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Since the sandwich m coordination of benzene and substituted
benzene was elucidated by Fischer and Hafner as well as Zeiss
and Tsutsui half a century ago,!! the chemistry of discrete
benzene 7 complexes has developed extensively.”! The n' or
1’ coordination of arenes to a mononuclear Pd center is
important in the stabilization of active palladium catalysts.>*
Furthermore, recent theoretical studies suggest that
1? coordination of arenes to a mononuclear Pd center is
involved in the palladium-catalyzed transformation of aro-
matic substrates.”) Another interesting aspect in arene—Pd
chemistry is that arenes are capable of binding a Pd—Pd-
bonded dipalladium moiety to form stable arene dipalladium
complexes, such as 1 (Scheme 1).*% However, the corre-
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Scheme 1. Early examples of dinuclear and trinuclear arene complexes.

sponding arene tripalladium complex in which an arene
ligand facially caps a triangular tripalladium core in a ps-
coordination manner has not been reported, although discrete
us-arene trimetal complexes of Group 8 and 9 metals have
been known since Lewis and co-workers isolated the half-
sandwich complex 2."-*l Herein, we report the isolation of the
uz-arene tripalladium sandwich complex [Pds-
([2:2]paracyclophane),(CH;CN),][BArY,, (3, BArf,=
B{3.,5-(CF;),CiH;),)! as well as some of its properties,
including its degradation to a dinuclear sandwich complex
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and conversion into a mixed-sandwich complex of [2.2]para-
cyclophane and 1,3,5,7-cyclooctatetraene (cot).

The homoleptic acetonitrile dipalladium(I) complex [Pd,-
(CH;CN)4][BF,], (4) is a useful “seed reagent” for the
preparation of sandwich palladium clusters.”!Y TInitial
attempts to synthesize a bis(arene) dipalladium complex by
reaction of 4 with excess benzene or p-xylene failed, even
though Allegra’s bis(benzene)dipalladium complex 1 and its
derivatives, including p-xylene complexes, are formed by
reactions using PdCl,, appropriate reducing reagents, and
AICl; or GaCl,[***¢l When [2.2]paracyclophane!"¥) was
employed, however, the desired dipalladium sandwich com-
plex [Pd,([2.2]paracyclophane),(CH,CN),][BA1",], (5) was
obtained in 78 % yield (Scheme 2). The composition of 5 was
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Scheme 2. Synthesis of the bis([2.2]paracyclophane)dipalladium and
-tripalladium complexes.
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confirmed by elemental analysis. In the "C{'H} NMR spec-
trum of 5, resonances due to one of the two phenylene rings in
the [2.2]paracyclophane ligands appeared at higher field
(Oipso=126.8 ppm and &4, =115.0 ppm) than those of the
other phenylene r1ing (dj,=140.1ppm and Oy =
133.5 ppm) and of the phenylene rings in free [2.2]para-
cyclophane (0,5, =139.8 ppm and &4, =134.5 ppm). This
NMR signal pattern is consistent with a sandwich structure in
which each [2.2]paracyclophane ligand coordinates to the
dipalladium unit through one of its phenylene rings, although
the relative geometry of this ring and the Pd, unit is elusive.¥
The greater reactivity of [2.2]paracyclophane than of benzene
or p-xylene is interesting. Besides the distorted arene ring, the
interannular interaction between two phenylene rings in the
[2.2]paracyclophane ligand may contribute to the thermody-
namic stability of [2.2]paracyclophane complexes.!'”)

When 5 was treated with [Pd,(dba);] (0.5 equiv; dba=
trans,trans-dibenzylideneacetone) in the presence of acetoni-
trile (10 equiv), the trinuclear sandwich complex [Pd;-
([2.2]paracyclophane),(CH;CN);][BAr*,], (3) was formed in
82% yield of the isolated product (Scheme 2). The compo-
sition of the deep-green complex 3 was confirmed by
elemental analysis. The “C{'"H} NMR spectrum of 3 showed
upfield-shifted resonances for the coordinated phenylene ring
(Oipso = 118.6 ppm and &, = 93.3 ppm) relative to those of 5,
whereas the chemical shifts of the noncoordinated phenylene
rings (0;ps, = 140.0 ppm and d,,,,, = 133.1 ppm) were similar to
those of 5. The "H NMR resonances for the coordinated and
noncoordinated phenylene rings appeared at d=5.60 and
6.87 ppm, respectively, as sharp singlets. Cooling a sample of 3
to —80°C resulted in almost unchanged resonances of the
cyclophane protons, except that the resonance for the
coordinated phenylene broadened considerably.'®! Although
[2.2]paracyclophane bound to a triangular Pd; moiety should
show at least two proton resonances for each phenylene
moiety, averaging of the resonances might occur, probably as
a result of fast fluxional rotation of the [2.2]paracyclophane
ligands on the Pd; core, as was found in the mixed-sandwich
complex 6 described below. Thus, these NMR data are
consistent with a sandwich structure of 3 in which each
[2.2]paracyclophane ligand binds a trinuclear Pd core by the
Wz coordination of one of the phenylene moieties. Complex 3
is a very rare example of a discrete trinuclear sandwich
complex with parallel face-capping unsaturated hydrocarbon
ligands."'”! Also, 3 is, to the best of our knowledge, the first
Ws-arene trimetal complex of the Group 10 transition metals.

