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Molecular capsules have been of significant interest to many
for some time as they are not only challenging to assemble
with a degree of control, but also because they offer unique
chemical environments for molecular material through
encapsulation. This confinement of chemical space is still
relatively unexplored.[1–8] Among other rigid bowl-shaped
molecules, we have been interested in the assembly of the C-
alkylresorcin[4]arenes and C-alkylpyrogallol[4]arenes.[2a,9, 11]

Six C-methylresorcin[4]arenes were shown to assemble from
aqueous nitrobenzene with eight structural water molecules
into a multicomponent hydrogen-bonded nanocapsule encap-
sulating nitrobenzene.[9] Recently, Ugono and Holman
showed that six of these structural water molecules can be
substituted with 2-ethylhexanol molecules to form a capsule
containing two additional alcohol molecules.[10] The related
pyrogallol[4]arenes have been shown to assemble into similar
hydrogen-bonded nanocapsules and are also capable of
encapsulating various molecular species, as identified in the
solid, solution, and gas phases.[1,11–14] In recent times we have
used these hydrogen-bonded structures effectively as tem-
plates for the (in some cases instantaneous) assembly of large
metal–organic analogues by metal insertion into the hydro-
gen-bonded seam (with concomitant elimination of hydrogen
atoms).[15–17] We also recently synthesized an octametalated
zinc dimeric capsule based on C-propylpyrogallol[4]arene
(PgC3) that contained a pyridine guest molecule and that also
had eight pyridine molecules ligated at the metal centers of
the resulting capsule.[18]

Herein we show that for the previously reported octame-
talated zinc dimeric pyrogallol[4]arene capsule motif,[18] it is
not only possible to encapsulate the guest molecule of choice
(within steric considerations), but it is also possible to
perform ligand exchange at the metal periphery with relative
ease. In addition, we show that the encapsulation of an
asymmetric guest induces a distinct divide between the two
hemispheres of the dimeric assembly. Importantly, this
asymmetric guest plays a role as a “reporter” for the
communication between the ligands and the zinc-seamed
capsule; by interchanging ligands and concomitantly varying
electron donation to the metal centers, an observed C�H···p

interaction of the guest with an arene moiety of the capsule is
either enhanced or diminished, thereby translating informa-
tion between the exterior and interior of the assembly
electronically.

Combination of the pentacoordinate zinc(II) complex
[Zn(NO3)2(3-methylpyridine)3] with PgC3 in methanol
(Scheme 1) gave instantaneous precipitation of a yellow

powder that was found to be the complex [Zn8(C-propylpyr-
ogallol[4]arene)2(3-methylpyridine)8�(3-methylpyridine)]
(1). As it was not possible to crystallize the complex with 3-
methylpyridine (3-MePy) ligands on the metal centers, we
investigated the possibility of removing or rather replacing
these ligands with dimethylsulfoxide (DMSO). This was
found to proceed with ease either by dialysis in a solution of
DMSO in methanol or by repeated azeotropic vacuum
distillation with DMSO (boiling points of 3-MePy and
DMSO are 144 8C and 189 8C, respectively) to form the
complex [Zn8(C-propylpyrogallol[4]arene)2(DMSO)8�(3-
methylpyridine)] (2).

Upon allowing a solution of 2 in DMSO to stand under a
strong direct flow of nitrogen, continued slow evaporation
resulted in the growth of large colorless single crystals that
were suitable for X-ray diffraction studies. The crystals had
triclinic symmetry and the space group P1̄. The asymmetric
unit contained an entire capsule comprising two PgC3

molecules stitched together by eight zinc centers and shroud-
ing one 3-MePy molecule. In addition, eight DMSO mole-
cules are coordinated to the centers and there are additional
noncoordinating DMSO molecules of crystallization. The two
bowl-shaped molecules are arranged in a staggered capsule
arrangement with respect to metal PgC3 coordination and are
equatorially seamed together by eight zinc(II) centers, each of
which are coordinated to two phenoxy groups from each PgC3

monomer (Figure 1A). This coordination replaces 16 of the
24 protons available from the aforementioned phenoxy

Scheme 1. Formation of [Zn8(C-propylpyrogallol[4]arene)2(3-methylpyri-
dine)8�(3-methylpyridine)] (1).
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groups, leaving 8 protons involved in hydrogen bonding
between the ortho-phenoxide units of the PgC3 molecules.
The zinc centers are pentacoordinate, and the remaining axial
coordination sites are occupied by DMSO ligands coordinat-
ing through the oxygen atoms (Figure 1B).

