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In recent years, coordination-driven self-assembly has been
employed in the synthesis of a large assortment of supra-
molecular entities.[1] Among the many members of this family
are a wide array of two-dimensional systems, such as
rhomboids, squares, pentagons, and hexagons, and three-
dimensional systems, such as truncated tetrahedra, adaman-
tanoids, cuboctahedra, dodecahedra, and a variety of other
cages.[2] In contrast, only a relatively small number of self-
assembled triangles exist in the literature.[3±6] Typically, they
have been either the product of rational design, where the
outcome of the reaction is dictated by the relative ratios of
preprogrammed building blocks, or have been in equilibrium
mixtures with larger entities, such as squares. The latter
usually results when flexible and/or larger subunits are
employed, allowing the formation of multiple species.

Herein, we report a novel, self-assembled, unexpected
supramolecular triangle 3 formed from the stoichiometric
reaction of ditopic platinum acceptor unit 1[7] and ditopic
donor unit pyrazine (2) in nitromethane (Scheme 1).

Scheme 1. Formation of self-assembled triangle 3 from rigid subunits 1 and
2. ÿOTf� triflate �CF3SO3

ÿ.

Pyrazine (2) is the smallest, and hence most rigid, linear
aromatic linker available for self-assembly processes, while
platinum corner 1, with its two bonding sites oriented
approximately 908 to one another, is also quite compact.
Based solely on these considerations, the combination of 1
and 2 would be predicted to yield a square as the final
aggregate, but triangle 3 instead results. This distinctive
occurrence, where inflexible linkers lead to unexpected
products, is rare[8] in the field of discrete molecular assembly,
and we attribute it to both entropy considerations and the
unique electronics incurred by having two platinum centers
attached to each pyrazine ring.
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The assembly was monitored by multinuclear NMR spec-
troscopy, which revealed a highly symmetrical product as the
predominant species in solution. Single crystals suitable for
X-ray structure analysis (Figure 1)[9] were grown by diffusing
diethyl ether into 3 in nitromethane.

Figure 1. PLUTON plot of supramolecular triangle 3. Solvent and
counterions omitted for clarity. Selected bond lengths [�] and angles [8]:
Pt1-N1 2.13(2), Pt1-N6 2.11(2), Pt2-N2 2.12(2), Pt2-N3 2.14(2), Pt3-N5
2.12(2), Pt3-N4 2.13(2); N1-Pt1-N6 81.9(9), N2-Pt2-N3 83.2(8), N4-Pt3-N5
82.1(9).

The cross-ring distances from each platinum center to the
centroid of the opposing pyrazine unit are within the range of
6.4 ± 6.5 �. Surprisingly, despite the strain present in 3, the
coordination geometry about the platinum atoms is not
distorted enough from their ideal 908 angle to account for
the triangular assembly (N-Pt-N angles range from 81.9(9)8 to
83.2(8)8). Instead, a considerable portion of the tension
generated from creating the smaller species is concentrated in
the PtÿN connections themselves. While the pyrazine moi-
eties are not noticeably bent (N-centroid(pyrazine)-N angles
are all �1798), the bonds are significantly distorted (cen-
troid(pyrazine)-N-Pt angles range from 167 ± 1718) from their
ideal value of 1808.

The triangles stack in staggered columns, with an inter-ring,
PtÿPt distance of 15.6 � (Figure 2). Interestingly, each
ensemble has two triangular arrays of triflate anions aligned
above and below the plane of the assembly, with their oxygen
atoms pointing toward the positively charged platinum
centers. As a consequence, the trifluoromethyl groups of the
counterions are positioned diametrically, indicating the for-
mation of a hydrophobic buffer between negatively charged
sulfonate groups.

Adjacent columns are offset with respect to one another,
leading to sheets in which each assembled system is sur-
rounded by six trigonal anion clusters of alternating, opposite
orientation (Figure 3). Disordered nitromethane molecules
are interspersed throughout the lattice at various locations,
yet, due to the small size of the cavity, never reside within a
ring.

Figure 2. Stacking of 3 into staggered columns (side view; stick represen-
tation; dark portions of triflate anions represent oxygen atoms, light
portions represent fluorine atoms). Protons omitted for clarity.

