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Abstract: Discrete, well-defined stacks of the polarized aromatic pyrene-4,5-dione (1) were assembled in
the cavities of organic-pillared coordination cages (2). The number (n) of stacked guests depends on the
pillar length, and up to quintuple stacks (n ) 5) were observed when long (16.5 Å) organic pillar ligands
were incorporated. As previously reported, pyrene-4,5-dione (1) assembles into infinite columnar stacks in
the solid state, but the present work demonstrates that the polarized 1 has a strong propensity to stack in
layers even in the absence of crystal packing effects. For n ) 2 and 3 structures, crystallographic studies
revealed that 1 stacks by π-π interactions in the cavity in such a way that a net dipole moment is canceled.
These results emphasize the important role of dipole-dipole interactions as well as π-stacking interactions
in the formation of columnar stacks of 1.

Introduction

Dipole-dipole interactions between polarized molecules are
important but relatively weak attractive forces that can control
molecular orientations in supramolecular assemblies and arrays.1

In the solid state, polar molecules typically pack in such a way
that the net dipole is canceled. By utilizing the dipole-dipole
interaction, Müllen et al. engineered infinite columnar stacks
of polarized aromatic compounds in the crystalline state.2 Their
principal aromatic, pyrene-4,5-dione (1),3 stacks in an offset
head-to-tail fashion due to the large dipole moment, 6.1-6.7
D. The question then arises whether the alternating stacked array
is induced predominantly by dipole-dipole interactions or by
crystal packing effects. To eliminate the latter and evaluate the
role of dipole-dipole interactions in the stacking of 1, a method
to assemble stacks in the absence of crystal packing is required.

As a tool for studying discrete aromatic stacks in solution,4

we have recently developed organic-pillared coordination cages
of the general formula of 2 (Figure 1).5 Within the constrictive

cavity6 of the self-assembled box-shaped coordination cages
2a-2f, planar molecules assemble into discrete stacks. The
number of planar guest molecules depends on the cavity height,
which is determined by the pillar length. Cages 2a-2f were
designed to accommodate one to five planar guest molecules
in the cavities. Previous studies have shown that large electron
rich donor aromatics (e.g., pyrene, perylene, and coronene)
efficiently form single and double stacks (i.e., 2a⊃(G) and
2b⊃(G)2) with the electron poor panels of host 2 by π-stacking
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interactions but triple DDD stacks are disfavored due to the
electrostatic repulsions.5 Assuming that otherwise weak dipole-
dipole interactions help multiple π-stacks of large aromatic

guests, we examined the stacking of polarized large aromatic
molecule 1 in the cavities of pillared cages 2a-2f.7 The present
study revealed that not only π-stacking interactions but also

Figure 1. Chemical structures of organic-pillared coordination cages (2a-2f), panel ligand (5), pillar ligand (6a-6f), and metal hinge (7).

J. AM. CHEM. SOC. 9 VOL. 132, NO. 3, 2010 961

Double to Quintuple Stacks of a Polarized Aromatic A R T I C L E S



dipole-dipole interactions and not crystal packing are respon-
sible for the assembly and orientation of stable discrete stacked
structures (1)n (n ) 2-5) in the cavities of 2.

Results and Discussion

Double Stack (2b⊃(1)2). 4,4′-Bipyridine pillar ligand 6b is
the ideal height to generate a pillared cage with a space ideally
sized for dimer (1)2. The methyl substituents on ligand 6b are
necessary as their steric bulk prevents formation of the homo-
topic M6L4 cage8 and M4L’4 square complexes.9 Pyrene-4,5-
dione (1), pillar 6b, triazine ligand 5, and (en)Pd(NO3)2 (7) were
combined in a 2.2:3:2:6 ratio in water and stirred at 100 °C.
After 3 h, the pale-yellow heterogeneous solution turned a clear
deep orange. Formation of complex 2b⊃(1)2 was evidenced by
1D and 2D NMR analyses (Figure 2). After inclusion, the 1H
NMR signals of guest 1 are shifted considerably upfield (∆δ )
-1.11∼-2.47 ppm) due to shielding by the aromatic panels of
2b. The 2D DOSY spectrum supports a single host-guest
structure with a single diffusion coefficient (D ) 1.5 × 10-10

