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bstract

In this review, the interactions between gallium(III) halides or gallium(I) subvalent halides and aromatic hydrocarbons in solution and solid state
re discussed. Such unique properties of gallium halides–arene mixtures as the ability to reduce metallic centers and accept halide atoms make them

ery efficient tool for the preparation of low-valent clusters and complexes of transition metals. Diverse mono- and polynuclear arene complexes
f d- and f-elements, including coordination polymers, may be achieved by the reactions between transition metal halides and gallium(III) halides
n arene media. The role of Lewis acidity of gallium halides, the nature of the substituents on the arene ring and the nature of transition metals are
iscussed in terms of coordination mode of arenes and resulting structure of the transition metal–arene complexes.

2007 Elsevier B.V. All rights reserved.
eywords: Arenes; Gallium halides; Metal metal bonds; Crystal structures
∗ Corresponding author.
E-mail address: Larsa@kth.se (L. Kloo).
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. Introduction
It has been demonstrated that gallium(III) halides in arene
edia may be successfully used for the synthesis of cationic

lusters of the p-block elements [1]. Thus, cationic clusters of
ismuth and tellurium have been prepared by reduction of Bi

mailto:Larsa@kth.se
dx.doi.org/10.1016/j.ccr.2007.11.016
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Scheme 1. Cationic bismuth and antim

r Te halides [2]. The first cationic antimony cluster was also
ynthesized in gallium(III) chloride–arene solution [3]. Some
xamples are given in Scheme 1.

The special properties of gallium(III) halides, i.e. 1,
xtremely high solubility in arenes (up to 50 mol% in benzene);
, the Lewis acidity, the ability to accept halide ions from metal
alides (to form anions such as GaX4

−); 3, the reducing ability
f GaX3–arene mixtures with respect to more noble metal ions,
ake gallium(III) halides attractive candidates as reagent for the

ynthesis of low-valent complexes and clusters also of the d- and
-elements.

Similar properties of aluminium(III) halides were widely
xplored for the preparation of mononuclear low-valent iron
omplexes [4], binuclear palladium [5] and some f-element
rene complexes [6]. Aluminium(III) halides, however, possess
everal disadvantages in comparison with the corresponding
allium(III) halides. Firstly, the solubility of aluminium(III)
alides in arenes (benzene, toluene, etc.) is lower than that of
allium(III) halides. Secondly, aluminium(III) halides are very
trong Lewis acids, which substantially limits the use of reagents
ossessing Lewis basic properties.

The inherent Lewis acidity of GaCl3 causes the formation
f stable dimers (Ga2Cl6), which dominate the chemistry of
he pure substance in all aggregation states; it tends to be more

olecular than that of the neighbors (Al and In) in Group 13.
his property also causes a fairly high vapor pressure that has
een utilized for inorganic synthesis, in which vapor transport
eactions provide various transition metal gallates [7–9].
The chemistry and bonding in gallium cyclopentadienyl
omplexes are strongly related to those in gallium–arene com-
ounds. Gallium may be coordinated to the cyclopentadienyl
igand through �- [10] or �-bonding [11], including bridg-

a
[
b
a

Fig. 1. Fragments of the crystal structure of [(C6
usters prepared in GaX3–arene media.

ng mode [12], depending on the formal oxidation state and
ther ligands attached to the gallium coordination center. It is
ifficult to overestimate the importance of GaCp (GaCp*) lig-
nds in organometallic synthesis. Recently, an excellent review
as published on the application of low-valent Group 13
rganometallic compounds (most of them containing a Cp* moi-
ty) for the synthesis of transition metal clusters and complexes
13].

. Interaction between gallium halides and arenes

Gallium halides may by divided into two groups depending
n the formal oxidation state of the metal: gallium(III) halides
nd subvalent gallium(I) halides. In both cases, these halides
re Lewis acids, and therefore the interaction with aromatic
olecules, such as benzene and its derivatives, is vary favorable.

.1. Gallium(I) halides

Historically, gallium–arene interactions were first studied for
ubvalent gallium(I) halides. In 1985 Schmidbaur published a
eview [14] covering the chemistry of GaI(GaX4) complexes
where X− = Cl−, Br−) with wide range of arenes—from ben-
ene and its alkylated derivatives to paracyclophane.

