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capsule's internal space of 420 A3. The proper filling of space
is an essential determinant of reversible encapsulation: guests
that fill slightly more than half of the available space lead to
the most stable complexes.”] Either guest can interact
favorably with the polar seam of hydrogen bonds that hold
the capsule together through their modest dipole moments
(1.15 D for CHCl; and 2.1 D for CICH(CH,),).

The different combinations and isomeric constellations
introduced here represent information, temporarily stored in
the form of a binary code. The symmetry of the capsule
reduces the capacity to six bits from the eight expected. Long-
term storage of data on the nanometric scale may follow when
their arrangements can be precisely controlled, maintained,
and retrieved. In the meantime, reversible assembly provides
access to capsules with volumes capable of surrounding
numerous guests.[>”l The well-defined sizes and shapes of the
cavities impose limitations on the motions of the guests, both
internal, such as ring inversion®’ or external, such as
molecular translation and tumbling.'™'?l Guest-guest inter-
actions!®! offer even more possibilities for information
storage and we explore them in the sequel.
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Modular-Assembled Bowls and Crowns

Modular Cavity-Tunable Self-Assembly of
Molecular Bowls and Crowns as Structural
Analogues of Calix[3]arenes**
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Ning Chen, Rongben Zhang, and Makoto Fujita

The construction of container molecules is still an interesting
topic in organic synthesis, particularly bowl-shaped mole-
cules, such as calixarenes, because of their potential applica-
tions in a variety of areas of supramolecular chemistry.!'l In
contrast to the inorganic approach, metal-directed self-
assembly has been widely employed to construct well-defined
metal-organic container molecules.”l Metal-assembled bowl-
shaped molecules that are structural analogues of calixarenes,
such as metallacalix[3]arenes,®! metallacalix[4]arenes, and
othersP® have attracted considerable attention. We obtained
a metal-organic nanobowl by self-assembly,”) which was
found to assemble in aqueous media to form a dimeric capsule
that contains a large hydrophobic pocket inside the frame-
work.[®I This pocket served as a reaction container for a highly
stereoselective [2+2] photodimerization of olefins.”) These
findings inspired us to develop structurally and functionally
new container molecules with calixarene features to conform
with certain molecular architectures, and various reactions. In
addition, we noted that among the few inorganic analogues of
calixarenes, conformational conversion usually occurred
because of the flexibility of the ligand, and because of
distortion of the coordination geometry, as found in some
metallacalix[3]arenes (with partial cone conformer),l® and
metallacalix[4]arenes (with isomers).[! Therefore, self-assem-
bled metallacalixarenes with single rigid conformations (i.e.,
cone conformer, bowl form, and all-syn conformation) are
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Scheme 1. Modular self-assembly of the crowns. See text for details.

rare.’] To obtain the cone conformer, which is a structural
analogue of calix[3]arenes, we prepared modular, cavity-
tunable self-assembly molecular bowls and crowns with
unique (syn, syn, syn) conformations, the basic principle of
which is shown in Scheme 1.

These metallacalix[3]arenes are self-assembled from six
planar modules, three metal-coordination-complex ions, and
three rigid aromatic ligands (4,7-phenanthroline; L). The
metal-coordination complexes are cis-protected metal centers
that direct the coordination angle to 90°, such as
[PA(NO;),(en)], [Pt(NO;),(en)] (en=-ethylenediamine),
[PA(NO;),(bpy)], [Pt(NOs),(bpy)] (bpy=2,2"-bipyridine),
[PA(NOs;),(phen)], and [Pt(NOs;),(phen)] (phen=1,10-phe-
nanthroline). In the ideal case, the three L modules form rigid
60° corners, which favor coordination to three linear metal
complexes to self-assemble into an equilateral triangle ;%! but
in the examples reported herein, the three ligand modules
form a cone to link the three metal-complex units, which
results in the formation of a trimetal bowl or crown with a
charge of 6 + . The lower cavity (below the trimetal triangular
plane) consists of the three modules of L; while the upper
cavity (above the trimetal triangular plane) consists of the
three modules of the square-planar-coordinated metal Pd or
Pt. Both cavities exhibit syn, syn, syn orientation and cone
conformation, confirmed by solution NMR spectroscopy and
X-ray crystallographic studies.

