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1. INTRODUCTION
1.1. Scope

Design and development of synthetic strategies for the isolation
of lower-valent compounds of p-block elements in the 1980s
and 1990s marked the arrival of new classes of ligands in
organometallic chemistry and cluster synthesis. Especially
interesting among these are the isolation of synthetically useful
quantities of stable bottleable carbenes' and the kinetically
stabilized monovalent compounds of aluminum, gallium, and
indium, RE', with R typically being a steric demanding
monoanionic alkyl or aryl substituent and most prominently
R = pentamethylcyclopentadienyl (Cp*).>* If the substituent R
is chosen as a N,N’ chelating system, such as bulky amidinates,
guanidinates, diazabutadienides, or }-diketiminates, the result-
ing family of RE' species represent analogues to the nitrogen
heterocyclic carbenes (NHCs). The chemistry of these type of
compounds of group 13 and 14 elements including their ligand
properties has recently been comprehensively reviewed by
Asay, Jones, and Driess.* Although the initial interest in the
monovalent compounds RE' of Al and Ga in particular has
mainly been due to the challenge of the stabilization of such
species and understanding of their structure and bonding, these
compounds are being increasingly used as 2-electron donor
ligands in coordination chemistry during the last 10 years. Over
150 publications employing RE' as ligands for the formation of
metal—metal bonds, clusters, and more recently molecular
alloys have appeared in the literature. The coordination
chemistry of RE' ligands initially focused on transition-metal
carbonyl substitution reactions yielding very stable and
kinetically inert complexes that simultaneously contain both
CO and RE' ligands. This chemistry was further expanded later
to the synthesis of carbonyl-free d-block complexes. More
recently the coordination chemistry of these ligands have been
expanded to complexes of s-, p-, and f-block metals, even
stabilizing very electrophilic metal centers such as Ca, Mg, and
lanthanides. From a situation where most of the published work
primarily dealt with the synthesis, structure, and bonding
aspects about 5 years ago, the current interest in this area is
moving toward the exploration of the reactivity of the
compounds that contain the RE' ligands, and in particular if
R = Cp*. A notable outcome of these studies is the activation
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or selective splitting of Cp*—E bonds. Accordingly, a separate
section in the review will deal with the coordination chemistry
of naked, substituent-free Ga*, highlighting its strong o- as well
as m-acceptor characteristics but no significant donor
capabilities. The soft and flexible binding mode of the Cp*
group combined with the reducing power of Al' or Ga' provides
an entry to the novel chemistry of the related monovalent MR’
metal ligands as one-electron ligands whose chemistry is also
briefly summarized (M = Zn, Cd, R’ = Me, Et, Cp*; and M =
Au, R’ = PMe,, PPh;). The review closes with the perspectives
on using the unique ligand and reactive properties of Cp*E at
transition metals for developing a soft chemical precursor
chemistry for intermetallic nanomaterials, such as NiAl alloy

phases.
1.2. Coverage

The above developments clearly indicate the arrival of low-
valent group 13 compounds as an important class of ligands in
organometallic/coordination chemistry since 1994. Although
the monovalent chemistry of RE' compounds has been
developed for many types of substituents R, most noteworthy
being the N,N’ chelating systems,* the present article is mainly
focused on R = Cp* (and related organyls), largely because of
the special features of Cp* as a removable protecting group in
contrast to the other choices of R. There have been some
general reviews including the chemistry of Al, Ga', and In'
compounds but without emphasis on the coordination
chemistry of Cp*E>>>® A few reviews on the use of group
13 monovalent compounds as ligands have also appeared in the
last 15 years.””® We like to highlight a recent review by P. W.
Roesky concerning the ECp* complexes at electron-poor metal
centers.'” Our presentation will deal with the synthesis,
structure, and subsequent chemistry of the compounds and
will only briefly summarize the results of the theoretical
bonding analysis on the density functional theory (DFT) level,
wherever appropriate.

2. LOW-VALENT RE' ORGANYLS

Although the existence of stable low-valent organyls of
relatively lighter group 13 elements such as aluminum and
gallium was more of a laboratory curiosity in the late 1980s and
early 1990s, today this area has grown into a separate discipline
within low-valent organometallic chemistry. By 2010, a large
variety of RE' (E = Al, Ga, In) compounds have already been
synthesized, and their utility as ligands has been explored in
great detail. The nature of the R group in low-valent group 13
compounds influences strongly both the electronic and steric
properties of these ligands. All monovalent group 13
compounds have been demonstrated to be strong o-donors
with an ability to also act as relatively weak 7z-acids. The z-
acidity in particular has been found to be largely dependent on
the nature of the organic substituent R.

Over the years, many synthetic routes to sterically shielded
RE' compounds have been developed (section 2.1), and this
topic has been previously reviewed.”® Thus, the accessibility of
such thermodynamically stable species represents a big step
toward the tailored synthesis of mixed metal coordination
compounds. Because of its unique steric and electronic
properties, the Cp*E (E = Al or Ga) species have been one
of the extensively used two-electron donor ligands for elements
across the periodic table, covering s-, p-, d-, and f-block metals.
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2.1. Synthesis of Low-Valent RE' Organyls

Because of their relative stability, the first group 13 low-valent
species reported in 1957 were those of the heavier elements In
and TL'""® The derivatives CpIn (1) and CpTl (2) were
obtained by direct reaction of the halogenides with Mg(CsHj),.
CpIn (1) and In(CsH,Me) (3) were later obtained in good
yields when InCl was reacted with the corresponding alkyl
lithium derivatives.">"*

Schnockel and co-workers reported in 1991 the successful
synthesis of a stable Al' organyl by isolating Cp*Al (4) in the
solid state. The synthetic strategy employed involved the
reaction of metastable AICl with Cp*,Mg (Scheme 1)."°

Scheme 1. Routes of Synthesis of Cp*E' Organyls
Cp

//\

toluene/EtZO

4 (AICI x E4,0) + 2 MgCp*
¢ 20) + 2 MgCp’z - (MgCl, x 2Et,0)

E-

benzene

"Gal" + KCp* ”

However, the generation and storing of AICI starting material is
rather difficult as it is obtained from HCI and Al at 1200 K.'®
Therefore, the development of more convenient methods for
the synthesis of low-valent RE' (E = Al Ga, In) organyls was
sought soon after. Nowadays these compounds are accessible
by other, less tedious laboratory methods. The first method
uses the reduction of the trivalent organyls through metathesis
reaction involving alkaline or alkaline-earth metals. However,
the choice of starting materials is often not trivial, because their
nature and availability determine their usefulness as precursors
for the isolation of stable RE' species. As highlighted in
previous reviews,”>>® the nature of the R substituent is a
critical factor in determining whether the RE' species will be
monomeric, dimeric, or oligomeric (Figure 1).*"

In 1992, the synthe51s of the first low-valent Ga organyl,
CpGa (5), was reported.'® Early work in this area has shown
that the 67z-electron-cyclopentadienyl anions (Cp, Cp*, Cp-
(SiMe;);, Cp(Benzyl);) are sterically demanding electron
donors and hence suitable for stabilization of the low-valent
group 13 species.'”*® In the following years, new routes to
obtain Cp*Al (4) and Cp*Ga (6) were developed. The first
alternative method involves the reduction of Cp*AICl, or
Cp*Gal, with a small excess of potassium.*"** To increase the
yield, this method underwent numerous modifications, such as
the use of Na/K alloy as reducing agent or employmg dlﬁerent
Cp*AlX, (X = Br, I) halides as starting materials.”> These
modifications provided means to optimize this route and obtain
many alkyl-substituted RE' compounds (E = Al, Ga, In; R =
C(SlMe3)3, CH(SIM63)2, Si(SiMe;);, C(SiMe,Et)s;,

CiMe,Ph).**

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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Figure 1. Aggregation of various RE' species. Reprinted with
permission from Linti, G.; Schndckel, H. Low valent aluminum and
gallium compounds—Structural variety and coordination modes to
transition metal fragments. Coord. Chem. Rev. 2000, 206—207, 285—
319.% Copyright 2000 Elsevier.

The second alternative route involves the reaction of alkali-
metal cyclopentadienides with “Gal”, to yield Cp*Ga (6) and
Ga(CsEtMe,) (7).*' The silyl-Ga' compound GaSi(SiMe;),
(8) can also be prepared using a similar synthetic protocol.”
Although the above-mentioned group 13 organyls are
aggregated oligomers (typically tetramers or hexamers) in the
solid state, the use of even bulkier organic grougs like
substituted arenes can afford monomeric,>>~>° dimeric,>*>’ or
trimeric complexes.®® The late introduction of S-diketiminate
ligands in low-valent group 13 chemistry o3pened the doors for
the isolation of stable monomeric species.”"*’

RE' compounds contain an E element in sp-hybridization
with two unoccupied p-orbitals. The stability, isolability, and
ease of handling of the low-coordinated compounds RE' (E =
Al, Ga, In) provides them with enormous potential as ligands
toward transition metals, as opposed to the related B’
organyls.*' For a deeper understanding of their ligating
characteristics, it is necessary to analyze the frontier orbitals
of the RE' compounds, as well as their interaction with the
corresponding orbitals of the appropriate symmetry at the
transition metals.

2.2. Electronic Properties of the RE' Species As Ligands

The nature of the bonding between a transition metal and a RE'
ligand in complexes [L,M]—ER and [M(ER),] (E = B, Al, Ga,
In, TL; R = Me, Cp, Cp*, N(SiH;),) has been the topic of
numerous theoretical studies.*””** Some reviews summarizing
the present knowledge in the field have appeared in the
literature.*”>° The low-valent group 13 organyls RE' formally
possess a free electron-pair located in a o-orbital (highest
occupied molecular orbital (HOMO)) and two degenerate
unoccupied p-orbitals (lowest unoccupied molecular orbital
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(LUMO)), which lie perpendicular to the axis of the E—C bond
(Figure 2). Therefore, their electronic state can be described as

e 9@@@
0 © 9y

Figure 2. Isolability of RE' species and CO.

a singlet state, which results in their isolability to CO.***">*

The HOMO of the group 13 ligand can interact with the
corresponding dz” orbital on the transition metal, resulting in a
o-donation. Because of the increasing s-contribution and the
unfavorable hybridization, the free electron pair at the group 13
center turns gradually inert with increasing atomic number
(going down the group), so that the M—E bonding energy
decreases correspondingly. In principle, the free p-orbitals
remain available for a M — RE! back-donation. However, it has
been shown that the electronic properties of the organic
substituent R have a strong influence on the ability of the group
13 center to accept m-back-donation, because there is a
competing 7-donation of the organic substituents R into the
free p-orbitals (Figures 2 and 3).

R—ED — CfO
M
0 0

R—E

® 0
P=9 — ONG

— QQ
M
DA

q(-) a(+)
R—ED .
M

Figure 3. Interactions in M—ER' complexes. Reprinted and
adapted with permission from refs 45 and 48. Copyright 2001 and
2000 American Chemical Society.

For instance, the Cp* substituent donates electron density
from its 7-orbitals into both p-orbitals of the group 13 metal
and therefore Cp*E ligands show a diminished ability to accept
m-back-donation. However, the Cp-substituted RE! fragments
may increase their ability to accept n-back-donation by
changing the hapticity of the Cg ring from #° to 7° or even
#'>* On the other hand, weak 7-donor ligands such as the
bulky aryl Ar¥ = 2,6-(2,4,6-triisopropylphenyl)phenyl®® and
—C(SiMe,); also have the ability to form complexes as seen in
[(CO),Fe—GaAr*] (9) and [Ni(Ga—C(SiMe;);),] (10).** In
spite of the presence of a rather short Fe—Ga bond in
[(CO),Fe—GaAr*] (9) (which led the authors to suggest that
there is strong Fe — Ga n-back-donation), a charge and energy
decomposition analysis (EDA) of the model complex

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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[(CO),Fe—GaPh] (Ph = phenyl) (11) showed that the z-back-
donation is not much stronger than in [(CO),Fe—GaCp] (12).
The shorter and stronger Fe—Ga bond in 12 arises mainly from
the stronger o-bond and from the enhanced electrostatic
attraction (Figure 3).* Such an analysis of the [(CO),Fe—
GaR] bonds (R = Cp, N(SiH;),, Ph, CH,) in comparison with
the data for the [Fe(CO),—CO] (13) bond showed that the
relative strength of the 7-contribution to the [(CO),Fe—GaR]
bond for the strong 7-donor substituents R = Cp, N(SiH;),
(13.2% and 18.2%, respectively) is comparable with that for the
weak 7-donors Ph and CH; (17.2% and 16.0%). The z-orbital
contribution to AE,, for all [(CO),Fe—GaR] systems is
significantly lower than that for the carbonyl bond in
[Fe(CO),—CO] (13) (47.9%). In the case of the homoleptic
complexes [M(GaR),] such as [Fe(GaCH;);] (14) (37.3%)
and [M(GaCHj;),] (M = Ni, Pd, Pt; 39.4%, 39.2%, and 35.3%),
the z-orbital contribution to AE_4 is considerably stronger than
for the complexes where the ligand GaCH; competes with CO
for 7-back-donation from the metal.**"%*

3. MAIN-GROUP METAL COMPLEXES

Although the major development in the use of RE' organyls as
ligands has happened in the d-block, some examples of
complexes involving main-group elements (both s- and p-
block) have also been reported. The details of both s- and p-
block complexes of group 13 ligands are described in this
section.

3.1. s-Block Compounds

Only a handful of examples of complexes containing bonds
between a s-block metal and a group 13 low-valent donor atom
are known. Such derivatives can be more easily stabilized by the
charged diazabutadienido ligands [Ga(N(R)C(H)),]™ than by
the neutral organyls because of the highly electropositive nature
of s-block elements as seen from the isolation of the complexes
[Mg(Ga(ArNCH),),(THF);] (15) and [Ca(Ga-
(AINCR),),(THE),] (R = H (16) or Me (17), Ar =
2,6-Pr,C¢H,) via the reduction of [I,Ga(ArNCR),] with the
group 2 metal in tetrahydrofuran (THF) (Scheme 2).%° As
mentioned above, the formation of donor—acceptor adducts
containing alkaline-earth metals and neutral RE' ligands had not
been observed previously but was predicted to be feasible by
two recent theoretical studies.’®>” In accordance with these
calculations, P. W. Roesky and co-workers reported in 2007 the
synthesis of the complexes [Cp*,Ca(GaCp*)] (18),
[Cp*,(THF)Sr(GaCp*)] (19), and [Cp*,Ba(GaCp*),] (20),
by direct coordination of Cp*Ga (6) to the corresponding
alkaline-earth metallocenes (Scheme 2).°®

In the case of strontium, a mixture of 19 and the solvent-free
adduct is obtained. However, it was possible to isolate and
crystallize 19 only. Remarkably, when [Cp*,Sr(THEF),] was
used as a starting material, neither 19 nor any complex of
composition [Cp*,Sr(GaCp*),] was identified. Complexes
18—20 are relatively stable in toluene solutions. In the solid
state, all three compounds consist of Lewis acid—base adducts,
without any unusually short intermolecular contacts. In
accordance with their ionic radii, only one Cp*Ga unit is
coordinated in 18, whereas one Cp*Ga and one THF molecule
are bonded to the Sr center in 19, and two Cp*Ga units are
coordinated to the Ba atom in 20 (Figure 4).

Despite the different coordination geometry, it can be said
that the Ga—Ca bond in [Cp*,Ca(GaCp*)] (18) (3.183(2) A)

is similar to the corresponding distance observed in [Ca(Ga-
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Scheme 2. Synthesis of Gallium'—Alkaline-Earth Metal
Complexes

o i
[N\ . o \N\
Ga Mg Ar
N
Ar
Mg y (07
15
R R
[Gal{ANCR),}] NY=(
Ar—N_ _N—Ar
Ga
C\O/,,/

16,17

/%Ca—cg
)/
[Ca(Cp*).]

