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The Clusters [M,(ECp*),] (M =Pd, Pt; E=Al, Ga, In): Structures,
Fluxionality, and Ligand Exchange Reactions**

Tobias Steinke, Christian Gemel, Manuela Winter, and Roland A. Fischer*!*!

Abstract: The synthesis and structural
characterization of the novel homolep-
tic cluster complexes [Pd,(GaCp*),(u,-
GaCp*),] (1o), [Pdy(GaCp*)y(py-

AlCp*),(p5-AlCp*),] (3) (Cp* =CsMes)
are presented. Furthermore, ligand ex-
change reactions of these cluster com-
plexes are explored. In contrast to the
electronically and sterically saturated
complexes [M(ECp*),] (M=Ni, Pd,

Introduction

Oligonuclear homoleptic cluster compounds of the type
[M,(ER),] (in general: M =d-block metal; b >a > 1) have in-
spired further exploration of the coordination chemistry of
E'R (E=Al Ga, In; R=Cp* C(SiMes);, etc.) com-
pounds.'*) Recently it has been demonstrated, that ECp*
(E=Ga, In) is capable of stabilizing certain M,E, clusters
(M=Pd, Pt). These new structures and compositions go
beyond the previously known mononuclear homoleptic com-
plexes ME, (M=Ni, Pd, Pt)"°! and the heteroleptic com-
pounds of the general formula [M,(ER),L,] (M=d-block
metal), which contain strongly bound ligands (L) such as
CO or Cp that limit their reactivities considerably.!! Howev-
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Pt), the new unsaturated analogues
[M.(ER),] (E=AL, Ga, In) react with a
variety of typical ligands (Cp*Al, CO, The
phosphines, isonitriles) to give new di-
GaCp*),] (2b) and [Pd;(AlICp*),(n,- and tri-substituted compounds like
[Pto(GaCp*),(u-AlCp*);] (1d), [PdPt-
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(GaCp*)(PPhy)(1y-GaCp*);] (4h), or
[Pds(PPhs);(po-InCp*) (ps-InCp*),]  (8).
trends of the reactivity of
[M,(ER),] as well as their fluxional be-
havior in solution has been elucidated
by NMR spectroscopy, resulting in a
mechanistic rationale for the ligand ex-
change reactions as well as the fluxio-
nal processes.

cluster

er, the two compounds Pt,Gas"! and Pd;Ing® remain to date
the sole examples of the target clusters M,E,. One reason
for this rarity probably relates to the remarkably high bond
energy of the donor-acceptor M-E' bonds of 40-
60 kcal mol~.'% In addition, the low-valent E'R ligands are
easily oxidized to yield E™ species of various kinds: car-
bene-type reactions such as insertion into M—X bonds (X=
halide, alkyl, etc.) and cycloaddition to unsaturated func-
tional groups have to be taken into account.” ! Last but
not least, association/dissociation equilibria of (E'R), in so-
lution play a role. As a consequence of this situation, the
synthesis of ME, and M,E, in general is prone to kinetic
control. Thus, the successful synthesis of M E, is highly de-
pendent on the conditions and the particular combination of
the starting compounds [ML,] and E'R. Nevertheless, a ra-
tional approach of stepwise cluster formation starting out
from the monomeric building blocks ME, was successful for
the dinuclear Pt,Gas and its trimetallic PtPdGas analogue.!'"]
The ME, compounds are rather inert in most cases, especial-
ly against ligand substitution which would require a pre-dis-
sociation of E'R. We found that this reaction path cannot be
activated without unspecific decomposition of the starting
complexes. However, there are some indications that lower
coordinated, electronically and sterically unsaturated species
like [Ni(AICp*);] may exist as short-lived intermediates
during the formation of ME,. These unsaturated species ex-
hibit interesting reactivity including activation of aromatic
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C—H bonds under very mild conditions."” Key questions of
the chemistry of mononuclear ME, and oligonuclear M,_E,
compounds include: what is the range of M, E, n, a, and b
of such compounds, being accessible in preparative yields?
How about higher (n=5, 6...) and lower (n=2, 3) coordina-
tion numbers at the center M? Will it be possible to derive
giant clusters ME, with a, b>1 that exhibit a cluster core
of M, stabilized by a shell of surface bound E'R ligands,
such as in the case of the classical, giant carbonyl-metallate
clusters [M,(CO),]"~ (M=0Os, Pd, Pt, etc.)? At least,
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[Al;(AICp*);,] points in that direction.'! Table 1 lists all
known homoleptic compounds M,E, (M=d-block metal),
including the results of this work, indicating that this
chemistry is still limited to the Group 10 metals Ni, Pd, Pt.

Results

Reaction of [Pd,(dvds);] with ECp*: The reaction of
[Pdy(dvds);]  (dvds=1,3-divinyl-1,1,3,3-tetramethyldisilox-

Schnockel’s  fascinating,  large  aluminum  cluster ane) with excess GaCp* is a vivid example of the subtle in-
fluence of the reaction conditions on M,E, cluster forma-
Table 1. Homoleptic cluster compounds of the type [M,(ECp¥),]. tion. At —30°C in hexane the reaction yleld§ the dln}lclt'aar
C 5 ML " compound [Pd,(GaCp*),(n,-GaCp*);] (1¢) in quantitative
Ompoun. i felerenice yield (Scheme 1). Only trace amounts (<3 %) of monomeric
monomeric PdGa, are observed. In contrast, the reaction conducted in
[Ni{GaC(SiMey)s) 14 [17] tol £ 25°C yields trinuclear [Pdy(GaCp*),(1,-GaCp*
[Ni{InC(SiMe;);}] 1:4 [4] oluene a yields trinuclear [Pd;(GaCp*),(u,-GaCp*),]
[PA{InC(SiMes)5),] 1:4 [14] (2b) in high yield. The dimeric species 1¢ is formed only in
[Pt{InC(SiMe;);)] 1:4 [51 insignificant amounts (<2 %), and the PdGa, product is not
[Ni(Gani)d L:4 (6] detected at all. The related reaction of [Pd,(dvds),;] with an
E?((GG:CC;?*))J]] iji Hﬂ excess of InCp* in hexane with gentle heating (50°C) leads
[Ni(Ale*):] L4 [15] to the known trinuclear compound [Pd;(InCp*)s] (2a) in
[Pd(AICP*),] 1:4 this work almost quantitative yield. On treatment of [Pd,(dvds);] with
[Ni(AICp*);(GaCp*)] 1:4 [15] an excess of AICp* in benzene at 60°C, the trinuclear com-
dimeric 5 .
ound [Pd;(AlCp* -AlCp* -AlCp* 3) is formed
[PL(GACP®),(1-GaCp*) ) 25 ) pound [PA(ACHDRb-AICPT:i APE:] (3) 1 forme
[PPA(GaCp*),(1,-GaCp*)s] 25 [14] with a 3:6 rather than a 3:8 composition for a:b as in the
[Pdy(GaCp*),(1,-GaCp*)s] 2:5 this work two related above-mentioned cases. Compound 3 was ob-
[Pd,(AICP*),(-AlCp*)s] 2:5 this work tained from saturated solutions of the sample in toluene as
[Pto( GaCp*),(po-AlCp*)s] 2:5 this work octahedral shaped deep red-brown single crystals in repro-
trimeric . . o
[Pd(InCp*). (- TnCp*),] 38 ] ducible yields of 60%. o o
[Pd,(GaCp*),(1,-GaCp*),] 38 this work Interestingly, the monomeric PdGa,, which is quantitative-
[Pds(AlCP*), (- AlCP*),(us-AlCp*),] 3:6 this work ly available by reaction of [Pd(tmeda)Me,] and GaCp*,'" is
Co*
*Cpln cor |np InCo*
\Pd """ i d/ \Pd’"‘\\o np
~
*C |/ & \In/ e
pin .
Cp* 2a P
Al
*CpA'/l""'/FlcN“A'CP* 8 Cp*In
;':’d/ l \lgd -3dvds | n-hexane ot
cpAl” NG 50°C P
CrAl \AI/ AlCp 10 CpAl 8 Cp*Ga Ga
Cp* benzene, 60°C n-hexane -30°C
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| - 3 dvds o,
8 Cp*Ga a p
* toluene | -3dvds cp
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Scheme 1. Reactions of [Pd,(dvds);] with ECp*.
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not formed by reaction of either 1¢ or 2b with an excess of
the ligand. These observations are consistent with the re-
markable inertness of the homologous trinuclear Pd;Ing (2a)
against ligand addition and formation of three equivalents
of PdIn,.[