A number of gallium(I)–arene complexes were crys-
allographically characterized [15–22]. In the complex
(C6Et6)(C6H5Me)GaGaCl4]·1/2(C6Et6), see Fig. 1, gallium(I)
s weakly coordinated (the Ga–C distances lie between 2.87

nd 2.93 Å) to the hexaethylbenzene ligand in an �6-mode
21]. Weak interactions (the shortest Ga–C distance is 3.33 Å)
etween Ga(I) and the toluene ligand as well as the GaCl4−
nions are also observed.

Et6)(C6H5Me)GaGaCl4]·1/2(C6Et6) [21].
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ig. 2. Fragment of the crystal structure of [(C6Me4)(C6H5Me)GaGaCl4]2 [22].

An interesting structural feature is observed in the structure
f [(C6Me4)(C6H5Me)GaGaCl4]2: two GaCl4 groups connect
a(I) atoms thus forming an eight-membered ring, as shown in
ig. 2; the tetramethylbenzene ligands are connected to Ga(I)
toms in an �6-mode, and the toluene ligands are weakly coor-
inated to Ga(I) (the shortest Ga–C distance is 3.21 Å) [22]. It is
otable that this octamembered fragment is very characteristic
or Cu(I) and Ag(I) gallates containing arene ligands.

A theoretical investigation of bonding in subvalent
allium–arene complexes has been reported [23]. In this work,
he electronic structures of model complexes [Ga(benzene)]+

nd [Ga(benzene)2]+ have been determined using the discrete
ariation Xα (DVXα) molecular orbital method. It was con-
luded that a weak dative bond is formed between benzene ligand
nd Ga(I), and charge is transferred from the � orbitals of the
enzene to the three 4p orbitals of the Ga(I) atom [23].

The solution chemistry of GaI(GaX4) in arene media has been
tudied by different spectroscopic methods [24]. On the basis of
MR (13C and 71Ga), Raman spectroscopy and liquid X-ray

cattering (LXS) data it was suggested that GaI forms a weak
omplex with benzene in solution (GaI–benzene distances are
.70 Å). It was also proposed that in solution two benzene rings
re coordinated to GaI in an �6-mode. This is in agreement
ith structural data obtained for GaI(GaX4)–arene complexes

15–22].

.2. Gallium(III) halides

In contrast to relatively soft acceptor GaI, the GaIII ion may
e regarded as a hard acceptor, and therefore one may expect
ore strong interactions between GaIII and arenes. Kochi and

o-workers demonstrated that the charge-transfer concept is very
seful for the interpretation of metal arene bonding in transition
etal–arene complexes, explaining both structural and chemical

roperties of this class of compounds [25].
The structure of concentrated solutions of GaCl3 in benzene

nd mesitylene was studied by multinuclear NMR (13C, 1H,
1Ga), Raman and UV/vis spectroscopy, including LXS as well
s quantum chemistry calculations [26,27]. Gallium(III) chlo-

ide was found to be monomeric in mesitylene solution; there is
ome ambiguity regarding �1- or �6-coordination. In benzene,
allium(III) chloride exists as a mixture of different species con-
aining terminal GaCl3-groups, as indicated in Fig. 3 (right); the

(
(
c

Fig. 3. GaCl3–benzene complexes in solution.

aCl3–benzene complex is best described in terms of interaction
etween the monobridged dimer and benzene.

Hydrolysis of a GaCl3–C6H6 solution leads to the formation
f mixture of poly(p-phenylene) and other polymeric species;
t was suggested that the formation of polymers proceeds via
rotonated Wheland intermediates [26].

. Gallium(III) halides in the synthesis of transition
etal clusters and complexes

.1. 3d-Elements

.1.1. Iron
The synthesis of bis(arene)iron(II) cationic complexes was

or the first time described by Fischer and Böttcher in 1956
28]. Later, a new synthetic method based on aluminium(III)
nd iron(III) chlorides was proposed for the synthesis of the
is(benzene)iron(II) complex [4,29]. In spite of the profound
nterest in the chemistry and catalytic activity of Group VIII,

etal–arene complexes [30–32], there are just a few exam-
les of crystallographically characterized bis(arene)iron(II) and
nalogous bis(arene)ruthenium(II) cationic complexes reported
33–39]. It is important to note that almost all previ-
usly described compounds, containing bis(arene)iron(II) or
is(arene)ruthenium(II) cations, are donor–acceptor complexes
n the crystalline state. Bis(arene)metal fragments may play
he role of donor or acceptor depending on the anion nature.
n contrast to bis(arene) complexes, half-sandwich compounds
oordinating one arene ligand only, are well characterized by
-ray crystallography [40–42].
It was found [43] that the mixtures of gallium(III) halides