Tripalladium complex 3 can easily release a Pd atom on
contact with allyl chloride; the reaction of 3 with allyl chloride
(1equiv) in CD,Cl, immediately gave m’-allylpalladium
chloride and the dinuclear sandwich complex 5 in almost
quantitative yield (Scheme 2). When this reaction is com-
bined with the facile capture of a Pd” atom by dipalladium
complex 5 giving rise to 3, the bis([2.2]paracyclophane) Pd,/
Pd, system may be regarded as a Pd’ reservoir. These
observations may provide some insights into the role of Pd
clusters supported on arene-based polymers.['*""!

Although a single crystal of 3 suitable to X-ray diffraction
analysis has not yet been obtained, the p; coordination of
[2.2]paracyclophane to a triangular tripalladium core was
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determined through the X-ray crystallographic analysis of
[2.2]paracyclophane—cot mixed-sandwich complex [Pd;-
([2.2]paracyclophane)(cot)(CH;CN);1X, (6, X=BAr",; ¢,
X =BF,). Compound 6 was obtained in 71% yield by
treatment of 3 with excess cot (Scheme 3).””) The molecular
structure of 6’ (Figure 1)' shows that the triangular Pd, core
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Scheme 3. Synthesis of the [2.2]paracyclophane—cot mixed-sandwich
tripalladium complex.
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Figure 1. Molecular structure of 6'; probability ellipsoids set at 50%;
BF,” counterions, solvent molecule, and other set of disordered cot
carbon atoms omitted for clarity. Selected bond lengths [A] and angles
[°]: Pd1-Pd2 2.7406(8), Pd2-Pd3 2.8296(9), Pd3-Pd1 2.7016(8), Pd1—
N1 2.169(8), Pd2-N3 2.112(9), Pd3-N2 2.122(8), Pd1-C9 2.211(8),
Pd1-C10 2.214(9), Pd2-C11 2.230(9), Pd2-C12 2.197(8), Pd3-C13
2.185(8), Pd3—C14 2.238(8); Pd1-Pd2-Pd3 58.00(2), Pd2-Pd3-Pd1
59.35(2), Pd3-Pd1-Pd2 62.65(2).

is held between the planar cot ligand®*?* and the [2.2]para-
cyclophane ligand; the coordination mode of the latter is ps-
("’ m?1?). The Pd2-Pd3 bond (2.8296(9) A) is longer than the
Pd1-Pd2 (2.7406(8) A) and Pd1-Pd3 bonds (2.7016(8) A).
The Pd3-Pd1-Pd2 angle (62.65(2)°) is slightly larger than the
Pd1-Pd2-Pd3 (58.00(2)°) and Pd2-Pd3-Pd1 angles (59.35(2)°).
Complexes 6 and 6’ contain two more electrons in total than 3.
The '"H NMR spectrum of 6 at —80°C showed two singlet
resonances in a 2:1 intensity ratio for acetonitrile ligands, four
singlet resonances for phenylene protons (6 =7.39, 7.36, 4.11,
and 4.01 ppm), and four multiplet resonances for methylene
protons of the [2.2]paracyclophane ligand. Warming the
sample caused the five pairs of resonances to coalesce,
leading to one singlet resonance for acetonitrile ligands, two
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singlet resonances for phenylene protons, and two broad
multiplet resonances for methylene protons of the [2.2]para-
cyclophane ligand at 25°C. In the temperature range from
—80°C to 25°C, the singlet resonance for cot protons
remained unchanged. This temperature-dependent 'H NMR
behavior is consistent with the fluxional ring rotations of the
[2.2]paracyclophane and the cot ligands, whereby the latter
ligand rotates faster than the former. The “C{'H} NMR
chemical shifts of the [2.2]paracyclophane ligand of 6 at
—80°C (Jipso =89.7 ppm, Oyrino = 69.8 ppm, Ooreny = 69.0 ppm
for coordinated phenylene; d;, =139.6 ppm,  Sono =
133.2 ppm, O4pme = 133.0 ppm for noncoordinated phenylene)
are consistent with the crystallographically determined struc-
ture, in which the coordinated phenylene carbon atoms are
more upfield-shifted than those of bis([2.2]paracyclo-
phane)tripalladium complex 3.

In summary, it has been shown that p;-arene tripalladium
complexes can be prepared as stable complexes. Complex 3,
which is the first isolated discrete trimetal sandwich complex
of an arene, undergoes facile release of a Pd’ atom and ligand
exchange with cot. The chemistry of arene-tripalladium
complexes is being studied further in our laboratory.
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[Pd;(C,H,),(CH;CN);][BF,],,”) which possesses two more elec-
trons than the complex 3, did not react with allyl chloride under
the same conditions.

Complex 6’ was conveniently obtained by the one-pot reaction
of 4, [2.2]paracyclophane (5 equiv), [Pd,(dba);] (0.5 equiv), and
cot (1 equiv) in CH,Cl,/CH;CN (20:1) (57 % yield of isolated
product).

Crystal data for 6"-CsHg: CssH3oPd;N;B,Fs, M =1006.53, space
group P2,/n (No. 14), a=11.8602(6), b=17.2197(7), c=
18.153(1) A, f=90.7617(7)°, V=3707.1(3) A%, Z=4, F(000)=
1984, Peatca=1.803 gecm 3, w(Mog,) =15.12cm™!, 520 variables
refined with 6902 reflections with 7> 30(I) to R = 0.062. Two sets
of disordered cot carbon atoms were refined isotropically with
an occupancy ratio of 65/35. CCDC-643848 (6’) contains the
supplementary crystallographic data for this paper. These data
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can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Because of disorder at the cot moiety, the structural parameters,
and thus coordination mode of cot ligand can not be discussed
herein.
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