The Pd,Gas complex 1e crystallizes in the triclinic space
group P1. Figure 1 shows a general illustration of M,Es type

Figure 1. Molecular structure of [M,(ECp*),(1,-ECp*);] (M=Pd, Pt; E=
Al, Ga) in the solid state (Ortep drawing, 30% level of probability for
the metal atoms, carbon atoms displayed as spheres for clarity).

clusters. The molecular structure of 1c¢ consists of a central
Pd, unit with a somewhat short Pd—Pd distance of
2.6091(12) A. In comparison, the tetranuclear cluster
[Pd,(CO)s(PPh;),] exhibits a Pd—Pd bond length of 2.75-
2.77 A being regarded as bonding, whereas the nonbonding
Pd—Pd bond length in the same molecule is 3.21 A. Quan-
tum chemical analyses of the Pt—Pt bond in the analogous
Pt,Gas; complex 1a with the help of natural bond orbital
(NBO) and atoms-in-molecules (AIM) methods suggests
only weak d'’-d' interactions.’! The Pd, unit of 1c¢ is sur-
rounded by two terminal and three bridging GaCp* ligands,
resulting in a dipalladium-centered trigonal-bipyramidal
structure (idealized Dj, symmetry). The terminal Pd—Ga
bond lengths in 1¢ (2.3583(14) and 2.3624(14) A) are similar
to the Pd—Ga bond length in PdGa, (2.3668(7) A), while the
bridging Pd—Ga bond lengths are distinctly longer
(2.4867(14)-2.5052(14) A). All Cp* moieties are bound to
the Ga centers in a nearly ideal symmetric ° mode with
average values for the Cp* ,.ic—Ga bond lengths of
1.999 A for the terminal Cp*Ga units and 2.048 A for the
bridging ligands, both values being close to the free ligand
value of 2.081 A (gas phase, monomer).!'¥!

The NMR spectra of the dinuclear Pd,Ga; (1¢) in C¢Dy
exhibit only one set of signals for the GaCp* ligands (‘H:
0=1.98 ppm; *C: 6=113.3 and 10.8 ppm), that is, a fluxion-
al process is active, exchanging the bridging and terminally
coordinated ligands on the NMR timescale. At —80°C in
[Dgltoluene the signal splits into two distinguishable reso-
nances (2.07 and 2.03 ppm) with an integral ratio of 2:3 ac-
counting for a structure similar to that observed in the solid
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state. The corresponding complex Pt,Gas (1a) shows a static
spectrum at room temperature.

The Pd;Gag complex 2b crystallizes in the monoclinic
space group C2/c. The molecular structure (Figure 2) is very
similar, but not isostructural to the analogous indium com-

Figure 2. Molecular structure of [Pd;(GaCp*),(1,-GaCp*),] (2b) in the
solid state (Ortep drawing, 50 % level of probability for the metal atoms,
carbon atoms displayed as spheres for clarity).

Table 2. Selected bond lengths [A] and angles [°] for 2b.1

Pd(1)-Pd(2) 2843(5)  Cp*—Ga(3) 2.064
Pd(1)-Ga(l)  2399(3)  Cp*—Ga(4) 2.060
Pd(1)-Ga(2)  2418(3)  Pd(1)-Pd(2)-Pd(3) 179.53(4)
Pd(1)-Ga(3)  2442(3)  Ga(1)-Pd(1)-Ga(2) 105.09(13)
Pd(1)-Ga(4)  2448(3)  Ga(3)-Pd(1)-Ga(4) 112.16(13)
Pd(2)-Ga(3)  2514(3)  Ga(1)-Pd(1)-Ga(3) 109.41(15)
Pd(2)-Ga(4)  2517(3)  Cp*Ga(1)-Pd(1) 175.30
Cp*—Ga(l) 2.046 Cp*-Ga(2)-Pd(1) 168.86
Cp*—Ga(2) 2.069 Ga(3)-Pd(1)-Pd(2)-Ga(d)  174.18(4)

[a] Cp* values are taken from the centroid of the Cp* moiety.

pound Pd;Ing (2a).®! The three central palladium atoms are
linearly arranged (179.53(4)°; Table2). The Ga-Pd-Ga
angles are slightly smaller than the ideal tetrahedral angle
of 109° for the terminal Ga atoms (105.09°) and slightly
larger for the bridging Ga atoms (112.16(13)°). Correspond-
ingly, the dihedral angle Ga(3)-Pd(1)-Pd(2)-Ga(4) deviates
from planarity only by 5.82(4)°. The terminal Pd—Ga bond
lengths (2.399(3) and 2.418(3) A) are shorter than the bridg-
ing ones (2.442(3) and 2.448(3) A), while the Pd—Ga bond
lengths around the central palladium atom are the longest
(about 2.51 A). The Cp*eniroic—Ga bond lengths have values
in the range of 2.046-2.069 A.

The '"HNMR spectrum of Pd;Gag (2b) in C¢D4 at room
temperature exhibits two resonances at 6=2.05 and
1.96 ppm with an integral ratio of 1:3. This unexpected inte-
gral ratio, if compared with the solid-state structure, was
also observed in the NMR spectrum of the analogous Pd;Ing
species 2a, yet only at low temperatures (—80°C). At higher
temperatures (4+80°C) compound 2b shows only one coa-
lesced signal; the same was observed for 2a at room temper-
ature.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 16361646
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Figure 3. Molecular structure of [Pd;(AICp*),(,-AlCp*),(us-AlCp*),] (3)
in the solid state (Ortep drawing, 30 % level of probability for the metal
atoms, carbon atoms displayed as spheres for clarity).

The molecular structure of Pd;Als (3) is depicted in
Figure 3 and exhibits a Pd; triangle coordinated by two per-
pendicular (axial) ps-bridging and four equatorial AlCp* li-
gands (two ,-bridging and two terminal). The three central
palladium atoms are arranged with an angle Pd(3)-Pd(2)-
Pd(1) of 87.13(6)° (Table 3). The longest Pd—Pd distance of

Table 3. Selected bond lengths [A] and angles [°] for 3.1

Pd(1)-Pd(2)  2.6157(18)  Pd(1)-Pd(2)-Pd(3) 87.13(6)
Pd(2)-Pd(3)  2.6363(19)  Pd(1)-Al(1)-Pd(3) 89.18(16)
Pd(1)-Pd(3)  3.619(18) Pd(1)-Al(2)-Pd(2) 61.93(12)
PA(1)-AI(1)  2.592(5) Pd(1)-Al(3)-Pd(2) 64.67(12)
PAQ2)-Al(1)  2.498(5) Pd(2)-Pd(1)-Al(5) 173.15(14)
PA3)-Al(1)  2.563(5) Al(5)-Pd(1)-Al(3) 117.12(18)
Pd(1)-AI(3)  2.488(5) Al(5)-Pd(1)-Al(2) 127.42(17)
PA(2)-AI(3)  2.401(5) Al(3)-Pd(2)-Al(4) 154.76(17)
PA(1)-AI(5)  2.369(5) Cp*-Al(5)-Pd(1) 178.24
Cp*—Al(1) 1.959 Pd(1)-Pd(2)-Pd(3)-Al(1) 56.76(14)
Cp*—Al(3) 2.003 Pd(1)-Pd(2)-Pd(3)-Al(3)  178.38(15)
Cp*—Al(5) 1.919 Pd(1)-Pd(2)-PA(3)-Al(5)  173.7(11)

[a] Cp* values are taken from the centroid of the Cp* moiety.