nd arenes represent a perfect tool for the synthesis of
ononuclear bis(arene)iron(II) complexes. Thus, a series of
ononuclear iron(II) complexes of the general formula [Fe(�6-

rene)2](GanX3n+1)2 (n = 1–3) have been synthesized by the
imple reaction between FeX3 and GaX3 in arene solution [43]:

eX3 + GaX3 + arene → [Fe(�6-arene)2](GanX3n+1)2

+ products of arene oxidation (1)
The structures of the compounds [Fe(�6-benzene)2]
GaCl4)2, [Fe(�6-benzene)2](Ga3Cl10)2, [Fe(�6-toluene)2]
Ga2Cl7)2, [Fe(�6-toluene)2](Ga2Br7)2 (see Fig. 4) have been
onfirmed by X-ray crystallography [43].
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Fig. 5. Fragment of the structure of [Cu(GaCl4)·(p-C6H4CH2CH2CH2)2] [45].
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Fig. 4. X-ray structure of [Fe(�6-toluene)2](Ga2Br7)2 [43].

In these reactions gallium(III) halide–arene mixtures play
wo roles: 1, reducing agent with respect to iron(III) halides;
, acceptor of halide ions, thus facilitating coordination of the
rene to iron(II).

Crystallographically characterized mononuclear bis(arene)
ron and related ruthenium complexes are listed in Table 1.
t is important to note that gallium(III)-containing anions
anX3n+1

− do not interact strongly with bis(arene) iron cations
n the crystalline state, in stark contrast to the previously
eported compounds. This indicates that additional stabilization
f [Fe(arene)2]2+ cations is not necessary.

.1.2. Copper
The first copper–benzene complex [(C6H6)CuAlCl4] was

repared and characterized by Turner and Amma [44]. The
uthors note that AlCl4− anions play important role for the
tability of this compound. Copper is bound to benzene in an
2-manner; Cu–C distances are 2.15 and 2.30 Å, both ±0.03 Å.

The synthesis and crystal structures of polymeric [3.3]para-
yclophane and [2.2]paracyclophane chlorogallate com-

lexes [Cu(GaCl4)·(p-C6H4CH2CH2CH2)2] (Fig. 5) and
Cu(GaCl4)·(p-C6H4CH2CH2)2] were reported [45]. In the
ormer compound, copper is coordinated to two [3.3]paracy-
lophane ligands in an �2-manner; Cu–C distances are between

a

(
o

able 1
ole of M(arene)2 unit in iron and ruthenium bis(arene) complexes

onor Acceptor

Fe(C6Me3H3)2]2+ {[C3[C(CN)2]3]}2
2− [33] [Fe(C6Me3H3)2]2

Fe(C6Me6)2]2+ [TCNQ−]2 [37] [Ru(C6Me3H3)2]2

Ru(C6Me6)2]2+ [TCNQ−]2 [37] [Fe(C6Me6)2]2+ [I
Fe(C6Me6)2]2+ [F4-TCNQ−]2 [37] [Ru(C6Me6)2]2+ [
Ru(C6Me6)2]2+ [F4-TCNQ−]2 [37] [(C6Me4H2)2Fe2+

Fe(C6Me6)2]2+ [Cl2-TCNQ−]2 [37] [(C6Me6)2Fe2+, C
Ru(C6Me6)2]2+ [Cl2-TCNQ−]2 [37] [(C6Me6)2Fe] 2+ (
Fig. 6. Crystal structure of [(Cu(GaCl4)(pyrene))2].

.14 and 2.28 Å [45]. The anion GaCl4− is bound to one copper
tom.