m2 s-1).10

The 2b⊃(1)2 structure was unambiguously determined by
single-crystal X-ray analysis. Deep-orange crystals were ob-
tained from the aqueous solution of 2b⊃(1)2 by the slow
evaporation of water and subjected to diffraction study. The
crystal structure revealed that two molecules of 1 are stacked
to each other with 3.3 Å interplanar distances within cage 2b
(Figure 3). The dimer (1)2 is disordered and located at three
positions (Figure S32, Supporting Information). However, at
each position exists a pair of 1 stacked in an alternating, head-
to-tail fashion. The head-to-tail pair closely resembles the crystal
structure that obtained from 1 itself2 and the alternating stacking
manner cancels the local, and net, dipole moment. Although

cage 2b has D3 symmetry, the interactions between the dione
dimer are apparently not influenced by the cage and, other than
aromatic donor-acceptor interaction with the two triazine
ligands 5, no significant interaction between the host and the
guest are apparent (Figure S33, Supporting Information).
Electrostatic repulsion between the dione groups is an another
possibility to induce the head-to-tail fashion, but the crystal
structure of 2d⊃(1)3 (discussed next) suggested dipole-dipole
interaction is more predominance.

Triple Stack (2d⊃(1)3). An aromatic triple stack requires a
cavity of ∼13.2 Å (the sum of van der Waals radii: ∼3.3 Å ×
4) and trans-1,2-bis(4-pyridyl)ethene pillar (6d) suffices to
generate the appropriately sized cage 2d. After heating an
aqueous solution of dione 1, pillar 6d, triazine ligand 5, and
(en)Pd(NO3)2 (7) in a 3:3:2:6 ratio for 3 h at 60 °C, the formation
of a single product was observed by 1H NMR. The product was
fully assigned as 2d⊃(1)3 by the 1D and 2D NMR analyses
(Figure 4). In the 1H NMR, two sets of guest signals, 1out and
1in, were observed in a 2:1 ratio (Figure 4b; see integral ratios
of Ha-d: He-h ) 2:1) and the host:guest signal ratio (2d:1) was
estimated to be 1:3. The guest signals are shifted considerably
upfield (∆δ ) -1.13∼-2.96 ppm) due to the shielding by the
aromatic framework of 2d. In a DOSY study, all the signals
derived from both the host and the guests showed the same
diffusion coefficient (D ) 1.4× 10-10 m2 s-1).

As previously reported, the triple stacked structure of 1 was
successfully determined by single-crystal X-ray analysis (Figure
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Figure 2. (a) Schematic representation of the self-assembly of double stack
2b⊃(1)2 complex and (b) the 1H NMR spectrum (500 MHz, 300 K) in
D2O (light blue circle: cage 2b).

Figure 3. X-ray crystal structure of 2b⊃(1)2. The dimer (1)2 is disordered
at three positions. Only the dimer with the highest occupancy is shown.
Hydrogen atoms, solvent molecules (H2O) and counteranions (NO3

-) are
omitted for clarity. (a) Side view and (b) top view; Carbonyl oxygen atoms
of 1 are highlighted.
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5 and S34, Supporting Information).11 The ethylenediamine (en)
cis-protecting groups on the Pd(II) center were first replaced
with N,N,N′,N′-tetramethylethylenediamine groups (tmed) to
enhance the cage crystallinity and deep orange crystals were
obtained from the slow evaporation of an aqueous solution of
2d′⊃(1)3 (where 2d′ is the tmed analog of 2d). Analysis of the
structure revealed that inside cage 2d′ the three molecules (odd
number) of 1 are stacked with 3.3 Å interplanar distances, which
are shorter than that in the crystal structure of 1 itself 1 (3.54
Å).2 The shorter distance is probably due to compression by
the cage’s framework.5,11 However, the three aromatics are each

rotated 120 degrees with respect to each other, which is almost
same as angular correlation among the dipoles. This orientation
directly contrasts with the alternating head-to-tail stacking
observed in the crystal structures of (1)2 (even number) within
2b and free 1. The rotated orientation cancels the net dipole
moment of the host-guest structure at the expense of the local
pairwise dipole-dipole interaction. As the even number of
stacked molecules can align so that the local and net dipole
moments are canceled, we observed an “even-odd” effect in
discrete stacks of polarized 1.

