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Summary: A chiral bidentate olefin ligand L with a
1,4a,5,8a-tetrahydro-naphthalene-2,6-dione framework
has been designed, which forms a homoleptic pal-
ladium(0) complex L2Pd of unprecedented stability.

Olefin complexes of palladium(0) such as Pd2(dba)3
(dba ) dibenzylideneacetone)1 have been widely used
as precursors in organometallic synthesis2 or as sources
for reactive intermediates in palladium-catalyzed trans-
formations.3 In these applications, the olefin usually acts
as a weakly coordinating ligand, which is rapidly
displaced or easily dissociates. Presumably due to this
lability, olefins have received little attention as spectator
ligands in palladium-catalyzed reactions.4 Their con-
siderable potential as chiral ligands, however, has
recently been established by the work of Carreira et al.
and Hayashi et al. on Rh(I)- and Ir(I)-catalyzed asym-
metric transformations.5 Their results indicate that a
chiral olefin can remain coordinated strongly enough to
the catalytically active metal center to afford high
asymmetric induction.

Inspired by these results, we initiated a study on
chiral palladium olefin complexes for applications in
asymmetric catalysis. As a first step toward this end,
we focused on the development of olefin ligands that
would show a high affinity toward palladium(0) and
remain stably coordinated. We now wish to report the
rational design and synthesis of a chiral diene ligand,
which forms a palladium(0) complex of unprecedented
stability.

Our starting point was the palladium(0) tetraolefin
complex 1 (Chart 1), which was recently described by

Mulzer et al.6 This complex was unexpectedly isolated
in racemic form as the product of a Saegusa oxidation.

The ease of formation and relative stability of 1
presumably results from a favorable conformational
preorganization of the vinyl phenanthrenone ligand
coordinating the metal. Hence, we used the X-ray
coordinates of 1 as a search criterion for olefin ligands
that would form stable complexes with Pd(0). Computer-
assisted modeling led to the identification of a set of
rigid bicyclic dienes, compounds 2-4, that according to
our calculations adopt conformations similar to the
diene moiety in complex 1 (example in Figure 1).7
Among these, the bis(enone) 2 stood out, due to its C2
symmetry and ease of preparation in enantiomerically
pure form.

Apart from its favorable geometry, bis(enone) 2 was
chosen as a model ligand for electronic reasons. It has
been amply demonstrated that π-back-bonding interac-
tions are a major contributing factor to the stability of
d10 palladium complexes.8 This is reflected partly in the
enhanced thermal stability of Pd2(dba)3 in comparison
with labile complexes of palladium with electron-rich
olefins such as COD (cis,cis-1,5-cyclooctadiene) and 1,6-
dienes.9 The relatively simple structure of 2 should also
allow for substitution to tune the ligands’ electronic and
steric properties.
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Chart 1. Structure of Complex 1 and Dienes 2-4
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Bis(enone) 2 was prepared in enantiomerically pure
form from the readily available known dione (1S,6S)-5
(Scheme 1).10 Formation of the bis(silyl enol ether)
(1S,6S)-6, followed by bromination and dehydrobromi-
nation, gave (1R,6R)-2 in 36% overall yield. Alternative
methods for double unsaturation were found to be less
satisfactory.

Treatment of a solution of Pd2(dba)3‚CHCl3 in CDCl3
at room temperature with 2 equiv/Pd of (1R,6R)-2
resulted in clean formation of a single product, which
precipitates as an orange powder upon trituration with
hexanes. MS and HRMS data of the precipitate sug-
gested that two molecules of the ligand (1R,6R)-2 are
coordinated to palladium. The 1H NMR shows only five
magnetically nonequivalent sets of protons, indicating
a symmetric arrangement of the ligands around the
metal. Comparison of NMR data of the free ligand 2 and
the newly formed complex reveals coordination-induced
shifts for the vinylic protons of ∆δ(H) ) -1.8 and -1.4
ppm and for the coordinated carbon atoms of ∆δ(C) )
-42.4 and -41.8 ppm, in agreement with expected
reduced bonding order due to transfer of electrons from
the metal to the π* molecular orbital of the olefin. These
analytical data were consistent with the structure of the
D2-symmetric, tetracoordinated complex 7, shown in
Scheme 1.