3.619 A (Pd(1)-Pd(3)) can be regarded as nonbonding,
while the other two Pd—Pd bond lengths of 2.6157(18) and
2.6363(19) A are shortened due to the edge-bridging AlCp*
ligands. These Pd—Pd bond lengths are distinctly shorter
than in 2a or 2b. Both faces of the metal triangle are
capped by a p;-AlCp* unit (Al(1) and Al(2)). The ps-Al—p,-
Al vector does not intersect the center of symmetry of the
Pd; triangle, but is rather shifted towards the Pd(1)—Pd(3)
axis, forming an almost planar Pd(1)-Al(1)-Pd(3)-Al(2)
square (9.3° deviation). The Pd(1,3)—Al(1,2) bond lengths
are in the range 2.561(5)-2.601(5) A, while the Pd(2)—
Al(1,2) bonds are shorter (2.478(5)-2.498(5) A). The equa-
torial u,-AlCp* units are arranged almost in plane to the
Pd; triangle and also are somewhat closer to the central
Pd(2) center. As expected, the shortest Pd—Al bond lengths
are found for the terminally coordinated AlCp* units with
an average value of 2.373 A. These terminal units are coor-

Chem. Eur. J. 2005, 11, 1636 —1646 www.chemeurj.org
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dinated in the plane of the Pd; core with deviations of 6.3°
and 0.6°. The Cp* .,woic—Al bond lengths have values in the
range 1.919-2.003 A (average 1.953 A), showing no system-
atic differences between terminal and bridging ligands.
These values are close to free AICp* (gas phase: monomer,
2.015 A)™ and are distinctly longer than the distances in
the metal carbonyl complexes [(CO)sCr(AlCp*)]
(1.819 A)2 and [(CO),Fe(AICp*)] (1.775 A)PY with signifi-
cantly more polarized M°—E°* bonds.

The 'H NMR spectrum of 3 in C4Ds at room temperature
exhibits two distinguishable singlets at 6 =2.05 and 1.97 ppm
with an integral ratio of 1:2. In the range +80°C to —80°C
no changes of the NMR spectrum are observed, that is, nei-
ther broadening, decoalescence, nor coalescence of the sig-
nals. As an explanation for this observation, it is suggested,
that the axially coordinated AICp* ligands do not partici-
pate in the fluxional ligand-exchange process of the equato-
rial (terminal and edge-bridging) ligands on the NMR time-
scale.

As a stoichiometric side product in the formation of 3, the
colorless compound [(dvds)(p,-Cp*Al),] is formed.”?! An il-
lustration of the molecular structure of [(dvds)(p,-Cp*Al),]
as well as important bond lengths and angles are included in
the Supporting Information.

Ligand exchange in the homoleptic dinuclear cluster com-
plexes M,Ga; (M=Pd, Pt): Treatment of the dinuclear
Pt,Ga;s (1a) with AICp* in toluene at +80°C quantitatively
leads to the partially exchanged compound [Pt,(GaCp*),(p,-
AlCp*);] (1d). In contrast, the reaction of the Pd analogue
Pd,Gas (1¢) gives the fully exchanged dinuclear compound
[Pd,(AICP*),(1-AlCp*);] (1e; Scheme 2). Attempts to syn-
thesize the homoleptic complex Pt,Al; from 1a in the pres-
ence of excess AICp* were not successful. "H NMR spectra
of both 1d and 1e exhibit two signals at 6 =2.07/1.86 ppm
and 0=2.00/1.94 ppm, respectively, with the expected inte-
gral ratio of 2:3.

Compounds 1d and 1e are isostructural and crystallize in
the monoclinic space group C2/c. The molecular structures
are analogous to Pt,Gas (1a) and Pd,Gas (1¢) with only
minor deviations (Figure 1, Table 4). The AlCp* ligands in
1d are solely located in the bridging positions.

It is worth noting that the substitution of InCp* by AlCp*
or GaCp* is not restricted to the dinuclear systems. Thus,
the reaction of Pd;Ing (2a) with stoichiometric amounts of
GaCp* or AlCp leads to a substitution of the coordinated
InCp* ligands as shown by in situ NMR experiments. How-
ever, the substitution reactions were incomplete, giving mix-
tures of insoluble trisubstituted complexes that could not be
further characterized.

The reaction of M,Gas (M,=Pt, 1a, PdPt 1b, Pd, 1¢,)
with PPh; in toluene yields the monosubstituted complexes
[MPt(GaCp*)(PPh;)(n,-GaCp*);] (M=Pt 4a, Pd 4b) and
the disubstituted compound [Pd,(PPh;),(1,-GaCp*);] (5), re-
spectively (Scheme 2). The '"H NMR spectrum of 4a exhibits
two singlets for the GaCp* units at 6=2.12 and 1.84 ppm
with an integral ratio of 1:3. The *'P{'"H} NMR resonance at
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Scheme 2. Ligand exchange reactions of the homoleptic dinuclear cluster complexes [M,(GaCp*)s] (M=Pd,

PY).

Table 4. Selected bond lengths [A] and angles [°] for 1¢, 1d, and 1e.!
Pd,Gas (1) PLALGa, (1d)  PdAL (le)

M(1)-M(2) 2.6091(12) 2.5585(3) 2.6327(11)
M(1)~E(1) 2.3624(14) 2.3310(7) 2.3230(18)
M(1)-E(2) 2.4945(15) 2.4259(16) 2.4559(18)
M(1)-E(3) 2.5052(14) 2.4237(17) 2.4559(18)
Cp*—E(1) 2.004 1.988 1.974
Cp*-E(2) 2.053 1.919 1.936
Cp*-E(3) 2.032 1.925 1.940
E()-M(1)-M(Q2)  177.44(5) 178.12(2) 179.00(5)
M(1)-E(2)-M(2) 63.17(4) 63.46(4) 65.01(5)
M(1)-M(2)-E(2) 58.56(3) 58.52(4) 57.26(5)
E(1)-M(1)-E(2) 119.51(5) 122.03(4) 121.84(7)
E(2)-M(1)-E(3) 92.90(5) 95.66(6) 94.83(5)
Cp*-E(1)-M(1) 178.77 177.38 176.69

[a] Cp* values are taken from the centroid of the Cp* moiety.

0=66.0 ppm shows the expected J(Pt,P) coupling ("J(Pt,P)=
5685 Hz, 2J(Pt,P) =276 Hz). In the case of the trisubstituted
compound 1b, the substitution is observed only at the Pd
center, leaving the Pt—GaCp* bond unchanged, as shown by
the *'P{'H} resonance at 6=>53.0 ppm with a significantly
small 2/(Pt,P) coupling of 494 Hz.

In contrast to the rather slow substitution reaction of 1a,
the reaction of 1¢ with PPh; takes place at lower tempera-
tures (RT) quantitatively with a shorter reaction time
(<1h). Both terminally coordinated GaCp* ligands in 1c
are readily replaced by PPh; at room temperature, giving 5
in almost quantitative yields. The '"H NMR spectrum of the

1640 © 2005 Wiley-VCH Verlag GmbH & Co. KG

disubstituted product 5 exhibits
one set of signals for the bridg-

ing GaCp* wunits at OJ=

1.77 ppm and signals for the
phenyl groups at 6=7.85-

7.05 ppm. The *P{'H} NMR

le* resonance is found at d=

34.8 ppm. Monitoring this reac-

*CPAI—Pd;—Pd—AICP*  tion by 'HNMR spectroscopy
\ ' “'élp* reveals the monosubstituted

cp* complex  [Pd,(GaCp*)(PPhs)-
1e (u-GaCp*);] to be a reaction
intermediate, giving rise to two

singlets at 0=2.12 and

Cp* . . .

Al 1.87 ppm with an integral ratio

of 1:3. All attempts to isolate

*CpGa_PtT__f t=GaCP"  this intermediate failed.

