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ABSTRACT: A complex with a planar hexagonal Pd,Ge;
core, [Pd{Pd(dmpe)};(u3-GePh,);], was synthesized and
characterized by X-ray and NMR measurements as well as
by DFT calculations. 4-tert-Butylbenzenethiol converted the
Pd, complex into a hexapalladium complex, [ {Pd;(x-GePhy,),-
(u-H) (u3-GePh,(SC¢H,Bu-4)) },(u-dmpe)], composed
of two Pd;Ge; units bridged by a dmpe ligand. The addition
of Cul or Agl to the Pd, complex yielded [Pd(u-MI){Pd-
(dmpe)}3(us-GePh,); ] (M = Cu, Ag), in which Cu or Ag
bridges a Pd—Pd bond of the Pd,Ge; core. The Cul adducts
in solution undergo a pivot motion of the Cul on the surface
of the Pd,Ge; plane on the NMR time scale.

Multinuclear transition metal complexes containing a planar
arrangement of metal centers hnked via metal—metal bonds
are rare among transition metal clusters." Bridging or semibrid-
ging CO or CNR ligands,” a pair of planar polyaromatic ligands,

and bulky organic ligands were e Eloyed as the auxiliary ligands
of planar multimetallic complexes.” The sr-acceptor character of
the first two ligands and the steric hindrance of the last one
stabilize the respective complexes. Bridging Si hgands having
electron-releasing character have recently been found to form
complexes having a planar multimetallic core.”* We also reported
a tetrapalladium complex, [Pd{Pd(dmpe)};(u3-SiPh,);] (1),
which contains a central Pd,Si; unit composed of four Pd centers
and three bridging silylene ligands.'
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Although these complexes are expected to show unique chemical
properties owing to their planar multimetallic core and reactive
metal—silicon bonds, there have been few systematic studies of
their reactions. In this paper, we present the synthesis and
structure of a complex with a similar structure to 1, but with a
heavier group 14 element, Ge, as the coordinating atom.'! The
skeletal change reactions of this complex also form unprece-
dented multinuclear complexes.

The treatment of a dipalladium complex with bridging digermene
and germylene ligands, [{Pd(dmpe)},(u-Ge,Phy,)(u-GePh,)],"*
with twice the molar amount of [Pd(PCy;),] and then with
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equimolar dmpe afforded a tetrapalladium complex with bridging

germylene ligands, [Pd{Pd(dmpe)}3(¢3-GePh,);] (2):
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The reaction product contains only 2, PCys, and [Pd(dmpe),]
(n=1,2)," as revealed by >'P{"H} NMR spectroscopy. Heating
a mixture of the isolated 2 and dmpe (1:3) at 80 °C regenerates
[{Pd(dmpe)},(u-Ge,Phy)(u-GePh,)], accompanied by the for-
mation of [Pd(dmpe),],. Although [Pd(SiHPh,),(dmpe)] re-
acted with [Pd(PCys),] to produce 1, the analogous reaction of
[Pd(GeHPh,),(dmpe)] with [Pd(PCy3),] yielded a dipalla-
dium complex with bridging germyl ligands [{Pd(PCys)},
(,u—GeHth)z]14 rather than 2. Thus, the use of the dinuclear
complex [{Pd(dmpe)},(u-Ge,Ph,)(#-GePh,)] as one of the start-
ing materials enabled a smooth and selective formation of the Pd,Ge;
complex 2. The reaction in eq 1 is reversible, and proper choice of the
reaction conditions resulted in the formation of 2 in high yield.

Figure 1 shows the molecular structure of 2 with its Pd,Ge;
core having one central Pd atom (Pd..,), three edge Pd atoms
(Pdegge), and three bridging Ge atoms. These Pd and Ge atoms
form a plane, as shown in Figure 1b. The distances between the
Pd.., and Ge atoms (2.3207(7)—2.3344(7) A) are close to the
lengths of the Pd=Ge bonds in mononuclear palladium germy-
lene complexes, [ (R3P),Pd=Ge{N(SiMe;),},] (R=Ft,2.330(S) A;
R = Ph, 2.3281(4) A)."> The Pd and Ge atoms of 2 form a
distorted hexagonal core with Pd.g,.—Ge distances (2.5545(7)—
2.6037(7) A) and Pd—Pd distances (2.7568(6)—2.7904(6) A)
that are longer than the Pd .,—Ge distances. The Pd,Ge; core
of 2 is larger than the Pd,Si; core of 1 (Pd .,—Si bond of 1 =
2.2521(8)—2.2674(8) A). The three Pd.gge—Ge—Pdegge
bond angles of 2 (136.68(2)—137.78(2)°) are close to the
Pdegge—Si—Pd.gq angles of 1 (138.00(3)—138.73(3)°), and
the hexagonal cores of 1 and 2 have similar shapes.

