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Dynamic Equilibrium between a Supramolecular Capsule and Bowl
Generated by Inter- and Intramolecular Metal Clipping

Seong Jin Park,”” Dong Mok Shin,'™ Shigeru Sakamoto,"” Kentaro Yamaguchi,'
Young Keun Chung,'” Myoung Soo Lah,'! and Jong-In Hong*!»

Abstract: The metal-induced self-as-
sembly of a resorcin[4]arene derivative
1 that has four pyridine units as pend-
ent groups and two equivalents of
[M(dppp)(OTY),] (M=Pd, Pt) results
in a dynamic equilibrium between an
interclipped supramolecular capsule 3
and an intraclipped bowl 4 in nitrome-
thane, although the interclipped capsu-
le 3 is formed as a sole adduct in
chloroform/methanol and the intraclip-
ped bowl 4 is formed exclusively in an
aqueous phase. This demonstrates how
metal-induced self-assembly can be
tuned by subtle changes in the solvent

structures in nitromethane was charac-
terized by NMR spectroscopy and
coldspray ionization mass spectrometry
(CSI-MS). The crystal structure of the
interclipped capsule 3b, which is com-
posed of two units of ligand 1 and four
Pt" ions, reveals the capsule cavity to
have nanoscale dimensions of 15x
20 A. NMR spectra show that the dy-
namic equilibrium between 3 and 4 is
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dependent on concentration and tem-
perature. Temperature-dependent
"H NMR spectroscopy was carried out
from 273 to 343 K to verify the thermo-
dynamic parameters that control the
dynamic equilibrium process; the con-
version from the interclipped supra-
molecular capsule 3a to the intraclip-
ped bowl 4a is entropically favored
and enthalpically disfavored. The rota-
tional barrier of the restricted rotation
of pyridine units in the intraclipped
bowl 4 was determined by line-shape
analysis.

‘ effects
system. The coexistence of the two
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Introduction

Metal-induced self-assembly is a flourishing area in the field
of host—guest and supramolecular chemistry. There are
many examples of the metal-mediated self-assembly of
squares,!l helices,? grids,”! catenanes,™ cylinders,” circular
helicates,”® and cages.”! It appears from these studies that a
self-assembled structure can be predicted if the metal and
ligand are chosen correctly. Many superstructures have been
designed in this manner; however, there are a growing
number of examples that deviate from the structures expect-
ed. Dynamically assembled structures, such as molecular tri-
angles/squares,®! dimeric/trimeric (or tetrameric) assem-
blies,”! tetrameric/hexameric circular complexes,'”! grid/heli-
cal architectures,"! and coordination boxes!'? have also
been reported.

We have extensively investigated the formation of super-
structures composed of resorcin[4]arene derivatives (1) that
have four pyridine (Py) units as pendent groups and cis-pro-
tected square-planar M" ions (M =Pd, Pt). We recently re-
ported that, following the mixing of ligand 1 with two equiv-
alents of organic- and water-soluble Pd" or Pt" ions, respec-
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tively, the interclipped nanoscale capsule (composed of two
units of ligand 1 and four metal ions) was constructed as a
sole adduct in chloroform/methanol, whereas the intraclip-
ped bowl (composed of one ligand 1 and two metal ions),
was exclusively formed in an aqueous phase (Scheme
1a).l*3] Here we describe the dynamic equilibrium be
tween an interclipped capsule 3 and an intraclipped bowl 4
in nitromethane (Scheme 1b). We demonstrate that the
metal-mediated, self-assembled superstructures can be
tuned by subtle changes in the solvent system. This is the
first example of the formation and dynamic equilibrium of a
three-dimensional supramolecular system, in which the
intra- and interclipped structures are formed from three-di-
mensional ligands in a dynamic manner.

