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Abstract: The selective formation of a homo or hetero cavitand cage composed of two molecules of tetra-
(4-pyridyl)-cavitand (1), tetrakis(4-cyanophenyl)-cavitand (2), or tetrakis(4-pyridylethynyl)-cavitand (3), and
four molecules of Pd(dppp)(OTf)2 (4) or Pt(dppp)(OTf)2 (5) has been studied. A 1:1:4 mixture of 1 with
more steric restriction, 2 with less coordination ability, and 4 or 5 specifically self-assembled into a hetero
cavitand cage 6 or 7, respectively. In contrast, a 1:1:4 mixture of 2, 3, and 4 in CDCl3 at room temperature
assembled into the most labile homo cyanophenyl cavitand cage 8 and the most stable homo pyridylethynyl
cavitand cage 9 in a 1:1 ratio. Upon heating at 50 °C, the thermodynamic equilibrium was shifted to a 1:1:1
mixture of 8, 9, and a hetero cavitand cage 10. When 1 equiv of 3 was added to 8 at room temperature,
8, 9, and 10 were formed initially in a 1:1:3 ratio and finally shifted to a 1:1:1 ratio. In the Pt-system, upon
addition of 1 equiv of 3 to homo cyanophenyl cavitand cage 11 in CDCl3 at room temperature, the ratio of
hetero to homo cavitand cage (13/12) initially attained was 8.7 and remained above 5.6 at room temperature.
Upon heating at 50 °C, 13 was finally converted to 11 and 12. Thus, the selectivity for the self-assembly
of the homo or hetero cavitand cage is controlled by the balance between kinetic and thermodynamic
stabilities of cages based on a combination of factors such as coordination ability and steric demand of the
cavitands.

Introduction

Self-assembly of preorganized unit molecules with a concave
surface provides supramolecular capsules or cages possessing
an isolated nanospace.1 Encapsulated guest molecules in these
nanospaces often show different behavior from bulk phases. For
example, stabilization of labile chemical species,2 acceleration
of chemical reactions,3 and emergence of novel isomerisms4

have been reported. Symmetrical capsules or cages have been
generally adopted in these studies because of their synthetic
and analytical simplicities. Some nonsymmetrical capsules or
cages have been reported, mainly based on the concept of

complementary ionic interaction or hydrogen bonding.5 The
nonsymmetrical nanospace provided by these assemblies has
potential for novel molecular recognition events. Recently, we
have reported orientational isomerism of a nonsymmetrical guest
encapsulated in a hydrogen-bonded hetero dimeric capsule.6
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However, metal coordination hetero assemblies have been little
reported because of the difficulty in controlling the simultaneous
coordination of two kinds of ligands with different coordination
ability as donors on a metal as an acceptor. Metal coordination
hetero assemblies have so far been achieved based on the steric
hindrance of ligands to prevent homo assembly and/or based
on the inducement of a suitable guest.7 Metal coordination hetero
cavitand cages are particularly rare as compared to the corre-
sponding homo cavitand cages.8 Reinhoudt, Dalcanale, and co-
workers reported the formation of metal coordination hetero
cavitand cages on a gold surface by using two cavitands with
different side chains of alkylthioether and alkyl groups at the
lower rim, but with the same pyridyl or cyano ligands at the
upper rim.9 Dynamic assembly is another interesting topic, with
a view to mimicking biological processes, as well as a dynamic
combinatorial library of assemblies.10 Here, we report the
selective self-assembly of a homo or hetero cavitand cage that
can be controlled by the balance between kinetic and thermo-
dynamic stabilities of cages based on a combination of factors
such as coordination ability and steric demand of the cav-
itands.11,12

Results and Discussion

Synthesis of Deep Cavitands and Self-Assembly of Pd-
Based Hetero Cavitand Cage 6.11 Bowl-shaped deep cavitands

1-3 (Chart 1) were prepared by using tetraiodocavitand as a
starting material.8m,13Tetra(4-pyridyl)-cavitand (1) and tetrakis-
(4-cyanophenyl)-cavitand (2) were synthesized by the Suzuki-
Miyaura cross-coupling reaction of tetraiodocavitand with
4-pyridylboronic acid pinacol ester or 4-(cyanophenyl)boronic
acid pinacol ester, respectively, in the presence of PdCl2(PPh3)2

and AsPh3.8m,13 The Sonogashira cross-coupling reaction of
tetraiodocavitand with 4-ethynylpyridine was applied to the
synthesis of tetrakis(4-pyridylethynyl)-cavitand (3).