[(THF)Sr(Cp*)z]

o

[Ba(Cp*)al

18

GaCp*

(ArNCR),),(THF),] (3.1587(6) A for R = H (16), 3.1988(6)
A for R = Me (17)) but is slightly longer than the sum of the
covalent radii (Ga—Ca 2.96 A) (Figures 4 and $).>** The
Cp* .enr—Ga—Ca angle is slightly bent (173.31(1)°), as a result
of packing eftects. Bond distances and angles of 19 and 18 are
similar in spite of the different coordination environments of
the Ca and Sr atoms. The Cp*_,,—Ga—Sr angle is also quasi-
linear (175.15(10)°), and the Ga—Sr distance is 3.4348(7) A.
The Ga—Ba distances in 20 are 3.6024(6) and 3.5798(7) A
(Figure 4). Jones and co-workers have more recently reported
newer examples of complexes featuring Ga—Ca, Ga—Sr, and
Ga—Ba bonds, trans-[M(Ga(ArNCH),),(tmeda),] (Ar = 2,6-
diisopropylphenyl; tmeda = N,N,N’,N'-tetramethyl ethylenedi-

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170



Chemical Reviews

b)

Figure 4. Molecular structures of gallium'—alkaline-earth metal
adducts: (a) [Cp*,Ba(GaCp*),] (20), (b) [Cp*Ca(GaCp*)] (18),
and (c) [Cp*,Sr(GaCp*)(THF)] (19).

amine; M = Ca, Sr, Ba) (Ca—Ga 3.2568(8) and 3.1983(8) A;
Sr—Ga 3.324(1) A; Ba—Ga 3.4625(6) and 3.4658(6) A).>
As one would expect, the nature of the bonding for both
classes of group 2 complexes, containing either anionic or
neutral RE' ligands, is different. A significant ionic character was
confirmed from experimental and theoretical data for the
complexes 16 and 17, which contain the charged [Ga-
(NRCH),]~ ligalnd.55 The calculations performed on the
alkaline-earth adducts suggest that the van der Waals dispersive
forces are responsible for the weak interactions between the
Cp*Ga and Cp*,M (M = Mg, Ca, Sr) moieties.
3.2. p-Block Compounds

Whereas the NHC analogue (DDP)Ga (21)* (DDP
[(2,6-Pr,C(H;)NC(Me) CHC(Me)N(2,6-'Pr,C¢H;)]) has
been used as a reducing agent for the isolation of tin clusters
[{(DDP)ClGa},Sn,] (22a) and [{(DDP)ClGa},Sn;,] (22b)
with strong metal—metal interactions® and the stabilization of
[(OSO,CF,)(DDP)GaBi=BiGa(DDP)(0SO,CF;)] (22¢)
and [(OC4F;)(DDP)GaBi=BiGa(DDP)(OCF;)] (22d)
with Bi=Bi bonds (Figure 6),°" only two classes of p-block
complexes of the Cp*E' ligands have been reported: the
heteropolyhedral compounds of the heavy main-group
elements As and Sb, and the homo- and heteronuclear group
13 Lewis acid—base adducts.

The first examples of p-block compounds containing low-
valent Cp*E' ligands, [(Cp*Al),Sb,] (232)** and [(Cp*A-
1);4s,] (23b),” were reported by the groups of H. W. Roesky
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b)

Figure 5. Molecular structures of alkaline-earth metal Ga'-
diazabutenido complexes: (a) [Ca(Ga(ArNCR),),(THF),] (16) and
(b) [Mg(Ga(ArNCH),),(THF),] (15).

and H.-G. Schnockel, respectively. The first of them was
obtained when Cp*Al was first recognized as a carbene
analogue and the feasibility of this species to couple with other
carbenoids was explored. Thus, Cp*Al was reacted with an
equimolar amount of [(‘BuSb),] in toluene at 60 °C. The
reaction did not proceed stoichiometrically, because elemental
antimony and various other decomposition products were
formed in addition to the orange—brown crystals of
composition 23a (Scheme 3). This early attempt to obtain
compounds containing novel aluminum—element bonds
proved challenging, because the reaction conditions had to be
chosen carefully, in order for the reaction to proceed with the
minimum degree of decomposition.63 Following this result, the
reaction of Cp*Al with [(‘BuAs),] in toluene led to the
isolation of the analogous heteropolyhedral compound 23b,
along with the formation of 2-methylpropane and isobutene as
byproducts (Scheme 3).

To understand the bonding in 23b, self-consistent field
(SCF) calculations were carried out, using the model molecules
[(RAl);As,] (R = H, Cl, NH,, Cp). The population analysis for
these species confirms a clear electron delocalization,
supporting the hypothesis that heavy main-group elements
can form heteropolyhedral compounds of the closo-borane
type. Therefore, this compound contains a substantial three-
center Al—As—Al population, while the shared electron number
(SEN = 0.2) for the Al—Al interaction is low, as expected for
this kind of compound.

The second class of complexes of the low-valent group 13
ligands with p-block elements are the Lewis acid—base
adducts.®* As previously mentioned, RE' (E = Al, Ga, In)

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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c)

d)

Figure 6. p-Block compounds stabilized by GaDDP moieties: (a) [{(DDP)ClGa},Sn;] (22a), (b) [{(DDP)ClGa},Sn;;] (22b), (c)
[(OSO,CF,)(DDP)GaBi=BiGa(DDP)(0SO,CE;)] (22¢c), and (d) [(OCF;)(DDP)GaBi=BiGa(DDP)(OCF;)] (22d).

Scheme 3. Synthesis of Heteropolyhedral p-Block

Compounds 23a and 23b
.
VAN
< NS A|\AO
(23a)

(BuE), —ACPL

\l/
E

E = Sb (23a), As (23b)

were found to exhibit a strong Lewis basicity, and their
electronic ground state is singlet with the singlet—triplet energy
gap increasing with increasing atomic number. Furthermore,
the increase of #-donor capability of the R group leads to an
increase of the Lewis basicity of group 13 diyls. The first
example of this class of complexes was the boron—aluminum
adduct [Cp*Al-B(C¢F;),] (24), which was reported by A. H.
Cowley and co-workers in 2000 (Figure 7).%5 This adduct was
readily obtained at room temperature, by adding toluene to a
mixture of Cp*Al and the highly electrophilic fragment
[B(C¢Fs)3]. In this complex a shortened Al—C average distance
was observed, which was ascribed to the coordination of the
aluminum lone pair into the donor—acceptor bond with the
consequent development of a partial positive charge, as first
suggested in the case of the transition-metal complex
[(CO),Fe—AICp*] (25).°° The E—C bond length can be
regarded as an indicator for the degree of o-donation from the
RE! to the metal, and hence the polarization of the E-M bond.

Following a similar synthetic procedure, [Cp*E—E'(CéFs)S]
(E=E =Al (26);* E = Ga, E' = B (27),"°* E' = Al (28)%)
have been obtained while the borafluorene derivatives [Cp*Al—
B(R)(Cp,Fs)] (R = CgFs (29), CeHs (30), CH; (31)) are

3141

Figure 7. Molecular structure of [Cp*Al—B(C4F;),] (24).

isolated from toluene or bromobenzene solutions.”” Among the
known Lewis acid—base complexes, [Cp*Al—Ga(‘Bu);] (32),
recently reported by Schulz and co-workers,”” is the only
example where the E' element has a lower atomic number than
the E™ acceptor element. The analogous species containing
Al-In bonds have not been reported, which has been
associated with the disparity in the M'/M™ oxidation potentials
for these elements, along with the relatively modest In—C bond
energy.”> To compare the relative Lewis basicity of the group
13 diyls, the adduct [Cp*Al—Ga(‘Bu),] (32) has been isolated
along with a series of complexes [Cp*E—E'(‘Bu);] (E=E'= Ga
(33),/°A1 (34); E= Ga, E'= Al (35); E=In, E' = Al (36), E' =
Ga (37)).”* These complexes are chosen since the structural
and spectroscopic parameters of the [E'(‘Bu);] fragments are
well-established.”? Upon adduct formation, the sum of the C—
E—C bond angles decreases from 360° to lower values as the
coordination geometry of the group 13 Lewis acid changes
from trigonal planar to distorted tetrahedral.””> Thus, the

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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Table 1. Structural and NMR Spectroscopic Data of Cp*E—E’("Bu); Adducts

compound E-E'(A) E—Cp* e (A)
Cp*Al-Ga('Bu); (32) 2.620(2) 1.861
Cp*Ga—Ga('Bu); (33) a a
Cp*Al-Al(‘Bu); (34) 2.689(2) 1.858
Cp*Ga—Al(‘Bu); (35) 2.629(2) 1913
Cp*In—Al(‘Bu); (36) 2.843(2) 2.173(2)
Cp*In—Ga(‘Bu); (37) 2.845(2) 2.187

“Single crystal structure not determined.

5H'tBu3 (PPm) A(5H'1B“3) (PPm) sum C—E—C (°)
1.3 0.14 348.5
1.26 0.10 a
1.24 0.16 348.3
1.18 0.10 3514
1.12 0.04 353.1
1.18 0.02 3539

stronger the Lewis acid—base interaction, the more pronounced
the deviation from planarity, which leads to smaller C—E—C
bond angles and a consequent E—C bond length increase
(Table 1). The smallest deviation from planarity was observed
for adducts containing Cp*In as ligand, indicating it to be the
weakest Lewis base. The Al(*Bu); adduct exhibits a C—Al-C
sum of 353.1°, whereas the corresponding Ga(‘Bu); adduct
exhibits the smallest deviation from planarity (353.9°).

The '"H NMR spectra show that the resonances of the ‘Bu
groups are shifted to lower field. (free Al("Bu);, 1.08 ppm; free
Ga(‘Bu);, 1.16 ppm). These chemical shifts reflect the different
Lewis basicities of the Cp*E species, because the largest
downfield shift is observed for complexes containing the
strongest Lewis base, Cp*Al (Figure 8).

1.35

1.28

1.20

1.13

1.05
Cp*Al

Cp*'Ga

Cp’In Free M(tBu)3

Figure 8. '"H NMR chemical shifts of the Bu group in [Cp*E—
E'(*Bu);] adducts and uncomplexed E'("Bu);.’’ Reprinted with
permission from ref 71. Copyright 2006 American Chemical Society.

According to these structural data and spectroscopic
parameters, the Lewis basicity of the Cp*E species (E = Al
Ga, In) decreases with increasing atomic number of the central
group 13 atom, as previously reported for the B(C4Fs);
adducts, and is comparable to that of trialkylstilbines and
-bismuthines ER;. Additionally, when the group 13—group 13
intermetallic distances in [Cp*E—AI(C4F;);] and [Cp*E—
Al(*Bu),]%®”" are considered, it can be observed that the latter
are significantly elongated (Al—Al, 2.689(2) A (34); Ga—Al
2.629(2) A (35)) compared to those in the perfluorinated
complexes (Al—Al, 2.591(2) A (26); Ga—Al, 2.515(11)A)
(28). This elongation reflects the different electronic and steric
properties of the organic residues in the AlR; fragment, namely,
the higher Lewis acidity and lower steric demand of the
AI(C4F),; moiety, relative to the Al('Bu), one.

4. TRANSITION-METAL COMPLEXES

The bulk of the coordination chemistry that has been carried
out using RE! donors involves the use of transition metals.
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Because the RE' donors behave very similar to z-acidic carbonyl
and phosphine ligands, they normally tend to stabilize low-
valent transition-metal ions, and hence not much chemistry has
been developed for titanium and vanadium group metals. RE'
complexes of late transition metals on the other hand have been
extensively investigated. The following subsections describe the
various synthetic strategies that led to the development of
transition-metal RE' chemistry.

4.1. Synthetic Methods

4.1.1. Substitution of Labile Ligands. Among the various
types of synthetic strategies developed, the substitution of labile
ligands on the metal center has been the most productive route
for the synthesis of transition-metal complexes with low-valent
group 13 organyls as ligands. Because of the isolability of RE'
ligands to CO, the first reports in this direction focused on their
reactivity toward transition-metal carbonyl complexes (Scheme
4).

Uhl and co-workers studied the reactivity of [InC(SiMe;);],
(38) toward various transition-metal carbonyl complexes. The
reaction of this low-valent precursor with the dinuclear metallic
carbonyl [Mn,(CO),] leads to the isolation of [Mn,(CO)g(u,-
InC(SiMe;),),] (39).”* It has also been demonstrated that the
partial and selective substitution of the CO ligands in binuclear
metallic carbonyls is feasible. For example, when [Co(CO3) (i,-
CO)], was reacted with 1 equiv of [InC(SiMe;);], (38), only
one bridging CO ligand was substituted to yield [(Co-
(C0O)3)2(uy-CO) (- InC(SiMe;)5) ] (40). On the other hand,
the same reaction with 2 equiv of the low-valent indium species
results in the formation of [Co(CO);(u,-InC(SiMe;);),],
(41).7° Tt has also been established that the partial substitution
of CO ligands in [Mn,(CO),,] and [Fe;(CO),,] by [GaC-
(SiMe;);] (42) yields the complexes [Mn,(CO)q(p,-GaC-
(SiMe;)3),] (43) and [Fe;(CO)g(,-CO)(4r-GaC(SiMes)s),]
(44), respectively. Neither of these two products is isostructural
to the respective starting carbonyl compound (Figure 9).7¢

The RGa' ligands in 43 bridge both manganese atoms
whereas all carbonyl groups occupy terminal coordination sites.
The two edges of the central Fe; triangle in 44 are occupied by
GaC(SiMe;); units, whereas the third one is bridged by carbon
monoxide. In the case of [Co,(CO);], the reaction with Cp*E
(E = Al, Ga) yields the analogous complexes [Co,(CO)(,-
ECp*),] (E = Al (45), E = Ga (46)).””** Interestingly, a
similar reaction with binuclear iron nonacarbonyl [Fe,(CO),]
with Cp*Ga does not result in the formation of a binuclear
complex but affords mononuclear [(Cp*Ga)Fe(CO),] (47)
through elimination of [Fe(CO);] (Scheme Sa). Contrasting to
this observation, the reaction of [Ni(CO),] with Cp*Ga yields
the tetranuclear cluster [Ni,(GaCp*),(CO)] (48). It has been
suggested that the formation of tetranuclear
[Ni,(GaCp*),(CO)s] (48) proceeds via the unstable inter-
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Scheme 4. Substitution of CO Ligands by [InC(SiMe;);], (38)
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Figure 9. Molecular structure of (a) [Mn,(CO)g(p,-GaC(SiMe;);),]
(43) and (b) [Fe3(CO)o(4r-CO)(uy-GaC(SiMes)s),] (44).

mediate [Ni(GaCp*)(CO);] (49), as has been established by
spectroscopic studies (Scheme 5b).*

The substitution of CO by RE' ligands in polynuclear
carbonyl clusters such as [Rhg(CO);4] has also been studied.
The reaction of this rhodium hexanuclear cluster or
[Rh¢(CO);s(MeCN)] with Cp*Ga leads to the selective
substitution of the face bridging CO to yield all four possible
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cluster derivatives [Rhg(u3-CO),_.(13-GaCp*),(CO),,] (x =
1-4) (50—53) (Scheme 6), depending on the amount of
Cp*Ga used and the Rh-precursor chosen.”® All four cluster
derivatives have been isolated in pure form after column
chromatography and characterized by single-crystal X-ray
diffraction studies.