Al ‘“é'p* The molecular structure of
Cp* both 4a and 4b is depicted in

1d Figure 4. Both compounds crys-

tallize in the triclinic space
group P1. The molecular struc-
ture consists of a Pt, or a PdPt
core, respectively, coordinated
by one terminal PPhs;, one ter-
minal GaCp* and three bridg-
ing GaCp* ligands, which basi-

&)

Figure 4. Molecular structure of [MPt(GaCp*)(PPh;)(u,-GaCp*);] M=
Pt 4a, Pd 4b) in the solid state (Ortep drawing, 30 % level of probability
for the metal atoms, carbon atoms displayed as spheres for clarity).

cally represents the M,E; structure type shown in Figure 1.
The central P-M-Pt-Ga connectivity is almost linear. The
phenyl rings coordinated at P(1) approximately occupy a
staggered conformation with respect to the bridging GaCp*
ligands. Due to steric repulsion between the PPh; group and
the bridging GaCp* units, the angles M-P-C(phenyl) (aver-
age 116.65° for 4a and 115.31° for 4b, see Table 5) are

aA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2005, 11, 16361646
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Table 5. Selected bond lengths [A] and angles [°] for 4a and 4b.1!
P,Ga,(PPhs) (4a) PdPtGa,(PPhs) (4b)

M(1)-Pt(2) 2.6008(10) 2.5888(10)
M(1)—P(1) 2.242(3) 2.242(3)
Pt(2)~Ga(1) 2.3379(15) 2.3513(17)
M(1)-Ga(2) 2.5226(17) 2.4966(18)
Pt(2)-Ga(2) 2.4459(17) 2.4589(18)
Cp*—Ga(l) 1.976 1.974
Cp*—Ga(2) 2,019 2.007
P(1)-C 1.825(12)-1.844(13) 1.794(16)-1.839(13)
Ga(1)-Pt(2)-M(1) 179.29(5) 179.31(5)
P(1)-M(1)-Pt(2) 177.20(8) 177.58(9)
M(1)-Ga(2)-Pt(2) 63.11(4) 62.98(5)

M(1)-P(1)-C
C-P(1)-C

114.8(5)-118.0(4)
100.3(6)-102.2(6)
Cp*-Pt(2)-M(1) 179.30 178.72

C-P(1)-M(1)-Ga™ 48.5(5)-71.5(5) 48.5(5)-73.0(6)

[a] Cp* values are taken from the centroid of the Cp* moiety; carbon
atoms are from the phenyl group. [b] This describes the dihedral angles
between the C atoms attached to the phosphorus and the bridging Ga
units.

113.2(6)-117.5(5)
102.4(6)-103.6(7)

bigger than 109°, while the angles C(phenyl)-P-C(phenyl)
(average 101.43° for 4a and 103.00° for 4b) are smaller than
109°. Similar distortions have been observed in the complex
[Pd(PPh;);] (Pd-P-C(phenyl) 114.71-124.92°; C(phenyl)-P-
C(phenyl) 99.83-102.27°).”) The Cp* .woic—Ga bond lengths
for the bridging GaCp* units (average 2.021 A for 4a and
2.006 A for 4b) and the terminal ligands (1.976 A for 4a
and 1.974 A for 4b) are almost equal to that found for the
Cp*cenroia—Ga bond in 1a or 1e. Also the Pt—Pt bond length
of 2.589(1) A in 4a is not significantly different from the
metal-metal distance in 1a. The Pd—Pt bond length in 4b
has a value of 2.601(1) A.

Monomeric complexes of the type [M(GaCp*),_.(PPh;),]
(x=1-4) were not formed as side products in the reactions
yielding 4 and 5. However, when the chelating diphosphine
ligand dppe (dppe =bis(diphenylphosphinoethane)) is treat-
ed with M,Gas, all GaCp* units are cleaved and the mono-
meric complexes [M(dppe),] (M=Pd, Pt) are quantitatively
obtained (Scheme 2). It was not possible to selectively
derive complexes of the type [M(ER),(L,)] with L, being a
chelating phosphane. However, compounds of that kind do
exist, for example, [Pt(ECp*),(dcpe)] (dcpe=bis(dicyclo-
hexylphosphino)ethane), and were synthesized by trapping
the in situ formed [L,Pt] with stoichiometric amounts of
ECp*.[24’25]

In the presence of stronger m-acceptor ligands the dinu-
clear molecular structure M,Ga; is retained and disubstitut-
ed species similar to 5 are formed. Thus, the reaction of
Pt,Ga; with an excess of CO or CNrBu yields the complexes
[Pt(CO)x(-GaCp*)s] (6) and [Pt(CNBu),(k-GaCp*)s]
(7), respectively (Scheme 2). The formation of 6 could only
be confirmed in situ by NMR and IR spectroscopy, as the
complex is apparently stable only under an atmosphere of
CO gas. The precipitation of trace amounts of a black solid
in the absence of CO points to the formation of metallic
platinum as a decomposition product. The 'H NMR spec-
trum of 1a in an atmosphere of CO in C¢D¢ shows one reso-
nance for the three coordinated GaCp* ligands at 0=
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1.85 ppm and a singlet for the uncoordinated GaCp* units
(0=1.92 ppm) in a ratio of 3:2. In accordance with the sub-
stitution reactions of M,Es with PR; described above, a sub-
stitution of the terminal GaCp* units to CO is assumed. No
exchange of free to coordinated ligand is observed on the
NMR timescale. The coordinated CO gives rise to a *C res-
onance at 0 =209.6 ppm. The solution IR spectrum of 6 re-
veals one sharp absorption at 1962 cm™" in the region typical
for terminally bound CO. Complex 7 was characterized by
means of NMR spectroscopy, elemental analysis, and single-
crystal X-ray analysis. The determined molecular structure
of 7 shows no unexpected features and will not be discussed
herein (see Supporting Information). The 'H NMR spec-
trum exhibits one singlet at §=2.06 ppm for the GaCp*
units and one resonance at 0 =1.13 ppm for the two tBuNC
groups in a ratio of about 45:18. By monitoring the forma-
tion of 7 by 'HNMR spectroscopy, the monosubstituted
product can be detected, exhibiting two singlets at 6 =2.05
and 1.98 ppm with an integral ratio for the terminal and
bridging GaCp* moieties of 1:3 and one resonance at d=
1.17 ppm representing the tBuNC ligand.

Ligand exchange reactions in the homoleptic cluster com-
plex Pd;Ing: Corresponding to the substitution reactions of
M,E; described above, the reaction of the trinuclear com-
pound 2a with PPh; or dppe proceeds by retaining the Pd;
core. However, the linear arrangement of the transition
metals in the solid state is not sustained: the two triangular
Pd; clusters [Pd;(PPh;);(u-InCp*)(us-InCp*),] (8) and
[Pd;(dppe),(t-InCp*)(us-InCp*),]  (9)  were  isolated
(Scheme 3).

Cp*
"__PPh
/I
toluene, RT - Pfj ~
Ph,p—Pd———= Pd\PPh
-5 InCp* 3 I / 3
*Cpln\\/
In
Cp*
[Pdy(InCp*),] —— 8
Cp*

2 dppe p p
toluene, RT ( %Z/K
—_—
- b
-5InCp p—Pd —

Scheme 3. Synthesis of [Pd;(InCp*);(PPhs);] (8) and [Pd;(InCp*);(dppe)-]
9).

Both complexes were characterized by means of NMR
spectroscopy, elemental analysis, and single-crystal X-ray
analysis. The key features of the molecular structures of 8
and 9 are almost identical, hence only the structure of 8 is
briefly discussed (Figure 5).

The molecular structure of 8 consists of a triangular Pd,
core, both faces of the metal triangle being capped by two
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Figure 5. Molecular structure of [Pd;(InCp*);(PPh;);] (8) in the solid
state (Ortep drawing, 30% level of probability for the metal atoms,
carbon atoms displayed as spheres for clarity).