We have found that copper(I) chloride reacts with gallium(III)
hloride in benzene or toluene solution to give arene-free cop-
er(I) tetrachlorogallate Cu(GaCl4) [46]. This complex may
e used as starting material for the synthesis of copper com-
ounds with polycyclic aromatic hydrocarbons (PAHs). Thus,
binuclear copper(I)–pyrene complex [(Cu(GaCl4)(pyrene))2],

hown in Fig. 6, has been isolated and crystallographically char-
cterized [47,48].
The pyrene ligands are bound to the copper in an �2-manner
Cu–C distances are 2.14 and 2.13 Å). An interesting feature
f this compound is the presence of an eight-membered ring

Free

+ [C6(CN)6]2−[34] [Fe(C6H3Me3)2]2+(PF6
−)2 [38]

+ [C6(CN)6]2− [34] [Fe(C6Me6)2]2+(PF6
−)2 [35]

so-C4(CN)6]2− [35] [Fe(C6H6)2]2+(GaCl4−)2 [43]
Iso-C4(CN)6]2− [35] [Fe(C6H6)2]2+(Ga3Cl10

−)2 [43]
, Cp2Fe](PF6

−)2 [36] [Fe(C6H5Me)2]2+(Ga2Cl7−)2 [43]

6Me4H2](PF6
−)2 [36] [Fe(C6H5Me)2]2+(Ga2Br7

−)2 [43]
C(CN)3)2 [39] [Ru(C6H5Me)2]2+(Ga2Cl7−)2 [43]
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Table 2
Palladium–palladium distances in binuclear palladium(I)–arene clusters

Compound Pd–Pd (Å) Reference

[Pd2(C6H6)2(GaCl4)2] 2.584 [69]
[Pd2(C6H6)2(GaBr4)2] 2.604 [70]
[Pd2(C7H8)2(GaCl4)2] 2.572 [69]
[Pd2(C7H8)2(GaBr4)2] 2.578 [70]
[Pd2(C8H6)10(GaCl4)2] 2.562 [70]
[
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Fig. 7. Crystal structure of [Ru(�6-toluene)2(Ga2Cl7)2].

two GaCl4-groups connect the copper atoms). We will highlight
hat this structural unit is typical for silver(I)–arene gallates in
ection 3.2. In general, the easily available copper(I) tetrachloro-
allate Cu(GaCl4) seems to be a promising starting material for
he synthesis of copper(I) complexes with PAHs.

It should be noted that the benzene complex ((bz)CuCl3)2Zr
bz = �2-benzene) was isolated from the CuCl–ZrCl4–benzene
ystem [49] similar to CuCl–GaCl3–benzene system. This
ompound has a one-dimensional structure constructed from
ight-membered rings Cu(bz)(�-ZrCl3)2.

.2. 4d-Elements

.2.1. Ruthenium
Ruthenium(III) halides react with corresponding gallium(III)

alides in arene media similarly to iron(III) halides. Thus,
he mononuclear ruthenium(II) bis(toluene) complex [Ru(�6-
oluene)2(Ga2Cl7)2] was isolated and structurally characterized
43], see Fig. 7.

As in the case of the iron system, ruthenium(III) is reduced by
he GaCl3–toluene mixture, but metal metal bond formation is
ot observed. It should be noted that ruthenium(II)–bis(arene)
omplexes have been described in literature [35,36,40,50,51],
ut synthetic routes to these compounds are more complicated
n comparison with the one-step synthesis based on GaX3–arene

ixtures.

.2.2. Palladium
Since the discovery of the first compound containing a direct

ingle palladium palladium bond [52], a large number of these
omplexes were synthesized and structurally characterized. The
tructure, chemistry and catalytic properties of clusters with
d Pd bonds were recently reviewed [53,54]. These compounds

ay take part in a wide range of catalytic reactions: isomeriza-

ion of double C C bonds [55,56], hydrogenation of multiple
onds [57–59], hydrogen-transfer reduction [60–62] and car-
onylation [63–66].

p
s
c
o

Pd2(C8H10)2(GaBr4)2] 2.578 [70]
Pd2(C6H6)2(Ga2Cl7)2] 2.562 [69]

Dipalladium clusters having arenes as ligands were prepared
or the first time by Allegra et al., and crystal structures of two
enzene compounds [Pd2(bz)2X2] (X− = AlCl4− or Al2Cl7−)
ere determined [5,67]. Later, it was found [68] that they could
e used as catalysts for ethylene dimerization. For synthesis
f these complexes, an AlCl3/Al mixture was used; elemental
luminium formally reduces palladium(II) to palladium(I).