A 1:1:4 mixture of pyridyl cavitand1, cyanophenyl cavitand
2a, and square-planar Pd(dppp)(OTf)2 (4) in CDCl3 at room
temperature instantaneously and specifically self-assembled into
the hetero cavitand cage{1‚2a‚[Pd(dppp)]4}8+‚(TfO-)8 (6), as
shown in Scheme 1,11 wherein 1 and 2a as hemispheres
coordinate to four molecules of4 at the equatorial region. The
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Scheme 1
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structure of6 was determined by1H and 31P NMR spec-
troscopies and cold-spray ionization mass spectrometry (CSI-
MS).14 This specific self-assembly would arise from a combi-
nation of factors such as coordination ability and steric demand
of the cavitands. The pyridyl group of1 is more sterically
hindered than the cyanophenyl group of2a toward the dppp on
the Pd, whereas the inherent coordination ability of the former
is greater than that of the latter. The rotation of pyridyl and
cyanophenyl groups on the cavitand scaffold is highly restricted
because the ligand moiety is placed between the two oxygen
atoms on the cavitand scaffold. Thus, simultaneous cis-
coordination of the pyridyl group of two molecules of1 to Pd-
(dppp) did not form a homo cavitand cage{(1)2‚[Pd(dppp)]4}8+‚
(TfO-)8, but gave complicated aggregates. Upon addition of 1
equiv of2a, aggregates were converted to6. For these reasons,

the hetero cavitand cage6 is specifically formed as the most
thermodynamically stable species.

Self-Assembly of Pt-Based Hetero Cavitand Cage 7.In
contrast to the Pd-based hetero cavitand cage6, the 1H NMR
spectrum of a 1:1:4 mixture of1, 2a, and Pt(dppp)(OTf)2 (5) in
CDCl3 at room temperature showed complicated and broad
signals, although a hetero cavitand cage may be contained
(Figure 1c). It is well known that the Pt-pyridine bond is
kinetically more stable than the Pd-pyridine bond.15 Thus, in
this mixture, pyridyl cavitand1, with stronger coordination
ability than 2a, and Pt(dppp)(OTf)2 (5) would preferentially
assemble into unidentified aggregates based on kinetic control.
However, after this mixture was heated at 50°C for 13 h, the
1H NMR spectrum showed the complete change of the
complicated aggregates to a single highly symmetrical species
(C4V symmetry), indicating the hetero cavitand cage{1‚2a‚
[Pt(dppp)]4}8+‚(TfO-)8 (7), as shown in Scheme 2a and Figure
1d. In the1 unit of 7, the ∆δ values (∆δ ) δcage- δfreeligand)
of the inner and outer protons of the methylene-bridge and the
pyridyl R- andâ-protons were+0.17,+0.46,+0.31, and+0.05

(14) Yamaguchi, K.J. Mass Spectrom. 2003, 38, 473-490.
(15) Fujita, M.; Ibukuro, F.; Yamaguchi, K.; Ogura, K.J. Am. Chem. Soc.1995,

117, 4175-4176.

Figure 1. 1H NMR spectra (300 MHz, CDCl3, 296 K) of (a)1, (b) 2a, (c)
[1] ) [2a] ) 1 mM and [5] ) 4 mM immediately after the mixing, (d) a
mixture of [1] ) [2a] ) 1 mM and [5] ) 4 mM after the heating at 50°C
for 13 h (hetero cavitand cage7), and (e) a mixture of [1] ) 1 mM, [2a]
) 2 mM, and [5] ) 4 mM after the heating at 50°C for 13 h (7 and free
2a); (f) 31P NMR spectrum (162 MHz, CDCl3, 296 K) of a mixture of [1]
) [2a] ) 1 mM and [5] ) 4 mM after the heating at 50°C for 13 h (7).

Scheme 2

Formation of a Homo or Hetero Cavitand Cage A R T I C L E S
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ppm, respectively, and in the2a unit of 7, the∆δ values of the
inner and outer protons of the methylene-bridge and theR- and
â-protons of thep-cyanophenyl group were+0.07,-0.42, ca.
-0.2 (overlap), and-0.04 ppm, respectively (Figure 1a,b vs
1d). The31P NMR spectrum of7 showed two doublet peaks at
-16.31 and-15.02 ppm with the same coupling constant of
2JP-P ) 31.9 Hz due to the dppp desymmetrized by the hetero
cavitand cage formation (Figure 1f). Further evidence for the
formation of7 was given by the CSI-MS, wherein the molecular
ion peaks of7 were observed atm/z 2948.4 [7 - 2(TfO-)]2+

(calcd 2947.8), 1915.8 [7 - 3(TfO-)]3+ (1915.5), and 1399.2
[7 - 4(TfO-)]4+ (1399.2), as shown in Figure 2a.