The treatment of [Pd(NOs;),(en)] with a solution contain-
ing one equivalent of L in D,O at room temperature over
several minutes leads to formation of [{Pd(en)};L;](NO;)s (1)
in quantitative yield. The '"HNMR spectra shown in Fig-
ure 1a are consistent with a highly symmetrical structure and
are indicative of a single product in solution. The resonance
signals labeled 0 correspond to the ligand 4,7-phenanthroline.
Surprisingly, the resonance signals at approximately 0=
3.0 ppm assigned to the CH, group of ethylenediamine are a
pair of doublets, indicative of two different environments that
cannot be averaged. This is characteristic of a cone con-
former, as exemplified by p-tert-butylcalix[4]arene,'!) rather
than metallacalix[4]arenes, where other isomers exist (1,3-
alternate conformer, cone),*! or metallacalix[3]arene (partial
cone).[! The Pt analogue, [{Pt(en)};L;](NO5)s (1) was ob-
tained at elevated temperature (100°C, 24 h) by a similar
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route to that of 1, and the resonance signals
assigned to CH, of the ethylenediamine are
similar to those of 1 (compare Figure l1a and
Figure 1b). Therefore, 1’ has the same structure
as 1, that is, a trimetal-center molecular bowl
with a charge of 6 +. The self-assembly of 1 is
thermodynamically favored, since the slow trans-
formation from the kinetic products into 1" was
observed at room temperature over 24 h (Fig-
ure 1c¢). NMR monitoring experiments showed
that the addition of an excess quantity of a
solution containing the nitrate anion to a solution
of 1 or 1’ does not lead to any significant chemical
shift, which indicates that the binding of the
nitrate anion to the bowl reached saturation
during the formation of the bowl. Furthermore,
when the nitrate anion was replaced with the
acetate anion as the leaving group in the starting material,
again the bowl formed, which was confirmed by NMR
spectroscopy. Three acetate anions were found to be encap-
sulated within the bowls resulting in a downfield shift of
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Figure 1. Self-assembly of 1 and 1. a) "H NMR spectrum of 1,

b) "H NMR spectrum of 1’, ¢) "H NMR spectrum of a sample taken
from the reaction of [Pt(NO;),(en)] with L in a 1:1 molar ratio at room
temperature after 24 h.

1.0 ppm of the resonance signals associated with the acetate
anion relative to those of the free acetate anion. It seems that
the formation of the bowl is not affected by varying the
counter anion.

The X-ray crystal structure analysis of 11l shows that the
solid-state structure is the same as that in solution. The
structure of 1 (Figure 2) comprises a bowl with a binding
nitrate anion, together with an empty bowl (omitted for
clarity). The three rigid modules of L make up the bowl
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Figure 2. Crystal structure of 1 binding an NO;~ ion (at the bottom;
space-filling CPK presentation): a) side view, b) bottom view along the
pseudo-C; axis, c) top view along the pseudo-C; axis.

