacuo. A solution of PdPy*4(BF4)2 (12 mM) in CD3NO2 was
prepared (solution A). Solution A (50 μL) and CD3NO2 (450 μL) were added to
tube I. The exact concentration of PdPy*4(BF4)2 in solution A was determined
through the comparison of the signal intensity with [2.2]paracyclophane by 1H
NMR. A solution of ditopic ligand, 1, (12 mM) in CHCl3 (100 μL) was added to
tube II and the solvent was removed in vacuo. Then CD3NO2 (500 μL) for 1 was
added to tube II and the exact amount of 1 in tube II was determined through the
comparison of the signal intensity with [2.2]paracyclophane by 1H NMR. 0.50
equiv. (against the amount of ligand 1 in tube II) of solution A (ca. 50 μL; the exact
amount was determined based on the exact concentration of solution A and of
ligand in tube II) were added to tube II at 263 K. The self-assembly of the
Pd418(BF4)8 IC was monitored at 298 K by 1H and 19F NMR spectroscopy.
Examples of the 1H NMR spectra are shown in Fig. 2 and Supplementary Fig. 1 and
those of the 19F NMR spectra are shown in Fig. 4a, b. The exact ratio of 1 and
PdPy*4(BF4)2 was unambiguously determined by the comparison of the integral
value of each 1H signal of [2.2]paracyclophane. The amounts of 1, PdPy*4(BF4)2,
the Pd214(BF4)4 cage, the Pd418(BF4)8 IC and Py* were quantified by the integral
value of each 1H signal against the signal of the internal standard ([2.2]para-
cyclophane). In order to confirm the reproducibility, the same experiment was
carried out three times (runs 1–3). These data, the average values of the existence
ratios and the (〈n〉, 〈k〉) values are listed in Supplementary Tables 1–5.

Determination of the existence ratio of each species. The relative integral value
of each 1H NMR signal against the internal standard [2.2]paracyclophane is used as
the integral value in this description. We define the integral values of the signal for
the substrates (1 and PdPy*4), the products (the Pd418 IC and Py*) and the Pd214
cage at each time t as follows; IL(t): 1/2 of the integral value of the a proton in free
ligand 1; IM(t): the integral value of the i proton of Py* in [PdPy*4]2+; Icage(t): 1/2
of the integral value of the a proton in the Pd214 cage; IIC(t): the integral value of
the ai proton in the Pd418 IC; IPy*(t): the integral value of the i proton of free Py*.
(The assignment of signals for the Pd418 IC is shown in Fig. 2 and Supplementary
Fig. 1.)

IM(0) was determined based on the exact concentration of solution A
determined by 1H NMR and the exact volume of solution A added into tube II.

IL(0) was determined by 1H NMR measurement before the addition of solution
A into tube II.

Existence ratio of [PdPy*4]2+: As the total amount of [PdPy*4]2+ corresponds
to IM(0), the existence ratio of [PdPy*4]2+ at t is expressed by IM(t)/IM(0).

Existence ratio of 1: As the total amount of free ligand 1 corresponds to IL(0),
the existence ratio of 1 at t is expressed by IL(t)/IL(0).

Existence ratio of Py*: As the total amount of Py* corresponds to IM(0), the
existence ratio of Py* at t is expressed by IPy*(t)/IM(0).

Existence ratio of the Pd214 cage: As the Pd214 cage is quantified based on 1,
the existence ratio of the Pd214 cage at t is expressed by Icage(t)/IL(0).

Existence ratio of the Pd418 IC: As the Pd418 IC is quantified based on 1,
the existence ratio of the Pd418 IC at t is expressed by IIC(t)/IL(0).

Existence ratio of the total intermediates not observed by 1H NMR (Int):
The existence ratio of the total intermediates not observed by 1H NMR (Int) is
determined based on the amount of ligand 1 in the intermediates. Thus, the
existence ratio of Int is calculated by subtracting the other species containing 1
(free 1, the cage and IC) from the total amount of 1 (IL(0)). The existence ratio
of Int at t is expressed by (IL(0)–IL(t)–Icage(t)–IIC(t))/IL(0).

〈a〉: The total amount of Pd(II) ions corresponds to IM(0)/4. The amount of
Pd(II) ions in [PdPy*4]2+ at t corresponds to IM(t)/4. The amount of Pd(II) ions in
the cage and IC at t corresponds to Icage(t)/2 and IIC(t)/2, respectively. The amount
of Pd(II) ions in Int at t is thus expressed by IM(0)/4–IM(t)/4–Icage(t)/2–IIC(t)/2.

〈b〉: The total amount of ligand 1 corresponds to IL(0). The amount of free
ligand 1 at t corresponds to IL(t). The amounts of ligand 1 in the cage and IC at
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t corresponds to Icage(t) and IIC(t), respectively. The amount of ligand 1 in Int at
t is thus expressed by IL(0)–IL(t)–Icage(t) – IIC(t).

〈c〉: The total amount of Py* corresponds to IM(0). The amount of free Py* at
t corresponds to IPy*(t). The amount of Py* in [PdPy*4]2+ at t corresponds to IM(t).
The amount of Py* in Int at t is thus expressed by IM(0)–IPy*(t)–IM(t).