The hetero cavitand cage7 once formed was thermodynami-
cally stable and retained the structure without further transfor-
mation. Exchange between the2a unit of 6 and free2a was
fast on the NMR time scale,11 whereas exchange between the
2aunit of 7 and free2awas slow on the NMR time scale (Figure
1e). The Pt-NCPh bond is thermodynamically, as well as
kinetically, less stable than the Pt-pyridine bond. In fact, the

homo cyanophenyl-cavitand cage{(2a)2‚[Pt(dppp)]4}8+‚(TfO-)8

(11a) (vide infra) in CDCl3 at room temperature gradually
underwent ligand exchange with 1 equiv of1 to give a 1:1
mixture of7 and free2a after 24 h (Scheme 2b). The1H NMR
spectrum was identical to Figure 1e.

Self-Assembly of Cyanophenyl Cavitand 2b, Pyridylethy-
nyl Cavitand 3, and Pd(dppp)(OTf)2 (4). Pyridylethynyl
cavitand3 has an ethynyl moiety between the cavitand scaffold
and the pyridine ring. The pyridyl group of3 is free from steric
hindrance that arises from the restriction of free rotation of the
pyridine ring in pyridyl cavitand1. Consequently, the1H NMR
spectrum of a 2:4 mixture of3 and Pd(dppp)(OTf)2 (4) showed
the quantitative formation of homo pyridylethynyl cavitand cage
{(3)2‚[Pd(dppp)]4}8+‚(TfO-)8 (9), as shown in Figure 3b. In
contrast to a 1:1:4 mixture of1, 2a, and4 to form the hetero

Figure 2. CSI-MS spectra of (a) a mixture of1, 2a, and5 (hetero cavitand
cage7), (b) a mixture of3 and8 (cavitand cages8, 9, and10), and (c) a
mixture of 3 and 11b (cavitand cages11b, 12, and13) in CHCl3 at the
spray temperature of-20 °C.

Figure 3. 1H NMR spectra (300 MHz, CDCl3, 296 K) of (a) [2b] ) 2
mM and [4] ) 4 mM (homo cavitand cage8), (b) [3] ) 2 mM and [4] )
4 mM (homo cavitand cage9), (c) [2b] ) [3] ) 1 mM and [4] ) 4 mM
immediately after the mixing (8 and9), (d) [2b] ) [3] ) 1 mM and [4] )
4 mM after the heating at 50°C for 6 h (8, 9, and hetero cavitand cage10),
and (e) [3] ) [8] ) 1 mM (10/9 ) 3.0); (f) 31P NMR spectrum (162 MHz,
CDCl3, 296 K) of [3] ) [8] ) 1 mM. The typical signals of the hetero
cavitand cage10 are marked with1.
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cavitand cage6, a 1:1:4 mixture of cyanophenyl cavitand2b
(1 mM), 3, and4 in CDCl3 instantaneously produced the most
labile homo cyanophenyl cavitand cage{(2b)2‚[Pd(dppp)]4}8+‚
(TfO-)8 (8) and the most stable9 in a 1:1 ratio (Figure 3c).11

The coordination ability of pyridylethynyl cavitand3 is much
higher than that of cyanophenyl cavitand2. Therefore, homo
pyridylethynyl cavitand cage9 forms prior to homo cyanophenyl
cavitand cage8. At the initial state of cavitand cage formation,
9 formation based on kinetic control is the driving force of the
self-assembly and8 is the byproduct. However, new signals
appeared from the 1:1:4 solution of2b (1 mM), 3, and4 after
heating at 50°C, as marked with a1 in Figure 3d, in addition
to 8 and 9. We found that these new signals result from the
hetero cavitand cage{2b‚3‚[Pd(dppp)]4}8+‚(TfO-)8 (10) (Scheme
3a). In the3 unit of 10, the∆δ values (∆δ ) δcage- δfreeligand)
of the inner and outer protons of the methylene-bridge and the
pyridyl R- andâ-protons were-0.08,-0.03,+0.24, and-0.11
ppm, respectively, and in the2b unit of 10, the ∆δ values of
the inner and outer protons of the methylene-bridge and theR-
and â-protons of thep-cyanophenyl group were ca.+0.55
(overlap), ca.-0.35 (overlap),-0.59, and-0.52 ppm, respec-
tively (Figure 3a,b vs 3d). In Figure 3f, the31P NMR spectrum
showed two doublet peaks at 5.18 and 11.88 ppm with the same
coupling constant of2JP-P ) 27.3 Hz in 10 due to the
desymmetrization of dppp by the hetero cage formation, together
with two singlet peaks of8 (15.71 ppm) and9 (6.47 ppm). The
CSI-MS of a 1:1:4 mixture of2b, 3, and4 in CHCl3 after heating
at 50°C showed molecular ion peaks of hetero cavitand cage
10 at m/z 2933.0 [10 - 2(TfO-)]2+ (calcd 2930.7) and 1905.0
[10 - 3(TfO-)]3+ (calcd 1904.2) as independent peaks from
the homo cavitand cages (Figure 2b).16

