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Selective Oxidative Cleavage of Cp* from Coordinated GaCp*: Naked
Ga+ in [GaNi(GaCp*)4]

+ and [(m2-Ga)nM3(GaCp*)6]
n+ **
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The coordination chemistry of monovalent compounds com-
prising a Group 13 element E and an organic group R at a
metal center M[1] offers a unique molecular access to novel
compounds linking metal-rich complexes and clusters with
the solid-state chemistry of metal alloys. In particular, the soft
chemical synthesis of M–E Hume–Rothery phases (NiAl,
NiGa, PtGa, CuAl, CuGa, etc.) as colloidal nanoparticles or
as powders were achieved by using combinations [LnM] (L =

hydrocarbon) and ER of precursors or by employing tailored
single-source precursors with direct M�E bonds.[2] Similarly,
a-,b-,g-Cu/Zn colloids, “nano-brass”, were obtained from
[CpCuL] with ZnCp*2 as precursors (Cp = C5H5, Cp* =

C5Me5).[3] Furthermore, Cp*–CH3 and Zn–Ga exchange
reactions allow the formation of the unusual compounds
[Mo(ZnMe)9(ZnCp*)3] and [(CO)16Mo4Zn6(ZnCp*)4] from
[(CO)6�nMo(GaCp*)n] (n = 0, 2) and ZnMe2. Both Mo–Zn
compounds represent molecular cut-outs of the solid-state
structure of Mo–Zn intermetallics.[4]

The cleavage of the “protecting” Cp* group from
transition-metal bound ECp* ligands is a pertinent aspect of
this novel chemistry. For example, the selective protolysis of
[Pt(GaCp*)4] by [H(OEt2)2](BArF

4) yields [GaPt(GaCp*)4]-
(BArF

4) and [Pt2H(Ga)(GaCp*)7](BArF
4)2 (BArF

4 =

B[3,5-(CF3)2C6H3]4).[5] Also, the hydrogenation of [Ru(cod)-
(cot)] (cod = 1,4-cyclooctadiene, cot = 1,3,5-cyclooctatriene)
in the presence of GaCp* gives the highly fluxional diruthe-
nium complex [Ru2(Ga)(GaCp*)7(H)3], featuring a linear
Ru–Ga–Ru unit.[6] Herein we now report a new and selective
method for a facile cleavage of Ga–Cp* bonds. The treatment
of [M(GaCp*)]4 (M = Ni, Pd, Pt)[7] with [Fe(C5H5)2](BArF

4)
leads to a surprisingly selective oxidative cleavage of the Cp*
group leaving the oxidation state of GaI and M unchanged
and yields the products shown in Scheme 1, Figure 1, and
Figure 2.

The cation [GaNi(GaCp*)4]
+ (1)[8] was obtained as its

BArF
4 salt by treatment of [Ni(GaCp*)4] with an equimolar

amount of [Fe(C5H5)2](BArF
4) in fluorobenzene at 25 8C in

reproducible yields (80 %), and characterised by 1H NMR
spectroscopy, elemental analysis, and single-crystal X-ray
diffraction. The 1H NMR spectrum shows two broad signals
arising from the cation 1 indicating fluxional GaCp* ligands.
In situ NMR experiment of the reaction mixture reveals one
characteristic signal for decamethylfulvalene (Cp*2), while
the other signals for this by-product are masked by broad
peaks from GaCp*. No other side products were detected that
would indicate either the oxidation of GaI or of the transition-
metal center. Also no Ga-F species were formed. This
unexpected selectivity of the reaction for oxidative cleavage
of the Cp* is quite surprising.

Compound 1BArF
4 crystallizes in the monoclinic space

group P21/c. The cation 1 exhibits a slightly distorted trigonal-
bipyramidal structure with the Ga+ ligand in an axial position
(Supporting Information, Figure S1), as in the homologous
[GaPt(GaCp*)4]

+.[5] The equatorial GaCp* ligands are bent
towards the terminal Ga+ ligand (Ga1) and the Ga1-Ni-Ga(n)
angles (n = 3, 4, 5) are closer to 808 than 908. The equatorial
Ni�Ga bond lengths average to 2.246 � and are thus slightly
longer than those of the parent complex [Ni(GaCp*)4]
(average = 2.219 �). Interestingly, the Ga1�Ni bond length
(2.361(1) �) is close to the value for the axial Cp*Ga�Ni
bond (2.320(1) �), both bonds being slightly elongated with
respect to the equatorial ones. The bonding situation of
substituent-free (“naked”), terminally coordinated Ga+ was
elucidated in detail and can be described as a main-group-
metal equivalent of the proton H+.[5] Note that Ga+ exhibits