Quadruple Stack (2e⊃(1)4). The crystal structures of 2b⊃(1)2

and 2d′⊃(1)3 indicate that dipole-dipole interactions are
stabilizing for the formation of stacks of polarized aromatics.
As this stabilization persists in the absence of crystal packing
forces, larger discrete stacked structures in solution were
obtained by simply extending the cage pillars. Cage 2e was
designed to accommodate four equivalents of 1 in a quadruple
stack. The calculated cavity height of 17.9 Å should easily
accommodate (1)4 (3.3 Å × 5 ) 16.5 Å). We have been
unsuccessful in obtaining any 2e⊃(G)4 structures with our
standard, nonpolarized aromatic guests (G), typically coronene
or triphenylene. The extended π-stacking of electronic-rich
donor aromatic molecules is repulsive rather than attractive.7

However, the polarized 1 efficiently assembles in the cavity of
cage 2e and 2e⊃(1)4, containing the quadruple stack (1)4, is
formed. When panel 5, pillar 6e, and metal hinge 7 (in a 2:3:6
ratio) were combined in D2O with an excess amount of 1 at 60
°C for 3 h, we observed a very complicated 1H NMR (Figure
6a,b). The highly upfield shifted guest signals observed at δ
4.9-6.7 ppm indicated the formation of the host-guest complex
2e⊃(1)4. The complex 1H NMR spectrum is due to the presence

(11) Yamauchi, Y.; Yoshizawa, M.; Akita, M.; Fujita, M. Proc. Natl. Acad.
Sci. U.S.A. 2009, 106, 10435–10437.

Figure 4. (a) Schematic representation of the self-assembly of triple-stacked 2d⊃(1)3 complex and (b) the 1H NMR spectrum (500 MHz, 300 K) in D2O
(light blue circle: cage 2d). (c) Magnification of (1)3 region.

Figure 5. X-ray crystal structure of 2d⊃(1)3. Hydrogen atoms, solvent
molecules (H2O) and counteranions (NO3

-) are omitted for clarity. (a) Side
view and (b) top view; carbonyl oxygen atoms of 1 are highlighted.
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Figure 6. (a) Schematic representation of the self-assembly of quadruple-stacked 2e⊃(1)4 complex. (b) 1H NMR spectra (920 MHz, 283 K) of 2e⊃(1)4 in
D2O (light blue circle: cage 2e, red asterisk: 1 within cage 2eA). (c) Magnification of (1)4 region.

Figure 7. (a) Schematic representation of the self-assembly of quintuple-stacked 2f⊃(1)5 complex and (b) 1H NMR spectrum (500 MHz, 300 K) of 2f⊃(1)5

in D2O (light blue circle: cage 2f). (c) Magnification of (1)5 region.
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of two structural isomers for 2e (2eA and 2eB; Figure 1) and
because the four guest molecules in the (1)4 structure are
nonequivalent. Careful analysis using a 920 MHz NMR
spectrometer enabled the identification of the two isomers
2eA⊃(1)4 and 2eB⊃(1)4 (Figure 6c). The sixteen protons Ha-Hp,
derived from the four nonequivalent guest molecules of the
major isomer 2eB⊃(1)4 were fully assigned using 2D NMR
studies (Figure 6c). Signal integration revealed that isomers
2eA⊃(1)4 and 2eB⊃(1)4 are formed in a statistical 1:3 ratio.

Quintuple Stack (2f⊃(1)5). Further elongation of the pillar
ligand led to the formation of the quintuple stacks of dione 1.
We employed 1,4-di(4-pyridylethynyl)-2,5-di(2-methoxyethoxy)-
benzene (6f) as the pillar for quintuple aromatic stacks. The
two methoxyethoxy groups are attached to the pillar to enhance
the water-solubility of the cage. The self-assembly of 2f⊃(1)5

smoothly took place after heating a D2O solution of panel 5,
pillar 6f, and metal hinge 7 in the presence of excess 1 at
60 °C for 3 h (Figure 7a). The selective formation of cage 2f
containing five molecules of 1 was clearly shown by 1H NMR
by the following observations: (i) the integral ratio of cage 2f
and 1 was estimated to 1:5 and (ii) three sets of proton signals
derived from (1)5 are present in a 2:2:1 ratio (Ha-d: He-h: Hi-l )
2:2:1) (Figure 7b,c). Detailed 2D NMR analyses also supported
the formation of a quintuple stacking structure.