A 1:1 mixture of homo cavitand cages8 and9 was converted
into a mixture of8, 9, and10 (Scheme 3a and Figure 4a,b).
The conversion at room temperature was slow, as shown in
Figure 4a.17 Homo cavitand cages (10/9 ) 0) were retained for
at least 2 days. However, hetero cavitand cage10appeared after
4 days (10/9 ) 0.14). Afterward, the ratio of10slowly increased
(24 days,10/9 ) 0.21; 60 days,10/9 ) 0.46; 134 days,10/9 )
0.97). Finally, the ratio reached the thermodynamic equilibrium
value of 1.0. The conversion at 50°C proceeded more quickly,
as shown in Figure 4b (1 h,10/9 ) 0.90; 2 h,10/9 ) 1.0).
Afterward, the ratio of10/9 ) 1.0 was remained unchanged.

(16) Cavitand2b [R′ ) (CH2)10CH3] was used in place of2a [R′ ) (CH2)6-
CH3] because the formula of2a is identical to that of3. Otherwise, the
molecular weight of the hetero cavitand cage is equal to that of the homo
cavitand cage.

(17) We used1H NMR integration to determine the molar ratios of homo and
hetero cavitand cages. Inner and outer protons of methylene bridges and
R-protons of pyridine rings of cages were used for the integration ratios.
Molar ratios based on the integration of31P NMR signals, as well as the
integration of1H NMR signals, were calculated at the initial state. The
integral ratios of homo and hetero cavitand cages from31P NMR signals
were consistent with those from1H NMR signals.

Scheme 3

Figure 4. Ratios of hetero cavitand cage10 to homo cavitand cage9 as a
function of time (day), monitored by1H NMR integration:17 (a) [2b] ) [3]
) 1 mM and [4] ) 4 mM in CDCl3 at 23°C (0 h: 10/9 ) 0); (b) [2b] )
[3] ) 1 mM and [4] ) 4 mM in CDCl3 at 50°C (0 h: 10/9 ) 0); (c) [3]
) [8] ) 1 mM in CDCl3 at 23°C (0 h: 10/9 ) 3.0).
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Hetero cavitand cage10 is selectively formed by controlling
the addition order and stoichiometry of cavitand ligands. Partial
ligand exchange between the most labile homo cavitand cage8
and3 based on kinetic control would proceed to form a mixture
enriched in hetero cavitand cage10 prior to exchange toward
homo cavitand cage9 (Scheme 3b). Upon slow addition of 1
equiv of pyridylethynyl cavitand3 to a solution of homo
cavitand cage8, the ratio of10/9 reached up to 3.0 at the initial
stage (Figure 3e). The hetero cavitand cage enriched mixture
(10/9 ) 3.0) was shifted to the thermodynamic equilibrium state
(10/9 ) 1.0) after 1 week at room temperature (Figure 4c).

The 1:1:1 product ratio of8, 9, and10 at the thermodynamic
equilibrium state starting from an:1:4 (n g 1) of 2b, 3, and4
would be explained as follows. The relative energy diagram
for 8, 9, and10 is shown in Figure 5a. Homo cavitand cage9
constructed from pyridylethynyl cavitand3 with stronger
coordination ability is the most stable cage among8, 9, and
10, whereas homo cavitand cage8 composed of cyanophenyl
cavitand2b with weaker coordination ability is thermodynami-
cally the most labile among them. A 1:2:4 mixture of2b, 3,
and 4 gave only homo cavitand cage9. In contrast, a 2:1:4
mixture of2b, 3, and4 produced8, 9, and10 in the 1:1:1 ratio,
which is the same as the product ratio obtained from the 1:1:4
system of2b, 3, and4 described above. A 1:3:8 mixture of2b,
3, and4 produced8, 9, and10 in the 0.33:1.33:0.33 ratio at the
thermodynamically equilibrium state. The thermodynamic sta-
bility of hetero cavitand cage10constructed from two different
cavitand ligands2b and3 would lie between those of the two
homo cavitand cages8 and 9. In the 1:1:4 mixture of2b, 3,
and 4, the formation of9 is inevitably accompanied by the
formation of8 in the 1:1 ratio. Therefore, the thermodynamic
equilibrium point in this system lies between the average
thermodynamic stability of the two homo cavitand cages (8 and
9) and the thermodynamic stability of hetero cavitand cage10
(Figure 5a). The conversion rate to reach thermodynamic
equilibrium starting from homo cavitand cages8 and 9 was
much slower than that starting from the hetero cavitand cage
10 enriched system (Scheme 3a vs b and Figure 4a vs c). The
difference results from the fact that formation of10 starting

from 8 and9 requires dissociation of3 from the thermodynami-
cally most stable9 (Figure 5a). The cavitand ligand exchange
to produce10 is promoted by heating the mixture at 50°C
(Figure 4b).

