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Certain metal sandwich complexes undergo dimerization through
metal-metal bond formation. Here we found that reductive
Pd,Pt or PdPt, sandwich
complexes proceeds through selective Pt—Pt bond formation.
Restricted rotation at the Pt—Pt bond of the PdPt, dimer gave a
unique axially chiral structure derived from the heterometal
arrangement in a mixed metal cluster.

dimerization of the mixed metal

The redox behaviour of organometallic sandwich complexes
such as metallocenes has attracted much attention because of
their usefulness as the redox reagents!” or the redox-
responsive components in functional materials.81° In some
cases, the redox processes of sandwich complexes accompany
molecular transformations involving metal-metal bond
formation®1> or ligand-ligand C—C coupling.1>16 For example,
d> metallocenes such as osmocenium give a metal-metal
bonded dimer through bending of the sandwich structure
(Scheme 1a),*! although ferrocenium stands stably in its
monomeric form.? More recently, our group reported that the
triangular Pd; sandwich complexes of cycloheptatrienyl?’-1° or
cycloheptatriene!* showed the metal-metal bond forming
dimerization upon one-electron reduction (Scheme 1b).1* In
the case of the Pd; sandwich complexes, each metal atom
which is locating beneath the rim of the carbocyclic ligands is
not well covered sterically by the ligands, that is advantageous
for the purpose of the metal-metal bond forming dimerization
without bending of the sandwich structure, as seen in the
structure of the Pd; dimer 1 (Scheme 1b). It is of interest to
verify which of possible three types of dimerization products,
namely M—M, M—M', and M'-M"' coupling products, is formed
by reduction of a mixed metal MM', sandwich complex
(Scheme 1c). The three patterns of the arrangement of M and
M' in the bi-triangle metal skeleton could give either chiral or
achiral structure when the rotation at the metal-metal bond
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connecting two monomer units is restricted. Here we report
the selective dimerization of a triangular Pd,Pt or PdPt,
sandwich complex through Pt—Pt bond formation. The
restricted rotation at the newly formed Pt—Pt bond of the
PdPt, dimer gives a unique axially chiral structure derived from
the inorganic mixed metal arrangement in a metal cluster.
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Scheme 1. The metal-metal bond forming dimerization of sandwich complexes.

The bis-cycloheptatrienyl sandwich complexes of mixed
metal Pd,Pt and PdPt, triangles, [Pd,Pt(ps-
C7H7)2(CH3CN)s][BF4]; (2) and [PdPt;(us-CyH7)2(CHSCN)3][BF,4],
(3), were prepared according to our previous synthesis.’® The
IH NMR monitoring experiments of the reductive
transformation of the orange monomer 2 with cobaltocene (1
equiv) in CD3sCN at room temperature showed that the dark
purple dimer [Pd4Pty(us-C;H;)4(CH3CN),4][BF,], (4) was formed
smoothly in 94% vyield after 3 h (Scheme 2). On the other
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hand, the reduction of the brown monomer 3 with
cobaltocene (1 equiv) in CD3CN afforded the dark brown dimer
[PdyPta(s-C7H)4(CH3CN)4][BF4],  (5) only  slowly: e,
approximately a half amount of 3 was consumed after 1 h, but
the yield of 5 was 10%, and then the dimer 5 was produced
gradually (47% vyield after 2 days), where any sign of the
formation of other dimerization products could not be
detected by *H NMR monitoring experiments. The reaction
profile for the formation of 5 indicated that an unidentified
intermediate is formed initially. The dimers 4 and 5 were
isolated in 75% and 46% yield, respectively (Scheme 2).
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Scheme 2. Reductive dimerization of the Pd,Pt or PdPt, sandwich cluster, and their
alkyne binding behaviour.