Absorption Spectra. UV-vis absorption spectra were mea-
sured for the series of 2⊃(1)n (n ) 1-5) inclusion complexes
(Figure 8). For the single stack (n ) 1) the Pt(II) cage 2a was
employed as the Pd(II) cage is in equilibrium with the homotopic
complexes. The n-π* transition of 1 in CH3CN is a broad
absorption at λmax ) 422 nm (ε ) 2.9 × 103 cm-1 M-1). In
2a⊃1, this absorption band is significantly red-shifted (λmax )
462; ∆λ ) 40 nm) due to aromatic interactions with triazine
panel 5 of 2a. Similar absorptions were observed for the series
of 2⊃(1)n (n ) 3, 4) and the stepwise of accumulation of 1 in
the 2⊃(1)n structures (n ) 2-5) in solution is apparent. In the
solid state, the spectrum of 1 shows a broad absorption at λmax

) 525, which is attributed to intermolecular aromatic interac-
tions in the infinite columnar stack of alternating 1. A similar
broad absorption appears as a shoulder (λmax ) 510 nm; ε )
1.5 × 103 cm-1M-1) in the solution-state spectra of discrete
stacks 2b⊃(1)n, where n ) 2, and indicates similar intermo-
lecular aromatic interactions as in the solid state.

Conclusion

We confirmed that the dipole-dipole interactions as well as
π-stacking interactions of a polarized aromatic molecule suffice

to form columnar aromatic stacks in the absence of crystal
packing forces, even in the solution state. In addition, we showed
that discrete, double and triple stacks of polarized molecules
can display unique stacking orientations in the crystalline state.
In even numbered stacks, the molecules align in a head to tail
fashion so that the local and net dipoles cancel. In odd numbered
stacks, the molecules adopt an orientation where the net dipole
is canceled at the expense of the local dipole interactions. The
stabilizing dipole interactions enable the formation of extended,
discrete aromatic stacks through intermolecular π-stacking
interactions. Pillared cages 2a-2f enable the precise control of
the stacking number without restricting the orientation of the
guests, providing opportunities to study the hitherto unexplored
properties of discrete stacks of aromatic compounds in solu-
tion.12

Experimental Section

Preparation of 2a⊃1. Powder of 1 (4.6 mg; 20 µmol, 2 equiv
per 2a) was added to a D2O solution (1.0 mL) of cage 2a (31.0
mg; 10 µmol) and the suspended mixture was stirred at 60 °C for
30 min. After filtration of the resulted orange solution, the 1H NMR
spectrum revealed the quantitative formation of 2a⊃1 complex. The
resulting solution was dried by a freeze-drying equipment to give
2a⊃1 as an orange powder (31 mg, 92% yield). 1H NMR (500
MHz, D2O, 300 K, TMS as an external standard): δ 9.59 (s, 12H),
9.08 (d, J ) 5.5 Hz, 12H), 8.14 (br, 12H), 7.53 (d, J ) 7.5 Hz,
2H), 7.86 (t, J ) 7.5 Hz, 2H), 6.30 (s, 2H), 6.20 (d, J ) 7.5 Hz,
2H), 2.89 (d, J ) 5.5 Hz, 12H), 2.84 (d, J ) 5.5 Hz, 12H); 13C
NMR (125 MHz, D2O, 300 K): δ 177.9 (Cq), 167.8 (Cq), 153.5
(CH), 151.3 (CH), 144.3 (Cq), 135.9 (CH), 131.1 (CH), 130.1 (Cq),
128.9 (CH), 127.8 (Cq), 127.4 (CH), 125.6 (CH), 47.7 (CH2); DOSY
(m2/s): logD ) -9.80; IR (KBr, cm-1): 3420(br), 3040(br), 1512,
1383, 823, 816, 722, 705; m.p.: ∼230 °C (decomposed).