Results and Discussion

Dynamic equilibrium between an interclipped capsule (3)
and an intraclipped bowl (4): A resorcin[4]arene-based
ligand 1 with four pyridine substituents at the upper rim was
prepared from the corresponding tetrol cavitand™ and 4-pi-
colyl chloride by nucleophilic substitution.! Following the
simple addition of two equivalents of [M(dppp)(OTf),]
(M=Pd, Pt) to resorcin[4]arene derivative 1 in [Dj]nitro-
methane, two sets of 'H NMR peaks were visible (see Sup-
porting Information).™ One set of these signals showed the
same pattern as that observed in [D]chloroform/[D,]Jmetha-
nol, in which the D,,-symmetric capsule was predominant.[
The other structure had C,, symmetry, as seen from exten-
sive one-dimensional and two-dimensional '"H NMR spectro-
scopy measurements. Due to the D,, symmetry of 3, each
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bridging methylene proton (H;, H,) leads to a single doublet
signal.’?! The signals for the C,,-symmetric structure 4, how-
ever, are split into two sets of signals.'¥! Since H;, and H,.
reside in the shielding region between the two pyridine li-
gands that interact with the metal ions, it is expected that
they will move further upfield than H; and H,. Upon intra-
clipping with Pd" ions, the pyridyl protons (H,), as well as
the a- and B-protons (H,, Hg) of the pyridine units, become
desymmetrized by the hindered rotation upon Pd" complex-
ation, and appear as a pair of doublets. In addition, the me-
thine and methyl protons (H,/H,., H./H,) of the lower rim
become desymmetrized and appear as a pair of doublets or
as a multiplet.

Additional evidence for the coexistence of two distinct
supramolecular species was obtained from the *'P NMR
spectrum (see Supporting Information). This exhibited two
discrete peaks at around 9.27 and 9.22 ppm, indicating that
two kinds of phosphorus atoms exist in two different envi-
ronments.['*!

The coldspray ionization mass spectrometric (CSI-MS)
measurement (Figure 1) clearly shows the coexistence of an
interclipped capsule 3a and an intraclipped bowl 4a in nitro-
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Figure 1. CSI-MS spectrum of 1 and 2a in a 1:2 molar ratio in nitro-
methane (needle voltage: 2.0kV, needle current: 300-700 nA, orifice
voltage: 0V, ringlens voltage: 300 V, ion source temperature: 293 K, flow
rate: 8uLmin'). The inset shows the superimposition of signals from the
singly charged species [4a—CF;SO; |* and the doubly charged species
[3a—2CF,SO; **.

methane containing 1 and 2a in a 1:2 molar ratio:
[3a—2CF;SO; ** (m/z: 2506.2), [3a—3CF,SO; ** (mi/z:
1621.3), [3a—4CF;SO; |** (m/z: 11782), [4a—CF;SO; |*
(mlz: 2506.2), [4a—2CF;SO; J*" (m/z: 11782), and
[4a—3 CF;SO; ** (m/z: 735.9). Because the mass of 3 is ex-
actly twice the mass of 4, the signals attributed to the
doubly and quadruply charged species of 3 are superim-
posed by the singly and doubly charged signals of 4 with dif-
ferent m/z ratios. The inset in Figure 1 shows the overlap-
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Scheme 1. Metal-induced self-assembly of a resorcin[4]arene derivative 1 and two equivalents of M" ions (2): a) exclusive formation of an intra or inter-
clipped superstructure; b) dynamic equilibrium between an interclipped capsule 3 and an intraclipped bowl 4. M=Pd or Pt, L =1,3-bis(diphenylphos-

phino)propane (dppp), L' =ethylenediamine (en), OTf=OSO,CF;.

ping of signals arising from a singly charged 4a and a
doubly charged 3a.