We have demonstrated that gallium(III) halides in arene
edia are very efficient reducing agents with respect to palla-

ium(II) halides [69,70]. In these systems, no metallic gallium
s needed. Binuclear palladium(I) complexes of the general for-

ula [Pd2
I(arene)2L2] have been isolated in high yield (up to

5%) under mild conditions:

dX2 + GaX3 + arene → [Pd2
I(arene)2L2]

+ products of arene oxidation (2)

here X− = Cl−, Br−; arene = benzene or alkylbenzenes;
− = GaX4

− or Ga2X7
− groups connecting to the dipalladium

nit via bridging halide atoms. The series of dipalladium com-
ounds that has been prepared and characterized by single crystal
-ray diffraction is shown in Table 2.
Palladium–palladium distances lie within 2.5–2.6 Å, which is

n agreement with structural data obtained for other Pd(I)–Pd(I)
omplexes with single Pd Pd bonds [53].

Gallium halides act as acceptors of halide atoms; different
roups like GaX4

− or Ga2X7
− may be bound to the dipalla-

ium unit, as highlighted in Scheme 2. Thus, in the case of
he PdCl2–GaCl3–benzene system, both complexes may be iso-
ated in crystalline form. In general, gallium(III) halides tend to
orm polynuclear anions GanX3n+1

−; as it was shown for iron
nd platinum systems, also compounds with Ga3X10

− may be
ormed [43,71].

The coordination mode of the arene ligands in binuclear pal-
adium(I) arene complexes may be described as �3:�:�3, but the
d–C distances vary within one molecule (for example, between
.21 and 2.93 Å for [Pd2(bz)2(Ga2Cl7)2]). Normally, palladium
orms two short contacts and one long contact with one arene
igand. For example, in [Pd2(bz)2(GaCl4)2] the Pd–C distances
etween palladium and one benzene ligand are 2.23, 2.37 and
.78 Å, and 2.22, 2.41 and 2.74 Å.

The nature of the Lewis acids GaX3 (X− = Cl−, Br−, I−)

lays an important role in reaction (2). Thus, in the case of a
trong Lewis acid like GaCl3, the major products are binuclear
ompounds [Pd2

I(arene)2L2], whereas using GaBr3, a mixture
f [Pd2

I(arene)2L2] and [PdII(GaBr4)2] complexes are formed
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Scheme 2. Binuclear Pd(I) clusters iso

70,72]. In the analogous iodide system, representing a weaker
ewis acid, only [PdII(GaI4)2] was isolated and no products
ontaining palladium(I) complexes can be observed [72]. This
rend is illustrated in Scheme 3.

A very interesting extension of this chemistry was reported
y Kurosawa and co-workers in their studies of the catalytic
ffects of directly metal metal-bonded dimeric transition metal
ggregates, including palladium dimers [73,74]. As noted by the
uthors, the stabilization of dimeric, subvalent Pd units could be
xtended using polyene ligands [75,76], displaying linear chains
f up to four Pd atoms (see Fig. 8). Typical Pd–Pd distances are
.6–2.7 Å.

The synthetic route to this family of compounds was typi-
al organometallic; a PdI dimer with labile nitrile ligands was
eacted with a Pd0 compound in presence of the polyene ligand
n organic solution. Late findings involve the fascinating “sheet-
ike” sandwich compounds of Pd3 and Pd5 entities with PAHs
77]. Formally, the Pd aggregates have an oxidation state lower
han +I.

Mono-arene dipalladium(I) complexes are also known
78–80]. Thus, the synthesis and chemistry of unusual bin-
clear complexes [Pd2X(�-X)PtBu2Bph] (X− = Cl−, Br−,

ph = biphenyl) with an intramolecular coordination of a phenyl
roup to the dipalladium unit have been reported [78,79]. These
omplexes are catalytically active in the reactions of amination
f aryl chlorides [79]. Not only six-membered aromatic ligands

[

l
I

Scheme 3. The role of Lewis acidity of G
from PdCl2–GaCl3–benzene system.

ay be coordinated to the dipalladium(I) center; the structure
nd solution chemistry of indenyl complexes [Pd2(�-Cl)(�, �3-
ndenyl)(PR3)2] have recently also been reported [80].

.2.3. Silver
Arene complexes of silver are known since 1958, when the

Ag(ClO4)(benzene)] complex was prepared and characterized
81]. Later, a large number of mono- and polynuclear compounds
ontaining alkylbenzenes or PAHs coordinated to silver(I) have
een described [45,82–90]. The chemistry of multilayer sil-
er(I) complexes with PAHs was recently reviewed [86]. It was
hown that one-, two- and three-dimensional compounds can be
esigned. The authors note that the coordinative versatility of
romatic ligands and the nature of the anions play a crucial role
ith respect to the resulting structure of the compound [86].
Silver gallates, like Ag(GaCl4), were also studied as pre-

ursors for the synthesis of silver–arene complexes [45]. As
consequence, [2.2]paracyclophane complexes [Ag(GaX4)·(p-
6H4CH2CH2)2] (X− = Cl−, Br−), shown in Fig. 9, were

solated [45].
Silver atoms are coordinated to two [2.2]paracyclophane

igands in �2- and �3-manner. The Ag–C distances in

Ag(GaCl4)·(p-C6H4CH2CH2)2] vary from 2.43 to 2.66 Å.