framework; these L modules are bridged by three square-
planar coordination modules [Pd(en)] in a syn, syn, syn
orientation, thus the two methylene hydrogen atoms of each
en group are in different environments. The bowl can be
likened to a calix[3]arene with a cone conformation, in which
each [Pd(en)] is related to a methylene group on the
backbone of a calix[3]arene. In the metallacalix[3]arene 1,
the three Pd atoms build up an almost equilateral triangle
with Pd--Pd distances of 7.64(1), 7.64(1), and 7.69(1) A. The
dimensions of the bowl are as follows: 8.63(1), 8.63(1), and
8.31(1) A for the upper-rim lengths (i.e. the distances be-
tween the midpoints of the 1,10 position of L); 3.62(2) A in
depth; the dihedral angles between L and the tripalladium
triangular plane are 52.0(2), 52.0(2), 45.9(1)°. The NO;~ ion
lies below the tripalladium triangular plane (at the bottom of
the bowl) with Pd--O distances of 4.01(2), 4.01(2), and
3.78(1) A, which are significantly longer than those reported
by Lippert et al®! for a complex in which the NO;~ ion is
situated at the center of a triplatinum plane (Pt--O 3.2(1)-
3.5(1) A). The strength of the binding between the NO;~ ion
and the Lewis acidic Pd atoms is limited because of the steric
hindrance of the rigid L, since the (L)C-~-O(NO;") distances
of 3.31(2) A are short (Figure 2b). The N atom of the NO;-
ion is distorted by 0.337(4) A out of the plane formed by the
three O atoms towards the center of the tripalladium plane, to
form a trigonal pyramid. Such a distortion arises from the
equilibrium formed between the electrostatic interaction of
the metal centers and the anion, and the steric hindrance. To
our knowledge, similar examples have not been found in
cationic receptors with soft, or symmetrical coordination
environments.3!
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The anion binding for the SO,?>~ ion was investigated by
NMR spectroscopic titration experiments. Increasing concen-
trations (0.5-2.5 equiv; 0.01-0.05Mm) of an aqueous solution of
Na,SO,, were added to an aqueous solution of the free bowl 1
(0.020M). The results of NMR spectroscopy support the
formation of a 1:1 host-guest complex in aqueous media.
Downfield shifts for the signals associated with the 5-H and 6-
H of 4,7-phenanthroline (Scheme 1) were observed with the
addition of a solution of Na,SO,, indicating the substitution of
the bound NO;~ ion. The association constant (K,)!"*l for the
1:1 host—guest complex was estimated to be about 250, which
is close to that previously reported.?!

To enlarge the cavity size and to strengthen m-receptor
function, aromatic ligands such as bpy and phen were
coordinated cis to the Pd" or Pt" metal center. Unlike when
[Pd(en)] or [Pt(en)] are employed as building blocks, the rigid
aromatic-ligand metal complex can construct a second cavity
by coupling with L, thus resulting in the formation of a
molecular crown such as [{Pd(bpy)hsL;(NOs)s (2),
{[Pt(bpy)sLs}(NO3)s (2), {[Pd(phen)];L;}(NO3)s (3), and
{[Pt(phen);L;}(NO;)s (3).

Compound 2 or 3 readily self-assemble by the combina-
tion of [Pd(NOs),(bpy)] or [PA(NO;),(phen)], respectively
with L in a 1:1 molar ratio under mild conditions (40°C,
several minutes). However, the formation of the Pt analogues
2" or 3 require harsher conditions (100°C, 24 h, excess
NaNOs;). All reactions were monitored by NMR spectros-
copy. The spectrum of 2 has highly symmetrical resonance
signals, which indicate that the product is a unique tripalla-
dium crown (Scheme 1). The self-assembly product formed
under ambient conditions is kinetically favorable because of
the labile Pd"—N bonding. The NMR spectra indicate that the
predominant species is the triplatinum crown 2’, which occurs
together with some oligomers. According to the concept of a
molecular lock,!™! it is necessary to make the inert Pt!'-N
bond labile if the Pt ion is to be involved in some self-
assembly events. Under the harsher conditions used, the self-
assembly gives the thermodynamically most favorable prod-
uct 2, that is, the locked form (cycle closed) as the triplatinum
crown. The completion of the self-assembly process is
promoted not only by heating, but also by the interaction
between NO;~ ions and the Pt centers.