Density functional theory (DFT) calculations of complex 2
were conducted with the Gaussian 09 quantum chemistry program
package (MPWB95/6-31G(d,p))."® The geometry of the com-
plex was optimized using the actual atom positions obtained by
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Figure 1. (a) Thermal ellipsoids (50%) of 2 and (b) its Pd,Ge; plane.
Two crystallographically independent molecules exist. Selected bond dis-
tances (A) and angles (deg) of one of the molecules: Pd1—Pd2 2.7824(6),
Pd1—Pd3 2.7585(6), Pd1—Pd4 2.7836(6), Pd1—Gel 2.3319(7), Pd1—
Ge2 2.3207(7), Pd1—Ge3 2.3338(6), Pd2—Ge2 2.5921(6), Pd2—Ge3
2.5767(7),Pd3—Gel 2.5637(7), Pd3—Ge3 2.5852(7), Pd4— Ge1 2.5895(7),
Pd4—Ge2 2.5788(7), Pd3—Gel—Pd4 137.05(2), Pd2—Ge2—Pd4
137.67(2), Pd2—Ge3—Pd3 136.71(2).

X-ray crystallography. The average Pd cn¢—Pdedge and Pdeene—Ge
bond distances of 2.796 and 2.363 A are close to those deter-
mined from the X-ray data (2.776 and 2.329 A, respectively).
The Wiberg bond index of 2 (Pdene—Pdeage = 0.194, Pdcene—Ge =
0.541, and Pd.45.—Ge = 0.401—0.442) suggests that the
Pdccne—Ge bond is stronger than the Pd.g4,.—Ge bond and is
consistent with the X-ray crystallographic results, which also
show Pd.c,;—Ge bonds shorter than the Pd.gy.—Ge bonds.
The charge population analysis of the Pd;Ge; core indicates
a higher negative charge of the Pd,,; atom (—0.56) than that
of the Pdegg. atoms (—0.47). The molecular orbitals obtained
from the above calculations suggest a large contribution of the
Pdene—Ge and Pd,45.—Ge bonds to stabilize the planar Pd,Ge;
core (Supporting Information).17

The addition of an equimolar amount of HSC¢H,Bu-4 to a
hexane solution of 2 caused the separation of [{Pd;(u-GePh,),-
(u-H) (13-GePh,(SC4H,Bu-4)) },(u-dmpe)] (3) as a yellow
solid, as shown in eq 2. The *'P{'"H} NMR spectrum of the
reaction mixture indicated the accompanyin%8 formation of

[Pd(dmpe),], and [Pd(SCsH,Bu-4),(dmpe)].
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Complex 3 is composed of two Pd;(u-GePh,),(u-H)(us-
GePh,(SC¢H,Bu-4)) units and a bridging dmpe ligand, as
revealed by X-ray crystallography (Figure 2). Three Pd atoms
of each unit are aligned almost linearly (Pd1—Pd2—Pd3 168.54(4)°)
and are bridged by two GePh, ligands and a GePh,(SCsH,'Bu-4)
ligand. A hydride ligand derived from the thiol bridges two
Pd centers, Pd1 and Pd2. The distance between Pd1 and Pd2

Figure 2. Thermal ellipsoids (30%) of 3. The molecule has a crystal-
lographic point of symmetry at the midpoint of P3 and P3*. Selected
bond distances (A) and angles (deg): Pd1—Pd2 2.799(2), Pd2—Pd3
2.767(2), Pd3—S 2.501(3), Pd1—Gel 2.436(2), Pd2—Gel 2.386(2),
Pd2—Ge2 2.411(2), Pd2—Ge3 2.380(2), Pd3—Ge2 2.582(2), Pd3—
Ge3 2.407(2), Ge2—S 2.466(3), Pd1—H1 2.2(1), Pd2—H1 2.0(2),
Pd1—Pd2—Pd3 168.54(4), Pd2—Pd3—S 110.71(7), Pd1—Gel—Pd2
70.94(5), Pd2—Ge2—Pd3 67.20(5), Pd2—Ge3—Pd3 70.63(5).