InCp* units, resulting in a slightly distorted trigonal bipyra-
midal geometry. The third InCp* ligand (In(3)) is found in
Wp-coordination mode almost parallel to the Pd; plane (devi-
ation 6.9°). Additionally, each Pd center is coordinated by
one PPh; ligand. The Pd—Pd bond lengths in 8 have values
of 2.6283(11) A (Pd(1)—Pd(2)), 2.9306(17) A (Pd(2)—Pd(3)),
and 2.8003(17) A (Pd(1)—Pd(3))(Table 6). The short Pd(1)—

Table 6. Selected bond lengths [A] and angles [°] for 8.

Pd(1)-Pd(2) 2.6283(11) Cp*~In(1) 2262
Pd(1)-Pd(3) 2.8003(17) Cp*—In(2) 2235
Pd(2)-Pd(3) 2.9306(17) Cp*~In(3) 2.299
Pd(1)-In(3)  2.6447(15) Pd(1)-Pd(2)-Pd(3) 60.20(4)
Pd(2)-In(3)  2.7094(15) Pd(1)-Pd(3)-Pd(2) 54.54(4)
Pd(1)-In(1)  2.7325(10) Pd(1)-In(3)-Pd(2) 58.78(4)
Pd(3)-In(1)  2.6597(14) Pd(1)-In(1)-Pd(2) 57.54(3)
Pd(1)-In(2) 2.7235(12) P(1)-Pd(1)-Pd(2) 174.89(7)
Pd(3)-In(2) 2.6183(12) P(1)-Pd(1)-In(3) 116.54(8)
Pd(1)-P(1)  2267(2)  Pd(1)-P(1)-C 114.2(3)-118.4(3)
Pd(2)-P(2) 2278(2)  C-P(1)-C 100.8(4)-104.2(4)
Pd(3)-P(3)  2255(3)  Pd(1)-Pd(2)-Pd(3)-In(3) 173.12(7)

[a] Cp* values are taken from the centroid of the Cp* moiety; carbon
atoms are from the phenyl group.

Pd(2) bond length is possibly a result of the p,-bridging
In(3)Cp* ligand. The Pd-In
bond lengths of the p;-bridging
InCp* moieties have average
values of 2.7068 A (In(1)) and

2.6830 A (In(2)), the ps-InCp* *CPE\ o

units being slightly shifted (5.3° Pl E s
and 13.0°) towards the Pd(3) Eor
*CpE
center.
The '"HNMR spectrum of 8
in C4D¢ exhibits two singlets for

the InCp* units at 6=2.11 and
1.70 ppm in a ratio of 1:2 and
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signals for the PPh; ligand at 6 =7.85-7.35 ppm. The *'P{'H}
NMR shows two singlet resonances at 6 =30.3 and 13.6 ppm
with an intensity ratio of 2:1. The 'HNMR spectrum of
compound 9 is similar to 8 and shows no unusual features.
The *'P{'H} NMR of 9 shows two equally intense triplet res-
onances at 28.4 (°J(PP)=24.3 Hz) and 20.9 ppm (CJ(PP)=
24.6 Hz).

Discussion

Fluxionality of homoleptic clusters M, E,: Taking into ac-
count that Pt,Gas (1a) and Pd,Al; (1e) give static spectra,
whereas Pd,Gas (1c¢) gives only one coalesced signal at
room temperature, a qualitative trend for the relative rates
of the ligand-exchange processes can be estimated as being:
Pt,Gas (1a)~Pd,Al; (1e)<Pd,Gas (1¢). This is in good
agreement with the calculated M—E bond energies in the
monomeric compounds [M{E(CH,)},] (M=Ni, Pd, Pt; E=
B-T1), which have the order Ni~Pt>Pd for the transition
metals, while for the Group 13 elements the trend B > Al >
Ga~In>Tl is found.”!*!" These results are also consistent
with the NMR spectrum of the trisubstituted compound 1b,
for which only “half” of the fluxional process at room tem-
perature on one of the two cluster core atoms is observed.
Most likely, the Pd—Ga bond in 1b is weaker than the Pt—
Ga bond resulting in a fast exchange of bridging versus ter-
minal ligands on the Pt center (vide infra).!'¥

A similar trend is found in the trinuclear homoleptic
series Pd;Eg;. While Pd;Gag (2b) exhibits two resonances at
room temperature, the corresponding Pd;Ing species (2a),
shows decoalescence only at —80°C. This difference matches
qualitatively with the decreasing order of the bond energies
M-—E for the heavier element E. The reason for the unusual
ratio of 1:3 of the decoalesced peaks is uncertain and is not
in agreement with the solid-state structure. A dissociation of
the trinuclear component into two Pd(ECp*); fragments
and one Pd(ECp*), (E=Ga, In) unit can not be excluded
on the basis of the spectroscopic data, yet the reactivity of
Pd;Ing (2a) with phosphines (PPh; or dppe) suggests that
the nuclearity is retained in solution. A dissociation of
Pd;E; into Pd;E4 and two ECp* units is unlikely and can be
excluded on the basis of 'H NMR chemical shifts. Remem-
ber that the saturated homoleptic compounds also do not
show dissociative equilibria. Scheme 4 presents a speculative

Cp*
P E .
N ECP / AN
° *CpE T/~ Pd - \- ECp*
/Pd\ N ~ LN
- ECp

ECp* P ‘Pd o
P *CpE™ , '«

"N/
E
Cp*
solution

*

Scheme 4. Proposed interconversion between solution and solid-state structures of Pd;Es (E=Ga, In).

www.chemeurj.org  Chem. Eur. J. 2005, 11, 16361646


www.chemeurj.org

Cluster Compounds

mechanism for the interconversion of linear to triangular
clusters of Pd;E; in solution, bearing two axial and six equa-
torial ligands. However, it should be noted that more experi-
mental or theoretical work is needed to finally clarify the
apparently complex solution behavior of these compounds.

The equatorial ligands are most likely fluxional in both
cases down to —80°C, finally resulting in the observed inten-
sity ratio of 2:6 (1:3). This suggestion is also supported by
the molecular structure of the trinuclear compound Pd;Al
(3), bearing two axial and four equatorial ligands. The equa-
torial ligands in 3 are fluxional in solution down to —80°C
(vide supra).

Thermodynamic and kinetic considerations: Thermodynami-
cally, the substitution of coordinated GaCp* in M,Gas by
AlCp*, PPh;, CO, or isonitriles appears to be a favorable re-
action, since in all cases investigated, either full or partial
ligand exchange was observed. The m-acceptors CO, isoni-
triles, and PPh; were found in a terminal positions of the di-
nuclear clusters, whereas the remaining ECp* prefer the
bridging positions. Interestingly, AlCp* favors the bridging
position in direct competition with GaCp* in the case of
Pt,Al;Ga, (1d). This may be due to the stronger o-donor
properties of AICp*. In general, the AlCp*-containing dinu-
clear clusters Pd,Als (1e) and Pt,Al;Ga, (1d) do not under-
go further substitution reactions with phosphines, confirming
the higher bond strength of M—Al in the first place.

In virtually all substitution reactions of M,Es, the nuclear-
ity of the M, core was retained. Taking the fact into account
that all monomeric compounds ME, are kinetically inert
and that none of the clusters M,Es or MsE, (n=6, 8) forms
monomers in the presence of an excess of free ECp*, it can
be assumed that a high kinetic barrier prevents the dimeric
cluster from breaking into two monomers.