In our lab, the reactions between silver(I) halides and gal-
ium(III) halides in arene media have been investigated [91–93].
t was observed that the nature of the substituents on the arene

aX3 in PdX2–GaX3–arene systems.
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Fig. 8. The Pd3 chains [76] and
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3.3.1. Platinum
In contrast to palladium, only one binuclear �-bonded

platinum(I)–(�6-arene) complex has been crystallographically
Fig. 9. Fragment of the structure of [Ag(GaX4)·(p-C6H4CH2CH2)2].

ing play a determinant role with respect to the eventual structure
f the products.

As shown in Scheme 4, one-, two- and three-dimensional
ompounds have been isolated depending on the electron-donor
roperties of the substituents on the arene ring.

In the crystal structure, the benzene complex
Ag(GaCl4)(bz)}n (Figs. 10 and 11) forms infinite sheets,
omposed of two organic layers separated by an inorganic layer.
he silver atoms are connected to three carbon atoms; Ag–C
istances are 2.87, 2.48 and 2.84 Å [91].

The corresponding mesitylene compound
Ag(GaCl4)(C6H3(CH3)3)}n was prepared in a similar
ay as the benzene complex through the reaction between

gCl and GaCl3 in mesitylene [92]. As in the case of the
enzene system, gallium(III) chloride plays the role of Lewis
cid, thus accepting chloride ions from the silver ions. One
an conclude that the presence of electron-donor substituents

Scheme 4. Synthesis of polymeric silver(I) gallates in arene media.
Pd5 “sheets” isolated [77].

n the arene molecule facilitates the formation of silver arene
onds. This is in agreement with literature data: all �-bonded
ilver(I)–arene complexes isolated so far are based on alkyl- or
ycloalkyl- substituted arenes [45,81–90]. In the crystal struc-
ure, eight-membered rings in {Ag(GaCl4)(C6H3(CH3)3)}n

orm one-dimensional polymeric chains, as seen in Fig. 12;
n contrast to {Ag(GaCl4)(bz)}n, where eight-membered
ings compose a two-dimensional sheet structure. The Ag–C
istances in {AgGaCl4(C6H3(CH3)3)}n are 2.86, 2.43 and
.86 Å. In general, the Ag–C distances are 0.3–0.7 Å longer
han in the Cu–C ones in copper gallates. It is important to note
he difference in metal–arene coordination mode (�2 for Cu
nd �3 for Ag).

The presence of electron-acceptor groups on the arene ring
recludes the coordination of arenes to silver atoms. Thus, the
eaction between AgCl and GaCl3 in 1,2-dichlorobenzene leads
o the formation of the inorganic 3D-polymeric {Ag(GaCl4)}n

ompound [93] (Fig. 13).
Interestingly, the eight-membered rings seem to constitute a

ery stable structural unit; it is present in all silver gallates. A
imilar unit is also characteristic for copper(I) and gallium(I)
allates.

.3. 5d-Elements
Fig. 10. Fragment of the structure of {Ag(GaCl4)(bz)}n.
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Fig. 11. 2D-structure of {Ag(GaCl4)(bz)}n.
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Fig. 12. Structure of {A

haracterized [69]. The use of GaX3–arene mixtures seems
o be efficient way for the preparation of these com-
ounds. Thus, a binuclear platinum(I) naphthalene complex
Pt2(C10H10)2(GaCl4)2]·2C6H6 has been prepared by the reac-
ion between K2[PtCl4], GaCl3 and naphthalene in benzene
olution [69], as displayed in Fig. 14. Each platinum atom is

onnected to two carbon atoms of the naphthalene ligand; Pt–C
istances range 2.17–2.25 Å.