The structure of the interclipped capsule 3b was corrobo-
rated by means of X-ray crystallography (Figure 2).'"1 A
single crystal that was suitable for X-ray structural analysis
was obtained by the slow diffusion, at ambient temperature
for five days, of ethanol into a chloroform/methanol mixture
that contained a minute quantity of p-xylene.'®! The crystal
structure of 3b clearly demonstrated that the two resor-
cin[4]arene-based pyridine ligands were clipped by four Pt"
ions. The adjacent Pt---Pt distances are 10.9 and 17.1 A, and
the distances between the two remote Pt atoms are 20.1 and
20.5 A. The distance between the centroids of the four resor-
cin[4]arene methine carbon atoms on the bottom rim is ap-
proximately 15.4 A. Therefore, the cavity of 3b has nano-
scale dimensions of 15x20 A, and could encapsulate posi-
tively charged N-alkyl pyridinium derivatives due to strong
cation—n interactions.’® The Np,-Pt-Np, angles of 85.1° and
86.5° are considerably smaller than the ideal square-planar
angles of 90°. This is presumably due to the need for larger
Pyppp-Pt-Pypp, angles (91.2 to 94.7°) for the chelating dppp
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unit.! One interesting feature of the complex is that one of
the dppp phenyl groups is positioned almost parallel with
and on top of the chelated pyridine unit."!

Concentration- and temperature-dependent 'H NMR
studies of the dynamic equilibrium between an interclipped
capsule (3) and an intraclipped bowl (4): To elucidate the
behavior of the dynamic equilibrium between the interclip-
ped capsule 3 and the intraclipped bowl 4, concentration-de-
pendent 'HNMR spectroscopy was performed on a 1:2
molar mixture of 1 and 2a. Figure 3 shows how reduction of
the concentration results in an increase in the height of the
peaks that are assigned to bowl 4a; the relative ratios of 4a/
3a are 1.64, 2.66, and 4.26 at 4.0, 2.0, and 1.0mm of 1, re-
spectively. This indicates that the major component at lower
concentrations is the intraclipped bowl 4, which is assembled
from fewer components than capsule 3.

To verify the thermodynamic parameters that control this
dynamic equilibrium, temperature-dependent 'H NMR spec-
troscopy was carried out from 273 to 343 K (Table 1). As
the temperature increases, the integral of the peaks that are
assigned to bowl 4 increases; the relative ratios of 4a/3a are
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Figure 2. The X-ray crystal structure of 3b: a) side view; b) top view. For
clarity, the triflate anions and solvent molecules have been omitted.

8.8 ppm 6.0 58 ppm

Figure 3. Concentration-dependent 'H NMR spectra showing the dynam-
ic equilibrium between capsule 3a and bowl 4a (300 MHz, [D;]nitro-
methane, 298 K): a) [1],=4mM; b) [1],=2mMm; ¢) [1],=1mm.

2.0, 2.7, 5.7, and 9.5 at 273, 293, 313, and 343 K, respective-
1y."*?l The thermodynamic equilibrium constant K., for the
equilibrium between 3 and 4 can be calculated from Equa-

238 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Temperature-dependent equilibrium constant K., in [D;]nitro-
methane ([1],=1.3mm. The equilibrium constants were calculated from
the integration of well-separated H, and H,, signals).

Temperature [3a] [4a] K. In K,
[K] [m] [m] [M]

273 327x107* 6.47x107* 1.28x1073 —6.66
283 2.86x107* 7.28x107* 1.86x1073 —6.29
293 2.79x107* 7.42x107* 1.97x1073 —6.23
298 2.40x107* 821x107* 2.81x1073 —5.87
304 216x107* 8.67x107* 3.47x1073 —5.66
305 210x107* 8.79x107* 3.68x1073 —5.61
306 2.04x107* 8.93x107* 3.91x1073 —5.54
307 1.98x10~* 9.04x107* 412x1073 —5.49
308 2.04x107* 8.92x107* 3.90x1073 —5.55
309 1.95x107* 9.09x10~* 423x1073 —5.46
310 1.86x107* 9.27x10™* 4.62x1073 —5.38
313 1.68x10~* 9.64x107* 5.53x1073 —5.20
323 1.44x107™* 1.01x107? 7.14x1073 —4.94
333 1.20x107* 1.06x107° 9.37x1073 —4.67
343 1.13x10™* 1.07x107? 1.02x1072 —4.59

tion (1), and the concentration of the two species, [3] and
[4], can be calculated from the integration of H, proton
(Iy,) and H,, proton (/y,), by using Equations (2) and (3).