Still, the origin of the kinetic activity of the dimeric clus-
ters M,E; in ligand exchange reactions has to be addressed.
As both metal centers in M,E; are sterically saturated (tet-
rahedral environment), a dissociative mechanism, with re-
spect to bridging ligands, for the substitution reactions as
well as the fluxional processes seems most reasonable
(Scheme 5). The intermediate is supposedly equal for both
processes, as is reflected by the same qualitative trend in the
rates of fluxionality and reactivity (as indicated by variable-
temperature NMR measurements). This intermediate is

E E
*E—M/ M—E _— E*M/ \M*E
¥ v

E E
o B, /N oE  _Er /N oE
Substitution M NS, — E—M LN
E \E/ L \E/ L

Scheme 5. Proposed mechanism for the substitution reactions as well as the fluxional processes of [M,(ECp*);s]

(M=Pd, Pt).
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probably formed by the rupture of one bridging M—E bond
and thus exhibits a coordinatively-unsaturated transition
metal, which is likely to be the reactive center for the in-
coming ligands in the subsequent associative substitution re-
actions. The nature of the saturated transition-metal center
in this intermediate, now having two equivalent terminal li-
gands, can well explain the exchange process of terminal
and bridging ligands. The fact that ME, clusters are kineti-
cally inert in contrast to M,E5 could be reasoned by taking
into account that splitting only one M—E connectivity in the
case of the M,E; unit is of course likely to cost less activa-
tion energy per M,E; molecule than complete dissociation
of ME, in ME; and free E. This situation is comparable to
the well-studied classical metal-carbonyl cluster complexes,
with the terminally bound carbonyls generally being less re-
active than the bridging ones.*?"

The relative inertness of Pt,Al;Ga, (1d) in the presence
of phosphines is in agreement with this mechanism, as the
rupture of the M—E bond of the bridging AlICp* ligand
would require more energy in comparison to the bridging
GaCp* unit in the related Pt,Gas (1a). However, reaction of
Pt,Al;Ga, (1d) with CO does lead to [Pt,(CO),(u,-AlCp*);]
over a period of two days at room temperature. In contrast,
Pt,Gas (1a) reacts with CO under ambient conditions within
a couple of minutes giving [Pt,(CO),(u,-GaCp*);] (6).

Finally, it should be noted here, that we probably misin-
terpreted the fluxionality of the trimetallic complex
PtPdGas (1b) in the original publication."¥ Taking the pro-
posed mechanism above into account, the fluxional terminal
GaCp* ligand should actually be bound to the platinum
center rather than the palladium center, as the Pd—Ga
bonds should be weaker than the Pt—Ga bonds, thus creat-
ing a symmetric saturated platinum rather than palladium
center in the intermediate.

Conclusion

In this work we have presented a general and direct route
to a variety of homoleptic, mixed-metal clusters with di- and
trinuclear palladium and platinum cores and ECp* (E=Al,
Ga, In) as stabilizing ligands. The formation of these clusters
is determined by kinetic factors, and clusters with different
nuclearity are not interconvertible to each other by addition
of free ligand. The reactivity of
M,E;s and M;E; towards ligand
substitution was studied in
some detail. A qualitative rela-
tionship between rates of flux-
ional processes and ligand-sub-
stitution reactions was estab-
lished, resulting in mechanistic
suggestions for both. The trian-
gular nature of the substitution
products of M;E; leads to a

Fluxionality

a,

better understanding of the
NMR spectroscopic features
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and thus the molecular structures of M;Eg in solution, which
have a triangular rather than a linear arrangement of the
transition-metal centers as found in the solid state. The ki-
netic accessibility of the formally unsaturated M,Es and
M;E; clusters in contrast to the saturated ME, systems may
allow interesting chemistry, such as activation of small mole-
cules similar to the case of the unsaturated intermediate
[Ni(AICp*);] presented previously,"”! or the unusual C—C
bond activation observed in the rearrangement of
[Rh(Cp*)(CHj;),(GaCp*)] to the zwitterionic product
[Rh(Cp*){n’-CsMe,(Ga(CH,),)}].P* We will report on the
further development of this chemistry, in particular with re-
spect to other d-block metals and complexes of higher and
as well lower coordination numbers than reported here in
due course.?s?)

Experimental Section

All manipulations were carried out in an atmosphere of purified argon
using standard Schlenk and glove box techniques. Hexane, toluene, THF
and Et,0 were dried using an MBraun Solvent Purification System, all
other solvents were dried by distillation over standard drying agents. The
final H,O content in all solvents used was checked by Karl-Fischer-titra-
tion and did not exceed 5 ppm. [Pd,(dvds),],*” AlCp*,*"%2 and GaCp*®
were prepared according to recent literature methods. Elemental analy-
ses were performed by the Microanalytical Laboratory of the Ruhr-Uni-
versitdt Bochum. Melting or decomposition points were determined ther-
mogravimetrically on a Seiko EXSTAR 6300S11 TG/DTA instrument.
NMR spectra were recorded on a Bruker Avance DPX-250 spectrometer
("H, 250.1 MHz; *C, 62.9 MHz) in C¢D; at 298 K unless otherwise stated.
Chemical shifts are given relative to TMS and were referenced to the sol-
vent resonances as internal standards.

The crystal structures of 1¢, 1e, 2b, and 4b were measured on a SMART
CCD1000 diffractometer, the structures of 1d, 3, 4a, and 8 were mea-
sured on an Oxford Excalibur 2 diffractometer with Mo, radiation (A=
0.71073 A). The structures were solved by direct methods by using
SHELXS-97 and refined against F> on all data by full-matrix least-
squares with SHELXL-97. Details of the measurements are given in
Table 7.

CCDC-250431 (1¢), CCDC-250432 (1d), CCDC-250433 (1e), CCDC-
250434 (2b), CCDC-250435 (3), CCDC-250436 (4a), CCDC-250437 (4b),
CCDC-250438 (8) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.

[Pd,(GaCp*),(n,-GaCp*);] (1¢): [Pd,(dvds);] (0.800 g, 1.036 mmol) in
hexane (5mL) was cooled to —30°C and treated dropwise with GaCp*
(1.272 g, 6.218 mmol). The resulting orange solution was slowly warmed
to room temperature, whereupon an orange precipitate was formed. The
product was isolated by means of cannulation, washed twice with a small
amount of cold hexane and dried in vacuo. The precipitate was dissolved
in toluene and the product crystallized by slow cooling to —30°C. In
trace amounts (<3 %) the monomeric compound [Pd(GaCp*),] was ob-
served. Yield: 1.211 g (94%); m.p. 118°C (decomp); 'H NMR (C,D,
250 MHz, 25°C): 6=198ppm (s, 75H); "CNMR (C¢D;, 62.9 MHz,
25°C): 6=113.3 (CsMes), 10.8 ppm (CsMes); elemental analysis caled
(%) for C5,H;sGasPd,: C 48.53, H 6.11; found: C 48.26, H 6.32.

[Pt,(GaCp*),(n,-AICp*);] (1d): A suspension of 1l1a (0.250¢g,
0.177 mmol) and [{AlCp*},] (0.085 g, 0.133 mmol) in toluene (5 mL) was
warmed to 80°C for 1 h. The red solution was cooled to room tempera-
ture and the product crystallized by slow cooling to —30°C. Yield:
0.186 g (83%); m.p. 176°C (decomp); '"H NMR (C4Ds, 250 MHz, 25°C):
0=2.07 (s, 30H), 1.86 ppm (s, 45H); *C NMR (C4Ds, 62.9 MHz, 25°C):
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0=1142 (CsMes), 112.5 (CsMes), 13.4 (CsMes), 10.6 ppm (CsMes); YAl
NMR (C¢Dg, 65.2 MHz, 25°C): 6=— 91.8 ppm; elemental analysis calcd
(%) for Cs\H;sAlL;Ga,Pt,: C 46.68, H 5.88; found: C 46.22, H 5.52.