Self-Assembly of Cyanophenyl Cavitand 2, Pyridylethynyl
Cavitand 3, and Pt(dppp)(OTf)2 (5). A 2:4 mixture of
cyanophenyl cavitand2b and Pt(dppp)(OTf)2 (5) self-assembled
into homo cavitand cage{(2b)2‚[Pt(dppp)]4}8+‚(TfO-)8 (11b)
(Figure 6a).8f A 2:4 mixture of pyridylethynyl cavitand3 and5
gave homo cavitand cage{(3)2‚[Pt(dppp)]4}8+‚(TfO-)8 (12)
(Figure 6b). Upon addition of 4 equiv of5 to a 1:1 mixture of
2b and3 in CDCl3, the1H NMR spectrum showed the formation
of a 1:1:n (n g 1) mixture of11b, 12, and hetero cavitand cage
{2b‚3‚[Pt(dppp)]4}8+‚(TfO-)8 (13), marked with1, as shown
in Figure 6c and Scheme 4a. In the3 unit of 13, the∆δ values
(∆δ ) δcage- δfreeligand) of the inner and outer protons of the
methylene-bridge and the pyridylR- and â-protons in CDCl3
were -0.09, -0.02, +0.28, and ca.-0.1 (overlap) ppm,
respectively, and in the2b unit of 13, the ∆δ values of the
inner and outer protons of the methylene-bridge and theR- and
â-protons of thep-cyanophenyl group in CDCl3 were +0.13,
-0.44, -0.59, and-0.54 ppm, respectively. The31P NMR
spectrum in CD2Cl2 showed two doublet peaks at-17.01 and
-12.37 ppm with the same coupling constant of2JP-P ) 31.9
Hz in 13, in addition to the peaks of homo cavitand cages11b
(-15.14 ppm) and12 (-15.11 ppm), as shown in Figure 6f.
These results support hetero cavitand cage13. Further identi-
fication of 13 was obtained by CSI-MS, wherein the molecular
ion peaks were observed at 6361.0 (13- TfO-)+ (calcd 6365.4),
3107.0 [13 - 2(TfO-)]2+ (calcd 3108.2), and 2021.4 [13 -
3(TfO-)]3+ (calcd 2022.4) as independent peaks from the homo
cavitand cages (Figure 2c).

Addition of cyanophenyl cavitand2b (1 equiv to3) to the
solution of homo cavitand cage12and free5, which is prepared
by mixing pyridylethynyl cavitand3 and Pt(dppp)(OTf)2 (5) in
a 1:4 ratio, gave only homo cavitand cages11b and12 in a 1:1
ratio (Figure 6d and Scheme 4b). Once homo cavitand cages
11b and 12 are formed, they are stable even at 50°C and
remained unchanged for more than 2 months (Figure 7a).

Figure 5. Schematic representation of relative energy diagrams for (a) Pd-based cavitand cages8, 9, and10, and (b) Pt-based cavitand cages11, 12, and
13.
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A kinetic-controlled hetero cavitand cage formation proce-
dure, as demonstrated in the Pd-based10 formation, was also
effective for Pt-based13 formation. Hetero cavitand cage13
was formed selectively by adding 1 equiv of3 to a solution of
homo cavitand cage11b. The initial ratio of13/12 reached up
to 8.7 in CDCl3 (Scheme 4c and Figures 6e and 7c).17 An
increase of homo cavitand cages was observed in the hetero
cavitand cage enriched solution (13/12 ) 5.6) by heating at 50
°C (Figure 7b). The ratio of13/12 became 2.0 after 12 h, and
further transformation to homo cavitand cages proceeded.
Finally, the hetero cavitand cage13 was converted completely
into homo cavitand cages11b and12 after 30 days at 50°C.
The thermodynamic stability of13 would be between those of
11b and12, as was the case with Pd-based cavitand cages. The
fact that only 11b and 12 specifically exist at the final
thermodynamic equilibrium state indicates that the average
thermodynamic stability of11b and 12 is much greater than

the thermodynamic stability of13 (Figure 5b) because12 is
thermodynamically much more stable than11b and13. On the
other hand, a solution enriched in hetero cavitand cage13, which
is prepared by the method of Scheme 4c, fairly maintains the
ratio at room temperature, as shown in Figure 7c (0 h,13/12 )
8.7; 12 h,13/12 ) 7.2; 90 days,13/12 ) 6.0; 175 days,13/12
) 5.6). Transformation to the thermodynamically stable cavitand
cage was influenced by the polarity of the solvent. In acetone-
d6, a more polar solvent than CDCl3, the ratio of homo cavitand
cages11b and12 gradually increased at room temperature, as
shown in Figure 7d (0 h,13/12 ) 4.4; 90 days,13/12 ) 1.65;
175 days,13/12 ) 1.03).