The formation of the [Rhy(u3-CO),_,(15-GaCp*),(CO),]
(x = 1-3) (50—53) clusters can be formally regarded as the
result of a stepwise substitution of face-bridging carbonyl
ligands for Cp*Ga fragments. However, it has been shown that
the presence of ;;-CO ligands in the coordination environment
of the starting cluster is not an essential condition for the
formation of a substituted cluster complex with triply bridging
Cp*Ga ligands. Thus, the reaction of [Rug(r®-C)(u,-CO)-
(CO)y¢] cluster with a slight excess of Cp*Ga in hexane results
initially in the formation of an intermediate [Ru4(#°%C)-
(CO);6(u5-GaCp*)] (54), which has been detected by both IR
and 'H NMR spectral studies but has not been isolated
(Scheme 6). This intermediate complex reacts further and
yields the cluster [Rug(17°-C)(u,-CO)(CO)5(u3-GaCp*),(u,-
GaCp*)] (55), where the parent RusC octahedral core is
preserved (Figure 10). Similarly, the reaction of
[Rhy(CO),0(pt5-CO),-(upi>-Ph,PC,H,)] with a 2-fold excess
of Cp*Ga affords the clusters [Rhg(CO);o(t3-CO);-(syic>-
Ph,PC,H;) (43-GaCp*)] (56) and [Rhs(CO),o(u3-CO)5(x'-
Ph,PC,H;)(u3-GaCp*),] (57) (Figure 11), where evidence of
the hemilabile behavior of the diphenylvinylphosphane ligand
has been established.”

The hexanuclear cluster 56 possesses 86 valence electrons.
This is consistent with the closo octahedral structure of the
metal framework, which has been preserved from the metallic
precursor [Rhg(CO);o(¢5-CO),-(upk>-Ph,PC,H;)]. In 57,
however, the phosphane ligand is coordinated through the

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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Scheme 5. Formation of (a) [(Cp*Ga)Fe(CO),] (47) and (b) [Ni,(GaCp*),(CO)¢] (48)
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reactions with RE". For example, the reaction of heteroleptic
transition-metal carbonyl [Fe(CO),(COT)] with [InC-
(SiMe;);], affords the complex [{Fe(CO);},(u,-InC-
(SiMe;)5);] (58). The isolation of this complex reveals the
preferred substitution of olefin ligands as well as the
predisposition of RE' to occupy bridging positions.*® The
substitution of olefin ligands like cyclooctene (COT),
norbornadiene (NBD), cyclooctatetraene, and cycloheptatriene
on heteroleptic carbonyl complexes was also observed in the
formation of [Cr(CO);(ECp*)] (E = Al (59), Ga (60), In
(61)),*"* [(Cp*Ga),M(CO),] (M = Cr (62), Mo (63)),"
[Fe,(CO)s(1,-InC(SiMes)5);] (64)80 and [Fe,(CO)g(uy-
GaCp*);] (65).>* The synthetic protocols used for the
preparation of 61—64 are shown in Scheme 7.

The concept of labile ligand substitution on this kind of
complexes can also be extended to the substitution of solvent

Figure 10. Molecular structure of [Rug(57°-C)(4,-CO)(CO)y3(us- molecules as observed in the case of [CpMn(CO),(THF)],
GaCp*),(uy-GaCp*)] (55). which reacts with InC¢H;-2,6-Trip, to yield [Cp(CO),Mn—

InC4H;-2,6-Trip,] (66) (Trip = —C¢H,-2,4,6-Pr;).** Similarly,
phosphorus atom, occupying a terminal position, where the the acetonitrile-containing compounds [fac-(RCN);M(CO);]

coordination of the vinyl double bond is presumably prevented (R = Me, M = Mo; R = Et, M = W) on reaction with Cp*Ga
by the steric hindrance rendered by the second [u;-GaCp*] yield monomeric complexes [fac-(Cp*Ga);M(CO);] (M = Mo

ligand (Figure 11). (67), W (68)) (Scheme 8).
Apart from the above-described homoleptic metal carbonyls, In an extension of this type of reaction, the treatment of [fac-
several heteroleptic metal carbonyl complexes, which bear even (Cp*Ga);Mo(CO);] (67) with a second equivalent of [fac-

more labile ligands such as olefins, have been employed in the (MeCN);Mo(CO),] affords the dinuclear derivative [(Mo-
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Figure 11. Molecular structures of (a) [Rhg(CO)o(pt3-CO)5-(sipic-
Ph,PC,H;) (u3-GaCp*)] (56) and (b) [Rhs(CO),p(3-CO)5 ('
Ph,PC,H;) (u3-GaCp*),] (57).

(CO)4),(1y-GaCp*);] (69) (Scheme 8). The formation of 69

can be understood as a substitution reaction, where the

acetonitrile molecules in [fac-(MeCN);Mo(CO),] are replaced

l()y t;1864Cp*Ga ligands from complex [fac-(Cp*Ga);Mo(CO);]
67).

On the other hand, heteroleptic carbonyl complexes
containing more tightly bound ancillary ligands such as Cp,
undergo the expected CO substitution when reacted with
alkylgallium' or alkylindium' derivatives. An example of this
type is the reaction of [(CpNi),(u,-CO),] with [EC(SiMe,); ],
(E = Ga (42), In (38)) affording complexes [(CpNi),(s,-
E(C(SiMe;)5),] (E = Ga (70), In (71)).* In the case of RIn
ligands, it has been established that the ligand insertion into the
Ni—Ni bond takes place depending on the stoichiometry of the
reaction, while the gallium derivative yields the substitution
products regardless of the reaction conditions.

Despite the proven feasibility of the substitution of strong z-
back-bonding CO ligands with strong o-donors Cp*E, as
showcased by the reactions described above, clearly successive
substitutions of the CO groups on the metal become more
difficult. In other words, this substitution reaction leads to an
intrinsic drawback. Thus, when a CO ligand is substituted by a
Cp*E (E = Al, Ga) ligand, the z-back-donation from the
transition-metal center to the remaining CO ligands is
significantly increased, leading to an increasingly difficult
substitution of the latter. Therefore, for the synthesis of
homoleptic [M,(ECp*),] complexes, it is necessary to employ
precursor complexes that do not contain CO ligands, but
contain labile ligands such as olefins. For example, the
cyclooctadiene (COD) ligands in [Ni(COD),] and [Pt-
(COD),] can be easily substituted by Cp*E or EC(SiMe;),,
leading to the formation of tetrahedral homoleptic complexes
[M(ECp*),] (M = Nj, E = Al (72), Ga (73); M =Pt, E = Ga
(74)) and [M(EC(SiMe;);)s] (M = Ni, E = Ga (75), E = In
(76); M = Pt, E = In (77)) (Scheme 9).27**8367% 15 some
cases, it may be necessary to use hydrogenolytic conditions to
ensure clean removal of the olefin ligands. In this way, the
reaction of [Mo(n*-C,Hy);] (C,Hs = butadiene) with six

Scheme 7. Substitution of Olefin Ligands by Cp*E Ligands in Heteroleptic Olefin—Carbonyl Complexes
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Scheme 8. Substitution of Solvent Ligands By RE' Ligands in Heteroleptic Complexes
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equivalents of Cp*Ga in toluene under H, atmosphere (3 bar) =1,3-divinyl-1,1,3,3-tetramethyldisiloxane) was reacted with
yields the homoleptic, six-coordinated transition-metal—gallium Cp*Ga in hexane at —30 °C. Under different reaction
complex [Mo(GaCp*)4] (78).”° conditions, the reaction of [Pd,(dvds);] with Cp*E h§ands,
The formation of the first homoleptic diplatinum complex leads to the formation of various products (Scheme 10).”* For
[Pt,(GaCp*),(u,-GaCp*);] (79) was achieved when the instance, the reaction in toluene with Cp*Ga at 25 °C yields
mononuclear olefin complex tris(ethylene)platinum(0) was the trinuclear, heterometallic cluster [Pd;(GaCp*),(u,-

reacted with an excess of Cp*Ga.”’ Complex 79 exhibits a GaCp*),] (83) in good yield. When the bulkier ligand
central unit of two platinum atoms coordinated by five Cp*Ga [GaCp*™] (Cp*™ = C;Me,Ph)] (84) is used under similar

groups acting as terminal as well as bridging ligands. The reaction conditions, the binuclear complex [Pd,(Cp*™),(u,-
dinuclear compounds 79 and [PtPd(GaCp*)(u,-GaCp*),] Cp*™),] (85) is obtained.*® Furthermore, the isolation of an
(80) could also be isolated from the reaction of the homoleptic intermediate in this reaction was possible. It has been shown

[M(GaCp*),] (M = Pt (74), Pd (81)) with 1 equiv of that the trinuclear complex [Pd;(Cp*™)(u,-Cp*™)(us-
[Pt(COD),] and subsequent addition of Cp*Ga. The Cp*™),(dvds)] (86) containing a labile olefinic ligand is the

examination of the reaction mixture by variable-temperature intermediate, which further reacts with [Ga(CsMe,Ph)] to

'"H and C NMR spectroscopic studies revealed that the yield 85 (Scheme 10).

intermediates of these reactions are dimeric clusters with a Ptz These observations show the importance of the kinetic

or a PtPd core, bearing four Cp*Ga ligands and one 7’ control in the formation of products of different nuclearity. For

coordinated COD ligand (Scheme 9).% example, the known trinuclear complex, [Pd;(InCp*),(u,-
The analogous binuclear complex [Pd,(GaCp*),(y,- InCp*),]>® (87) is obtained under gentle heating conditions.

GaCp*);] (82) has been obtained when [Pd,(dvds);] (dvds However, under the same conditions, the reaction involving
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Scheme 11. Ligand Exchange of the Homoleptic Binuclear Complexes [M,(GaCp*);] (M = Pd (82), Pt (79))
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Scheme 12. Reaction of [M(CH;CN),]™ (m = 2, M = Fe, Co; m = 1, M = Cu, Ag) with Cp*Ga
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Cp*Al yields [Pdy(AICP*),(u,-AlCp*),(p5-AlCp*),] (88).
The reactivity of the mentioned binuclear complexes with a
variety of ligands (Cp*Al, Cp*Ga, CO, phosphines, isonitriles),
to yield bi- and trinuclear substitution products has also been
extensively studied (Scheme 11).%2

It is also possible to isolate ionic homoleptic transition-metal
complexes containing Cp*Ga ligands by substitution of labile
solvent molecules such as diethyl ether or acetonitrile. The
compound [Zn(GaCp*),][BAr",], (89) (Ar" = C¢H;(CF,),)
is the first example of a Cp*Ga adduct with a strongly
electrophilic metal center.”* It was obtained by reacting ZnMe,
with [H(OEt,),][BAr",] with subsequent addition of Cp*Ga.
This complex contains the [Zn(GaCp*),]*" cation, which is
both isostructural and isoelectronic to [M(GaCp*),] (M = Ni
(73), Pd (81), Pt (74)).3%

Also, reactions of Cp*Ga with stabilized classical Werner
type complexes have also been recently confirmed by the
synthesis of the homoleptic cations [M(GaCp*),]* (M = Cu
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(90), Ag (91)).” The reactions of the cationic transition-metal
acetonitrile complexes [M(CH,CN),]"™ (m = 2, M = Fe, Co;
m = 1, M = Cu, Ag) with Cp*Ga yield this type of cationic
species with Cp*Ga ligands (Scheme 12).

The reaction of [Fe(CH;CN)/][BArf,], with Cp*Ga
proceeds with a redox neutral Cp* transfer and the substitution
of all acetonitrile ligands by three Cp*Ga ligands to afford
[Cp*Fe(GaCp*),][BAr",] (92) (Scheme 12), which is a stable
18 electron complex. [Ga,Cp*][BArF,] (93)° is obtained as
the byproduct in this reaction. On the other hand, the
formation of [Cp*Co(GaCp*);][BAr",], (94) (Scheme 12)
from [Co(CH;CN)¢][BAr*,], is accompanied by oxidation of
Co(Il) to Co(Ill), where Cp*Ga is reduced to elemental
gallium. Interestingly, an intermediate product of this reaction,
[Cp*Co(GaCp*),(CH;CN)][BAr",], (95), where only a
partial substitution is effected, could also be isolated when
the reaction conditions were slightly modified. The softer, less
electrophilic, group 10 precursors [Cu(CH,;CN),] [BAr%,] and
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Ag(BPh,) react with four equivalents of Cp*Ga to afford the
homoleptic complexes [Cu(GaCp*),][BAr",] (96) and [Ag-
(GaCp*),][BPh,] (97), respectively (Scheme 12). Interest-
ingly, when Ag(CF;SOs;) is used, the reaction with Cp*Ga in
fluorobenzene leads to a dimeric species, which was
spectroscopically identified as [Ag,(GaCp*);(u,-
GaCp*),(CF;S05)][CF;S05] (98) (Scheme 12). This differ-
ence could be attributed to the nature of the [CF;SO;]™ anion
in 98 (not coordinatively innocent like [BPh,]™ anion), which
is a rather good ligand for the soft cationic transition-metal
centers.

The above-described chemistry clearly establishes the use of
olefin complexes as precursors for the synthesis of homoleptic
[M(RE'"),] species. This is not necessarily true for olefin-
containing basic d® transition-metal complexes, which undergo
only a partial substitution when reacted with Cp*Ga and Cp*Al
ligands, owing to the high basicity of the metallic centers Ru(0)
and Rh'. Thus, the reaction of [Ru(#*butadiene) (PPh;),] with
Cp*Ga yields the substitution product [Ru(y*-butadiene)-
(PPh;),(GaCp*)] (99) (Scheme 13). This product is stable

Scheme 13. Reaction of d® Transition-Metal Complexes with
Cp*E (E = Al, Ga)
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even under hydrogenolytic conditions in presence of additional
amounts of Cp*Ga. In contrast, the reaction of the 16 electron
complex [Ru(PPh;),(styrene),] with three equivalents of
Cp*Ga undergoes complete substitution of the olefin ligands,
to yield [Ru(PPh,),(GaCp*),] (100) (Scheme 13), while the
reaction of the Rh' compounds [Rh(1?, #>-NBD)(PCys),]-
[BAr",] and [Rh(n* #*-COD),][BAr",] with the correspond-
ing Cp*E ligand (E = Al, Ga) led to the complexes [Rh(1% 7>
NBD)(PCy;)(GaCp*),][BAr",] (101), [Rh(7’, #*-COD)-
(GaCp*),][BAr",] (102) and [Rh(7’, #’-COD)(AICp*),]-
[BAr*,] (103).”” Because of the coordination of the strong o-
donors Cp*E, the m-back-donation from the transition-metal
center to the olefin ligands is increased, which reflects, for
example, on the C—C bond distances of the coordinated
olefins. Therefore, the solid-state structure of the butadiene
complex 99 is more accurately described as a metallacycle than
as a simple 7-complex.

There are a few examples of heteroleptic precursors that do
not contain CO ligands, which may also undergo facile ligand
substitution when reacted with RE' organyls. In the case of
[Ru(*-COD)(1>-CH,CMeCH,),],”® the reactions proceeds
with the formation of a TMM (TMM = 5*-C(CH,),) ligand by
hydrogen transfer from a coordinated 2-methylallyl moiety,”
yielding [Ru(GaCp*);(n>-TMM)] (104) (Figure 12).'%°

There are only a few reports in the literature on the reactivity
of Cp*E (E = Al, Ga) ligands toward complexes with anionic
ligands, such as hydrides, like Chaudret’s ruthenium poly-
hydride [Ru(PCys3),(H,),(H),] (Cy = Can)lOl and [Ru-
(COD)(H)(NH,NMe,);][BAr",]. These complexes undergo

3148

Figure 12. Molecular structure of [Ru(GaCp*);(7>-TMM)] (104).

the substitution of the labile ligands such as hydrazine or H, by
Cp*Ga to afford [Ru(PCy;),(GaCp*),(H),] (105) and
[Ru(COD)(H)(GaCp*),][BAr",] (106), respectively (Scheme
14).100,102

4.1.2. Addition Reactions. In contrast to the “classical”
reactivity of transition-metal carbonyls toward RE' compounds
(E = Al, Ga, In), where the CO ligands can be stepwise and
selectively substituted, the reaction of [CpM(CO),], (M = Mo,
W) with Cp*Ga yields the addition products [(OC),CpM(u,-
n'-GaCp*)], (M = Mo (107), W (108)) (Scheme 15).** The
Cp* ligands bound to the gallium centers change their hapticity
from 7° to 7', in order to relieve the high steric overcrowding in
the products.