Keq = [4/13] 1)
(3] = 0.5, {In,/(In, +21u,)} 2)
[4] = [1}0 {2 IH(,r/(IHU + ZIHDr)} (3)

In Equations (2) and (3), [1],=2[3]+[4] ([1],: initial con-
centration of ligand 1) and [3]:[4] =1y 4 ;.

Enthalpy and entropy values of the supramolecular equili-
brium were obtained by using the van’t Hoff equation: H°=
252kJmol™! and §°=36.1JK 'mol . These values show
that the conversion from 3a to 4a is enthalpically disfa-
vored, but entropically favored. Presumably the high en-
thalpic cost is attributable to the difficulty in forming the in-
traclipped structure, which possesses a short tether unit that
connects four pyridine units from the resorcin[4]arene back-
bone. The favorable entropy is due to the formation of two
equivalents of 4 from one equivalent of 3, and/or from the
release of encapsulated solvent molecules into the bulk, fol-
lowing the collapse of the interclipped supramolecular cap-
sule 3 to form the intraclipped bowl 4.

Restricted rotation of pyridine units in an intraclipped
bowl (4): The restricted rotation of the pyridine units in the
intraclipped bowl 4a was also observed by performing tem-
perature-dependent '"H NMR spectroscopy (Figure 4). The
rotational barrier was determined by line-shape analysis
with regard to the signals associated with the pyridine units.

The a- and B-protons (H,, Hy) of the pyridine units in
the intraclipped bowl 4 displayed two sets of well-separated
doublet peaks at ambient temperature, whereas protons H,
and Hg in the interclipped capsule 3 showed only one set of
doublet peaks. These two sets of signals for the pyridine
units in 4 coalesced to a single set at 306 K.

www.chemeurj.org Chem. Eur. J. 2005, 11,235-241
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Figure 4. Section of the '"H NMR spectra, recorded at various tempera-
tures (300 MHz, [D;]nitromethane, [1],= 1.3 mm).

The free energy of activation AG* (in Jmol 1) can be de-
termined by using the Eyring equation [Eq. (4)], in which x
(transmission coefficient) is usually assumed to have a value
of 1, together with Equation (5),” in which T is the coales-
cence temperature and k. is the rate constant at 7.

R @)

AG? = 19.14T, (10.32 + log%) (5)

In Equation (5), k.=2.2 Av (Av: separation in Hz be-
tween the two signals in the absence of exchange).

In this system, 7, and Av were determined from 'H NMR
spectra to be 306 K and 66.8 Hz, respectively. The free
energy of activation AG* for rotation of the pyridine units
in the intraclipped bowl 4a was calculated to be
62.3 kImol™".

Presumably, the origin of this phenomenon is the increas-
ing rotational freedom of the intraclipped Np,~Pd—Np,
bonds, and/or the acceleration of the association—dissocia-
tion rate of the Np,—Pd bond at elevated temperature.

Conclusion

We have shown that metal-induced self-assembly can be
tuned by subtle changes in the solvent system; dynamic
equilibrium between an interclipped supramolecular capsule
3 and an intraclipped bowl 4 exists when a resorcin[4]arene
derivative 1 and [M(dppp)(OTf),] (M=Pd, Pt) are mixed in
a 1:2 molar ratio in nitromethane, although the interclipped
capsule 3 is formed as a sole adduct in chloroform/methanol
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and the intraclipped bowl 4 is formed exclusively in an
aqueous phase. This indicates that self-assembly can be con-
trolled by changing the nature of the surrounding solvent
medium. NMR studies confirm that the dynamic equilibrium
between 3 and 4 is dependent on concentration and temper-
ature. The thermodynamic parameters that control the dy-
namic equilibrium were elucidated; the conversion from 3a
to 4a is entropically favored and enthalpically disfavored.
The restricted rotation of pyridine units in the intraclipped
bowl 4 was also observed, and the rotational barrier was de-
termined by line-shape analysis.