[Pd,(AICp*),(u,-AICp*);] (1e): A suspension of 1¢ (0.250¢g,
0.202 mmol) and [{AlCp*},] (0.090 g, 0.253 mmol) in toluene (7 mL) was
warmed to 85°C for 3 h. The pale-orange solution turned red and a red-
brown precipitate was formed. After removal of all volatiles in vacuo,
the residue was washed twice with cold hexane and dried in vacuo. The
precipitate was dissolved in toluene by warming to 90°C and the product
crystallized by slow cooling to —30°C. Yield: 0.162 g (78 % ); m.p. 204°C
(decomp); '"HNMR (C,Ds, 250 MHz, 25°C): 6=2.00 (s, 30H), 1.94 ppm
(s, 45H); BCNMR (C¢Dg, 62.9 MHz, 25°C): 6=113.9 (CsMe;), 112.8
(CsMe;), 12.5 (CsMes), 10.6 ppm (CsMes); *’Al NMR (C,Ds, 65.2 MHz,
25°C): 0 =—54.4 ppm; elemental analysis calcd (%) for Cs,H;5sAlPd,: C
58.94, H 7.42; found: C 58.92, H 7.66.

[Pd;(InCp*)4(n,-InCp*),] (2a): [Pd,(dvds);] (0.500 g, 0.648 mmol) in tolu-
ene (5 mL) was treated with InCp* (1.133 g, 4.534 mmol) at 50°C, where-
upon the color of the solution turned dark red and a red precipitate was
formed. After removal of all volatiles in vacuo, the residue was washed
twice with cold hexane and dried in vacuo. Yield: 0.874 g (88 %). All ana-
Iytical data were in good agreement with the data reported.

[Pd;(GaCp*)4(n,-GaCp*),] (2b): [Pd,(dvds);] (0.500 g, 0.648 mmol) in
toluene (5 mL) was treated dropwise with Cp*Ga (0.927 g, 4.534 mmol),
whereupon a red precipitate was formed. The product was isolated by
means of cannulation, washed twice with a small amount of hexane, and
dried in vacuo. The precipitate was dissolved in toluene by warming to
90°C and the product crystallized by slow cooling to —30°C. In trace
amounts (<2%) the dimeric compound [Pd,(GaCp*)s] was observed.
Yield: 0.651 g (76 %); m.p. 178°C (decomp); 'HNMR (CsDs, 250 MHz,
25°C): 0=2.05 (s, 15H), 1.96 ppm (s, 45H); *C NMR (C,Ds, 62.9 MHz,
25°C): 6=113.6 (CsMes), 10.4 ppm (CsMes); elemental analysis caled
(%) for CgoH,,GagPd;: C 49.05, H 6.17; found: C 48.84, H 6.18.

[Pd;(AICP*),(n,-AlCP*),(n3-AlCPp*),] (3): A mixture of [Pd,(dvds)s]
(0.250 g, 0.324 mmol) and [{AlCp*},] (0.522 g, 0.809 mmol) in benzene
(5 mL) was warmed to 60°C for 1 h, whereupon the color of the solution
turned dark red and a dark red-brown precipitate was formed. The prod-
uct was isolated by means of cannulation, washed twice with a small
amount of hexane, and dried in vacuo. The residue was dissolved in tolu-
ene by warming to 90°C and the product crystallized by slow cooling to
room temperature. Yield: 0.178 g (64%); m.p. 196°C (decomp);
"H NMR (C¢Dg, 250 MHz, 25°C): 0=2.12 (s, 30H), 1.97 ppm (s, 60H);
BC NMR (C¢Dg, 62.9 MHz, 25°C): 6 =113.8 (CsMes), 113.0 (CsMes), 14.3
(CsMes), 11.2 (CsMes) ppm; YAl NMR (C¢D,, 652 MHz, 25°C): 0=
—44.6 ppm; elemental analysis calcd (%) for CyHgAlgPd;-C,Hs(CH;): C
58.10, H 7.13; found: C 57.87, H 7.19.

[Pt,(PPh;)(GaCp*)(un,-GaCp*);] (4a): A solution of 1a (0.200 g,
0.141 mmol) and PPh; (0.074 g, 0.282 mmol) in toluene (6 mL) was
warmed to 90°C for 8 h. After removal of all volatiles in vacuo, the
yellow precipitate was dissolved in toluene and crystallized by slow cool-
ing to —30°C. Yield: 0.156 g (75%); m.p. 121°C (decomp); 'H NMR
(CsDg, 250 MHz, 25°C): 6="7.75-7.10 (m, 15H), 2.12 (s, 15H), 1.84 ppm
(s, 45H); BCNMR (CsDy, 62.9MHz, 25°C): 6=1413 (d, J(P,C)=
442 Hz), 135.7 (d, J(P,C)=14.5Hz), 129.3 (d, J(P,C)=4.8 Hz), 125.7,
1143 (CsMes), 112.8 (CsMes), 11.2 (CsMes), 10.5 ppm (CsMes); *'P{'H}
NMR (CiDs, 101.3MHz, 25°C): 6=66.0 ppm ('J(Pt,P)=5685 Hz;
2J(Pt,P)=276 Hz); elemental analysis caled (%) for CssH;sGa,PPt,: C
47.32, H 5.13; found: C 47.67, H 4.95.

[PtPd(PPh;)(GaCp*)(n,-GaCp*);] (4b): A solution of 1b (0.100 g,
0.075 mmol) and PPh; (0.020 g, 0.075 mmol) in toluene (3 mL) was stir-
red at room temperature for 1 h. After removal of all volatiles in vacuo,
the yellow precipitate was dissolved in toluene and crystallized by slow
cooling to —30°C. Yield: 0.078 g (75%); m.p. 114°C (decomp); '"H NMR
(C¢Dg, 250 MHz, 25°C): 6=7.85-7.25 (m, 15H), 2.11 (s, 15H), 1.84 ppm
(s, 45H); "CNMR (C,Dy, 62.9MHz, 25°C): 6=139.1 (d, J(P.C)=
28.4 Hz), 1353 (d, J(P,C)=17.7Hz), 129.3 (d, J(P,C)=2.4 Hz), 128.1,
114.1 (CsMes), 112.9 (CsMes), 11.2 (CsMes), 10.6 ppm (CsMes); *'P{'H}
NMR (C¢Dy, 101.3 MHz, 25°C): 6=53.0 ppm (t, 2J(Pt,P) =494 Hz); ele-
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Table 7. Crystallographic data for compounds 1c¢, 1d, 1e, 2b, 3, 4a, 4b, and 8.

FULL PAPER

1c 1d le 2b

formula Cs,75H7,GasPd CsoH75AL;Ga,Pd CsH;5AlsPd CygoH 20GagPd;

M, [gmol '] 1260.53 1286.66 1023.80 1958.72

T [K] 203(2) 103(2) 208(2) 213(2)

crystal system triclinic monoclinic monoclinic monoclinic

space group Pl C2/c C2/c C2lc

a[A] 15.205(4) 45.097(2) 14.984(5) 31.92(5)

b [A] 20.824(6) 11.6375(8) 20.096(6) 12.69(3)

c[A] 20.879(6) 22.473(2) 19.032(8) 24.88(4)

a [°] 60.279(7) 90 90 90

BI°] 87.525(7) 98.326(6) 101.947(13) 118.41(5)

v [°] 85.723(7) 90 90 90

V[A%] 5725(3) 11669(15) 5607(3) 8867(28)

z 4 8 4 4

Pecatea [gem ™) 1.462 1.465 1.213 1.467

u [mm™] 2.960 5.766 0.748 3.017

F (000) 2583 5056 2128 3944

26 range [°] 1.13-25.31 3.12-25.07 2.19-26.15 2.15-25.06

index ranges —18<h<16 —41<h<53 —18<h<17 —37<h<36
—24<k<24 —13<k<13 —23<k<23 —-15<k<6
—-25<1<16 —-26<1<20 —-18<1<23 —-29<1<27

reflections collected 33260 44079 16002 11752

reflections unique
goodness-of-fit on F*

20381 (R, =0.0463)
1.051

10322 (R, =0.0549)
0.929

5311 (R, =0.0458)
1.059

7567 (R =0.0498)
0.962

final R indices [/>20(])] R;=0.0698 R,;=0.0359 R,=0.0540 R;=0.0521
wR,=0.1738 wR,=0.0747 wR,=0.1615 wR,=0.1144