Scheme 1. Reaction of [M(GaCp*)4] (M= Ni, Pt) with [Fe(C5H5)2]-
(BArF

4).
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both, strong s- and as well p-acceptor capacity but no donor
properties at all. Complex 1 is only the third example of this
unusual kind of terminal coordinated GaI species. In addition
to the above-mentioned Pt congener of 1, the complex
[GaRu(PCy3)2(GaCp*)2]

+ has been reported.[9] Note that
there are no short contacts between the F atoms of the BArF

4
�

ion and the naked Ga atoms in 1 or in the related
compounds.[5, 6,9]

Interestingly, treatment of the platinum complex [Pt-
(GaCp*)4] with [Fe(C5H5)2](BArF

4) under the same condi-
tions used for the synthesis of 1 did not yield the homologous
cation [GaPt(GaCp*)4]

+. Instead the formation of the tri-
meric cluster cation [(m2-Ga)Pt3(GaCp*)6]

+ (2)[11] was strongly
favored, regardless of the molar ratio of the reaction partners.
Compound 2 BArF

4 crystallizes in the monoclinic space group
Pm with one molecule in the unit cell. The molecular
structure (Figure 1) consists of a central triangular Pt3 unit

which is capped by two m3-GaCp* ligands, which are sym-
metrically equivalent, resulting in a trigonal bipyramid. Each
Pt atom bears one additional terminal GaCp* ligand, while
only two of the three Pt–Pt edges are bridged by gallium
ligands, that is, one by GaCp* and the other one by Ga+.
Interestingly, the Pt�Pt distances are rather different from
each other. The m2-GaCp* bridge leads to the shortest bond of
2.594(2) �. The m2-Ga+ bridged Pt�Pt bond is 2.691(2) � and
the remaining ligand-free edge of the Pt3 triangle has the
longest bond of 2.802(2) �. The m2-Ga+ ligand bridges
asymmetrically with Pt�Ga bonds of 2.596(4) and
2.379(3) �, values which compare with the terminal Pt�Ga+

bond in [GaPt(GaCp*)4]
+ of 2.459(1) �. The average value of

the Pt�Ga bond lengths of the terminal ligands is 2.310 �.
The respective Pt�Ga distances for the two m3-GaCp* ligands
of 2.540 � are slightly shorter than for the m2-GaCp*
(2.593 �). As for 1, all the Cp* groups are bound in an
almost ideally symmetric h5-mode with average contacts
Cp*centroid�Ga of 1.902 � for the terminal GaCp*, 2.027 � for

the m2-GaCp*, and 1.948 � for the m3-GaCp* ligands. These
data are fully consistent with the typical bonding parameters
of GaCp* ligands in homoleptic complexes [Ma(GaCp*)b]
with M in the oxidation state zero.[1e]

Since there is no other Pt–Ga clusters containing three Pt
atoms reported yet, cation 2 can be compared with the only
known reference compound of similar composition and
structure, namely [Pd3(AlCp*)6].[10] The occurrence of two
face-bridging ECp* groups in both structures, in addition to
terminal and edge-bridging groups, is likely to be related to
the steric bulk of the Cp* ligand. From polyhedral skeletal
electron pair theory (PSEPT) and Wade–Mingos electron-
counting rules a triangular [M3La] unit may be stable with 48
or fewer valence electrons.[12] Triangular Pt3 clusters are
typically electron deficient, [Pt3(CO)6]

2� has only 44 valence
electrons.[13] The electron count of the neutral [Pd3(AlCp*)6]
is only 42. As in 1, the edge bridging Ga+ in 2 acts as pure
Lewis acid without any substantial donation which results in
an electron count of 42. It is interesting to note that a typical
reaction involving transition-metal carbonyl clusters is also
protonation. For example, [Pt3(m2-CO)3(PCy3)3] (also a trian-
gular 42 electron cluster) can be protonated by HBF4 in
diethyl ether to yield [(m3-H)Pt3(m2-CO)3(PCy3)3](BF4).[14] The
preference of edge-bridging over the face bridging for Ga+ in
2 is certainly caused by steric effects of the other GaCp*
groups. The 1H NMR spectrum of 2BArF

4 in C6H5F/10%
C6D6 at room temperature exhibits three signals at d = 2.08,
1.99, and 1.46 ppm with a 1:1:1 ratio assigned to the terminal,
the doubly bridging, and the triply bridging GaCp* ligands,
respectively. The structure in solution is clearly different to
the solid-state structure (see Figure 1) which contains one m2-
GaCp*, two m3-GaCp*, and three terminal GaCp* ligands.
However, the high-temperature 1H NMR spectrum (60 8C)
shows broadening of the signals for the m3-GaCp* and m2-
GaCp* ligands, indicating an intramolecular process exchang-
ing these ligand positions.