In a similar way, the olefin complex [Ru(i%*-COD)(n°-
COT)] reacts with Cp*Ga to yield the addition product
[(n*7*-COD)(*-COT)Ru(GaCp*)] (109) in quantitative
yields.'”> However, when hydrogenolytic conditions are used,
the substitution reaction takes place, leading to the formation of
[(nz,gflz—COD)Ru(Gan*)ﬂ (110) in good yields (Scheme
16).

The reaction of the platinum precursor [(dcpe)Pt(H)-
(CH,'Bu)] (dcpe bis(dicyclohexylphosphino)ethane)'**
with Cp*E (E = Al, Ga, In) and [GaC(SiMe;);] can be
regarded as an addition reaction, if the formation of a reactive
14-valence-electron intermediate of the formula [(dcpe)Pt] is
considered during the process.'”® Thus, the electron-deficient
species is stabilized by further ligand coordination, namely, the
addition of two RE' ligands, to yield the tetrahedral complexes
[(dcpe)Pt(ECp*),] (E = Al (111), E = Ga (112), E = In
(113)) and [(dcpe)Pt(GaC(SiMe;);),] (114) (Scheme
17) 46106

Very recently, it has been reported that the di- and trinuclear
molecules [(Cp*Ru),(u,-H),] and [(Cp*Ru);(4,-H)3(p3-H), ]
undergo addition of Cp*E (E = Al, Ga) ligands to yield the
electron-rich polyhydride clusters [Cp*Ru(u,-H)(H)(u,-
ECp*)], (E = Al (115), E = Ga (116)) and [(Cp*Ru)y(sir
H);(u3-ECp*)] (E = Al (117), E = Ga (118)) (Figure 13).'*
These complexes are remarkably stable and do not undergo
reductive elimination of Cp*H or H,. Apparently, the anionic
hydride ligands decrease the electrophilic character of the
transition-metal center, so that the Cp* transfer reactions are
prevented.

4.1.3. Redox Reactions. Other than the substitution and
addition reactions described in sections 4.1.1 and 4.1.2, redox
reactions can also be employed to isolate transition-metal
complexes of group 13 RE' ligands. The first complex
containing a bond between aluminum and a transition metal
was reported as early as 1994, when [Cp*(n*-C,H,)Co(u,-
Al(C,Hy)) ], (119) was isolated as a byproduct in the reaction
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Scheme 14. Synthesis of [Ru(PCy;),(GaCp*),(H),] (105) and [Ru(COD)(H)(GaCp*),][BAr",] (106)
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Scheme 15. Addition of Cp*Ga to [CpM(CO),], (M = Mo,
W) (Reprinted with permission from Cokoja, M.; Steinke,

T.; Gemel, C.; Welzel, T.; Winter, M.; Merz, K.; Fischer, R.
A. Ligand properties of Cp*Ga: New examples of Mo—Ga

and W—Ga complexes. J. Organomet. Chem. 2003, 684 (1—
2), 277-286.** Copyright 2003 Elsevier.)
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of Cp*Co(C,H,) with the A" precursor [(C,H;),AIH].""
[(CpNi),(AlCp*),] (120) was later obtained by using Cp*Al
as a reducing agent toward [Cp,Ni]."®® It was the latter
reaction which led to the recognition of the high synthetic
potential of Cp*Al as an electron-rich, selective carbenoid. The
cobalt complex 119 was formally regarded as two 16-electron
[Cp*(17*-C,H,)Co] units, which are linked by two [Al(C,H;)]
groups (Figure 14).

The reduction of trivalent precursors led to the first example
of a gallium—transition-metal bond in 1997. Robinson and co-
workers reported the synthesis of [(CO),Fe—Ga-
(C¢H;Tipp*,)] (121) (Tipp* = 2,4,6-triisopropylphenyl)
(Scheme 18) through a (formal) redox reaction between
Na,[Fe(CO),] and (Tipp*,C¢H;)GaCl,.>® This synthetic path
was also applied by Fischer and co-workers in order to isolate
the analogous species [Cp*Al—Fe(CO),] (122) (Scheme 18),
from the reaction of [Cp*AICl,], with Na,[Fe(CO),]% and by
Ueno and co-workers to obtain [(Cp*Fe(CO)),(4,-CO)(1,-
GaMes)] (Cp* Cp (123), Cp* (124); Mes =2,4,6-
trimethylphenyl).'*

The distinction between a redox neutral, nucleophilic
substitution and the formation of the M—E bond involving
some electron transfer may certainly be a matter of debate for
reactions shown in Scheme 18. The situtation is more clear in

the following cases. In the reaction of [Pd(tmeda)(CHs;),]
(tmeda = N,N,N’,N-tetramethylethylendiamine) with the
corresponding RE! ligand, the homoleptic Pd complexes
[Pd(GaCp*),] (81) and [Pd(InC(SiMe;);),] (125) have
been isolated (Scheme 19).% This reaction can be considered
as a ligand substitution reaction, which proceeds via reduction
of the transition metal. The Pd(Il)center is reduced by the
group 13 ligand to Pd(0). The 'H NMR spectrum of the
reaction mixture exhibits a signal at —0.15 ppm, a chemical shift
typical for Ga-CH; groups. This evidence reveals that the
methyl groups are transferred to Cp*Ga, forming [Cp*Ga-
(CH;),] as a byproduct, rather than the reductive elimination
of ethane, as known to happen for the reaction of [Pd(tmeda)-
(CH,),] with phosphines PR,;,''® or the elimination of
C(CH,), in the reactions of (dcpe)Pcl(H)(CHztBu)].105

In 2004, Sharp and co-workers used Cp*Ga to stabilize the
first complex that contains a Au—Ga bond, which is also the
first gold cluster complex in which the Au atoms are bonded
only to an electropositive main-group metal.''! Cp*Ga was
used as a reducing agent when an excess of “[Cp*Ga/Gal]” was
reacted with [(Ph;P)AuCl], to afford a yellow solution, from
which air-sensitive orange-yellow crystals of the phosphine-free
gold—gallium cluster complex [Au;(p,-Gal,);(GaCp*);] (126)
were isolated along with a yellow solid that has been identified
by spectroscopic data as [(Ph;P),Au]* (n = 2—3). Compound
126 was also prepared from [(PhyP)Aul] and a mixture of
Cp*Ga and Gal;, presumably without the formation of the
[(PhyP),Au]* (n = 2—3) species as byproducts. The molecular
structure of [Auy(p,-Gal,);(GaCp*)s] (126) in the solid-state
consists of a triangle of gold atoms bridged by Gal, units on the
edges. Two Au atoms (Aul and Aul’) are each coordinated by
two Cp*Ga units, whereas the third unique gold atom (Au2) is
coordinated by only one Cp*Ga unit (Ga2). (Figure 15).

Quite interestingly, the redox method has afforded a few
examples of compounds containing group 4—group 13 bonds.
Either sodium or magnesium has been used as the reducing
agent for the reduction of RECl, (E = Ga, In; R = 2,6-
(2,4,6-PryC¢H,),C¢H;) trivalent compounds and the corre-
sponding [Cp,MCl,] precursor (M = Ti, Zr, Hf), to afford the

Scheme 16. Addition of Cp*Ga to [Ru(#*-COD)(7°-COT)]

Z
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Scheme 17. Synthesis of the Tetrahedral Complexes [(dcpe)Pt(RE),] (111—114). (Reprinted with permission from Weif}, D.;
Winter, M.; Merz, K.; Kniifer, A.; Fischer, R. A.; Frohlich, N.; Frenking, G. Synthesis, structure and bonding situation of
[(dcpe)Pt(InCp*),] and {(dcpe)Pt[GaC(SiMe;);],}—Two novel examples of platinum complexes of low valent Group 13
metal species. Polyhedron 2002, 21 (5—6), 535—542.'%° Copyright 2002 Elsevier.)
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Figure 13. Molecular structure of [Cp*Ru(u,—H)(H)(u,-ECp*)],:
(a) E = Al (115) and (b) E = Ga (116).

complexes [Cp,M(ER),] (M = Ti, E = Ga (127), In (128); M
= Zr, E = Ga (129), In (130); M = Hf E = Ga (131), In
(132)) (Scheme 20).'">"''* These complexes are considered
analogous to other 18-electron species, such as [Cp,M(CO),],

L/

Figure 14. Molecular structure of [Cp*(5>-C,H,)Co(u,-Al(C,H))],
(119).
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Scheme 18. Formation of Transition-Metal Complexes by
Reduction of Trivalent Group 13 Precursors
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in that the RE' fragments essentially act as two-electron
donating species to the group 4 metal.

The solid-state structures of 127—132 have V-shaped E-M—
E trimetallic linkages with relatively short M—E bonds (Zr—Ga,
2.6350(8) A; Ti—Ga, 2.4921(7) A; Zr—In, 2.7916(5) A; Ti—In,
2.6685(8) A, Hf—Ga, 2.6198(13) A; Hf-In = 2.7667(10) A).
The transition-metal (M = Zr, Ti, Hf) centers are found in a
pseudotetrahedral coordination environment, while the group
13 (E = Ga, In) atoms exhibit a two-coordinated, almost linear
geometry (Figure 16). Density functional theory (DFT)
computations on the model compounds [Cp,M(EPh),]
suggest significant 7-back-bonding from the group 4 metals
(Zr, Ti, Hf) to the group 13 metals (Ga, In) in these
compounds.

4.1.4. Insertion Reactions. Insertion reactions of mono-
valent group 13 halides have been known for a long time,
particularly with an emphasis on the reactions of InX (X = Cl,
Br).""> These studies have shown that insertion reactions of
XE' compounds are extremely sensitive to the reaction
conditions and that many possible reaction pathways have to
be considered.'*® The first example of an insertion of a Cp*Ga
moiety into a metal—chloride bond was reported in 2000,
consisting of the synthesis of the iron complexes [Cp*Fe-
(GaCp*),GaCl, THF] (133) and [Cp*(CO),Fe—GaCl(7*-
Cp*)] (134)."" In the former case, the insertion into the
transition-metal-halide bond in FeCl, proceeds with a Cp*/Cl
exchange process, followed by o/7 rearrangement of the Cp*
ligand (Scheme 21). In the latter complex, the insertion of the
Cp*Ga ligand proceeds with only a hapticity change of the Cp*
fragment.

The insertion of the [InC(SiMes);], ligand into a metal—
metal bond was observed in its reaction with [(CpNi),(u,-
CO),], which afforded the complex [(CpNi(CO)),(u,-InC-
(SiMe;);)] (135). Interestingly, the usual CO ligand

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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Scheme 19. Formation of [Pd(GaCp*),] (81) and [Pd(InC(SiMe;);),] (125)

(’3an* InC(SiMe3)3
i . 4 GaCp* [InC(SiMe3)sls )
-~ _-Pd™GaCp [Pd(tmeda)(CHa)] —————— Pﬁ""”lnC(SiMeps)g
GaCp* (MesShsCIn ¥, ¢ (siMes)s
81 125

Figure 15. Molecular structure of the gold cluster [Aus(u,-
Gal,);(GaCp*);] (126).

Scheme 20. Synthesis of [Cp,M(ER),] (M = Ti, E = Ga
(127), In (128); M = Zr, E = Ga (129), In (130); M = Hf, E
= Ga (131), In (132))

2 RECI,

Na or M
CpMclL)] —aorMg
[CPMCL] il or MeCy

(R = C¢H;-2,6-(2,4,6-PryC¢H,),)

substitution reaction was observed for the corresponding
gallium analogue.85 However, the importance of the reaction
conditions is highlighted once again, since the reaction in a 4:1
ratio yields the aforementioned complex 135 (Figure 17), while
the reaction in a molar ratio of 2:1 leads to the substitution
product [(CpNi),(u#,-InC(SiMe;)5),] (71), as described in the
previous section.

The reactions of RE' derivatives with the d’-complexes
[(Cp*RhCl),(p,-Cl),] and [(p-cymene)RuCl,], are other
examples of insertions into transition-metal—halogenide
bonds."'*7'*° The stoichiometry and reaction conditions are
key factors for the formation of a wide variety of products. For
instance, the reactions of [(Cp*RhCl),(u ,-Cl),] with 6 equiv
of Cp*E (E = Ga, In) or InC(SiMe,); yield the corresponding
insertion products [Cp*Rh(ECp*),(ECp*Cl)] (E = Ga
(136), In (137)) and [Cp*Rh(u,-Cl) ,(InC(SiMe;););]
(138). Meanwhile the reaction with 3 equiv of Cp*In leads
to the ionic compound [(Cp*,Rh)][(Cp*Rh(InCp*)-
(In,Cl,(u,-Cp*))] (139). In contrast, when Cp*Ga is used,
[Cp*Rh(GaCp*),(GaCly)] (140) is formed. In all these
reactions, the Cp*E species acts as a reducing agent for the
transformation of the Rh™ center into a d®-Rh' center, which is
stabilized by the formation of a Lewis acid—base adduct
(Scheme 22).

Figure 16. Molecular structures of (a) [Cp,Ti(InR),] (128) and (b)
[Cp,Zr(GaR),] (129).

Scheme 21. Synthesis of [Cp*Fe(GaCp*),GaCl, THF]
(133) and [Cp*(CO),Fe—GaCl(5>-Cp*)] (134)
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Figure 17. Molecular structure of [(CpNi(CO)),(u,-InC(SiMe;);]
(135).

Scheme 22. Reaction of [(Cp*RhCl),(u,-Cl),] with RE' (E =

Ga, In) Compounds
r | )
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The isolobal ruthenium derivative [(p-cymene)RuCl(u,-
Cl)], reacts in toluene with 6 equiv of Cp*Ga to afford [(p-
cymene)Ru(GaCp*),(GaCl;)] (141). If hexane is used as the
solvent, [((p-cymene)Ru(u-GaCp*)),(GaCp*(u-Cl),)] (142)
has been obtained as the main product. In the presence of a
base such as pyridine, the same reaction affords [(p-cymene)-
Ru(GaCp*),(GaCp*Cl,)] (143). If the reaction with Cp*Ga is
performed in a 4:1 molar ratio in the presence of
dimethylsulfoxide (DMSO), [(p-cymene)Ru(GaCp*)-
(GaCp*Cl,)(DMSO)] (144) is isolated. The wide variety of
products obtained in this case once again highlights the
importance of the kinetic control of the involved processes
(Scheme 23).

Another ruthenium precursor, [Cp*RuCl],, reacts with RE'
derivatives (RE' = Cp*Ga, InC(SiMe,);), leading to the
isolation of the corresponding insertion products [{Cp*Ru-
(InCp*) H (4,-C1)(InCp*),}] (145), [{Cp*Ru(InC-
(SiMe3)3) H (kp-Cl)(InC(SiMe;)3),}] (146), and [Cp*Ru-
(GaCp*),(n'-GaCp*Cl)] (147), as revealed by their solid-
state structures (Scheme 24). The chloride ligand in [Cp*Ru-

Scheme 24. Reaction of [Cp*RuCl], with RE' Ligands
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/
Cp*Ru 12 ER |
Cp*Ru*~ —CI hexane ER/RU"’/
\ “ERCI
Cl RuCp* ER
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(GaCp*),(n'-GaCp*Cl)] (147) can be removed by the
addition of NaBPh,, thus leading to the isolation of the ionic
compound [Cp*Ru(GaCp*);][BPh,] (148), which is analo-
gous to the product of the reaction of [(Cp*RuCl),(u,-Cl),]
with Cp*Ga, [Cp*Ru(GaCp*),][Cp*GaCl,] (149).