Experimental Section

General: All of the chemicals were of reagent grade and were used with-
out further purification. Deuterated solvents were acquired from Cam-
bridge Isotopic Laboratories and were used for the complexation reac-
tions and for NMR spectrometric measurements. All NMR spectra were
recorded on either a Bruker Avance DPX-300 or a Bruker Avance 500
spectrometer. "H NMR spectra were recorded at 300 and 500 MHz, and
the chemical shifts were reported in ppm, with the residual resonance of
deuterated solvent as an internal reference (0=7.27 ppm for
[D]chloroform; 6=4.33 ppm for [Ds]nitromethane). “C NMR spectra
were recorded at 75 MHz, and the chemical shifts were given in ppm rel-
ative to the carbon resonance of deuterated solvent (0=77.0 ppm for
[D]chloroform). "F NMR spectra were recorded at 282 MHz, and the
chemical shifts were reported relative to external standards of CFCl; at
0.00 ppm. *'P NMR spectra were recorded at 202 MHz, and the chemical
shifts were given relative to external standards of H;PO, at 0.00 ppm.
Fast atom bombardment mass spectrometry (FAB-MS) data were ob-
tained by using a JEOL JMS-AXS505WA mass spectrometer with m-ni-
trobenzyl alcohol (NBA) as a matrix. CSI-MS data were measured on a
four-sector (BE/BE) tandem mass spectrometer (JEOL JMS-700T)
equipped with a CSI source. Data for the crystal structure of the inter-
clipped supramolecular capsule 3b were recorded by using an Enraf-
Nonius Kappa-CCD diffractometer equipped with a graphite crystal inci-
dent-beam monochromator Lp.

Synthesis of resorcin[4]arene-based ligand (1): A mixture of correspond-
ing tetrol cavitand (132 mg, 0.2 mmol),"* K,CO, (690 mg, 5.0 mmol), and
4-picolyl chloride hydrochloride (328 mg, 2.0 mmol) in dry DMF (5 mL)
was stirred under a nitrogen atmosphere at 60°C for 18 h. The solvent
was evaporated under vacuum and the residue was dissolved in chloro-
form (50 mL). The solution was washed with water and brine, then dried
(MgSO,), and evaporated to dryness under vacuum. Silica gel chromatog-
raphy with CH,Cl,/CH;OH (10:1) was used to obtain 1 (yield 165 mg;
80%). 'HNMR (300 MHz, [D]chloroform): 6=8.61 (d, */(HH)=
5.85Hz, 8H; PyH,), 7.33 (d, *J(H,H)=5.71 Hz, 8H; PyHy), 7.02 (s, 4H;
ArH), 5.81 (d, 2J(H,H)=7.12 Hz, 4H; ArOCH,H,0Ar), 5.1-4.9 (m, 12H;
CHCH;+OCH,Py), 4.50 (d, */(H,H)=7.13 Hz, 4H; ArOCH,H,0Ar),
1.78 ppm (t, *J(H,H)=742Hz, 12H; CHCH,); “"CNMR (75 MHz,
[D]chloroform): 6 =149.56, 147.66, 147.15, 143.97, 139.99, 121.54, 114.18,
99.45, 73.40, 31.23, 15.82 ppm; FAB-MS: m/z: 1021.3663 [M+H]* (calcd:
1021.3660); elemental analysis (%) caled for CgHs,N,O,»CH,Cl,: C
66.24, H 4.92, N 5.07; found: C 65.33, H 5.17, N 4.97.