(2.799(2) A) is longer than that between Pd2 and Pd3 (2.767(2)

A), in spite of the bridging coordination of the hydride to

Pd1—Pd2. The thiolato is attached to Ge2 and Pd3, forming
1

the GePh,(SCsH, Bu-4) ligand. An analogous M—Ge— S trian-

gular bonding was reported in the thiolatogermyl iron complex."?

The dmpe bridges the two Pd;Gej; units to form the hexanuclear

1

molecule, similar to [{Ni(SiH,CeH,SiH,)(dmpe) },(u-dmpe)]*°
and [{Pd{Pd(dmpe)};(us-SiHPh)3},(u-dmpe)]."* The 'H NMR
spectrum of 3 shows the bridging hydrido signal at 0 —2.48, with the
coupling of two P nuclei of the chelating dmpe ligand (J = 13,94 Hz).
The *'P{'"H} NMR spectrum of 3 displays three characteristic
signals at 0 23.8, 16.3, and —11.9. The first two signals, with a large
coupling constant (Jp_p = 33 Hz), are assigned to the chelating
dmpe ligand, while the last signal is assigned to the bridging dmpe.

The reaction forming the hexapalladium complex 3 in the
presence of the thiol involves the reorganization of the Pd,Ge;
core. Scheme 1 summarizes the possible reaction pathway.”'
Protonation of the central Pd atom of 2 by thiol forms the
cationic intermediate A, which undergoes rearrangement of
the Pd,Ge; core and elimination of Pd(dmpe) to produce the
tripalladium intermediate B. The partial dissociation of a dmpe
ligand and coordination of the thiolato forms C, which then under-
goes dimerization with loss of a dmpe molecule. The formation of
[Pd(dmpe),], and [Pd(SC4H,Bu-4),(dmpe)] in the reaction is
attributed to further reaction of the Pd(dmpe) intermediate with
dmpe and thiol, respectively. The isolated hexanuclear complex 3
is thermally stable and does not change its structure in solution,
even at 60 °C. The addition of dmpe to a benzene-dg solution of 3
([dmpe]/[3] = 0.5/1), however, formed a mixture of the tetra-
nuclear complex 2 and [Pd(dmpe),],,, which were identified from
the >'P{'H} NMR peaks of the solution.”* Adams et al. recently
reported a reversible structural change of their multinuclear com-
plex. The complex [Pd{Re,(CO)g(u-SbPh,)(u-H)},] releases
its central Pd upon treatment with PCy;, while the resulting
[{Re,(CO)g(u-SbPh,)(u-H)},] stores the Pd of Pd(dba), and

regenerates the Re,Pd complex.”?
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Equimolar Cul or Agl reacts with complex 2 to cause their
addition to a Pd—Pd bond to afford the pentanuclear complexes
[Pd(u-MI){Pd(dmpe)};(u3-GePh,);] (4, M = Cu; §, M = Ag):
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Figure 3 shows the X-ray structure of 4. Both 4 and § retain the
bonds between Pd and Ge atoms of the Pd,Ge; core but lose
planarity owing to the bridging of Cu or Ag to a Pd—Pd bond.
Two Pd atoms and one Cu or Ag atom form a triangle composed of
three d'° metals. The Pd1—Pd2 bond (2.7367(8) A) of 4 is shorter
than the Pd1—Pd3 (2.7964(8) A) and Pd1—Pd4 (2.7738(8) A)
bonds of 4 and the Pden—Pdeage bonds of 2 (2.7568(6)—
2.7904(6) A). The presence of a Cu—Pd2 bond (2.462(1) A)
shorter than the Cu—Pdl bond (2.632(1) A) and of a large
I—Cu—Pd2 bond angle (159.15(5)°) suggests a more significant
interaction of Pd2 with the Cu atom than that of Pd1. The four
Pd atoms of 4 are included in a plane, while one of the Ge atoms
(Ge2) deviates from the plane by 0.95 A because of the
elongation of the Pd1—Ge2 bond (2.384(1) A) compared with
the other Pd..,.—Ge bonds of 4 (Pd1—Ge1 2.358(1), Pd1—Ge3
2.347(1) A). Trinuclear Pt(0) complexes, [Pt;(u-CO);(PR3); 4],
were reported to react with Cu(I), Ag(I), and Au(I) to form
heterometallic complexes with ML (M = Cu(I), Ag(I); L = phosphine,
halides) capping over the Pt; face. The complexes 4 and § show
the interaction of Cu and Ag with only the two Pd centers.”*