The reaction of [Ru(PPh;);Cl,] with 6 equiv of Cp*Ga leads
to the isolation of an interesting product, [Ru(GaCp*),(Ga-
(C)Cp*),] (150), albeit in low yields. This might be due to
the formation of [Cp*Ru(H)(PPh,)(x*-(C¢H,)-PPh,)-
(GaCly)] (151) as suggested by the spectroscopic data. The
latter is the product of a side-reaction, involving an insertion
into the Ru—Cl bond, which proceeds via orthometalation of
one of the PPh; phenyl rings, along with a Cp* transfer. When
[Ru(DMSO),Cl,] was used as starting material, the isolated
yield of [Ru(GaCp*),(Ga(Cl)Cp*),] (150) increased signifi-
cantly (Scheme 25).

The Ru center in 150 is in a distorted octahedral
environment, coordinated to six Cp*Ga ligands. One of the
chloride ions occupies a terminal position bound to one of the
Cp*Ga ligands, while the second halide is bridging two gallium
centers. The steric crowding around the Ru center causes three
of the Cp* rings to be coordinated in 7° mode, while the rest of
then?nare bound to the Ga centers in a ;' fashion (Figure
18).

Insertion reactions have also been observed for the iron
complexes [Fe(PPh;),Br,] and [Fe(NCCHj,),Br,]."”! The
reaction of these complexes with Cp*Ga proceeds with Cp*

Scheme 23. Reaction of [{(p-cymene)RuCl}(p,-Cl)], with Cp*Ga
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Scheme 25. Reaction of [RuCLL,] (L = PPh;, DMSO) with Cp*Ga (Reprinted with Permission from Buchin, I. B.; Gemel, C.;
Kempter, A.; Cadenbach, T.; Fischer, R. A. Reaction of iron and ruthenium halogenide complexes with GaCp and AlCp:
Insertion, Cp transfer reactions and orthometallation. Inorg. Chim. Acta 2006, 359 (15), 4833—4839.">' Copyright 2006

Elsevier.)
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Figure 18. Molecular structure of [Ru(GaCp*),Cl,] (150).

transfer from the gallium center to iron, leading to the isolation
of products [Cp*Fe(GaCp*)(GaBr,)(PPh;)] (152) and
[Cp*Fe(GaCp*),(GaBr,)] (153), respectively. The corre-
sponding reaction of [Fe(PPh;),Br,] with Cp*Al affords the
highly air-sensitive orthometalated [Cp*Fe(us-H)(x*-(C¢H,)-
PPh,)(AICp*)(AlBr,)] (154) (Scheme 26). It is obvious that
the Cp*E ligand significantly influences the course of the
reaction, because the reaction of Cp*Al leads to orthometala-
tion of the remaining phosphine ligand, whereas the reaction of
Cp*Ga does not. This difference in reactivity will be further

discussed in the following section devoted to the bond
activation by transition-metal complexes containing Cp*E
ligands.

An example of Cp*Ga insertion into a metal—carbon bond
was found in the formation of [(Cp*Ga),Rh(Ga(n'-Cp*)-
(CHs;))] (155) (Scheme 27), where the facile haptotropic shift

Scheme 27. Insertion of Cp*Ga into Metal—Carbon Bonds
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of the Cp* ring plays an important role."** 155 may undergo
selective protolysis, leading to the formation of the ionic species
[(Cp*Ga),Rh(GaCH;)][BAr",] (156). This reaction has
proven to be very useful, because it provides a synthetic
route to sterically unshielded alkylgallium' species, which are
unstable and unknown in the free form. For this reason, the
protolytic splitting of Cp*H will be further discussed below as
it represents one of the most promising paths for the formation
of well-controlled molecular building blocks, which may lead to

Scheme 26. Insertion Reactions of Cp*E (E = Al, Ga) with Fe Complexes (Reprinted with Permission from Buchin, B.; Gemel,
C.; Kempter, A.; Cadenbach, T.; Fischer, R. A. Reaction of iron and ruthenium halogenide complexes with GaCp and AlCp:
Insertion, Cp transfer reactions and orthometallation. Inorg. Chim. Acta 2006, 359 (15), 4833—4839."%¢ Copyright 2006

Elsevier.)
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the isolation of intermetallic M/E clusters of Hume—Rothery
type and nanomaterials.

4.1.5. Hydrogenolysis and Cluster Growth. The
principles of the molecular group 13 transition-metal chemistry
have been previously applied for the soft chemical synthesis of
M/E Hume—Rothery phases because they provide a molecular
approach to obtain intermetallic nanomaterials."**"'*® The
hydrogenolysis of Cp* or hydrocarbon ligands has been
recognized as a useful method for the synthesis of building
blocks for the formation of such species. In an effort to
characterize early intermediates that may be involved in this
process, the hydrogenolysis of [Ru(7%7*-COD)(1*-C,H,),]
carried out in the presence of Cp*Ga yields [(Cp*Ga),(H)-
Ru(¢,-Ga)Ru(H),(GaCp*);] (157) along with Cp*H, cyclo-
octane, and isobutene as side products. %7 In a similar way, [Ru-
2 n*-COD(15-COT)] was used as the source of Ru to obtain
157, whereas under slightly different reaction conditions, the
intermediates [(5*-COD)(*-COT)Ru(GaCp*)] (109) and
[(7*-COD)Ru(GaCp*);] (110) were formed (Scheme 27).
Spectroscopic and structural analyses of 157 provide evidence
for two Ru-centers in octahedral coordination environments,
which are bridged by a “naked”, substituent-free gallium atom
in a quasi-linear arrangement. Seven Cp*Ga and three hydride
ligands are coordinated to two Ru-centers, arranged in two
different Ru-fragments [(Cp*Ga),(H)Ru(p,-Ga)] and

[(Cp*Ga);(H),Ru(p,-Ga)] (Figure 19).

Figure 19. Molecular structure of [(Cp*Ga),(H)Ru(,-Ga)Ru-
(H),(GaCp*);] (157).

[(Cp*Ga),(H)Ru(p,-Ga)Ru(H),(GaCp*),;] (157) can be
considered as a molecular intermediate in the formation of Ru/
Ga nanoparticles during a wet chemical synthesis. Therefore,
the hydrogenolyis mechanism of coordinated Cp*Ga releasing
Cp*H was studied in detail by applying DFT methods. It was
possible to propose a reasonable mechanism in which the key
intermediate [Ru(GaCp),(H),] (158) undergoes a concerted
elimination of CpH and through a subsequent association/
dissociation equilibrium leads to the model compound

[(GaCp),(H)Ru(u,-Ga)Ru(H),(GaCp);] (159).

5. F-BLOCK COMPLEXES

Compared to the wealth of transition-metal complexes of RE'
ligands, the corresponding chemistry of lanthanides and
actinides has only been sparsely investigated. Because of their
pronounced Lewis acidity, lanthanides (Nd, Sm, Eu, Yb, and
Tm)"*®"*® and actinides (U)"*° are more readily stabilized by
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anionic ligands such as the diazabutenido ligand [Ga-
(ArNCH),]” (Ar = 2,6-Pr,C¢H;) through the formation of
polar Ga—M bonds (Figure 20). A few examples incorporating
a neutral RE' ligand such as Cp*E (E = Al, Ga) have been
reported, however. The details of these studies are described
below.

a)

b)

Figure 20. Structure of (a) [Cp*,Eu—AlCp*] (160) and (b)
[Cp*,Yb—AICp*] (161).

5.1. Lanthanide Compounds

The first examples of complexes containing metal—metal bonds
involving rare-earth atoms and a group 13 element were
reported only in 2006 (Scheme 28)."*' The complexes

Scheme 28. Synthesis of [Cp*,Ln—ECp*] Complexes
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[Cp*,Ln—AICp*] (Ln = Eu (160), Yb (161)) were obtained
in adequate yields by the solvent-free reaction of the
corresponding metallocene with Cp*Al in a sealed ampule at
120 °C for several days. Both products have been found to be
extremely air-sensitive and readily decompose in solution. Their
solid-state structures determined by single-crystal X-ray
diffraction studies reveal them to be Lewis acid—base adducts
with no unusually short intermolecular contacts (Figure 20).

The Cp*.e—Al-Ln angle in both complexes [Cp*,Ln—
AICp*] (Ln = Eu (160), Yb (161)), has been found to deviate
significantly from linearity (161.82(1)° (160), 171.79(1)°
(161)). These values are, however, in agreement with those
found in p-block Lewis acid—base adducts such as [Cp*Al—
B(C4Fs);] (24) (Cp*.pu—Al-B 172.9(1)°).%° The Al-Ln
bond lengths of 3.365(1) A (160) and 3.198(1) A (161),
however, cannot be compared because these are the first
examples of metal—metal bonds between aluminum and 4f
metals. It is worth mentioning that various spectroscopic and
structural analyses were performed to establish that the
lanthanide centers maintain their +2 oxidation state even
after aluminum coordination, and also to rule out the presence
of any bridging hydrido ligands on the f-block element
coordination sphere. The low stability of [Cp*,Ln—AlCp*]
(Ln = Eu (160), Yb (161)) in solution can be ascribed to the
relatively small energies of the Ln—Al bonds (~30 kJ mol™") as
determined by theoretical calculations (DFT-BP86)."** These
calculations further confirm the chemical compositions of both
complexes and also suggest that the interaction between the
[Cp*,Ln] and [Cp*Al] fragments is essentially electrostatic
with insignificant charge-transfer and covalent contributions.

Extending their interest on lanthanide—group 13 metal
bonds, P. W. Roesky and co-workers reported on the syntheses
of [Cp*,Eu(GaCp*),] (162) and [Cp*,Yb(THF)GaCp*]
(163) (Scheme 28)."** In contrast to the complexes where
the ligand is aluminum-based, complexes [Cp*,Eu(GaCp*),]
(162) and [Cp*,Yb(THF)GaCp*] (163) can be obtained in
toluene at room temperature. Their relative stability in solution
is a quite surprising feature, because Cp*Al is considered to be
a stronger base than the analogous gallium-based ligand. To
obtain 163, the composition of the starting materials is critical.
Compound 163 can be isolated in useful quantities when
[Cp*,Yb(THF),_,] is reacted with 1 equiv of Cp*Ga in
toluene, but when pure [Cp*,Yb(THF)] is used, fast
decomposition of the product is observed. Interestingly, all
attempts to obtain a solvent-free Yb species were unsuccessful,
and 163 is seemingly less stable in solution than 162. The solid-
state structures of 163 and 162 show that both are individual
Lewis acid—base adducts with no unusually short intermo-
lecular interactions (Figure 21).

Consistent with their ionic radii, the Eu!' center is
coordinated to two Cp*Ga units, whereas the Yb" center is
bonded to only one unit and hence its coordination sphere is
saturated by one solvent molecule. It is worth mentioning that
the coordination numbers for the Ln—Al and Ln—Ga differ.
Whereas both Ln—Al (Ln = Eu (160), Yb (161)) complexes
are 1:1 adducts, the Ln—Ga complexes have additional ligands
coordinated to the lanthanide centers. The lanthanide—group
13 metal distances in 162 and 163 can be comapped to the
corresponding distances in diazabutenido lanthanide complexes
164a—164c and 165 depicted in Figure 22. The Eu—Ga bond
lengths in 162 (3.2499 and 3.3907 A) are comparable to that in
[Eu(Ga(ArNCH),),(tmeda),] (164b) (3.3124 A) (Figure 22),
whereas the Yb—Ga distance in 163 (3.2872(4) A) is longer
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Figure 21. Molecular structures of (a) [Cp*,Yb(THF)GaCp*] (163)
and (b) [Cp*,Eu(GaCp*),] (162).

than that observed for the complex [Yb(Ga-
(ArNCH),),(tmeda),] (164c) (3.2050 and 3.2473 A) (Figure
22). As expected for complexes with low covalent contribution,
the Ln—Ga distances in 162 and 163 are significantly longer
than the sums of the covalent radii (Eu—Ga 3.19 A,Yb—Ga 3.08
A).

Recent reports on RE' complex of the lanthanides by Arnold
and co-workers describe the synthesis of [(n°-
CiH,(SiMe;))sLn(ECp*)] (Ln = Nd, E = Al (166), Ga
(167); Ln = Ce, E = Al (168), Ga (169)), from the reaction of
[(CpSiMe,;);Nd] with Cp*Al or Cp*Ga (Scheme 29).
However, these species were only identified on the basis of
variable-temperature '"H NMR spectroscopic studies but could
not be isolated in pure form.">*'3*

5.2. Actinide Compounds

Although the bonding in f-element complexes has been
traditionally described as electrostatic, in recent times it has
been suggested that a certain degree of covalency might be
included in metal complexes of the actinides. Arnold and co-
workers reported on the synthesis of the first example of an
unsupported actinide—group 13 element bond, [(°-
C¢H,(SiMe,));U—AICp*] (170) (Figure 23)."%° This complex
was obtained in moderate yields by stirring a mixture of [(77°-
CH,(SiMe;));U] and Cp*Al in toluene at 60 °C. The
analogous complex [(17°-CsH,(SiMe;));U—GaCp*] (171) was
also subsequently reported.’** The complexes 171 and 170 are
isostructural.

The U—AI bonds in 170 (3.117(3), 3.124(4) A) have been
found to be close to the sum of covalent radii for the involved
elements (3.17 A), whereas the U—Ga bond lengths in 171
(3.065(1)A, 3.080(1) A) are shorter than the sum of the
corresponding covalent radii (3.18 A) and also the observed
distance in [(tren™%)U(Ga(NArCH),)(THF)] (172)
(3.2115(8) and 3.2983(9)A) (tren™S = N-
(CH,CH,NSiMe,),) reported by Liddle, ones, and co-work-
ers."*® The short bond distance has been ascribed to a strong
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Figure 22. Diazabutenido lanthanide complexes: (a) [Sm(Ga(ArNCH),),(tmeda),] (164a), (b) [Eu(Ga(ArNCH),),(tmeda),] (164b), (c)
[Yb(Ga(ArNCH),),(tmeda),] (164c), and (d) [(tmeda)Tm(Ga(ArNCH),)(ArNCH),] (165).

Scheme 29. Synthesis of [(1°-CsH,(SiMe;)),Ln(ECp*)] (166—169)

SiMe,
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Ln =Nd; E =Ga 167
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Me;Si %\
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&
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Figure 23. Molecular structures of [(17°-CsH,(SiMe,)),U(AICp*)]
(170).

influence of the crystal packing forces. An NBO/NLMO
(natural bond orbital-natural localized molecular orbital)
electronic analysis (B3PW91) of the metal—ligand bonding in
the model complexes [Cp;U—ECp*] (E = Al, Ga) showed that
the metal—metal bonding arises predominantly from E — U o-
donation, due to the favorable overlap of the lone pair with the
7s/6d acceptor orbitals on Ul A negligible amount of U #-
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electron density is donated into the formally empty z-
symmetric p orbitals on Al or Ga. Density functional theory
calculations were undertaken using model complexes Cp;Ln—
ECp where Ln = La—Lu and E = Al, Ga. The Ln—E bond
distances were predicted to decrease more sharply across the
Ln series than those involving hard Lewis bases; however, local
increases were observed at Eu and Yb. Electronic analyses were
performed in the NBO/NLMO formalism, indicating that the E
— Ln acceptor orbital is primarily of d-character in all cases. It
is proposed that a steric-strain component, which increases with
the lanthanide contraction in this case, balances the Ln—E
bond-stabilizing effect of core-orbital contraction. All data
indicate that the Ln—E bonding interactions are predominantly
of covalent or nonpolar donor—acceptor character. However,
the formation of a strong covalent bond is not observed
becaus%gf resistance to reduction of an effectively divalent Ln
center.