Conclusions

We have demonstrated selective formation of self-assembling
homo or hetero cavitand cages via metal coordination based on
thermodynamic and kinetic control. A 1:1:4 mixture of pyridyl
cavitand1 with more steric restriction, cyanophenyl cavitand
2a with less coordination ability, and Pd(dppp)(OTf)2 (4) or
Pt(dppp)(OTf)2 (5) in CDCl3 self-assembled into the thermo-
dynamically stable hetero cavitand cage6 or 7, respectively,
based on a combination of coordination ability and steric
demand of the cavitand ligands. Pyridylethynyl cavitand3 has
less steric restriction than1 and more coordination ability than
2. A 1:1:4 mixture of2b, 3, and4 at room temperature self-
assembled into kinetically as well as thermodynamically the
most stable homo pyridylethynyl cavitand cage9 and the most
labile homo cyanophenyl cavitand cage8 in the 1:1 ratio. Upon
heating this mixture at 50°C for 2 h, the thermodynamic
equilibrium was shifted to a 1:1:1 mixture of8, 9, and the hetero
cavitand cage10. Upon addition of 1 equiv of3 to 8 at room
temperature, a mixture enriched in hetero cavitand cage10 (10/9
) 3.0) was obtained at the initial state. In the Pt-system, a 1:1:4
mixture of 2b, 3, and5 gave a mixture of homo cyanophenyl
cavitand cage11b, homo pyridylethynyl cavitand cage12, and
hetero cavitand cage13 in a 1:1:n (n g 1) ratio. Upon addition
of 2 equiv of2b to a 1:4 mixture of12and5, two homo cavitand
cages11band12were specifically formed in the 1:1 ratio. This
mixture remained unchanged upon heating at 50°C, due to
thermodynamically the most stable12. Selective formation of
hetero cavitand cage13 was attained by adding 1 equiv of3 to
the solution of homo cavitand cage11b, and the ratio of13/12
reached up to 8.7 at the initial state and remained above 5.6 at

Figure 6. 1H NMR spectra (300 MHz, CDCl3, 296 K) of (a) [2b] ) 2
mM and [5] ) 4 mM (homo cavitand cage11b), (b) [3] ) 2 mM and [5]
) 4 mM (homo cavitand cage12), (c) [2b] ) [3] ) 1 mM and [5] ) 4
mM (2b, 3, and5 were mixed at once) (11b, 12, and hetero cavitand cage
13), (d) [2b] ) 1 mM, [12] ) 0.5 mM, and [5] ) 2 mM (11b and12), and
(e) [3] ) [11b] ) 1 mM (13/12 ) 8.7); (f) 31P NMR spectrum (162 MHz,
CD2Cl2, 296 K) of [3] ) [11b] ) 2 mM. The typical signals of the hetero
cavitand cage13 are marked with1.

Figure 7. Ratios of hetero cavitand cage13 to homo cavitand cage9 as a
function of time (day), monitored by1H NMR integration:17 (a) [2b] ) 1
mM, [12] ) 0.5 mM and [5] ) 2 mM in CDCl3 at 50°C (0 h: 13/12 ) 0);
(b) [11b] ) [3] ) 1 mM in CDCl3 at 50°C (0 h: 13/12 ) 5.6); (c) [11b]
) [3] ) 1 mM in CDCl3 at 23°C (0 h: 13/12 ) 8.7); (d) [11b] ) [3] )
1 mM in acetone-d6 at 23°C (0 h: 13/12 ) 4.4).
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room temperature even after a half of a year, due to the kinetic
stability of the Pt-ligand bond. However, upon heating at 50
°C, the ratio of13/12 decreased to 2.0 after 12 h, and13 was
completely converted to11b and12 after 30 days. The average
thermodynamic stability of11b and12 was much greater than
the thermodynamic stability of13.

Thus, the selectivity for the self-assembly of the homo or
hetero cavitand cage is controlled by the balance between kinetic
and thermodynamic stabilities of cages based on a combination
of factors such as coordination ability and steric demand of the
cavitands. Selective formation of hetero cavitand cages10 and
13 has been achieved by controlling the addition order of
cavitand ligands through dynamic self-assembly based on kinetic
control. This work presented here could have implications for
constructing dynamic supramolecular structures akin to biologi-
cal systems.