The NMR results of 4 below room temperature show the
dynamic behavior of the molecule on the NMR time scale.
The "*C{"H} NMR spectrum of 4 at room temperature exhibits
two ipso carbon signals at close positions (0 156.5 and 155.8) due
to the presence of Cul-bonded and Cul-free sides of the Pd,Ge;

Figure 3. (a) Thermal ellipsoids (50%) of (a) 4 and (b) its Pd,Ge;
plane. Selected bond distances (A) and angles (deg): Cu—Pd12.632(1),
Cu—Pd2 2.462(1), Pd1—Pd2 2.7367(8), Pd1—Pd3 2.7964(8), Pd1—
Pd4 2.7738(8), Pd1—Gel 2.358(1), Pd1—Ge2 2.384(1), Pd1—Ge3
2.347(1),Pd2—Ge22.597(1), Pd2—Ge3 2.887(1), Pd3—Gel 2.585(1),
Pd3—Ge3 2.532(1), Pd4—Gel 2.606(1), Pd4—Ge2 2.530(1), I—Cu—
Pd2 159.15(5), Pd3—Gel—Pd4 136.39(4), Pd2—Ge2—Pd4 128.24(3),
Pd2—Ge3—Pd3 131.34(3).

ortho orthoj meta
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Figure 4. "HNMR spectra of 4 at —90, —60, —30, and 25 °C in toluene-dg.

core. Although X-ray crystallography showed a clear difference
between Pd—Pd bonds with bridging Cul and those without
bridging Cul, three phenyl groups on the same face of the Pd,Ge;
core are equivalent in the NMR spectrum. The spectra at low
temperature show changes in the aromatic hydrogen peaks of the
GePh, ligands. Two ortho hydrogen signals of the GePh, ligands
are observed at 0 8.31 and 7.74 with equal intensities at 25 °C
(Figure 4). Meta hydrogen signals corresponding to three
hydrogens are observed at 0 7.33, although the others overlap
with the signals of other aromatic hydrogens. On cooling the
solution to —90 °C, a set of ortho hydrogen signals (0 8.31) and
the meta hydrogen signal are extremely broadened; these are
assigned to the Ph groups on the Cu-coordinated side of the Pd,Ge;
plane. The peak width of the other ortho hydrogen signal at 0
7.74 changes to a much less significant degree.

Scheme 2 shows a plausible mechanism to account for the
results: the cleavage and formation of a Cu—Pd,gq. bond occur
rapidly and reversibly to cause the apparent pivot motion of Cul
on the surface of the Pd,Gej; plane. The dissociation of Cul from
4 can be excluded on the basis of the two 'H and "*C{'H} NMR
signals of the phenyl groups. The 'H NMR spectrum of $
at —90 °C shows the broadening of the two ortho hydrogen
peaks to a similar extent. Thus, Cul and Agl produce the
complexes 4 and S, respectively, with similar structures in the
solid state, but the behaviors of the two adducts are different in
solution.*®
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In summary, we succeeded in isolating 2, characterizing its
structure, and carrying out its DFT analysis. The striking findings
in this study are the formation of the tetrapalladium complex 2 from
the mono- and dinuclear Pd complexes and the skeletal change of
the planar Pd,Ge; core caused by thiol and Cul, which have the
character of Brensted and Lewis acids, respectively. The combina-
tion of low-valent Pd and the Ge ligand enabled the formation of the
multinuclear complexes with various structures and their smooth
conversion involving the skeletal change.
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