6. COORDINATION CHEMISTRY OF
SUBSTITUENT-FREE GA*

The extreme redox lability of the Ga' species has posed a

particular challenge to the development of the organometallic

chemistry of this naked cation. The chemistry of In* is sparse

(vide infra; section 7). Any results on the potentially

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170



Chemical Reviews

homologous chemistry of (extremely reactive) Al' have not
been reported, yet. The unique [Ga,Cp*][BAr",] (93)%
(Figure 24) species can be easily reduced or oxidized on

Figure 24. Molecular structure of [Ga,Cp*][BAr%,].

reaction with numerous reagents containing transition-metal
centers. Nevertheless, the naked Ga' moiety is a very
interesting synthon for unusual complexes [L,M—GaR'] (M
= transition metal, R’ = anionic ligand, different to Cp*), which
could be obtained either by insertion of Ga* into a M—R' bond
or by addition of a nucleophilic fragment R’ into an
electrophilic complex [L,MGa]*. Only very recently, the
synthesis of the novel species [Ar,Ga][AI(OC(CF,;);),] (Ar
= C¢H(CH;) (173), CHSF (174)) have been reported. These
two derivatives are stable, crystalline, univalent gallium salts,
obtained by a simple route where metallic gallium is oxidized by
Ag[Al(OC(CF,),),], which contains a weakl}I coordinating,
perfluorinated alkoxy aluminate anion (WCA)."*’

Similar to the Ga'-arene salts studied by Schmidbaur, the
[Ga(C¢HsMe),]* cation of 173 adopts a bent sandwich
structure. The isolation of these complexes opens up the
possibility of exploring the coordination chemistry of Ga*
ligand. So far, only the reaction of triphenylphosphine with
173 has been reported. This reaction affords the first
homoleptic gallium'—phosphine complex, [(Ph,P);Ga][Al-
(OC(CF3)3)4] (175), where the gallium center is found in a
trigonal-pyramidal coordination environment, which is indica-
tive of the presence of a stereochemically active lone pair
(Figure 25). 38

Concerning the reactivity of the “naked” Ga’, the reaction of
[Ga,Cp*][BAr",] (93) with [Ru(GaCp*);(TMM)] (104) has
been studied, and it has been observed to involve the

Figure 25. Molecular structure of [(Ph;P);Ga][Al(OC(CF;);),]
(175).%7
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nucleophilic attack of a carbon atom to the electrophilic Ga*
ion, with formation of a RGa species, which “switches on” the
free electron-pair at the Ga' center.'® Thus, the electrophilic
Ga" ion is converted into a basic RGa' fragment. This leads to
the coordination of a monovalent gallium unit to a neighboring
Ru-center and subsequent formation of the dimer [Ru-

(GaCP)*)3(’73‘(CHz)ZC(CHz(ﬂz‘Ga)))]2[BA1'F4:|2 (176) (Fig-
ure 26).

Figure 26. Molecular structure of [Ru(GaCp*),(5*-(CH,),C-
(CH,(u,-Ga))) L,[BAr",], (176).

Compound 176 is stable in the solid state but isomerizes at
high temperatures to [Ru(GaCp*);(17*-(CH,)(CH(u,-Ga)-
(CH,))],[BAr",], (177) when dissolved in polar solvents
such as fluorobenzene. Thereby, the gallium atom is not bound
to an aliphatic CH, group anymore but to a vinyl group, so that
the thermal isomerization of 176 to 177 can be understood as a
simple tautomerization of the allyl fragment. The RGa units in
176 and 177 are weakly bound to each other via a closed-shell
interaction, which is strong enough to favor the formation of
the discrete dimeric structures in 176 and 177, in contrast to
the feasible alternative path to form polymeric chains.

Furthermore, the reaction of [Ru(PCy,),(GaCp*),(H),]
(105) with [Ga,Cp*][BAr",] (93) selectively leads to the
formation of the ionic compound [Ru(PCys),(GaCp*),(Ga)]-
[BArf,] (178) (Figure 27), with concomitant reductive
elimination of H,. Complex 178 is the second example of a
compound containing a terminal “naked” Ga® ligand
coordinated to a transition metal. The slightly basic Ru’ d*
metal center and the strong o-/7-acceptor properties of the Ga*

Figure 27. Molecular structure of cation [Ru(PCys),(GaCp*),(Ga)]*
(178).
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Scheme 30. Synthesis of [(Cp*Ga),Rh(GaCH,)][BAr",] (180) and [(Cp*Ga),Rh(Ga(CH;)py)][BAr",] (181)
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ligand are responsible for the shortest Ru—Ga contact known
to date (2.300(2) A).

7. REMOVAL OF CP* FROM COORDINATED CP*E
LIGANDS

The preceding sections of this review have dealt mainly with
the coordination chemistry of Cp*E ligands. In this section we
will treat the chemistry of the coordinated ligand Cp*E with
special emphasis on the attack of the E-Cp* bond. The unique
property of the Cp* ligand as an easily removable protecting
group was first envisaged by Jutzi et al, who suggested that,
because of its leaving-group character, this ligand could offer
the option of novel chemistry at the group 13 center.”” As the
ensuing discussion would reveal, the transformation of
coordinated Cp*Ga ligands into substituent-free Ga" in
terminal or bridging positions has been proven possible.

7.1. Protolysis

On the basis of the evidence of the formation of [Ga,Cp*]-
[BAr,] (93)°° and [GaPt(GaCp*),][BArY,] (179),"* the
protolytic cleavage of Cp*H from coordinated Ga(R)Cp*
groups was used to isolate a terminal [Ga(CHj;)] ligand in the
cationic complex [(Cp*Ga),Rh(GaCH;)][BAr",] (180)
(Scheme 30)."**

[(Cp*Ga),Rh(GaCH;)][BAr",] (180) (Figure 28) is one of

a few examples of pseudohomoleptic complexes [ML,] with a

Figure 28. Molecular structure of cation [(Cp*Ga),Rh(GaCHj;)]
(180).

high coordination number g)n > 4) and ligands that have metal
centers as donor atoms.”” [Ga(CH,)], being the smallest
alkylgallium(I) fragment, is a good o-donor, in spite of its poor
m-acceptor properties, as proved by the solid-state structure
analysis of both 180 and the corresponding pyridine adduct
[(Cp*Ga),Rh(Ga(CH,)py)][BArf,] (181) (Scheme 30).'*
The selective removal of a Cp* ligand by protonation of the
[Ga(n'-Cp*)(CH;)] group in [(Cp*Ga),RhGa(y'-Cp*)-
(CH;)] (155), with the concomitant preferential release of
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Cp*H over CH,, provides a facile synthetic route to obtain
sterically unshielded RGa' species, which are otherwise unstable
in their free form and therefore not isolable. The isolobal
relationship between the fragments L,Rh and CHj suggests that
the cation [(Cp*Ga),Rh(GaCHj;)]* can be viewed as being
composed of a nucleophilic 18-electron fragment
[(Cp*Ga),Rh]™ and an electrophilic [GaCH;]** ion. On the
other hand, if the particular synthesis route is disregarded, the
cation [(Cp*Ga),Rh(GaCH;)]* as such may be described as a
Rh'/Ga'complex, which is composed of a neutral, carbenoid
[GaCH;] two-electron donor ligand coordinated to an
unsaturated 16-electron [(Cp*Ga),Rh]* ion. DFT calculations
for the model complex [(CpGa),Rh(GaCH,)]* (182) further
substantiate the description of [(Cp*Ga),Rh(GaCHj;)]" in 180
as a pseudohomoleptic Ga' complex. An energy decomposition
analysis (EDA) revealed that a fragmentation into
[(CpGa),Rh]* and [GaCH;] (AE,, = —83.1 kcal'mol™)
requires much less energy than a homolytic cleavage (AE;, =
—127.4 kcal'mol™"), whereas the energy needed for the
decomposition into [(CpGa),Rh]™ and [GaCH,]** (AE,, =
—457.8 kcal-mol™") is very high. Additionally, it was found that
the calculated charge on the gallium atom of the GaCH; group
(1.06) is higher than that on the GaCp ligands (0.78/0.79) but
substantially lower than in the cation [Ga(CHj,),]** (1.70).

This result highlights the unique properties of the Cp*
group, which are key factors for the stabilization of the low-
valent group 13 compounds. When compared with the N,N
chelating diketiminate and other analogous ligands, it is obvious
that the fluxional behavior at main-group coordinated Cp*
units, as well as the relatively weak bonding between Cp* and
the group 13 atoms, facilitates its use as a protective group.
Thus, the obvious question to be addressed is the use of the
selective Cp*H splitting as a deprotection method for
compounds of the [L,M,(ECp*).] (E = Al Ga, In) class.
Hence, the deeper understanding of this chemistry is a key for
the further development of well-controlled molecular building-
block chemistry to obtain intermetallic M/E clusters of Hume—
Rothery type and nanomaterials.

7.2. Oxidation

Recently, a new and selective method for a facile cleavage of
Ga—Cp* bonds has been reported. The treatment of
[M(GaCp*),] (M = Ni (73), Pt (74))*>® with [Fe(CsHs),]-
[BAr",] leads to a surprisingly selective oxidative cleavage of the
Cp* group, leaving the oxidation states of the gallium and
transition-metal centers unchanged (Scheme 31).1 0

Thus, the BAr', salt of the [GaNi(GaCp*),]* cation was
obtained by treatment of [Ni(GaCp*),] (73) with an
equimolar amount of [Fe(CiHs),][BAr",]. There was no
evidence either of the formation of side products that would
indicate the oxidation of gallium or the transition metal or of
the formation of any gallium—fluorine species.

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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Scheme 31. Reaction of [M(GaCp*),] (M = Ni (73), Pt
(74)) with [Fe(CsH;),][BAr",]
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The cation [GaNi(GaCp*),]* (183) exhibits a slightly
distorted trigonal-bipyramidal structure with the Ga* ligand in
an axial position, as in the homologous [GaPt(GaCp*),]*
(179) (Figure 29). The bonding situation of substituent-free,
terminally coordinated Ga*" was elucidated in detail and can be
described as a main-group-metal equivalent of the proton H'.

Figure 29. Molecular structure of the cation [GaPt(GaCp*),]"
(183)."*

It is worth noting that the Ga* ligand exhibits strong - and
m-acceptor capacity but no donor properties at all.'** In
contrast, the reaction of [Pt(GaCp*),] (74) with [Fe(CHs),]-
[BAr",] under the same conditions did not yield the analogous
monometallic cation but rather the cluster cation [(u,-
Ga)Pt;(u;-GaCp*),(GaCp*),]* (184). Its molecular structure
(Figure 30) consists of a central triangular Pt; unit, capped by
two p;-Cp*Ga ligands, which are symmetrically equivalent.
Each Pt atom bears an additional terminal Cp*Ga ligand,
whereas only two of the three Pt—Pt edges are bridged by
gallium ligands, that is, one by a Cp*Ga fragment and the other
one by a “naked” Ga" moiety. Interestingly, this asymmetric
bridging motif leads to differences among the Pt—Pt distances.
The p,-GaCp* bridge leads to the shortest bond of 2.594(2) A.
The u,-Ga® bridged Pt—Pt bond is 2.691(2) A, and the
remaining ligand-free edge exhibits the longest bond of
2.802(2) A.

The treatment of [Pd(GaCp*),] (81) with [Fe(CsHs),]-
[BAr*,] affords only an inseparable mixture of products.
However, when the trimetallic complex [Pd;(GaCp*),(u,-
GaCp*),] (83)” is used as the metallic precursor, [(u,-
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Figure 30. Molecular structure of the cluster cation [(u,-Ga)-
Pty(GaCp*)e]* (184).

Ga),Pd;(GaCp*)s][BAr*,], (185) is obtained, which is the
first example of a metal complex or cluster containing more
than one substituent-free Ga® ligand. The structure of
compound 185 in the solid state could not be accurately
determined because of poor diffraction data; however, its
overall composition and the structural features could be
unambiguously established. The structure of the dication 185
can be seen as derived from the structure of the monocation
184, just by attaching a second bridging Ga™ ligand to the free,
nonbridged edge of a hypothetical Pd analogue of 184 (Figure
31).

Figure 31. Structure of the cation of [(i,-Ga),Pd;(GaCp*)¢][BArF,],
(185).

Using a similar synthetic strategy, a naked In" in an
organometallic compound has been trapped. The reaction of
Pt(PPh;), with In[BArf,] in fluorobenzene readily yields
[InPt(PPh,),][BArF,],"* the only example of stabilization of
a genuine naked In". There are, however, earlier reports on
cationic trimetallic systems featuring indium atom as in
[(Cp*Fe(CO),),(u-In)][BArF,],**" where the formal oxidation
state of indium should be +3 in view of the negative charge on

the (Cp*Fe(CO),), fragment.
7.3. Hydrogenolysis

A selective splitting of Cp* from coordinated Ga centers is also
possible by hydrogenolysis as was already discussed in section
4.1.5 on the example of [(Cp*Ga),(H)Ru(p,-Ga)Ru-
(H),(GaCp*);] (157) as shown in Figure 19. This enhanced
reactivity of coordinated Cp*E in general with respect to the
free ligand is important for using Cp*E in combination with
transition-metal complexes as precursors for the soft chemical
synthesis of intermetallic nanophases M,E, as presented in
section 9.

dx.doi.org/10.1021/cr2001146 | Chem. Rev. 2012, 112, 3136—3170
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8. REACTIONS AT [M(ECP*),] FRAGMENTS
8.1. Bond-Activation Reactions

As various theoretical calculations have shown, the greatest
contribution to the bonding energy of Cp*E toward the
transition-metal centers originates from the electrostatic
interaction between the partial negative charge on the
transition-metal atom and the partially positively charged
group 13 metal #*#3#548985 Therefore, the bond strength
decreases in the expected order Al > Ga > In. The abilities of
these ligands do not only dramatically increase the electron
density of a metal atom but also act as electrophilic centers for
the coordination of weak polar substrates and should provide
an outstanding basis for bond-activation reactions. Whereas
there is only one example of C—H bond activation by a (DDP)
Ga complex, namely, for the formation of the Ni complex
[((//‘2'G3DDP)N1(C2H4))zNi(l/‘z'CH=CH2)(H)];HZ Cp*E
complexes have been shown to have a richer reactivity. The
reaction of [Ni(COD),] with 4 equiv of Cp*Al in benzene
does not yield the expected [Ni(AlCp*),] (72) complex, but
[Ni(AICp*)(H)(Cp*AlPh)] (187) through activation of a C—
H bond of the benzene molecule is formed (Scheme 32).%”

Scheme 32. Formation of [Ni(AlCp*),(H)(AICp*Ph)]
(187) by C—H Bond Activation

AICp*
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The activation of the benzene molecule possibly proceeds
with the formation of the unsaturated fragment [Ni(AlCp*),]
(188) through the key intermediate [(Cp*Al);Ni(H)(C¢Hs)]
(189). The driving force of this reaction originates from the
subsequent migration of the phenyl group to a Cp*Al ligand,
with the concomitant oxidation of the aluminum atom and
formation of a strong Al-C bond, along with the coordination
of the fourth Cp*Al ligand. The 16-electron fragment 188 can
be trapped by the reaction with other reaction partners, such as
HSiEt;. Thus, in the presence of HSiEt;, the hydrosilyl complex
[Ni(AICp*);(H)(SiEt;)] (190) is obtained through the
activation of a Si—H bond.