Preparation of 2b⊃(1)2. A mixture of pillar ligand 6b (6.4 mg,
30 µmol), panel ligand 5 (6.3 mg, 20 µmol), (en)Pd(NO3)2 (7; 17.4
mg, 60 µmol), and pyrene-4,5-dione (1; 5.0 mg, 22 µmol) in D2O
(1.0 mL) was stirred at 100 °C for 3 h to give clear orange solution.
1H NMR analysis of the solution revealed the formation of 2b⊃(1)2.
After filtration of the resulted orange solution, the resulting solution
was dried by a freeze-drying equipment. 2b⊃(1)2was isolated as
an orange powder (31 mg, 91% yield). 1H NMR (500 MHz, D2O,
300 K, TMS as an external standard): δ 8.79 (d, J ) 4.5 Hz, 12H),
7.99 (s, 12H), 7.94 (d, J ) 4.5 Hz, 12H), 6.66 (br, 4H), 6.03 (br,
8H), 5.84 (s, 4H), 3.69 (s, 36H), 2.99 (d, J ) 5.3 Hz, 12H), 2.92
(d, J ) 5.3 Hz, 12H); 13C NMR (125 MHz, D2O, 300 K): δ 177.8
(Cq), 168.0 (Cq), 161.2 (CH), 152.5 (CH), 148.0 (Cq), 143.8 (Cq),
136.1 (CH), 129.9 (Cq), 128.6 (CH), 127.3 (CH), 126.6 (Cq), 126.2
(CH), 125.0 (Cq), 124.8 (CH), 122.8 (CH), 47.6 (CH2), 46.5 (CH2),
25.9 (CH3); DOSY (m2/s): logD ) -9.83; IR (KBr, cm-1):
3407(br), 3067(br), 2391(br), 2285(br), 1670, 1617, 1576, 1519,
1384, 1359, 1273, 1053; m.p.: ∼230 °C (decomposed); E.A. Calcd
for C122H136N42O40Pd6•27(H2O): C, 37.04; H, 4.84; N, 14.87. Found:
C, 36.78; H, 4.60; N, 14.75; X-ray crystal data of 2b⊃(1)2:
C122.5H120N35.5O45Pd6, Mr ) 3447.91, crystal dimensions 0.15 ×
0.12 × 0.05 mm3, monoclinic space group P21/c, a ) 19.336(20)
Å, b ) 37.32(3) Å, c ) 27.17(3) Å, ) 100.48(4)°, V ) 19278(32)
Å3, Z ) 4, Fcalcd ) 1.188 g cm-3, F(000) ) 6958, radiation, λ(Mo
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Int. Ed. 2007, 46, 1803–1806. (d) Ono, K.; Yoshizawa, M.; Kato, T.;
Fujita, M. Chem. Commun. 2008, 2328–2330. (e) Yamauchi, Y.;
Yoshizawa, M.; Fujita, M. J. Am. Chem. Soc. 2008, 130, 5832–5833.
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53–56.

Figure 8. UV-visible spectra (RT, 1.0 mM) of 2a⊃1, 2b⊃(1)2 2d⊃(1)3,
and 2e⊃(1)4 in H2O. 1 in CH3CN.
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KR) ) 0.71073 Å, T ) 90(2) K, reflections collected/unique
145498/ 47851 (Rint ) 0.2351). The structure was solved by direct
methods (SHELXL-97) and refined by full-matrix least-squares
methods on F2 with 1515 parameters. R1 ) 0.1887 (I > 2σ(I)), wR2

) 0.5792, GOF 1.066; max/min residual density 3.317/-2.340
eÅ-3. CCDC reference number 732820.

Preparation of 2d⊃(1)3. A mixture of pillar ligand 6d (5.5 mg,
30 µmol), panel ligand 5 (6.3 mg, 20 µmol), (en)Pd(NO3)2 (7; 17.4
mg, 60 µmol), and pyrene-4,5-dione (1; 7.0 mg, 30 µmol) in D2O
(1.0 mL) was stirred at 60 °C for 3 h to give clear orange solution.
1H NMR analysis of the solution revealed the formation of 2d⊃(1)3

quantitatively. After filtration of the resulted orange solution, the
resulting solution was dried by a freeze-drying equipment. 2d⊃(1)3