Complex 7 displays an exceptional and unprecedented
stability for a Pd(0) olefin complex. It can be handled
and stored under air at room temperature and forms
stable solutions in normal-grade solvents such as aceto-

nitrile, dichloromethane, and methanol. In contrast to
Pd2(dba)3, solutions of 7 show no signs of decomposition
even after standing at room temperature for days or for
hours at elevated temperature (50 °C). Unlike 1, com-
plex 7 is stable enough to be purified by column
chromatography on normal-grade silica gel.

Attempts to grow crystals suitable for X-ray struc-
tural analysis from solutions of 7 in various solvents
and with varying methods failed, affording only fine
powders of the material. However, slow in situ genera-
tion of 7 by heating a solution of Pd(OAc)2 in MeOH to
50 °C in the presence of 3 equiv of (1R,6R)-2 led to the
formation of large crystals, which were suitable for
X-ray crystallographic analysis (Figure 2).11,12 Under
these conditions, pure 7 was be obtained in 67% overall
yield.

The X-ray analysis of 7 confirms that all four olefin
units of the two ligands are coordinated in a slightly
distorted tetrahedral geometry to the palladium center.
In comparison with the X-ray structure analysis of the
free ligand (1R,6R)-2, coordination only results in a
minor change in bond length within the enone units.
Average values for the CdC and CdO bonds, respec-
tively, are 1.34 and 1.23 Å in 2 versus 1.38 and 1.22 Å
in 7. While these values do not suggest very strong
π-back-bonding, it has to be taken into account that four
π-accepting enones are coordinated to the palladium.
Similar observations were made for Pd2(dba)3.13 The
dihedral angle C13-C22-C17-C18 in 7 is 62°, a
decrease of 12° compared to the corresponding value
observed in the crystal of free 2 (74°). Despite the
compact arrangement around the metal center, there
are no short contacts between the ligands within the
complex that would indicate repulsive interactions.
Together with the saturated 18-electron configuration
of the palladium center and the steric shielding effect
of the rigid ligands in 7, this accounts for the exceptional
chemical inertness of the complex.

The catalytic competence of 7 was tested with enyne
cyclization 8 f 9 under “ligandless conditions”:14 that
is, in the absence of phosphines (Scheme 2). The com-
plex showed turnovers at elevated temperature, but
no enantiomeric excess has been observed in these
preliminary experiments. Though formation of Pd
black was not observed under these conditions, the
involvement of an achiral catalytically active species
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Figure 1. Comparison of the calculated structure of 2 (left)
and the phenanthrenone ligand in the X-ray crystal
structure of 1 (right). Oxygens are colored black, carbons
gray, and nonrelevant atoms white. Hydrogen atoms are
omitted for clarity.

Scheme 1. Synthesis of Diene (1R,6R)-2 and
Complex 7a

a Reagents and conditions: (a) TMSCl, LHMDS, THF, -78
°C; (b) NBS, -78 °C; (c) CaCO3, DMA, 160 °C (36% over 3
steps); (d) Pd(OAc)2, (1R,6R)-2, MeOH, 50 °C, 67%.
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formed by partial decomposition of 7 cannot be ruled
out.

In summary, we have described the rational design
and synthesis of a chiral diene ligand that forms a
structurally defined Pd(0) complex of unprecedented
stability. Future work will focus on improving the
catalytic activity of complexes formed by of this type of
ligand and the better definition of the chiral space
surrounding the active metal center. To this end,
substituted and sterically more demanding derivatives
of 2 will be prepared that increase the energy barrier
for homoleptic complex formation and should lead to

higher reactivity and asymmetric induction in the
reactions catalyzed by their complexes.
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Figure 2. X-ray crystal structure of 7. Hydrogens are omitted for clarity.

Scheme 2. Enyne Cycloisomerization Catalyzed
in the Presence of 7
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