Although both capsules have differences with respect to
ligands and guests present, each were identical with respect to
Zn�O bond lengths and O-Zn-O angles. However, for the
capsule analogue in which pyridine is encapsulated and
pyridine ligands are present on the zinc centers, the guest was
poorly resolved owing to molecular rotation.[18] In the present
case, the methyl group on the pyridine ring prevents such
rotation, and the molecule is well-resolved on the capsule
interior (Figure 1A). The methyl group of 3-MePy is clearly
positioned in close proximity to the arene moiety of the
dimer, and there is significant C�H···p interaction between
host and guest. The calculated space encapsulated in the
crystal structure of 2 is approximately 143 C3 (measured with
a test radius of 1.25 C), which is comparable to the value of
141 C3 for the previously reported encapsulation of pyri-
dine.[19]

Detailed NMR studies reveal interesting electronic com-
munication between the host and the guest[20] through
influence by the interchangeable ligands on the metal centers.
As one would expect (from literature studies), the proton
shifts for encapsulated 3-MePy experience considerable
upfield displacement relative to those for the free molecule.[21]

The recorded Dd values (Table 1) for the methyl group of the
encapsulated 3-MePy molecule were greater than 4 ppm,
which is correlated by the crystal structure (and indicated to
some extent in Figure 1A). The Dd values for the remaining
aromatic protons of the encapsulated 3-MePy guest are also
large (Table 1), but are reflective of their equatorial proximity
to other aryl moieties of the dimeric capsule (Figure 1A).
Similar values have been noted by Chapman and Sherman for
close proton proximity and equatorial positioning of guests to
the arene moiety in carceplexes.[21]

At this point, it is appropriate to describe the dual
hemispherical nature of the dimeric capsule as north and

south relative to what can be termed a zinc equator
(Scheme 2). The equatorial divide is exaggerated by the
encapsulation of the asymmetric
3-MePy guest. Its introduction
enforces two different chemical
environments within the cap-
sule, a distinctive north–south
divide, whereby the hemisphere
occupied by the guestDs methyl
group is for our purposes
assigned as north. The differ-
ence in these chemical environ-
ments is clearly expressed in
both the 1H and 13C NMR spec-
tra. The 1H NMR spectrum
shows splitting of signals for the
hydrogen-bonded protons of the
capsule (d = 17.61 and
17.34 ppm, which also experi-
ence significant deshielding by
the presence of the oxygen-
bonded metals), aryl protons
(d = 6.58 and 6.28 ppm), to a
lesser extent the bridging meth-
ylene protons (broad peak at d = 4.19 ppm), and even the
protons of the first methylene of the C-propyl chain (d = 2.22
and 2.12 ppm) (see the Supporting Information for spectra).

By exchanging the heterocyclic ligands with a less-
electron-donating species (DMSO), the electropositive
metal centers need to supplement for the loss of electron
density. This is done by drawing density from the aryl rings, a
feature that of course has significant effects on the host–guest
interactions, which are readily catalogued by NMR analysis.
With this change in electronic distribution, guest mobility is
affected and inevitably influences the C�H···p interactions of
the guest. This result was aptly demonstrated by NMR
titration of the heterocyclic ligand to a solution of the zinc-
seamed dimeric capsule in deuterated DMSO (Figure 2). By
increasing the titer of 3-MePy and by concomitant replace-
ment of DMSO as the ligands for the zinc centers, the guest
peaks continue to shift downfield, a consequence of the
changing p-electron density throughout the aryl moiety. The
titration was continued to saturation, where competitive
exchange with DMSO was dominated by the weak hetero-

Figure 1. Views of the crystal structure of 2 : A) Space-filling represen-
tation of encapsulated 3-MePy (N dark blue) showing proximity of the
guest to the aryl moieties of the PgC3 molecules (DMSO ligands
omitted for clarity). B) Stick representation of the DMSO ligands on
the metal centers (3-MePy omitted for clarity, S yellow, O red). Zinc
centers are shown as light blue balls in both (A) and (B), and selected
hydrogen atoms have been omitted in both views for clarity.