X-ray crystal structure analysis confirms the crown
structure of 2 (Figure 3).[') The three Pd atoms form an
approximately equilateral triangle with Pd---Pd distances of
7.61(2), 7.62(1), and 7.71(3) A. The lower cavity (below the
tripalladium triangle consisting of the three modules of L)
presents a bowl structure with a syn, syn, syn orientation and
cavity size (7.99(1), 8.20(3), and 7.34(2) A for the rim lengths;
3.6(2) A in depth; dihedral angles between L and the
tripalladium triangular plane are 62.7(2), 58.7(2), 47.4(2)°,
slightly smaller than those of 1 because of the decreased
flexibility within the metal-complex modules. The lower
cavity (consisting of the three L modules) is quite stable,
and therefore serves as a scaffold during the assembly process.

Significantly, the upper cavity (above the tripalladium
triangle consisting of the three square-planar (bpy)Pd**
modules)has the following dimensions: 9.38(3), 9.34(2), and
10.16(4) A for the rim lengths (i.e. the distances between two
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Figure 3. Crystal structure of 2 (space-filling CPK presentation): a) side
view, b) bottom view along the pseudo-GC; axis, c) top view along the
pseudo-C; axis.

midpoints of the 6,6 positions of bpy); 5.38(5) A in depth;
dihedral angles between the square planar (bpy)Pd*t modules
and the tripalladium triangular plane: 73.2(2), 72.7(2), and
74.7(2)°. The upper cavity, which contains the three Lewis
acid centers, is larger than the lower cavity and is expected to
exhibit more important receptor chemistry . Noteworthy, no
NO;™ ions are bound to any Pd atoms within the crown. As
both the upper and the lower cavity are hydrophobic, the
aqueous NO;  ions are unable to access the tripalladium
Lewis acidic centers. This is in contrast to the situation in 1, in
which the [Pd(en)] modules are unable to form a hydrophobic
cavity.

The modular self-assembly was successfully extended to
the more rigid, planar, metal-complex modules [Pd(phen)]
and [Pt(phen)]. Analysis by NMR spectroscopy confirms the
formation of 3 under mild conditions.
The resonance signals for 3 and 3 are
similar to those of 2 and 2', and again a
crown structure is proposed as shown
in Figure 4.

The dimensions of the upper cavity
of the crowns 3 and 3’ are estimated to
be about 1.1 nm for the rim lengths
(i.e. the distances between the mid-
points of the 5,6 positions of phen) and
0.65nm for the cavity depth. The
crowns 3 and 3' behave as hosts to anions and neutral guests
within the upper and lower cavities, which gives rise to strong
host—guest interactions and color changes. Moreover, the
crowns have strong aromatic receptor properties, and have
potential for use as chemosensors for detecting mineral and

Figure 4. Side view of
crown 3 or 3.
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biological anions. Further investigations will be extended to
the self-assembly of calixarene-like metal-organic frame-
works with deeper cavities by introducing square-planar
coordinated metal complexes with luminescent ligands such
as derivatives of 1,10-phenanthroline, as well as to the study of
their luminescent responses to host—guest interactions.

Experimental Section

1-3:  [Pd(NO;),(en)], [Pd(NO;),(bpy)], or [Pd(NO;),(phen)]
(0.1 mmol) was added to an aqueous suspension of L (0.1 mmol,
2mL), and the mixture was stirred for several minutes at room
temperature. The resulting solution was allowed to stand at room
temperature for several days during which crystals of the product
were formed.

1": [PtCly(en)] (0.1 mmol) was added to an aqueous solution of
AgNO; (0.1 mmol, 2 mL), and the mixture was stirred for 24 h at
80°C. An aqueous suspension of L (0.1 mmol, 2 mL) was then added
and the mixture was stirred for a further 24 h at 100°C. The resulting
clear solution was allowed to stand at room temperature for several
days during which crystals of the product were formed.

