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Transition metal-mediated self-assembly reactions are one of
the most useful and well-explored methods of constructing
spatially well-defined molecular rings, helicates, racks, and
clusters,1 The frequent occurrence of the propeller-like [M(L-
L)3](z structural motif in supramolecular chemistry has been
exploited to introduce chirality at both the local and global
structural level in these assemblies.2 Herein, we explore the use
of preset chirality (at kinetically-inert metal centers) as a tool to
direct the formation of cyclic suprastructures as well as the
topochemical make-up of these structures.

NMR, thermal, and thermodynamic evidence is presented to
support the self-assembly of molecular hexagons of large dimen-
sion (>5 nm).3 Here, the absolute stereochemistry of the six
vertice synthons [(bpy)Ru(tpphz)2]2+ (1) or [(bpy)Os(tpphz)2]2+

(2) (Figure 1), directs the formation of the ring structure and
permits topospecific placement of different metals at unique
symmetry sites within the ring. Three mixed-metal self-assembly
systems are described, each containing six inert transition metal
complexes (1 or 2) joined by six labile Pd(II) ions. The Ru6Pd6

(3), Os6Pd6 (4), and Ru3Os3Pd6 (5) structures (Figure 1) form due
to the torsional restraints imposed by the stereochemistry of1 or
2 along with the entropic factors which favor rings systems over
polymeric structures. As seen in Figure 1, the metals alternate in
a Ru-Pd, Os-Pd, and Ru-Pd-Os-Pd fashion for3, 4, and5,
respectively.

Our chiral synthons are the enantiomers (∆ andΛ) of 1 and
2.4 Reaction of these bifunctional synthons with Pd(II) (1:1 ratio)5

can give rise to either polymeric or cyclic hexagonal structures
in which 1 or 2 acts as a 120° vertice of the hexagon (coordinate
vector analysis).6

Molecular modeling clearly reveals that the formation of an
approximately planar hexagonal ring structure, such as3, requires
the chirality at adjacent vertices to be opposite. This is because
the stereochemical “sequence” along a chain of linked chiral
centers dramatically affects the chain topology.7 For example,
the macroscopic torsional angle formed by a chain of four such
stereogenic centers (i.e., Ru(1)-Ru(2)-Ru(3)-Ru(4)) is fixed
when the bridge between units is planar (i.e, tpphz or two tpphz

connected by a square planar Pd2+)8 and is strongly dependent
on the absolute stereochemistry of the central two sites (Ru(2)-
Ru(3)). When they are of opposite chirality, they cancel, giving
a fixed torsional angle of either 0° or 180° which are denoted as
the cis and trans torsional isomers, respectively. When Ru(2)-
Ru(3) are homochiral, the torsional angle can be either 72° or
108° and therefore cannot form a planar configuration of all four
metal centers. Thus, to form a planar ring of six stereogenic
centers, an alternating distribution ofΛ and∆ configurations is
required, and furthermore each torsional isomer within this ring
must have thecis configuration.

To test this hypothesis, the formation of hexagon3 was
attempted by mixing the racemate of1 and Pd2+ (1 Ru:1 Pd ratio)
under self-assembly conditions (see Figure 1). The NMR of the
sparingly soluble racemic-1 (PF6

- salt) is broad and poorly
resolved. However, 30 min after addition of the [Pd(MeCN)4]-
(BF4)2, the solution is clear, and the NMR signals are much
sharper (see Supporting Information for both NMR spectra).
Ultimately the NMR spectrum evolves to give the simplified NMR
spectrum, shown in Figure 2(i), which is consistent with quantita-
tive formation of the ring structure3. Out of 192 H atoms in
structure3, only 16 are symmetry-inequivalent (D3d). All 16 are
observed. The proton signals were assigned on the basis of the
coupling patterns established by a COSY analysis and by
comparison with model compounds.9 The protons para to the
imine nitrogens (Hc, Hc′, Hc′′, and Hc′′′) on the tpphz ligands
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Figure 1. Synthesis and structure of mixed metal hexagons;3, 4, and5.
Yields are nearly quantitative.
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provide a particularly good handle on the nature of the product.
From our previous studies,9 we know that such hydrogens (those
para to the imine nitrogens on a tpphz ligand) appear as doublets
shifted downfield to∼9.5-10.5 ppm. Symmetry considerations
of 3 lead us to expect four doublets of equal intensity. These
doublets are clearly observed at 9.95, 10.03, 10.22, and 10.30
ppm in Figure 2(i).