The structure of 4 was determined by X-ray structure
analysis (Figure 1). The Pd,Pt triangle is connected through
the Pt1—Pt2 bond (2.6793(3) A) which is in the range of normal
Pt—Pt bond, and actually shorter than other Pd—Pd (2.7034(7)
A; 2.6850(7) A) and Pd—Pt bonds(2.7931(6) A; 2.8449(6) A) of
the Pd,Pt triangles in 4. The two Pd,Pt triangles are almost
perpendicular with each other (the dihedral angle = 89.7°). As
a result, the dimer 4 is in pseudo-D,4 symmetry, giving an
achiral dimeric structure. On the other hand, it was difficult to
determine the structure of 5 through X-ray structure analysis
due to the positional disorder of Pd and Pt atoms. For
discrimination of the Pd and Pt atoms in the crystalline state,
we then thought to introduce certain ligands selectively at the
Pt sites of 5. We found that diphenylacetylene could be
selectively introduced to the Pt sites!® in 2, 3, and 5, while no
binding of diphenylacetylene was observed for 4 (Scheme 2).
Recrystallization of [Pd,Pt(ps3-C;H7)2(PhC=CPh)(CH5CN),][BF,];
(Za) or [Pdptz(}lg-C7H7)2(PhCECPh)z(CchN)][BF4]2 (33) afforded
a crystal of [Pd,Pt(us-CsH7)2(PhC=CPh)(CHsCN)(BF,4)]1[BF,4] (2a')
or [PdPt(u3-C7H;)2(PhC=CPh),(H,0O)][BF4], (3a") (Figure 2),
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where acetonitrile ligands are eliminated during the
recrystallization. It was confirmed that diphenylacetylene
selectively coordinated to the Pt sites in the monomeric
complex 2a' or 3a'. Recrystallization of the diphenylacetylene
adduct of the dimer [Pd,Pta(ps-
CsH5)4(diphenylacetylene),(CH3CN),][BF,], (5a) gave a single
crystal of [Pd,Pt,(pa-
C;H;)4(diphenylacetylene),(benzene)(BF,)][BF4] (5a'), which
possesses diphenylacetylene ligands at its available Pt sites
(Figure 3). The two PdPt, triangles (dihedral angle = 86.8°)
were connected through the Pt1-Pt3 bond (2.6935(2) A).
Thus, the Pt—Pt bond is selectively formed in the dimerization
of either Pd,Pt or PdPt, sandwich complex. Since the steric
environment around the Pt and Pd sites in 2 or 3 can be
attributed to be nearly identical, this selectivity might reflect
the kinetic or thermodynamic preference of Pt—Pt rather than
Pd—Pd or Pd-Pt. The Pt—Pt bond formation might be
preferable thermodynamically, as a Pt—Pt bond is usually
stronger than a Pd—Pd bond; e.g., the cohesive energy of Pt—Pt
(135 kcal/mol) is larger than that of Pd—Pd (90 kcal/mol).20
The DFT calculations of the model compounds [Pd,Pts(ps-
C;H7)4(HCN)4]%* (5"-PtPt, Pt—Pt coupled dimer; 5"-PdPd, Pd—Pd
coupled dimer) using MO06 functional supported the
thermodynamic preference of the Pt—Pt coupling over the
Pd—Pd coupling [5"-PtPt is more stable than 5"-PdPd by AG
(298.15 K, 1 atm) = 11.4 kcal/mol].

Figure 1. ORTEP of [Pd,Pty(p3-CsH;)a(CH;CN),][BF,], (4) (50% probability ellipsoids,
counter anions are omitted for clarity). Selected bond lengths (A) and angles (deg):
Pt1-Pd2 2.8132(5), Ptl-Pd1 2.7931(6), Pd1-Pd2 2.7034(7), Pt1-Pt2 2.6793(3),
Pt2—Pd4 2.8449(6), Pt2—Pd3 2.7984(5), Pd3—Pd4 2.6850(7), Pd1-Pd2—Pt1 60.797(15),
Pd1-Pt1-Pd2 57.659(15), Pd1-Pt1—Pt2 149.118(15).
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Figure 2. (A) ORTEP of [Pd,Pt(us-C;H,)o(PhC=CPh)(CH3CN)(BF,)I[BF,] (2a') (30%
probability ellipsoids, counter anion is omitted for clarity). Selected bond lengths (A):
Pd1-Pd2 2.750(3), Pd1-Ptl 2.791(2), Pd2—-Ptl 2.714(3). (B) ORTEP of [PdPt(us-
C;H;),(PhC=CPh),(H,0)][BF,]; (3a') (30% probability ellipsoids, counter anion is omitted
for clarity). Selected bond lengths (A): Pt1—Pt2 2.7691(7), Pd1-Ptl 2.7950(11),
Pd1-Pt2 2.7405(11).