Table 1: Chemical shifts of 3-MePy as a free molecule and bound in the
octametalated zinc dimeric capsule with either DMSO or 3-MePy ligands
on the metal centers.

Ligand 3-MePy dHa

[ppm]
dHb

[ppm]
dHc

[ppm]
dHd

[ppm]
dMe

[ppm]

free 8.41 7.53 7.22 8.38 2.29
DMSO guest 5.57 4.59 4.36 5.33 �2.21

Dd[a] 2.84 2.94 2.86 3.05 4.50

3-MePy guest 6.13 4.94 4.84 5.87 �1.79
Dd[a] 2.28 2.59 2.38 2.51 4.08

DDd[b] 0.56 0.35 0.48 0.54 0.42

[a] Dd = dfree�dguest ; [b] DDd = dDMSO�d3-MePy.

Scheme 2. Representation of
the imposed dual-hemi-
spherical nature of the
assembly as a result of the
encapsulation of the asym-
metric guest 3-methylpyri-
dine. For the purpose of
describing interactions
within the capsule, we have
assigned direction (N:
north) to the scheme of the
assembly; the superimposed
horizontal bars indicate the
north–south divide.

Zuschriften

8756 www.angewandte.de � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2007, 119, 8755 –8758

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&& Nutzen Sie die blauen Literaturverkn(pfungen &&&&&&&&&&&&&&&&&&&&&&&&&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

http://www.angewandte.de


cyclic ligand for coordination with the octametalated dimer.
Saturation, thus, implies complete coordination by 3-methyl-
pyridine in the solution phase. The weakening of the C�H···p
interactions is reflected by the values of DDd (Table 1). This
redistribution of electron density was also noted to affect the
chemical shifts for the respective hemispheres to a lesser but
still significant extent (see the Supporting Information).

In conclusion, we have demonstrated the facile and
selective guest placement within a dimeric metalated capsule,
as well as interchangeable ligand exchange on the metal
centers that seam the capsule assembly together. The latter
features is particularly important for the use of these robust
frameworks in coordination network formation. The use of
ligand properties to translate electronically to the guest on the
capsule interior gives valuable insight into the properties of a
“tight chemical space for encapsulation” and is a useful tool
for studying such interactions through space. Work continues
into the encapsulation of other species and the possible
formation of larger assemblies based on this building block.

Experimental Section
NMR spectra were acquired on a Bruker AXR500 NMR spectrom-
eter (500 MHz). For dialysis, Spectra/Por 6 Dialysis Membranes with
a molecular weight cutoff of 1000 Da were used. Synthesis of C-
propylpyrogallol[4]arene was according to a literature procedure.[22]

[Zn8(C-propylpyrogallol[4]arene)2(3-methylpyridine)8�(3-meth-
ylpyridine)] (1): A solution of [ZnII(NO3)2(3-methylpyridine)3] (1.0 g,
2.13 mmol) in MeOH (5 mL) was mixed with a solution of C-
propylpyrogallol[4]arene (0.374 g, 0.519 mmol) in MeOH (16 mL) in
an open container. Instantaneous precipitation of a yellow solid was
observed and the mixture was briefly sonicated to ensure completion
of reaction. The yellow precipitate was filtered and dried under
vacuum. Yield: 0.642 g, 98%. 1H NMR (500 MHz, [D6]DMSO, shifts
are relative to residual protio DMSO): d = 17.69 (4H), 17.43 (4H),
8.41 (16H, m, ligand), 7.72 (8H, m, ligand), 7.39 (8H, m, ligand), 6.63