Next, the same reaction was performed except that pure
∆-[(bpy)Ru(tpphz)2][PF6]2 and [Pd(MeCN)4][BF4]2 (1Ru:1 Pd
ratio) were mixed. In this case, the chain topology is defined by
torsional angles of approximately 72° and 108° which does not
allow formation of a planar cyclic structure. After 2 h, the NMR
spectrum shown in Figure 2 (ii) is observed and remained
unchanged thereafter. As can be seen, the spectrum is almost as
clean as that for3; however, six additional small doublets are
observed in the “Hc” region. We attribute these peaks to tpphz
endgroups on a short polymer of Pd2+ and∆-1. These endgroup
signals correspond to a tpphz which has a{Pd(MeCN)2}2+

fragment coordinated to the end or one in which the tpphz
coordination site is open. Integration analyses of these peaks
relative to intrachain tpphz peaks gives an approximate polymer
chain length of 7.7 Ru(II) units.

The determination of the polymer average chain length gives
an important indication of the thermodynamics of the resulting
systems. It is reasonable to assume that the enthalpic contribution
toward the formation of polymer chain versus ring structures will
be approximately equal and therefore the product of these
reactions will be primarily determined by entropic contributions
to the free energy change (in the absence of stereochemical
constraints). In the simplest analyses, more six-membered rings
may be formed than short polymers of average chain length of
7.7 units.

The polymer versus ring structure was further tested by
examining the thermal stability of the two complexes rac-1/Pd
(ring) and∆-1/Pd (polymer) using variable temperature NMR.
When a solution of polymer (Pd2+ and ∆-1) was heated to 80
°C, the Hc′′ and Hc′′′ signals are halved in intensity relative to Hc

and Hc′, and many new peaks are observed (see Supporting
Information). This clearly suggests the rigid, ribbonlike polymer

breaks into a mixture of oligomers upon increasing temperature.
When a solution of3 (Pd2+ and rac-1) was heated to 80°C, no
change was observed in the NMR spectrum, confirming its greater
stability as would be expected of a cyclic structure. The hexamer
3 could also be isolated as a solid by slow addition of a saturated
NH4PF6 solution in acetonitrile to the concentrated reaction
solution to give a deep red precipitate (yield 90%). This precipitate
gave NMR identical to the species generated in solution and was
characterized by thermal and elemental analysis.10 Despite
extensive effort, attempts to confirm the hexagonal structure by
electrospray ionization mass spectrometry (ESI-MS, only short
polymeric fragments were observed) or by crystallography have
not yet been successful.

The ability of this system to self-assemble is predicated on its
ability to organize the opposing stereocenters in an alternating
fashion. This element of chiral recognition was used to prepare
topologically organized hexagons, such as5 (containing Ru, Os,
and Pd). The ring5 was obtained from a mixture of∆-1, Λ-2,
and [Pd(MeCN)4]2+ (1:1:2 ratio) in acetonitrile. Product5 (shown
in Figure 1 withD3 symmetry) is expected to show a total of 32
aromatic proton NMR signals of which 30 are observed (Figure
2(iii)). The tpphz protons furthest from the Ru and Os ions (or
closest to the Pd2+ centers), Ha′′,b′′,c′′ and Ha′′′,b′′′,c′′′, do not show
significantly different chemical shifts when bound to Ru or Os
and therefore overlap in the spectrum. However the chemical shifts
for Ha,b,c and Ha′b′,c are quite different and are readily assigned
upon comparison to3 and the all Os hexagon, [Os6Pd6]24+ (4,
see Supporting Information) which was prepared from racemic-2
and Pd2+ (1:1).

Hexagon5 is chiral11 (D3 symmetry) and shows topospecific
placement of the Os and Ru. In essence, we have used an
isostructural replacement scheme of substitutingΛ-2 for Λ-1. A
similar strategy was recently employed by Breu et al. to place
∆-[Os(bpy)3]2+ in specific symmetry sites in a doped crystal of
rac-[Ru(bpy)3](PF6)2.12 In our system, this effect is used to
topospecifically organize a molecular species. The high kinetic
lability of the Pd2+ center allows the various subunits to explore
possible structures until ultimately the thermodynamically favored
ring structure is obtained.

We have shown that the absolute stereochemistry of a metal
complex can have a significant impact on the types of supramo-
lecular structures “allowed” and can be used as a tool to direct
the placement of a specific metal or complex within the
suprastructure. We continue to explore the role of chirality in
organizing higher-order structures.
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Figure 2. 1H NMR in MeCN-d3 of (i) rac-1 and Pd2+ after 8 h to give
3, (ii) ∆-1 and Pd2+ after 8 h, (iii) 5 from ∆-1 andΛ-2 and Pd2+.
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