Experimental Section

General. 1H NMR spectra were recorded at 300 MHz on a Bruker
AC300 spectrometer.19F and31P NMR spectra were recorded at 376

and 162 MHz, respectively, on a JEOL JNM-AL400 spectrometer. CSI-
MS spectra were measured on a JEOL JMS-700 spectrometer. Syntheses
of cavitands (1, 2, and 3) and characterizations of self-assembled
cavitand cages (6, 8, and9) were described previously.11

{1‚2a‚[Pt(dppp)] 4}8+‚(TfO -)8 (7). 1H NMR (CDCl3) δ 0.88 (t,J )
6.4 Hz, 12H), 0.89 (t,J ) 6.7 Hz, 12H), 1.10-1.58 (m, 80H), 2.18-
2.50 (m, 24H), 2.95-3.11 (m, 8H), 3.31-3.50 (m, 8H), 4.25 (d,J )
7.6 Hz, 4H), 4.39 (d,J ) 6.5 Hz, 4H), 4.69 (t,J ) 8.6 Hz, 4H), 4.82
(t, J ) 8.6 Hz, 4H), 4.83 (d,J ) 7.6 Hz, 4H), 5.76 (d,J ) 6.5 Hz,
4H), 6.92 (brs, 8H), 7.03 (d,J ) 6.3 Hz, 8H), 7.06 (s, 4H), 7.10 (d,J
) 6.9 Hz, 8H), 7.15-7.24 (m, 28H), 7.39-7.52 (m, 28H), 7.52-7.63
(m, 16H), 7.73-7.90 (m, 16H), 8.92 (brs, 8H);19F NMR (CDCl3) δ
-80.07; 31P NMR (CDCl3) δ -16.31 (d,2JP-P ) 31.9 Hz,JP-Pt )
2810 Hz),-15.02 (d,2JP-P ) 31.9 Hz,JP-Pt ) 3680 Hz); CSI MSm/z
2948.4 [7 - 2(TfO-)]2+ (calcd 2947.8), 1915.8 [7 - 3(TfO-)]3+ (calcd
1915.5), 1399.2 [7 - 4(TfO-)]4+ (calcd 1399.2).

{2b‚3‚[Pd(dppp)]4}8+‚(TfO -)8 (10). 1H NMR (CDCl3) δ 0.89 (t,J
) 7.1 Hz, 24H), 1.22-1.51 (m, 112H), 2.15-2.41 (m, 24H), 2.81-
3.02 (m, 8H), 3.14-3.28 (m, 8H), 4.51 (d,J ) 7.3 Hz, 4H), 4.65 (t,J
) 8.4 Hz, 4H), 4.70-4.95 (overlap, 12H), 5.99 (d,J ) 7.3 Hz, 4H),
6.62 (m, 8H), 7.06 (d,J ) 8.6 Hz, 8H), 7.14 (s, 4H), 7.20 (m, 8H),
7.28-7.76 (m or overlap, 68H), 7.86 (dd,J ) 3.3, 8.2 Hz, 16H), 8.85

Scheme 4
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(m, 8H); 19F NMR (CDCl3) δ -80.03; 31P NMR (CDCl3) δ 5.18
(d, 2JP-P ) 27.3 Hz), 11.88 (d,2JP-P ) 27.3 Hz); CSI MSm/z 2933.0
[10 - 2(TfO-)]2+ (calcd 2930.7), 1905.0 [10 - 3(TfO-)]3+ (calcd
1904.2).

{(2b)2‚[Pt(dppp)] 4}8+‚(TfO -)8 (11b). 1H NMR (CD2Cl2) δ 0.88 (t,
J ) 6.8 Hz, 24H), 1.20-1.60 (m, 144H), 2.24-2.42 (m, 24H), 2.94-
3.10 (m, 16H), 4.21 (d,J ) 7.2 Hz, 8H), 4.70 (t,J ) 8.0 Hz, 8H),
5.08 (d,J ) 7.2 Hz, 8H), 7.00 (d,J ) 8.6 Hz, 16H), 7.11 (d,J ) 8.6
Hz, 16H), 7.34 (s, 8H), 7.45-7.60 (m, 48H), 7.74 (dd,J ) 7.5, 11.8
Hz, 32H); 1H NMR (CDCl3) δ 0.89 (t,J ) 6.9 Hz, 24H), 1.20-1.55
(m, 144H), 2.17-2.42 (m, 24H), 2.99-3.17 (m, 16H), 4.26 (d,J )
6.4 Hz, 8H), 4.70 (t,J ) 7.7 Hz, 8H), 5.12 (d,J ) 6.4 Hz, 8H), 7.00-
7.15 (m, 24H), 7.27-7.46 (m, 48H), 7.48-7.59 (m, 48H), 7.68-7.84
(m, 32H);19F NMR (CD2Cl2) δ -80.61;31P NMR (CD2Cl2) δ -15.14
(JP-Pt ) 3420 Hz); CSI MSm/z 3219.5 [11b - 2(TfO-)]2+ (calcd
3220.4).