A further example of the C—H bond activation was observed
in the reaction of [ (17°-C4H;CH;)Fe(57*-C,H;)] with Cp*AL'*
In this reaction, C—H activated isomers of [Fe(AlCp*),] (191a
and 191b) are formed in which the central iron atom exhibits a
distorted trigonal-bipyramidal geometry (Scheme 33). In the
process, an unusual tridentate chelate system [Cp*Al—
CH,(CsMe,)Al-CH,(C;Me,)Al] (192) is formed. The
hydride occupies a bridging position between the iron and

aluminum centers. Furthermore, the activation of Cp*Al is not
restricted to Fe—Al species: [Ru(n*-COD)(#°-COT)] reacted
with Cp*Al, yielding the RuAl; complex 193, which is
isostructural to 191a.

C—C bond activation has been observed to occur in the
reaction of [Cp*Rh(CH,),L] (L = DMSO, pyridine) with
Cp*Ga and Cp*AL'*™*'"™ The reaction with Cp*Ga, for
example, yields the isolable intermediate [Cp*Rh(GaCp*)-
(CHs;),] (194) (Figure 32), which subsequently undergoes C—

Figure 32. Molecular structure of [Cp*Rh(GaCp*)(CHj;),] (194).

C bond activation both in solution and in solid state, to yield
the zwitterionic species [Cp*Rh((CpMe,)Ga(CH,),)] (195).
Similarly Cp*Al also reacts with [Cp*Rh(CH;),(DMSO)],
giving the complex [Cp*Rh(CpMe,)Al(CH;);)] (196).

On the basis of kinetic studies by NMR spectroscopy and
detailed DFT calculations, a reaction mechanism has been
suggested in which the activation of a C—C bond by the main-
group element Ga is assisted by the Rh center. Hence, in the
first step, one molecule of DMSO or pyridine is substituted by
one Cp*Ga, leading to the formation of 194 (Figure 32). In the
next step, the Rh—CH; groups migrate to the gallium center. In
the resultant key intermediate, a unit of Cp*Ga(CH;),
coordinates as a neutral diene (in a #%#*-mode of coordination)
to a Rh'Cp* fragment (Scheme 34). The actual C—C bond
activation with formation of the end products originates from
this key intermediate (energetically favorable, 17.4 kcal/mol).
This reaction is the first example of a C—C bond activation at a
main-group metal in solution under mild conditions. Both
experimental and theoretical evidence led to the conclusion that
the bond activation takes place at the gallium atom. However,
the electronic contribution can be traced back to the
cooperative effect between the electron-rich Rh atom and the
electrophilic Ga center. This argument can also be applied to
explain the formation of [Cp*Ru(H)(PPh;)(x*-(C¢H,)-PPh,)-
(GaCL,)] (151) and [Cp*Fe(uy H)(<-(C,H,)PPhy) (AICH™)-
(AlBr,)] (154), because it can be assumed that the actual C—H
bond-rupture process takes place directly on the acidic E™
center, which is created along with the insertion and Cp*
transfer reaction. Although 154 is formed from the reaction of
[Fe(PPh,),Br,] with Cp*Al, the reaction with Cp*Ga does not
lead to orthometalation. This observation could be explained by
the fact that, in the course of the reaction, a GaBr, center is

Scheme 33. Formation of Isomers of the Hypothetical Compound [Fe(AICp*)s] (191)
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Scheme 34. Mechanism of Formation of [Cp*Rh((CpMe,)Ga(CH;);)] (195)
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formed that is supposed to be less acidic than AlBr,. Therefore
the formation of an agostic Ga—C¢Hj interaction is prevented,
successfully suppressing the rupture of the C—H bond."*'

8.2. Substitution of Cp*E Ligands

Until now, only a little is known about substitution reactions of
RE ligands by other 2e donor ligands L, because the M—E
bonds are relatively strong particularly when E = Al, Ga and
also the steric hindrance rendered by RE ligands is relatively
high. Therefore, the monomeric complexes [M(ECp*),] are
sterically and electronically saturated and thus kinetically
inert”” On the other hand, the multinuclear unsaturated
complexes [M,(ER),] (b > a > 1) react with a variety of ligands
L (CO, phosphines, isonitriles, and also other Cp*E, ie,
Cp*Al), to yield bi- and trinuclear substitution products.”® In
good agreement with quantum-chemical calculations, which
prove that the substitution of Cp*Ga or Cp*In with Cp*Al is
thermodynamically favored for the homoleptic complexes,* the
reactions of [M,(GaCp*),(u,-GaCp*),] (M = Pt (79), Pd
(82)) with Cp*Al yield the trimetallic compound
[Pt,(GaCp*),(u,-AlCp*);] (197) and the product of the
complete substitution [Pd,(AlCp*),(u,-AlCp*);] (198), re-
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spectively (see Scheme 11). Additionally, the substitution
reaction of [Pd;(GaCp*"")(u,-GaCp*P™) (u;-
GaCp*™),(dvds)] (86), with the relatively less bulky Cp*Ga,
leads to the formation of the trinuclear species
[Pd;(GaCp*),(s,-GaCp*),] (83). This product can also be
obtained by the direct reaction of [Pd,(dvds);] with Cp*Ga.
Similarly, [Pd;(AlCp*),(u,-AlCp*),(us-AlCp*),] (88) is
obtained from the reaction of 86 with Cp*Al (Scheme 35).>°

The reaction of [M,(GaCp*),(u,-GaCp*);] (M = Pt (79),
Pd (82)) with PPh, yields the mono- and disubstituted
complexes [MPt(GaCp*)(PPh;)(u,-GaCp*);] (M = Pt (199),
Pd (200)) and [Pd,(PPhs),(u,-GaCp*);] (201), with the
complete preservation of the central metallic core. Because of
the fluxional behavior in solution, which permits the exchange
of the terminal and bridging ligands, a dissociative mechanism
of the bridging ligands is considered plausible, so that an
unsaturated metallic core is generated as the intermediate.
However, the reaction of 86 with PPh; proceeds with the
complete substitution of both [Ga(C;Me,Ph)] and olefin
ligands, yielding [Pd(PPh;),].%° In contrast to the reactions of
the complexes [M,(GaCp*),(u,-GaCp*);] (M = Pt (79), Pd
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(82)) with PR; (R = Me, Ph), the analogous reactions with the
chelating phosphane-ligand dppe (dppe bis-
(diphenylphosphinoethane)) yield the monomeric complexes
[M(dppe),] (M = Pd, Pt), by complete substitution of the
Cp*Ga units. The reaction of [Pt,(GaCp*),(uy-GaCp*),]
(79) with strong 7-acceptors like CN'Bu and CO yields the
doubly substituted products [Pt,(CN'Bu),(s,-GaCp*),] (202)
and [Pt,(CO),(4,-GaCp*);] (203), in which the Cp*Ga units
remain on the bridging positions.

Although the molecular structure in all substitution reactions
of the binuclear complexes [M,(GaCp*),(¢,-GaCp*);] (M =
Pt (79), Pd (82)) is preserved, the reaction of
[Pd;(InCp*),(u,-InCp*),] (87)° with the phosphane ligands
PPh; and dppe proceeds with a rearrangement of the linear Pd;
core. Thus, the triangular Pd; clusters [Pd;(u;-InCp*),(u,-
InCp*)(PPh,),] (204) and [Pdy(uInCp*),(u, InCp*)-
(dppe),] (205) are formed (Scheme 36). In both cases, a

Scheme 36. Synthesis of [Pd;(u;-InCp*),(u,-
InCp*)(PPh;);] (204) and [Pd;(p3-InCp*),(s,-
InCp*)(dppe),] (205)
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trigonal-bipyramidal polyhedron is formed, in which two Cp*In
fragments lie above and below the triangular plane defined by
the three Pd atoms. An additional Cp*In ligand occupies a
bridging position in the same Pd; plane, along with the terminal

phosphane ligands.

8.3. Exchange of the Two-Electron Ligands Cp*E against
One-Electron Ligands MR’

Very recently, homoleptic transition-metal complexes of
Cp*Ga (and Cp*Al) have been successfully used as starting
materials to obtain highly coordinated transition-metal—zinc
cluster compounds, which represents a novel strategy to link
the molecular organometallic chemistry with the synthesis of
solid-state intermetallic Hume—Rothery phases.'*'*® Consid-
ering the soft and flexible binding properties of the Cp*

substituents and the inherent reducing power of the RGa'
compound, [L,M(GaCp*),] complexes were treated with
ZnR, (L = CO and/or all hydrocarbon ligands; R = Me, Et).
Thus, reaction of the transition-metal precursors [Mo-
(GaCp*)s] (78), [(Cp*Ga)y(H)Ru(p?-Ga)Ru(H),(GaCp*),]
(157)"* or Ru(GaCP*)6C12 ] (150), ! [(Cp*Ga),Rh(Ga(r'-
Cp*)(CH;))] (155),>* and [M(GaCp*),] (M = Ni (73), Pt

3162

(74), Pd (81))® with excess of ZnMe, or ZnEt, in toluene
solution at temperatures of 80—110 °C afforded selectively
compounds 206—217 with general formula [M(ZnR),] (n =
8—12; M = Mo, Ry, Rh, Nj, Pd, Pt; R = CH,;, Cp*) in good
yields (Figure 33). It is instructive to note that parallel to Ga/

Tty

T
AR

[Mo{ZnCp®),(ZnMe),] (206)

[Rh(ZnCp),(ZnMe),] (212) [Rh{GaMe)(ZnCp®).(ZnMe),] (213)

[Pd(ZnCp*).(ZnMe)] (215)

[PHZnCp*){ZnMe).] (216) [P{ZnCp*).(ZnEt)] (217)

Figure 33. Molecular structures of 206—217.'*® Reprinted and
adapted with permission from ref 146. Copyright 2009 American
Chemical Society.

Zn substitution, exchange of the R substituents takes place,
leading to transfer of the Cp* group from gallium to zinc. The
resulting monovalent zinc fragments, ZnMe, ZnEt, and ZnCp*,
are efficiently trapped by coordination to a transition-metal
center. Hence, the formal substitution of one RGa ligand always
leads to two ZnR ligands attached to the transition-metal
center. If ZnR groups are considered as one-electron ligands
and the RGa groups are considered as two-electron ligands, it
can be concluded that all compounds 206—217 fulfill the
formal 18-electron rule at the central metal.'"*” The number of
gallium ligands present in the starting material limits the total
number of Zn ligands in the complexes. Thus, treatment of the
precursors [M(GaCp*), ] with an excess larger than 2n equiv of
ZnR, leads to the pseudohomoleptic compounds [M-
(ZnCp*),(ZnR),] (a + b = 2n) (Scheme 37). The syntheses
of 206—217 involve (formal) reduction of Zn" to Zn' with the
concomitant oxidation of Ga' to Ga'™. The corresponding
byproduct Me,GaCp* and GaMe; were observed by
spectroscopic methods. Thus, the driving force of the reaction
is certainly related to the facile oxidation of Ga' to Ga',
combined with the very similar electronic and steric properties
of the monovalent RGa and ZnR ligands at a given transition-
metal center. These results should be seen in light of the recent
discovery of Zn' compounds of the type [RZn—ZnR] (R =
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Scheme 37. Synthesis of the Compounds [M(ZnCp*),(ZnR),] (a + b = 2n)"**(Reprinted and Adapted with Permission from

Ref 146. Copyright 2009 American Chemical Society.)

a) +14 ZnR = =
[Mo(GaCp*)q] 2~ [Mo@ZnCP)ZR)2n]l R EeHe 2
+ 4 ZnMe, +4 ZnMe,
[Mo(GaMe),(ZnMe),] ____+4ZnMe, _ [Mo(GaMe)y(ZnCp*)4(ZnMe),]
+22 ZnMe,

b) [Rux(Ga)(GaCp )y (H)sl —————— ~ 2 [Ru(ZnCp*)4(ZnMe)g]

+16 ZnMe, +2 ZnMe,

2 [Ru(ZnCp*)4(ZnMe)s(H)2]
. P +11 ZnMe, .
c) [(Cp*Ga)Rh(n'-Cp*GaCHy)] [Rh(ZnCp*)3(ZnMe)g]
+ 7 ZnMe, + 2 ZnMe,
[Rh(GaMe)(ZnCp*)4(ZnMe);]

d) [M(GaCp*)y] — *10ZnR, _ [M(ZnCp*)s(ZnR)a]

M = Ni, R = Me

M=Pt R=

Cp*, DDP, etc.), and along with the similar electronegativities
and covalent radii for Zn and Ga, a rich chemistry of
organometallic Zn' species is suggested, similar to the Ga'
analogues.”*'**'* We discussed these similarities and in
particular the bonding properties of the respective complexes in
another recent review and will therefore keep our summary
short herein.>> The molecular structures (Figure 33) of
compounds 206—217 correspond to typical deltahedral
coordination polyhedra, namely, icosahedron, bicapped square
antiprism, capped square antiprism, and dodecahedron, in
accordance with a straightforward deduction from the VSEPR
(valence shell electron pair repulsion) concept. The question of
the assignment of oxidation states for these compounds is not
easy to answer and has been addressed in detail in a previous
review.>*

Because the Cp* and the alkyl substituents R at gallium and
zinc centers are known to be fluxional and/or trans-
ferable,*>'% 4 larger excess of ZnR, (R = Me or Et) is likely
to allow for the formation of truly homoleptic compounds of
the type [M(ZnR),] in case of a quantitative exchange of Cp*
by R. The bonding analysis at the DFT level of theory of some
prototypes, e.g,, the icosahedral [Mo(ZnCp*;)(ZnMe),] (206)
and the singly capped square antiprismatic [Rh-
(ZnCp*);(ZnMe)s] (212), as well as the coordination
geometry of these kind of highly coordinated compounds
suggested these compounds should be considered as novel links
between mixed metal complexes and clusters on the one hand
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and the respective solid-state intermetallic phases, i.e., Hume—
Rothery-type alloys, on the other side.”**'* Experimental and
theoretical studies suggest that the reaction principle can be
extended to other monovalent (one electron donor) ligands
MR’ being isolobal to the RZn'! units (M = Cd, Hg, and Mg and
R’ = alkyl, aryl; M = Au and R’ = PMe;, PPh;, etc.).150

Very recently, using similar synthetic protocols, the syntheses
of two unusual compounds, [Cp*Rh(ZnCp*),(ZnMe)-
(ZnCl)], (218) and [Cp*,Rh][(Cp*Rh)sZnsCly,(16-Cl)]
(219), have been reported (Scheme 38).15!

These derivatives exhibit closed-shell 18-electron square-
pyramidal Cp*RhZn, building units and were obtained by
combined Ga/Zn, Me/Cp*, and Me/Cl exchange upon
treatment of [Cp*Rh(GaCp*),(GaCp*Cl,)] (136) with

Scheme 38. Synthesis of [Cp*Rh(ZnCp*),(ZnMe)(ZnCl)],
(218) and [Cp*,Rh][(Cp*Rh)¢Zn;5Cl;,(1s-Cl)] (219)
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ZnMe,. The molecular structure of [Cp*Rh(ZnCp*),(ZnMe)-
(ZnCl)], (218) (Figure 34) consists of two nearly square-

Figure 34. Molecular structure of [Cp*Rh(ZnCp*),(ZnMe)(ZnCl)],
(218).

pyramidal Cp*Rh(ZnR), units (R = (u,-Cl), Cp*, and Me),
which are combined via a planar, bridging Zn(u-Cl),Zn moiety.
The unit [Cp*Rh(ZnR),] is formally derived from [Cp*Rh-
(GaCp*),] by the Ga/Zn and Cp*/R (R = Cl, Me) exchange
discussed previously.