was isolated as an orange powder (33 mg, 91% yield). 1H NMR
(500 MHz, D2O, 300 K, TMS as an external standard): δ 9.02 (d,
J ) 6.5 Hz, 12H), 9.01 (d, J ) 6.5 Hz, 12H), 8.06 (d, J ) 6.5 Hz,
12H), 7.87 (d, J ) 6.5 Hz, 12H), 7.86 (s, 6H), 6.74 (d, J ) 7.5 Hz,
2H), 6.70 (d, J ) 7.5 Hz, 4H), 6.64 (d, J ) 6.5 Hz, 2H), 6.28 (d,
J ) 6.5 Hz, 2H), 6.13 (t, J ) 7.5 Hz, 4H), 5.92 (s, 2H), 5.55 (d,
J ) 7.0 Hz, 4H), 5.39 (s, 4H), 2.87 (br, 24H); 13C NMR (125 MHz,
D2O, 300 K): δ 177.2 (Cq), 176.6 (Cq), 167.9 (Cq), 152.2 (CH),
151.7 (CH), 147.5 (Cq), 143.6 (Cq), 136.4 (CH), 136.0 (CH), 132.4
(CH), 129.6 (Cq), 129.3 (Cq), 128.7 (CH), 128.7 (CH), 127.7 (CH),
127.2 (CH), 126.0 (Cq), 126.0 (CH), 125.7 (CH), 124.7 (CH), 124.7
(CH), 124.6 (Cq), 46.8 (CH2); DOSY (m2/s): logD ) -9.85; IR
(KBr, cm-1): 3410(br), 3200(br), 3080(br), 1670, 1614, 1519, 1383,
1061, 831, 804; m.p.: ∼230 °C (decomposed); E.A. Calcd. for
C132H126N42O42Pd6•20(H2O): C, 39.92; H, 4.21; N, 14.81. Found:
C, 39.76; H, 4.02; N, 15.00; X-ray crystal data of 2d′⊃(1)3:
C156H174N38O65.5Pd6, Mr ) 4259.74, crystal dimensions 0.15 × 0.15
× 0.05 mm3, monoclinic space group P21/c, a ) 28.563(4) Å, b )
16.085(2) Å, c ) 41.635(5) Å, � ) 94.598(3)°, V ) 19067(4) Å3,
Z ) 4, Fcalcd ) 1.487 g cm-3, F(000) ) 8704, radiation, λ(Mo KR)
) 0.71073 Å, T ) 80(2) K, reflections collected/unique 141967/
47437 (Rint ) 0.1607). The structure was solved by direct methods
(SHELXL-97) and refined by full-matrix least-squares methods on
F2 with 2584 parameters. R1 ) 0.1246 (I > 2σ(I)), wR2 ) 0.4073,
GOF 0.966; max/min residual density 4.611/-1.703 eÅ-3. CCDC
reference number 703950.

Preparation of 2e⊃(1)4. A mixture of pillar ligand 6e (3.8 mg,
15 µmol), panel ligand 5 (3.2 mg, 10 µmol), (en)Pd(NO3)2 (7; 8.7
mg, 30 µmol), and pyrene-4,5-dione (1; 4.6 mg, 20 µmol) in D2O
(1.0 mL) was stirred at 60 °C for 3 h to give a clear orange solution.
1H NMR analysis of the solution revealed the formation of 2e⊃(1)4.
After filtration of the resulted orange solution, the resulting solution
was dried by a freeze-drying equipment. 2e⊃(1)4 was isolated as
an orange powder (18 mg, 87% yield). 1H NMR (920 MHz, D2O,
283 K, TMS as an external standard): δ 8.83 (m, 6H), 8.79 (m,
6H), 8.66 (m, 12H), 7.90 (d, J ) 6.4 Hz, 6H), 7.86 (d, J ) 6.4 Hz,
6H), 7.80 (d, J ) 6.4 Hz, 6H), 7.72 (d, J ) 6.4 Hz, 6H), 7.55 (m,
12H), 6.52 (d, J ) 7.4 Hz, 2H), 6.50 (d, J ) 7.4 Hz, 2H), 6.44 (d,
J ) 7.4 Hz, 2H), 6.42 (t, J ) 7.4 Hz, 2H), 6.34 (d, J ) 7.4 Hz, 2H),