Figure 3. Top view, Van der Waals representation of a single sheet (dark
portions of triflate anions represent oxygen atoms, light portions represent
fluorine atoms). Protons and solvent omitted for clarity.

In conclusion, we herein report the formation and charac-
terization of a unique, self-assembled, supramolecular aggre-
gate formed from platinum subunit 1 and pyrazine (2). By all
accounts, with 2 being the most rigid, linear aromatic linker
conceivable and 1 being quite compact itself, the most logical
outcome of this reaction should be a square. It is not; it is a
triangle. This result, which we believe to be due to a
combination of entropy factors and the electronic effects of
having two platinum centers per pyrazine unit, suggests that
there are likely limitations and exceptions to the coordina-
tion-directed synthetic strategy of ªrational designº.[2e]

Experimental Section

A solution of 2 (0.62 mg, 0.0077 mmol) in CD3NO2 (0.3 mL) was added to 1
(5.00 mg, 0.0077 mmol) dissolved in CD3NO2 (0.3 mL). Multinuclear NMR
shows an instantaneous and quantitative reaction. At very high concen-
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While palladium catalysts find wide-spread utility in a
variety of transformations in organic synthesis,[1] they are
expensive, air-sensitive, and cannot be recovered in many
cases. Immobilized palladium catalysts have been expected to
solve these problems, and several polymer-supported palla-
dium catalysts have been developed for allylic substitu-
tion,[2, 9a,b,e] oligomerization,[2c, 3, 4] decarboxylation,[2d] hydro-
genation,[4, 9g] isomerization,[5] telomerization,[6] Suzuki cou-
pling,[7, 9c,d,h] and the Mizoroki ± Heck reaction,[4c, 8, 9f,h] etc. In
most of these cases, however, recovery and reuse of the
polymer catalysts have not been satisfactory.[9] Recently, we
developed novel polymer-supported catalysts, microencapsu-
lated scandium trifluoromethanesulfonate (MC Sc(OTf)3)[10]

and osmium tetroxide (MC OsO4).[11] Our work has demon-
strated a new method for immobilizing catalysts onto
polymers based on physical envelopment by the polymers
and on electronic interaction between the p electrons of the
benzene rings of the polystyrene-based polymers and vacant
orbitals of the catalysts. We now apply this new technology to
immobilizing palladium catalysts. Herein, we describe the use
of microencapsulated triphenylphosphane palladium for al-
lylic substitution and Suzuki coupling. In both cases, the
catalysts were recovered quantitatively and reused. More-
over, valuable information on the structure of microencapsu-
lated catalysts was obtained.

Preparation of microencapsulated triphenylphosphane pal-
ladium was as follows:[12] polystyrene (1.0 g, Mw ca. 280 000)
was dissolved in cyclohexane (20 mL) at 40 8C, and to this
solution was added tetrakis(triphenylphosphane)palladium(0)
([Pd(PPh3)4] 0.20 g) as a core ([Pd(PPh3)4] was dissolved).
The mixture was stirred for 1 h at this temperature (and
changed from brown to black), then slowly cooled to 0 8C.
Coacervates (phase separation) were found to envelop the
core dispersed in the medium, and hexane (30 mL) was added
to harden the capsule walls. The mixture was left to stand at
room temperature for 12 h, and the catalyst capsules were
then washed with acetonitrile several times and dried at room
temperature for 24 h. Three equivalents of triphenylphos-
phane (PPh3) were recovered from the washings and one e-
quivalent of PPh3 remained in the catalyst capsules. We
measured 31P swollen-resin magic angle spinning (SR-MAS)

trations a second by-product (<5%) could be observed, which is most
likely attributable to a square. The solvent was removed under a stream of
N2, and the resulting white precipitate was dried in vacuo (yield 93%).
1H NMR (CD3NO2, 300 MHz): d� 9.41 (s, 2 H; Hpyr), 1.79 (d, JP,H� 11.4 Hz,
9H; P-CH3); 31P{1H} NMR (CD3NO2, 121 MHz): d�ÿ25.6 (s, 195Pt
satellites, JPt,P� 3269 Hz); 19F NMR (CD3NO2, 282 MHz): d�ÿ78.1;
13C{1H} NMR (CD3NO2, 75 MHz): d� 151.8 (s, Cpyr), 122.2 (q, JC,F�
319 Hz, OTf), 14.7 (m,P-CH3).
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