Compound [Rh(Cp*),][(Cp*Rh)¢ZnsCly,(us-Cl)] (219)
has been obtained selectively when 9 equiv of ZnMe, were used
and the reaction mixture was gently heated. The anionic part of
219 is built around a central Zng octahedron, which hosts an
interstitial anion CI;". The respective Zn—Cl; distances
(2.733(2) and 2.813(2) A) are significantly longer than the
rest of the Zn—Cl, contacts (average 2.167 A) and are thus
regarded as almost nonbonding. Six terminal ZnClI moieties are
capping six faces of the central octahedron, while the remaining
two opposite faces are bridged by three Cl ligands (average
2.40S A). Together with the interstitial Cl atom, these Cl atoms
form two corner-sharing tetrahedra within an overall cubelike
structure. Another six Zn atoms, bearing no Cl atoms, are
bridging the terminal ZnCl, units. The Cp*RhZn, building
units in 219 appear to be interconnected by linear Rh—Zn—Rh
bonds in addition to the Zn—Cl—Zn bridges. On the basis of
the theoretical bonding analysis of [M(ZnR),] species, all
Zn--Zn contacts are likely to be only very weakly attractive,
whereas the Rh—Zn interactions might be regarded as strong
covalent bonds.

Figure 35. Molecular structure of [Rh(Cp*),][(Cp*Rh)¢Zn;sCly,(pg-
Cch] (219).
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9. PRECURSOR CHEMICAL NANOMETALLURGY:
FROM FUNDAMENTALS TO APPLICATIONS

This section of the review intends to present a perspective of
potential applications of some aspects of the above-discussed
fundamental chemistry between transition metals M and metals
of group 13. However, it will not provide a full coverage of the
respective materials chemistry literature. Rather it will present
selected examples and suggest directions of further research
based on this discussion.

Early work on the use of volatile (sublimable) transition-
metal-substituted alanes, gallanes, and indanes of the general
formula [L,M],_.ER,(Do),] (E = AL Ga, In; L = CO, Cp; Do
= neutral O, N atom Lewis base donor, e.g., alkyl amine, ether
with @ = 0—3 and b = 0—2) were connected with the concepts
of metallorganic chemical vapor deposition (MOCVD) and
aimed at the deposition of single-phased intermetallic thin films
such as -CoGa, &-Niln, PtGa,, etc.5%!53 At that time, in the
early 1990s, such kind of thin-film materials were discussed as
thermodynamically stable gate metallizations and Schottky
Barriers for III/V compound semiconductors (i.e., GaAs, InP)
allowing the fabrication of atomically abrupt interfaces between
the intermetallic phase and the semiconductor.>* Seen from a
more general point of view of molecular (single-source)
precursor chemistry, there are, however, limitations associated
with this family of precursors [L,M];_,ER,(Do),] for
respective M/E intermetallic materials, because they do not
allow straightforward access to group 13 metal-rich phases. This
is clearly different for the prototypical compounds of formula
[M,(ECp*),] (b > a) being primarily reviewed in this article.
Nevertheless, none of these latter compounds can be
transported in the gas phase without significant undesired
decomposition, and this rules out use in conventional
MOCVD. However, the chemistry outlined in the above
sections and in particular the soft and flexible binding modes of
the Cp™* protecting substituent can be regarded as a solid basis
for systematic investigation of the still largely unexplored
precursor chemistry of [M,(ECp*),]-type compounds to
derive the respective M/E intermetallic nanomaterials by
employing nonaqueous solution chemical routes. In general,
there are only very limited studies on alloy and intermetallic
nanoparticles containing metals such as Al, Ga, Zn, etc, of
which components are not easily accessible by reduction of salts
and other precursors by chemical means in organic solvents
(including ionic liquids).">> A more recent review article in this
journal by Ferrando et al. entitled “Nanoalloys: From Theory
to Applications of Alloy Clusters and Nanoparticles” should be
particularly quoted here. In its section 5.5, this article
summarizes the knowledge on transition-metal main-group-
metal nanoparticles (emphasizing Ni/Al, Cu/Zn, and CuA-
g,Au/main-group metal).">® Herein, we now will discuss a few
cases that directly relate to the previously outlined molecular
chemistry.

Typically, substitution-labile (ideally “all-hydrocarbon” li-
gand-substituted) and reactive transition-metal compounds are
combined in inert solvents with Cp*E in the presence of
hydrogen to achieve complete hydrogenolytic cleavage of all
the ancillary ligands from both metal centers M and E
(compare with sections 4.1.5, 7.3, and 9). A first instructive
example is the soft chemical synthesis of Ni;_,Al, nanoparticles
(009 < x < 0.50) by cohydrogenolysis of [Ni(cod),] with
Cp*Al. The treatment of equimolar amounts of the two
precursors in mesitylene solution under 3 bar of H, at 150 °C
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resulted in formation of a colloidal solution of intermetallic /-
NiAl particles, characterized by transmission electron micros-
copy/energy-dispersive X-ray analysis (TEM/EDX) and
powder X-ray diffraction (PXRD). These p-NiAl colloids
were treated postsynthetically with 1-adamantanecarboxylic
acid (ACA) as a surface-capping group, giving nearly
monodisperse @-NiAl colloids that were stable under argon
at room temperature for weeks (Figure 36)."%°

7 o
@Ni‘l—y/ + 14*@] %— B-NiAl
7 M A Ja OV o
H
0

B 100 Nian 355
 .: ‘5 §

ACA@NiAl colloids

Figure 36. Preparation of adamantanecarboxylic acid (ACA)-stabilized
NiAl nanoparticles (see TEM image) by cohydrogenolysis of
[Ni(cod),] with [(Cp*Al),] in mesitylene.lzs Reprinted with
permission from ref 126. Copyright 2007 American Chemical Society.

Similarly, nano brass colloids were obtained by cohydroge-
nolysis of [CpCu(PMe,)] and [ZnCp*,] at similar conditions
as for the Ni/Al case. Deep red to violet colloids of a/f-CuZn
nanoparticles were stabilized in the presence of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) as surfactant. The
presence and alloying of Cu and Zn in the $-CuZn sample as
a representative example of the series was confirmed by
extended X-ray absorption fine structure spectroscopy
(EXAFS). In particular, the oxidation behavior of the alloyed
nanoparticles was investigated by EXAFS, PXRD, and UV—vis
spectroscopy, indicating that the nano brass particles showed
preferential oxidation of the Zn component, which results in
core—shell particles of the type (ZnO);@Cu,_,Zn,_s."** This
specific feature of preferential oxidation of the more electro-
positive part of the alloy nanoparticles can be used to protect
the as-synthesized nanoparticles against further oxidation. The
magnetic properties of #-CoAl alloy nanoparticles derived from
cohydrogenolysis of [Co(17*CgH,,)(7>-CgH,5)] and Cp*Al in
mesitylene were studied in dependence of the surface structure.
These nanoparticles (NPs) were very air-sensitive, giving rise to
a fast aluminum segregation upon exposure to air and
development of an alumina shell similar to the Ni/Al and
Cu/Zn cases. This leads to a strong enhancement of the
magnetization of the NPs as a result of the formation of an
aluminum-depleted cobalt core (Figure 37).17

These few examples may illustrate the concept of using the
knowledge obtained from the fundamental study of synthesis,
structure, and reactivity of transition-metal compounds bearing
the carbenoid group 13 metal ligands Cp*E for soft chemical
synthesis of M/E alloyed and intermetallic nanomaterials. This
also includes the related materials involving Zn (and Cd, etc.).
In fact, a whole range of intermetallic phases known as Hume—
Rothery phases,">® which are formed between the (late)
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Figure 37. Organometallic synthesis of #-CoAl nanoparticles, TEM
(dimensions bar =50 nm) image and EDX analysis and magnetization
cycles recorded at 2 K on CoAl NPs; inset, enlargement displaying the
coercive field (dotted line, partially oxidized CoAl; solid line, CoAl).">”
Reproduced by permission from ref 157. Copyright 2010 John Wiley
and Sons.

transition metals (A2) and the main-group metals (B, i.e., Zn,
Cd, Hg; Al Ga, In, Tl; Sn, Pb), may be accessible as
nanomaterials by using and further developing the chemistry
described in this review. Besides unusual physical properties
involving composition, size, and shape dependencies (e.g., for
use in plasmonics), applications of M/E nanoparticles in
catalysis may be particularly interesting. For example, the
binary, stoichiometric PtZn intermetallic (nano) phase has
been shown to be very effective for the chemoselective
hydrogenation of crotonaldehyde.'*® Noble-metal catalysts
based on Pd, Pt, Au, etc. often involve the modification of
the active metal by a second metal, e.g, Sn, to increase
selectivity.'® Depending on the catalyst preparation method
employed, the resulting noble-metal-based catalyst may contain
(a) an auxiliary phase of a metal oxide that exerts a synergetic
SMSI effect (strong metal support interaction) and (b) surface
alloys or intermetallic compounds or (c) a mixture of (a) and
(b)."" For instance, this latter case (c) is true for Cu/ZnO
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biphase nanocatalysts that were discovered by exploring the
potential of the nano brass materials mentioned previously for
application in liquid-phase methanol synthesis from CO and
H,. 162163

In the case of the single-phase intermetallic PtZn catalyst,
interestingly enough, the authors have ruled out any
contribution of ZnO components and SMSI effects but have
attributed the activity and selectivity to an intrinsic feature of
the intermetallic compound itself. Similar observations were
made for PdGa and Pd;Ga; materials obtained by ball milling as
catalysts for the selective hydrogenation of acetylene. The
gallium oxide layer introduced during the milling procedure was
removed from the particle surface by etching and washing with
ammonia. Compared to reference catalysts, the Pd/Ga catalysts
exhibited a similar activity per surface area but higher selectivity
and stability."** The superior catalytic properties are attributed
to the isolation of active Pd sites in the crystallographic
structure of PdGa and Pd;Ga; according to the so-called active-
site isolation concept, which involves geometric, steric, and
electronic effects of alloy (nano) catalysts.'®® In addition to M/
E nanoparticles, molecular-size M/E clusters may also be quite
interesting for catalysis. The activity and selectivity of (Pt/Ga)
@ZSM-5 (ZSM-S, Zeolite Socony Mobil-5) in the aromatiza-
tion of ethane was studied.'®® Pt/Ga clusters localized inside
the zeolite channels were observed after high-temperature
treatment of a mixture of platinum-containing zeolites with
gallium oxides. The interaction of gallium with the H-form of
ZSM-S zeolites was shown to result in the formation of cationic
centers containing reduced single-charged gallium cation, i.e.,
Ga* (note the connection to the coordination chemistry of
substituent-free, “naked” Ga* discussed in sections 6 and 7).

10. CONCLUSIONS AND PERSPECTIVES

The main goal of this review was a comprehensive treatment of
synthesis, structure, and reactive properties of metal complexes
of RE! ligands of aluminum, gallium, and indium with special
emphasis on R Cp*, although it turns out that the
coordination chemistry of Cp*Al and Cp*Ga is far more
developed than the corresponding chemistry of Cp*In or any
other RIn' ligand (Table 2). Many aspects of the coordination
chemistry of Cp*E ligands are similar to the respective
complexes being formed with N,N chelating substituents,
which has been reviewed recently by Asay et al.” However, the
steric bulk of Cp* is less and the binding properties are more
flexible, which favors a rich chemistry of compounds of the
general formula [M,(ECp*),] including the unique option to
use Cp* as a removable “protecting” group of the mixed M_E,
core structures. This feature links the fundamental work on the
coordination chemistry of Cp*E at metal centers with the quite
different world of intermetallic solidOstate compounds and the
respective nanomaterials.

The selected examples discussed in section 9 may have put
the otherwise quite exotic coordination chemistry of carbenoid
group 13 compounds ER and the related chemistry of
monovalent ZnR species at transition-metal centers into a
potentially fruitful context, which may stimulate further
research. Smoothly removable, all-hydrocarbon substituents R,
in particular Cp*, seem to be the key to success in this area.
Certainly, if only soft-chemical synthesis of intermetallic M/E
phases from labile metal—organic precursors is the target, a
simpler access may be possible and the need of using
sophisticated metal-rich molecules as precursors, which are in
part difficult to synthesize, will not be necessary. For example,
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Table 2. Structurally Well-Characterized RIn' Complexes

complex ref

Cp*In complexes
[Cp*In—Al(Bu),] (36) 71
[Cp*In—Ga('Bu);] (37) 71
[Cr(CO);s(InCp*)] (61) 82
[Pdy(InCp*) 4(ko-InCp*),] (87) 93
[(dcpe)Pt(InCp*),] (113) 106
[Cp*Rh(etal—Cp*InCl)(Cp*In)(eta;—Cp*In(u-Cl))] (137) 118
[Cp*,Rh][Cp*Rh(InCp*){In,Cl,(u-x,—Cp*)}] (139) 120
[Cp*Ru(InCp*)((u-Cl)(eta,—InCp*),)] (145) 119
[Pd;(41o-InCp*) (u3-InCp*),(PPhs);] (204) 92
[Pds(dppe), (uy-InCp*)(us-InCp*),] (205) 92

In(C(SiMe;);) complexes
[(CpNi(CO)),{p-In(C(SiMe3)5)}] (35) 85
[Mn,(CO)s(p-In{C(SiMe;);},)] (39) 74
[Co,(CO)s(1-CO){urIn(C(SiMe;)5)}] (40) 75
[Co,(CO)s{ptr-(In(C(SiMe3)3)),}] (41) 75
[Fe,(CO)4{p-In(C(SiMes)3)}5] (58) 80
[(CpNi), (4 InC(SiMe;),),] (71) 85
[Ni{In(C(SiMe;);),}] (76) 86
[PH{In(C(SiMe,),),}] (77) 88
[Pd{In(C(SiMe;);)}], (125) 89
[Cp*RR][{In(C(SiMe;),) (- C1,)] (138) 118
[Cp*Ru{In(C(SiMe;)3) H (1-Cl)(In(C(SiMe;)5),)}] (146) 119
In(2,6-Trip,C¢H;) complexes

[Cp,Hf-In(2,6-Trip,CcH;)] (32) 114
[CpMn(CO),In(2,6-Trip,CcH,)] (66) 34
[Cp,Ti—In(2,6-Trip,CsH;)] (128) 113
[Cp,Zr—In(2,6-Trip,CcH;)] (130) 113

phase-pure, polycrystalline -CuE, powder materials can be
derived simply by combining [CuMes]; (Mes =1,3,5
trimethylphenyl = mesityl) with HyEL (E = Al Ga; L =
NR;) under hydrogen pressure in refluxing mesitylene.'*
However, if molecular control over the composition of very
small intermetallic nanoparticles or larger molecular clusters is
targeted, we think that some of the metal-rich molecules
presented in this review may offer unique possibilities as well-
defined, single-source precursors.

Last but not least, ternary Hume—Rothery-like intermetallic
clusters and nanoparticles represent a virtually virgin field of
research. However, data from theory suggest a significant
dependence of properties on composition and structure.'®” For
example, alloy nanoclusters like (NiCo)—Mn—Ga are of
current interest for recording media and actuators involving
the magnetic shape memory effect, respectively.'®® Also
trimetallic nanoclusters are of special interest for catalysis
because the third element can be used to achieve higher
catalytic and selective properties compared to the correspond-
ing monometallic and bimetallic clusters. Interestingly, it is
difficult to synthesize binary clusters Fe—Pt and Co—Pt below a
critical size, because the L12 structure with its technologically
relevant high magnetocrystalline anisotropy is difficult to
stabilize. For trimetallic systems, however, like the Heusler
alloy Ni—Mn—Ga, the rather versatile properties of the bulk
material can be used to achieve shape changes or magneto-
caloric effects (depending on the composition) also in
nanoclusters. With this review we therefore like to suggest
novel molecular approaches to compositionally and structurally
defined clusters and nanoparticles of binary M/E, ternary M/
M'/E, and even multinary systems as interesting and
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challenging topics for future research linking molecular

organometallic chemistry with intermetallics.
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