The 〈n〉 and 〈k〉 values are determined with these 〈a〉, 〈b〉 and 〈c〉 values as
follows:

n ¼ 4hai � hci
hbi ð1Þ

k ¼ hai
hbi ð2Þ

Quantitative analysis of the self-assembly process. In QASAP, all the sub-
strates (1 and PdPy*4(BF4)2), the products (the Pd418(BF4)8 IC and Py*) and
the Pd214(BF4)4 cage were quantified by 1H NMR spectroscopy during the self-
assembly of the cage and then the amount of the intermediates not observed by 1H
NMR (Int) and the average composition of the unobservable intermediates,
Pd〈a〉1〈b〉Py*〈c〉, were obtained. The existence ratios of the substrates, the products,
the Pd214(BF4)4 cage and Int and 〈a〉, 〈b〉, 〈c〉, 〈n〉 and 〈k〉 with time are listed
in Supplementary Tables 1–5 and plotted in Fig. 3.

Self-assembly of the Pd418(BF4)8 IC from Pd(CH3CN)4(BF4)2 and 1. The self-
assembly of the Pd418(BF4)8 IC from Pd(CH3CN)4(BF4)2 ([Pd]0= 1.0 mM) and 1
([1]0= 2.0 mM) was monitored by 1H NMR spectroscopy. The experiment was
conducted in the same way as was described in the section “Monitoring the self-
assembly of the Pd418(BF4)8 IC by 1H and 19F NMR” with the difference that Pd
(CH3CN)4(BF4)2 was used instead of PdPy*4(BF4)2. Because of the difficulty in
the quantification of Pd(CH3CN)4(BF4)2 and CH3CN by 1H NMR, only the
consumption of 1 and the formation of the Pd214 cage and the Pd418 IC were
monitored by 1H NMR at 298 K. 1H NMR spectra are provided in Supplementary
Fig. 2 and the existence ratios of the substrates (1 and PdPy*4(BF4)2), the products
(the Pd418 IC and Py*), the Pd214 cage and Int are plotted in Supplementary Fig. 3.

Mass spectrometry. A solution of PdPy*4(BF4)2 ([Pd]0= 0.95 mM) and 1 ([1]0=
1.9 mM) were mixed in CD3NO2 (550 μL). At each time point, 25 μL of the
reaction mixture was taken, diluted with CH3NO2 (500 μL), filtered through a
membrane filter (pore size: 0.20 μm) and injected in the mass spectrometer
(measurement condition: capillary/1.5 kV; sampling cone/30 V; source offset/80 V;
source/80 °C; sesolvation/150 °C; cone gas/50 L h–1; desolvation gas/800 L h–1)
with 5.0 μL/min flow rate to obtain ESI-TOF mass spectra (Supplementary Fig. 4).
A list of predominantly observed species is shown in Table 1.

Preparation of the Pd214(BF4)4 cage. The exact amount of 1 in an NMR tube
was determined through the comparison of the signal intensity with [2.2]para-
cyclophane by 1H NMR. Then the self-assembly of the Pd214(BF4)4 cage was
carried out from Pd(CH3CN)4(BF4)2 ([Pd]0= 1.1 mM) and 1 ([1]0= 2.0 mM)
in CD3NO2 (550 μL) at 343 K in the same way as was described in the section
“Monitoring the self-assembly of the Pd418(BF4)8 IC by 1H and 19F NMR”. After
12 h, the Pd214(BF4)4 cage was obtained in 70% yield (determined by 1H NMR
based on the internal standard ([2.2]paracyclophane)). 1H NMR spectra are pro-
vided in Supplementary Fig. 5.

Formation of the Pd418 IC from the Pd214 cage in the presence of Py*. The
Pd214(BF4)4 cage was prepared in the same way as described in the section “Pre-
paration of the Pd214(BF4)4 cage” in 70% yield (determined by 1H NMR based on
the internal standard ([2.2]paracyclophane)). Then 2.0 equiv. of Py* (2.0 μmol)
against the initial amount of 1 (1.0 μmol) was added into the reaction mixture and
then the reaction of the Pd214 cage and Py* was monitored by 1H NMR at 298 K.
1H NMR spectra are provided in Supplementary Fig. 6 and the existence ratios
of the substrates (the Pd214 cage and Py*), the products (the Pd418 IC) and Int
are plotted in Supplementary Fig. 7.

Formation of the Pd418 IC from the Pd214 cage in the presence of 1. The
Pd214(BF4)4 cage was prepared in the same way as described in the section “Pre-
paration of the Pd214(BF4)4 cage” in 70% yield (determined by 1H NMR based
on the internal standard ([2.2]paracyclophane)). Then 0.1 equiv. of 1 (0.10 μmol)
against the initial amount of 1 (1.0 μmol) was added into the reaction mixture and
then the reaction of the Pd214 cage and 1 was monitored by 1H NMR at 298 K. 1H
NMR spectra are provided in Supplementary Fig. 8 and the existence ratios of the
substrates (the Pd214 cage and 1), the products (the Pd418 IC) and Int are plotted
in Supplementary Fig. 9.

19F DOSY NMR measurements. 19F DOSY NMR spectra of the reaction mixture
for the self-assembly from PdPy*4(BF4)2 ([Pd]0= 1.0 mM) and 1 ([1]0= 2.0 mM)

in CD3NO2 recorded at 6 h and at 7 days and of a solution of n-Bu4NBF4 in
CD3NO2 are shown in Supplementary Figs. 10–12, respectively. The diffusion
coefficients and the hydrodynamic radii of the observed species are summarized in
Supplementary Table 6. The hydrodynamic radii, r, were determined by the
Stokes–Einstein equation (3), where D is a diffusion coefficient obtained from 19F
DOSY NMR spectroscopy, kB is Boltzmann constant, T is the measurement tem-
perature, which was applied to be 298 K, and η is the viscosity of solvent, which was
applied to be 0.61 mPa s (CH3NO2).

D ¼ kBT
6πηr

ð3Þ

Data availability
The authors declare that all the other data supporting the findings of this study are
available within the article and its supplementary information files and from the
corresponding author upon request.
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