Synthesis of interclipped capsule (3a) and intraclipped bowl (4a): Resor-
cin[4]arene-based ligand 1 (10.2 mg, 0.010 mmol) and [Pd(dppp)(OTf),]
(16.4 mg, 0.020 mmol) were mixed in CH;NO, (3.0 mL) for a few minutes
at ambient temperature, then the mixture was concentrated to 1.0 mL.
Et,0 was added to the reaction mixture, and the resulting white precipi-
tate was collected by filtration, washed with Et,O, and dried under
vacuum to give the product (yield 22.5 mg; 85%). 'H NMR (300 MHz,
[D;]nitromethane): 6=8.83 (d, *J(H,H)=5.43 Hz, 16H; H,), 8.65 (br,
8H; H,), 790 (br, 48H; P(C,H,H,),CH,), 7.57 (br, 72H;
P(C¢H,H;),CH,), 7.32 (br, 28H; Hy+H,+H,), 7.23 (br, 8H; Hy), 5.95
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(d, J(H,H)=7.36 Hz, 8H; H,), 5.84 (d, /(H,H)=6.55 Hz, 2H; H,), 5.02
(d, J(HH)=1547 Hz, 4H; Hy), 489 (br, 24H; H,+H,), 469 (d,
2J(H,H)=15.82 Hz, 4H; H,), 442 (m, 4H; Hy+ Hy), 4.17 (d, 2J(H,H) =
6.53 Hz, 2H: H,), 3.53 (br, 8H; PCH,CH,), 3.41 (br, 16H; PCH,CH,),
3.31 (br, 4H; PCH,CH,), 3.12 (d, 2J(H,H)=6.47 Hz, 2H; H,), 2.48 (br,
10H; H;,+PCH,CH,), 1.76 (t, *J(H,H) =6.93 Hz, 12H; H,), 1.67 ppm (m,
12H; H.+ H,.); YFNMR (282 MHz, [D;]nitromethane): ¢ = —82.32 ppm;
'PNMR (202 MHz, [Dj]nitromethane): 0=9.27, 9.22 ppm; CSI-MS:
miz: 25062 [3a—2CESO, P*, 16213 [3a—3CFSO, T*, 11782
[3a—4CE,S0; T+, 2506.2[4a—CF,SO; %, 11782 [4a—2CF,SO; TP,
735.9 [4a—3 CF:S0; .
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Crystal data for an interclipped capsule (3b):
Ci14H,0sF1oN,O,,P,Pt,S 1, M, =3041.80, colorless crystal 0.50%0.40x
0.22 mm?, tetragonal I4,/a, a=b=36.7746(7), c=482779(12) A, V=
65290(2) A3, Z=16, peea=1.238 mgem >, F(000) =24400, p(Mo,,
2=0.71073 A)=1.972 mm™, T=293(2) K, 26,,., = 50.70°. Data were
recorded by using an Enraf-Nonius Kappa-CCD equipped with a
graphite crystal incident-beam monochromator Lp; reflections col-
lected 44682, unique reflections 28334, observed reflections 8090
[I>20(1)]. The structure was solved by employing direct methods
and refined by full-matrix least-squares calculations by using
SHELX-97. The final R values were R,=0.1585, wR,=0.4550 [I>
20(1)], R;=0.3630, wR,=0.5217 (all data). CCDC-222188 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk).

The addition of nonvolatile solvents such as p-xylene is crucial for
the formation of a stable, single crystal. The existence of these sol-

(19]

[20]

[21]

FULL PAPER

vent molecules in and/or out of the cavity of a nanoscale capsule
may prevent the collapse of the crystal lattice.

It was not possible to calculate the equilibrium ratios at 353 K and
363 K from the integral of the H, and H,, peaks because the signals
overlap. We could, however, deduce from the integral ratios of H,
and H, that more than 97 % of the adduct exists as an intraclipped
bowl 4a at 363 K.

To determine the structures of the supramolecular capsule 3 and
bowl 4, electrospray ionization mass spectrometry (ESI-MS) was
performed at the ion-source temperatures 25 and 60°C (see Sup-
porting Information). The relative intensities of [3a—3CF,;SO; **
and [3a—5CF,SO; ]’ signals increased at the lower ion-source tem-
perature. This indicates that the relative amount of interclipped
adduct 3 increases at lower temperature, which is consistent with
our former assumption.
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