{(3)2‚[Pt(dppp)] 4}8+‚(TfO -)8 (12). 1H NMR (CD2Cl2) δ 0.89 (t,J
) 6.9 Hz, 24H), 1.22-1.49 (m, 80H), 2.11-2.30 (m, 24H), 3.20-
3.36 (m, 16H), 4.17 (d,J ) 7.3 Hz, 8H), 4.74 (t,J ) 8.0 Hz, 8H),
5.90 (d,J ) 7.3 Hz, 8H), 7.02 (d,J ) 6.3 Hz, 16H), 7.03 (s, 8H),
7.38-7.52 (m, 48H), 7.58-7.72 (m, 32H), 8.95 (d,J ) 6.5 Hz, 16H);
1H NMR (CDCl3) δ 0.89 (t,J ) 6.9 Hz, 24H), 1.19-1.53 (m, 80H),
2.10-2.38 (m, 24H), 3.24-3.40 (m, 16H), 4.25 (d,J ) 7.1 Hz, 8H),
4.76 (t,J ) 8.0 Hz, 8H), 5.93 (d,J ) 7.1 Hz, 8H), 7.06 (d,J ) 6.5
Hz, 16H), 7.13 (s, 8H), 7.35-7.57 (m, 48H), 7.57-7.70 (m, 32H),
8.95 (d,J ) 6.5 Hz, 16H);19F NMR (CD2Cl2) δ -80.65;31P NMR
(CD2Cl2) δ -15.11 (JP-Pt ) 3060 Hz); CSI MSm/z 6139.5 (12 -
TfO-)+ (calcd 6141.0), 2994.9 [12- 2(TfO-)]2+ (calcd 2996.0), 1946.7
[12 - 3(TfO-)]3+ (calcd 1947.6).

{2b‚3‚[Pt(dppp)] 4}8+‚(TfO -)8 (13). 1H NMR (CD2Cl2) δ 0.89 (t,J
) 6.9 Hz, 12H), 0.91 (t,J ) 6.6 Hz, 12H), 1.21-1.55 (m, 112H),
2.18-2.50 (m, 24H), 2.87-3.05 (m, 8H), 3.17-3.34 (m, 8H), 4.19 (d,
J ) 7.2 Hz, 4H), 4.38 (d,J ) 7.3 Hz, 4H), 4.61 (t,J ) 8.0 Hz, 4H),
4.72 (d,J ) 7.2 Hz, 4H), 4.82 (t,J ) 7.6 Hz, 4H), 6.03 (d,J ) 7.3
Hz, 4H), 6.58 (brs, 8H), 7.07 (d,J ) 8.7 Hz, 8H), 7.19 (d,J ) 6.0 Hz,
4H), 7.25 (s, 4H), 7.31 (dt,J ) 2.7, 7.7 Hz, 4H), 7.36-7.55 (m, 44H),
7.56-7.68 (m, 16H), 7.80-7.93 (m, 16H), 8.83 (d,J ) 6.0 Hz, 8H);
1H NMR (CDCl3) δ 0.88 (t,J ) 6.4 Hz, 24H), 1.17-1.57 (m, 112H),
2.12-2.47 (m, 24H), 2.90-3.08 (m, 8H), 3.18-3.43 (m, 8H), 4.31 (d,
J ) 7.2 Hz, 4H), 4.50 (d,J ) 7.0 Hz, 4H), 4.63 (t,J ) 7.9 Hz, 4H),
4.81 (d,J ) 7.2 Hz, 4H), 4.84 (t,J ) 8.0 Hz, 4H), 6.00 (d,J ) 7.0
Hz, 4H), 6.60 (m, 8H), 7.06 (d,J ) 8.7 Hz, 8H), 7.19 (dd,J ) 6.1,
10.7 Hz, 4H), 7.28-7.34 (m, 16H), 7.34-7.55 (m, 16H), 7.55-7.67
(m, 24H), 7.65-7.94 (m, 16H), 8.89 (s like, 8H);19F NMR (CD2Cl2)
δ -80.47;31P NMR (CD2Cl2) δ -17.01 (d,2JP-P ) 31.9 Hz,JP-Pt )
2860 Hz),-12.37 (d,2JP-P ) 31.9 Hz,JP-Pt ) 3610 Hz); CSI MSm/z
6361.0 (13 - TfO-)+ (calcd 6365.4), 3107.0 [13 - 2(TfO-)]2+ (calcd
3108.2), 2021.4 [13 - 3(TfO-)]3+ (calcd 2022.4).
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