(4H, m), 6.34 (4H, m), 5.72 (1H, m, �3-MePy), 5.48 (1H, m, �3-
MePy), 4.68 (1H, m, �3-MePy), 4.49 (1H, m, �3-MePy), 4.24 (8H,
m), 2.31 (24H, s, ligand), 2.26 and 2.15 (16H, 2 J s), 1.37 (16H, brs),
0.98 (24H, t), �2.02 and �2.09 ppm (3H 2J s); 13C NMR: d = 149.39
(ligand), 146.50 (ligand), 142.43, 142.10, 141.40 (�3-MePy), 140.04,
139.36 137.78, 133.79, 132.62 (�3-MePy), 131.47 (�3-MePy), 124.19
and 123.83, 123.96 (ligand), 122.41 (�3-MePy), 108.72 and 108.15 (Ar-
H), 35.45 and 35.38 (CH), 32.15, 21.07, 17.95, 14.20 and 14.15 (Me),
12.20 ppm (�3-MePy).

[Zn8(C-propylpyrogallol[4]arene)2(DMSO)8�(3-methylpyri-
dine)] (2): A solution of 1 in MeOH/DMSO (9:1) was prepared in a
dialysis bag (ca. 4 mgmL�1) and dialyzed against two consecutive
batches of MeOH/DMSO solvent mixtures in a 10-fold volume excess
to the bagged solution in a beaker and allowed to stir for 4 h or more
in each case. The solvent was removed by high vacuum rotary
evaporation. For NMR purposes we replaced the DMSO ligands with
[D6]DMSO by using repeated azeotropic vacuum distillation. Recov-
ery of the newly DMSO-ligated product 2 by dialysis was up to 70%.
1H NMR (500 MHz, [D6]DMSO, shifts are relative to residual protio
DMSO): d = 17.61 (4H), 17.34 (4H), 7.49 (1H, s), 6.58 (4H, m), 6.28
(4H, m), 5.56 (1H, m, �3-MePy), 5.32 (1H, m, (�3-MePy), 4.59 (1H,
m, �3-MePy), 4.35 (1H, m, �3-MePy), 4.19 (8H, m), 2.22 and 2.12
(16H, 2 J s), 1.26 (16H, brs), 0.97 (24H, t), �2.12 and �2.21 ppm
(3H, 2J s, �3-MePy); 13C NMR: d = 143.26 and 142.92, 142.26 (�3-
MePy), 140.83 and 140.15, 133.47 (�3-MePy), 132.33 (�3-MePy),
125.06 and 124.70, 123.26 (�3-MePy), 109.52 and 108.94, 36.30, 33.10,
22.02, 15.16 and 15.10, 15.07 ppm (�3-MePy).

Data for 2 were collected on a Bruker SMART 1000 CCD
diffractometer, CCDC 652121 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif. Crystal data: C102H135N1O32S8Zn8, Mr =
2666.55, 0.45J 0.6 J 0.6 mm3, triclinic, a= 15.064(6), b= 15.316(6),
c= 29.238(12) C, a = 101.340(8), b = 96.857(8), g = 91.826(8)8, V=

6556(5) C3, space group P1̄, Z= 2, 1calcd = 1.351, l(MoKa) =
0.71073 C, T= 173(2) K, 46753 reflections, 28186 unique (15052
observed, Rint = 0.0370), R1 = 0.0707, wR2(all data) = 0.1985 for 1405
parameters and 23 restraints. The routine SQUEEZE was applied to
the data to remove diffuse electron density associated with disordered
noncoordinating DMSO solvents of crystallization.

MALDI-TOF MS analysis: Spectra were collected on a Voyager
DE-PRO instrument. Crystals were dissolved and cocrystallized in a
dithranol matrix (10 mgmL�1 in CHCl3). All analyses were conducted
on a gold MALDI plate. The Voyager DE-PRO instrument was
operated in a reflector positive-ion mode (20 kV acceleration, 150 ns
delayed extraction, 600 to 4000 mass range). Spectra were acquired at
a laser intensity of 1200, and 500 spectra per acquisition were
accumulated to a total of 2000 spectra by moving the laser around the
spot. A [M+H]+ ion at 2041 Da was obtained for [Zn8(C-propylpyr-
ogallol[4]arene)2�(3-methylpyridine)] stripped of its ligands in the
gas phase, which is in good agreement with calculated values.
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