R indices (all data) R;=0.1261 R;=0.0549 R,=0.0784 R;=0.1103
wR,=0.2021 wR,=0.0795 wR,=0.1839 wR,=0.1354
3 4a 4b 8

formula CeoHgAlgPd, CssH;5Ga PP, Cs3H;5Ga,PPdPt Cy,HgoIn;P;Pd,

M, [gmol™'] 1292.40 1472.21 1383.52 1856.13

T [K] 103(2) 100(1) 203(2) 100(1)

crystal system monoclinic triclinic triclinic triclinic

space group 2 Pl Pl P1

a[A] 18.817(5) 11.579(3) 11.577(4) 14.369(6)

b [A] 22.799(4) 11.648(4) 11.834(3) 14.679(5)

c[A] 48.790(5) 21.529(6) 21.723(6) 21.995(4)

al° 90 101.19(3) 100.549(7) 77.735(19)

pl° 90.050(14) 96.27(2) 96.808(7) 86.52(2)

v [°] 90 97.47(3) 97.273(7) 63.18(3)

VA% 20932(7) 2797(14) 2871(15) 4042(2)

V4 12 2 2 2

Pearea [gem™] 1.230 1.748 1.600 1.525

u [mm™) 0.871 6.944 4.644 1.594

F (000) 7992 1436 1372 1848

26 range [°] 2.74-25.07 2.58-30.07 2.15-25.06 2.72-25.05

index ranges —22<h<22 —16<h<14 —9<h<13 —17<h<17
—27<k<27 —13<k<16 —13<k<14 —17<k<17
—58<1<57 —28<1<30 —25<1<25 —26<1<26

reflections collected 125967 25538 15636 54424

reflections unique
goodness-of-fit on F?
final R indices [/>20(])]

R indices (all data)

35748 (Ry =0.1945)
0.851

R,=0.0836
wR,=0.1320
R,=0.1575
wR,=0.1560

14256 (Ryp =0.0745)
1.071

R,=0.0905
WR,=0.2089
R,=0.1229
WR,=0.2227

9815 (Ryp=0.0645)
0.954

R,=0.0713
wR,=0.1784
R,=0.1115
wR,=0.1991

14271 (R, =0.1021)
1.006

R, =0.0546
wR,=0.1159
R,=0.1102
wR,=0.1329

mental analysis calcd (%) for CsqH;sGa,PPdPt: C 50.35, H 5.46; found: C

50.02, H 5.24.

[Pd,(PPh;),(u,-GaCp*);] (5): A solution of 1¢ (0.100 g, 0.081 mmol) and
PPh; (0.042 g, 0.161 mmol) in toluene (3 mL) was warmed to 40°C for
1 h. After removal of all volatiles in vacuo, the precipitate was washed
with a small amount of hexane. The product was dissolved in toluene by
warming to 80°C and crystallized by slow cooling to —30°C. Yield:
0.089 g (82%); m.p. 119°C (decomp); '"H NMR (C4Ds, 250 MHz, 25°C):
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5=17.85-7.05 (m, 30H), 1.77 ppm (s, 45H); BCNMR (C¢Ds, 62.9 MHz,

25°C): 6=135.5 (d, J(P.C)=8.4 Hz), 135.4 (d, J(P.C)=9.0 Hz), 129.3 (d,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J(P.C)=2.4 Hz), 1272, 113.9 (CsMes), 10.4 ppm (CsMes); *P{'H} NMR
(C¢Dg, 101.3 MHz, 25°C): 0 =34.8 ppm; elemental analysis calcd (%) for
CgH75Ga,P,Pd,: C 58.62, H 5.59; found: C 58.71, H 5.69.

[Pt,(CO),(n,-GaCp*);] (6): A mixture of a solution of la (0.020 g,
0.014 mmol) in C4Dy4 (0.6 mL) and 450 mbar CO was reacted in a sealed
NMR tube at room temperature for 10 min. The reaction was complete
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according to the "H NMR spectrum. Isolation of the product by means of
evaporation of all volatiles in vacuo or under normal pressure led to de-
composition of the product. The formation of metallic platinum was de-
tected. 'HNMR (C¢Dy, 250 MHz, 25°C): 6=1.85ppm (s, 45H);
BCNMR (C¢Dy, 62.9MHz, 25°C): 6=209.6 (CO), 113.9 (CsMes)
10.2 ppm (CsMe;s); IR (C¢Dg): v=1962 cm™! (vs, CO).
[Pt,(CNBu),(n,-GaCp*);] (7): A red solution of 1a (0.200 g,
0.141 mmol) and rBuNC (0.047 g, 0.565 mmol) in toluene (3 mL) was
warmed to 60°C for 1h. After removal of all volatiles in vacuo, the
yellow precipitate was dissolved in hexane and crystallized by slow cool-
ing to —30°C. Yield: 0.158 g (95%); m.p. 192°C (decomp); 'H NMR
(C¢Dg, 250 MHz, 25°C): 6=2.05 (s, 45H), 1.14 ppm (s, 18H); *C NMR
(CsDg, 629 MHz, 25°C): 0=1751 (CNCMe;), 113.1 (CsMes), 54.6
(CNCMejs), 30.7 (CNCMes), 10.8 ppm (CsMes); elemental analysis calcd
(%) for CyHg;GasN,Pt,: C 41.02, H 5.42, N 2.39; found: C 40.92, H 5.77,
N 2.39.

[Pd;(PPh;);(u,-InCp*)(us-InCp*),] (8): A mixture of 2a (0.200g,
0.086 mmol) and PPh; (0.090 g, 0.344 mmol) in toluene (3 mL) was stir-
red for 20 min. The solvent was removed in vacuo and the oily residue
was washed twice with a small amount of hexane and dried in vacuo. The
orange product was crystallized in a mixture of toluene and hexane.
Yield: 0.109 g (68%); m.p. 112°C (decomp); 'H NMR (C,Ds, 250 MHz,
25°C): 0=7.85-735 (m, 45H), 2.11 (s, 15H), 1.70 ppm (s, 30H);
BCNMR (C¢Dg, 62.9 MHz, 25°C): 6=140.4 (d, J(P-C)=13.4 Hz), 140.2
(d, J(P-C)=13.9 Hz), 139.6, 139.2, 135.3 (d, J(P,C)=7.9 Hz), 135.0 (d,
J(P,C)=8.2Hz), 129.1 (d, J(P,C)=6.4 Hz), 114.1 (CsMe;), 113.7 (CsMes),
11.1 (CsMes), 10.9 ppm (CsMes); *'P{'H} NMR (C,Ds, 101.3 MHz, 25°C):
0=30.3, 13.6 ppm; elemental analysis caled (%) for CgHglnsPsPd;: C
54.36, H 4.89; found: C 54.46, H 4.96.

[Pd;(dppe),(u,-InCp*) (u;-InCp*),] (9): A mixture of 2a (0.200 g,
0.086 mmol) and dppe (0.085 g, 0.215 mmol) in toluene (3 mL) was stir-
red for 1h, whereupon an orange precipitate was formed. The solvent
was removed in vacuo, and the residue was washed twice with a small
amount of hexane and dried in vacuo. The product was crystallized by
slow cooling a toluene solution from 90°C to room temperature. Yield:
0.113 g (70%); m.p. 205°C (decomp); '"H NMR (C4Ds, 250 MHz, 25°C):
0=7.85-7.00 (m, 40H), 2.54 (s, 15H), 2.10 (s, 8H), 1.67 ppm (s, 30H);
BCNMR (CeDs, 62.9 MHz, 25°C): 6=129.3, 129.1, 128.5, 125.7, 114.1
(CsMes), 113.6 (CsMe;), 21.4 (CH,), 11.8 (CsMes), 11.0 ppm (CsMes);
MP{H}-NMR  (C,Dg, 1013 MHz, 25°C): 6=28.4 (J(P,P)=24.3 Hz),
209 ppm  (J(PP)=24.6 Hz); elemental analysis caled (%) for
CyHgsIn;P,Pd;: C 51.76, H 4.73; found: C 51.94, H 4.87.
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