Cation 2 also is accessible by two other synthetic routes.
2BArF

4 can be obtained in 80 % yield by treatment of
[Pt(GaCp*)4] with 0.33 molar equivalents of [H(OEt2)2]-
(BArF

4) in fluorobenzene at room temperature with Cp*H
being produced as the by-product in stoichiometric amounts.
The third synthetic route to yield 2 involves a more complex
redox reaction between [(cod)Pt(CF3SO3)2] and excess
GaCp* in fluorobenzene. The reduction of PtII to Pt0 is
accompanied by the corresponding oxidation of GaCp* to
form the unusual counter anion [Cp*2Ga(CF3SO3)2]

� which
removes one Cp* ligand from a GaI (see the Supporting
Information).

Although the reaction of the palladium complex [Pd-
(GaCp*)4] with [Fe(C5H5)2](BArF

4) leads to a mixture of
several complexes which could not be separated and ana-
lyzed, the treatment of the trimeric complex [Pd3(GaCp*)8]
with [Fe(C5H5)2](BArF

4) affords deep red crystals of [(m2-
Ga)2Pd3(GaCp*)6](BArF)2 (3 (BArF

4)2), as the major product
(Figure 2).

The dication 3[15] is the very first example of a metal
complex or cluster containing more than one substituent-free
Ga+ ligand. The quality of the single-crystal structure
obtained does not allow the discussion of the bond lengths

Figure 1. Molecular structure of the cation 2 (Hydrogen atoms and
anion are omitted for clarity). The substituent-free Ga+ ligand is
denoted as Ga1. Selected bond lengths [�] and angles [8]: Cp*centroid–
Ga2 1.896, Cp*centroid–Ga3 2.017, Cp*centroid–Ga4 1.928, Cp*centroid–Ga5
1.963, Cp*centroid–Ga6 1.945. Ga1–Pt1 2.379(3), Ga1–Pt2 2.598(4), Pt1–
Pt2 2.693(2), Pt2–Pt3 2.597(2), Pt1–Pt3 2.803(2), Pt2–Ga2 2.282(3),
Pt2–Ga3 2.856(4), Pt3–Ga3 2.332(3), Pt3–Ga4 2.292(3), Pt1–Ga5
2.346(3), Pt1–Ga6 2.532(3), Pt2–Ga6 2.562(3), Pt3–Ga6 2.525(3); Pt1-
Ga1-Pt2 65.33(9), Pt2-Ga3-Pt3 59.06(8).
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and angles in detail. Nevertheless the overall composition and
the structural features of the Pd3Ga8 core have been
unambiguously established from the available data and the
refinement. The similarity of 3 to the mono cation 2 is striking.
The structure of 3 is simply derived by attaching a second Ga+

to the free, not bridged edge of a hypothetical Pd analogue of
2. Thus, the triangular Pd3 unit of 3 is capped by two m3-GaCp*
ligands, a terminal GaCp* is on each palladium the three Pd�
Pd edges are bridged by one GaCp* unit and two naked Ga+

moieties. 1H NMR experiments indicate a fluxional structure
of this complex in solution: Four distinct signals at 25 8C (d =

2.01, 1.93, 1.84, 1.74 ppm) arising from the two equivalent
terminal GaCp* units (Ga2 and Ga4), the triply bridging
GaCp* units (Ga7 and Ga8), the terminal GaCp* unit (Ga6)
between the two substituent-free Ga+, and the doubly
bridging GaCp* (Ga3) ligands, respectively, coalesce to one
broad signal at 75 8C (d = 2.10 ppm).

In summary, the synthesis of 1–3 is a significant step
forward in the chemistry of sparsely explored naked Ga+

moieties. Terminal,[5] linear bridging,[6] and now bent edge-
bridging coordination modes of Ga+ have been found. Other
multiply charged cluster cations similar to 3 and beyond,
bearing more than one Ga+ unit in a bridging or even
interstitial position may be accessible as well.[17] On pursuing
our goal to rationally synthesize larger metal-rich molecules
as models or precursors for the respective intermetallic
phases,[2–6, 16] the selective reduction of cations such as 1–3
back to neutral species, without the loss of the original MaEb

core will be the next challenge.
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