6.21 (d, J ) 7.4 Hz, 2H), 5.94 (t, J ) 7.4 Hz, 2H), 5.91 (t, J ) 7.4
Hz, 2H), 5.87 (d, J ) 7.4 Hz, 2H), 5.53 (s, 2H), 5.32 (d, J ) 7.4 Hz,
2H), 5.15 (d, J ) 7.4 Hz, 2H), 5.12 (s, 2H), 5.09 (d, J ) 7.4 Hz,
2H), 5.03 (s, 2H), 4.98 (s, 2H), 2.64 (br, 12H), 2.61 (br, 12H); 13C
NMR (125 MHz, D2O, 300 K): δ 177.0 (Cq), 176.2 (Cq), 167.7
(Cq), 152.0 (CH), 151.7 (CH), 151.3 (CH), 143.5 (Cq), 137.0-135.5
(m), 133.7 (CH), 129.4-127.2 (m), 125.8-124.5 (m), 98.0 (Cq),
87.1 (Cq), 46.7 (CH2); DOSY (m2/s): logD ) -9.88; IR (KBr,
cm-1): 3418(br), 3205(br), 3080(br), 1672, 1618, 1523, 1384, 1360,
1064, 889; m.p.: ∼230 °C (decomposed); E.A. Calcd. for
C166H140N42O44Pd6•26(H2O): C, 43.97; H, 4.27; N, 12.97. Found:
C, 43.67; H, 3.92; N, 13.17.

Preparation of 2f⊃(1)5. A mixture of pillar ligand 6f (7.9 mg,
18 µmol), panel ligand 5 (3.1 mg, 10 µmol), (en)Pd(NO3)2 (7; 8.7
mg, 30 µmol), and pyrene-4,5-dione (1; 6.5 mg, 27 µmol) in D2O
(1.0 mL) was stirred at 60 °C for 3 h to give clear orange solution.
1H NMR analysis of the solution revealed the formation of 2f⊃(1)5.
After filtration of the resulted orange solution, the resulting solution
was dried by a freeze-drying equipment. 2f⊃(1)5 was isolated as
an orange powder (21 mg, 85% yield).1H NMR (500 MHz, D2O,
300 K, TMS as an external standard): δ 9.03 (d, J ) 6.0 Hz, 12H),
8.96 (d, J ) 5.3 Hz, 12H), 7.91 (d, J ) 6.0 Hz, 12H), 7.82 (d, J )
5.3 Hz, 12H), 7.54 (s, 6H), 6.80 (t, J ) 7.5 Hz, 4H), 6.70-6.67
(m, 8H), 6.53 (d, J ) 7.0 Hz, 4H), 6.27 (d, J ) 7.5 Hz, 2H),
6.16-6.11 (m, 6H), 6.09 (s, 4H), 5.22 (d, J ) 7.0 Hz, 4H), 5.22
(s, 4H), 4.94 (d, J ) 7.5 Hz, 2H), 4.92 (s, 2H), 4.43 (br, 12H),
4.07 (br, 12H), 3.68 (s, 18H), 2.87 (br, 12H) 2.85 (br, 12H); 13C
NMR (125 MHz, D2O, 300 K): δ 177.0 (Cq), 176.3 (Cq), 175.7
(Cq), 167.8 (Cq), 154.3 (CH), 152.1 (CH), 151.4 (CH), 143.6(Cq),
136.2 (CH), 135.8(CH), 135.5(Cq), 135.0 (CH), 129.4 (Cq), 129.3
(CH), 129.0 (Cq), 128.7 (CH), 128.7 (CH), 128.5 (CH), 128.3 (Cq),
127.6 (CH), 127.2 (CH), 126.7 (CH), 126.0 (CH), 126.0 (Cq), 125.9
(CH), 125.8 (Cq), 125.7 (Cq), 125.4 (CH), 124.7 (CH), 124.6 (Cq),
124.4 (Cq), 124.2 (Cq), 118.3 (Cq), 114.0 (Cq), 94.7 (Cq), 91.9 (Cq),
70.9 (CH2), 69.4 (CH2), 58.9 (CH3), 46.8 (CH2); DOSY (m2/s):
logD ) -9.90; IR (KBr, cm-1): 3439(br), 3200(br), 3077(br),
2205(br), 1667, 1610, 1522, 1384, 1375, 1221, 1127, 1061; m.p.:
∼230 °C (decomposed).
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