2" and 3: [Pt(NOs;),(bpy)] or [Pt(NOs),(phen)] (0.1 mmol) was
added to a suspended aqueous solution of L (0.1 mmol, 2 mL), and
this mixture was stirred for 24 h at 100°C. Excess NaNO; was added
to the resulting clear solution, which was then stirred for a further 24 h
at 100 °C. Excess KPF, was then added to the solution and the mixture
was refluxed for a further 2 h. The hot solution was filtered and the
collected solid was washed with several portions of water then dried
in vacuo.

All 'HNMR experiments were performed under the same
conditions (300 MHz, D,0, 25°C, TMS).

1: Yield: 90%. 6 =10.26 (s, 6 H), 9.66 (d, 6H, *J(H,H) =5.3 Hz),
9.10 (d, 6H, *J(H,H) = 8.5 Hz), 7.83-7.78 (m, 6 H), 3.04-2.89 ppm (m,
12H); 2: Yield: 87%. 6=10.17 (s, 6H), 9.92 (d, 6H, 3J(HH) =
54 Hz), 935 (d, 6H, *J(HH)=8.6Hz), 827 (d, 6H, *J(HH)=
8.1 Hz), 8.13-8.08 (m, 6H), 8.02-7.97 (m, 6H), 7.18-7.14 (m, 6H),
6.90 ppm (d, 6H, 3J(H,H) =2.8 Hz); 3: Yield: 88 %. 0 =10.26 (s, 6 H),
10.02 (d, 6H, *J(H,H) =5.4 Hz), 9.43 (d, 6 H, */(H,H) = 8.6 Hz), 8.63
(d, 6H, 3J(H,H)=8.3 Hz), 8.08-8.03 (m, 6H), 7.97 (s, 6H), 7.49—
7.44(m, 6H),7.28 ppm (d, 6 H, 3/ (H,H) =5.3 Hz). 1" Yield: 65%. 0 =
10.28 (s, 6H), 9.65 (d, 6H, *J(H,H) =4.7 Hz), 9.14 (d, 6 H, *J (H.H) =
8.6 Hz), 7.80-7.76 (m, 6 H), 2.96-2.76 ppm (m, 12H). 2": Yield: 64 %.
0=9.98 (s, 6H), 9.80 (d, 6H, 3(HH)=54Hz), 929 (d, 6H,
3J(HH)=8.6 Hz), 8.16 (d, 6H, 3J(H,H)=38.2Hz), 8.08-8.03 (m,
6H),7.94-7.89 (m, 6H), 7.19-7.13 ppm (m, 12H); 3" Yield: 67%.0 =
10.05 (s, 6H), 9.90 (d, 6H, *J(H,H) =5.4 Hz), 9.39 (d, 6H, 3J(H,H) =
8.4 Hz), 8.50 (d, 6H, 3J(H,H) =8.2 Hz), 8.01-7.97 (m, 6H), 7.76 (s,
6H), 7.51-7.42 ppm (m, 12H).
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Supported Gold Catalysts

Structure and Reactivity of a Mononuclear Gold-
Complex Catalyst Supported on Magnesium
Oxide**

Javier Guzman and Bruce C. Gates*

Oxide- and zeolite-supported mononuclear metal complexes
are important industrial catalysts, for example, for alkene
polymerization,!! and some have properties not anticipated
by known homogeneous catalysis.’) Some supported transi-
tion-metal complexes are close analogues of molecular
complexes, with the metal-support-oxygen bonds being as
strong as metal-ligand bonds in common transition-metal
complexes and strong enough to maintain anchoring during
catalysis.!

Mononuclear gold complexes are used frequently in
organometallic chemistry®! and have been identified as
catalysts for reactions including the addition of alcohols to
alkynes,Pl asymmetric aldol reactions,” C—C bond forma-
tion,! oxidative carbonylation of amines,® and selective
hydrosilylation of aldehydes.I”) Supported gold catalysts have
recently been found to be surprisingly active and selective, for
example, for CO oxidation and propene epoxidation.['” Their
unique properties have been variously attributed to the
smallness of the gold clusters!'®® and to clusters adjacent to
cationic gold species at the support surface.''! Gold supported
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