COMMUNICATION

Pd1-Pt1-Pt3 148.156(9). (B) A space-filling view of the dicationic part of 5a' (the
equatorial ligands are omitted for clarity).

Figure 3. (A) ORTEP of [Pd,Pts(n3-C;H;)4(diphenylacetylene),(benzene)(BF,)][BF,] (5a')
(50% probability ellipsoids, counter anions and solvent molecules are omitted for

clarity). Selected bond lengths (A) and angles (deg): Pt1—Pt2 2.7891(2), Pt1-Pd1
2.8540(3), Pd1-Pt2 2.7324(4), Pt1-Pt3 2.6935(2), Pt3-Pt4 2.7925(2), Pt3—-Pd2
2.8325(4), Pd2-Pt4 2.6889(4), Pd1-Pt2—Ptl 62.240(8), Pd1-Pt1—Pt2 57.906(8),

This journal is © The Royal Society of Chemistry 20xx

The molecular structures of 4 and 5a' also suggested that
the rotation at the central Pt—Pt bond might be restricted due
to the close proximity of the four C;H; ligands (Figure 3B). This
restricted rotation was confirmed by the NMR analysis. In
solution, the Pd,Pt dimer 4 showed a sharp singlet resonance
(5 3.85 ppm in CD3CN) with a 195Pt satellite doublet resonance
(Jpt.y = 8.8 Hz) for the C;H,; protons at room temperature
(Figure 4, top). In contrast, the PdPt, dimer 5 exhibited two
singlet resonances for the C;H; ligands (3 3.95 ppm, 3.74 ppm
in CDsCN) (Figure 4, bottom). Raising the temperature up to
75 °C in CD3CN showed no apparent change of these two
resonances of 5. Such different 'H NMR signal patterns of 4
and 5 is reasonably explained by considering that the rotation
about the Pt—Pt bond connecting the trinuclear sandwich
monomer units is slow in the NMR time scale. In 5, the slow
rotation of the central Pt—Pt bond gives an axially chiral
structure, where the two C;H; ligands of each monomer unit
are chemically non-equivalent with each other, giving two C;H,
resonances. The chiral structure of 5 is further supported by
the NMR analysis of the tetrakis-dimenylphenylphosphine
complex [Pd,Pts(us-C;H7)a(PMe,Ph),][BF4], (5b) which was
generated in CDsCN by addition of PMe,Ph (4 equiv) to 5. The
appearance of four resonances for the methyl protons of 5b
can be explained by considering that each PMe,Ph ligand at
the Pd- or Pt site of the chiral cluster framework exhibits two
diastereotopic methyl resonances (Figure 5). Thus, the single-
crystal X-ray analysis as well as the solution NMR study
showed that the PdPt, sandwich dimer 5 is an axially chiral
cluster derived from the arrangement of Pd and Pt atoms in
the bi-triangle metal cluster skeleton. The bi-heteroaryl
compounds in which the arrangement of hetero-atoms in the
skeleton lead to axial chirality are known, as exemplified by
the 3,3'-bicollidine (Scheme 3).2! The present case may
represent a rare example that the arrangement of different
metal atoms in a mixed metal cluster gives an axially chiral

structure. Further studies on the reductive chemistry of
mixed-metal sandwich complexes are ongoing in our
laboratory.
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