A similar platinum(I) p-xylene compound, [Pt2(p-
ylene)2(Ga2Br7)2], was isolated from the K2[PtBr4]–GaBr3

c
d

t

Fig. 13. Structure of
Cl4)(C6H3(CH3)3)}n.

ystem in p-xylene solution, also shown in Fig. 14; Pt–C
istances lie between 2.21 and 2.24 Å [94]. The important
ifference between platinum(I) and palladium(I) complexes
Section 3.2) is the coordination mode of the arene ligands:
n the case of platinum, arenes are coordinated to the Pt22+

nit in a �2:�:�2 mode, whereas in palladium complexes the

oordination mode of the arenes to the Pd2

2+ unit may be
escribed as �3:�:�3.

An unusual binuclear platinum(0) complex was isolated in
he reaction between platinum(II) chloride, gallium(III) chloride

{Ag(GaCl4)}n.
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Fig. 14. Crystal structures of [Pt2(C10H10)2(GaCl4)2]·2C6H6 and [Pt2(p-xylene)2(Ga2Br7)2].
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Fig. 15. Structure of the cation

nd chrysene in 1,2-dichlorobenzene solution [71]:

tCl2 + GaCl3 + chrysene

→ [Pt2(Ga2Cl2(�-Cl)2)(chrysene)4](Ga3Cl10)2 (3)

n this reaction (3), two direct Pt Ga bonds are formed
2.34 Å). The structure of the cation is shown in Fig. 15.
he platinum–gallium distance is comparable to those in
latinum(0)–gallium(I) complexes, previously described in lit-
rature [95–99].It should be emphasized that the isolation of
his compound demonstrates diversity of reaction routes based
n platinum or palladium halides in combination with gallium
alides in arene media.
.3.2. Mercury
Barron and co-workers described the synthesis and crystal

tructures of a series of mercury(II) complexes of the general

m
a
c
s

Fig. 16. Crystal structures of Hg(toluene)(G
a2Cl2(�-Cl)2)(chrysene)4]2+.

ormula Hg(arene)(MCl4)2, where M = Al or Ga; arene = mono-
r dialkylbenzenes [100–103]. These compounds were prepared
y the reaction between HgCl2 and GaCl3 in arene media:

gCl2 + GaCl3 + arene → Hg(arene)(GaCl4)2 (4)

Notably, in these reactions gallium(III) chloride plays the role
f acceptor of chloride ions, but no reduction of mercury(II) was
bserved in arene media in spite of the strong reducing ability of
aCl3–arene mixtures and the high stability of the Hg2

2+ unit.
The authors note [101] that compounds of the type

g(arene)(MCl4)2 may exist in two forms: neutral
Hg(arene)(MCl4)2] or ionic [Hg(arene)(MCl4)](MCl4)
epending on the nature of the arene molecules. The

ercury arene bonding may be described as of highly

symmetric �2-type. Thus, the Hg–C distances in the toluene
ompound [Hg(toluene)(GaCl4)2] are 2.35 and 2.71 Å. The
tructure is shown in Fig. 16.

aCl4)2 [101] and Hg3(GaCl4)2 [104].
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Table 3
Selected bond lengths (Å) in lanthanide–arene complexes

Complex Ln–C Ln–X Ga–(�–X) Ga–X

[Ce(C6H5Me)(GaCl4)3] 2.89–3.03 2.81–2.91 2.21–2.24 2.10–2.12
[Ce(p-C6H4Me2)(GaCl4)3]·0.5(p-C6H4Me2) 2.94–2.96 2.85–2.91 2.22–2.23 2.10–2.12
[Yb(C6H5Me)(GaCl4)3] 2.77–2.94 2.66–2.80 2.22–2.25 2.10–2.12
[Yb(p-C6H4Me2)(GaCl4)3]·0.5(p-C6H4Me2) 2.82–2.88 2.70–2.80 2.23–2.24 2.10–2.11
[ 2.85–2.98 2.36–2.39 2.25–2.27
[ 2.83–2.91 2.22–2.24 2.08–2.12
[ 2.83–2.91 2.21–2.24 2.10–2.12
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Dy(C6H5Me)(GaBr4)3] 2.79–2.96
Ce(naphthalene)(GaCl4)3] 2.91–3.00
Ce(pyrene)(GaCl4)3]·0.5(pyrene) 2.91–3.03

Gallium(III) chloride activates the mercury towards the
oordination of arenes. It was found that complexes like
g(arene)(GaCl4)2 catalyze the H/D exchange reaction of C6D6
ith arenes [103].
In our lab the chemical reactivity of mercury(I) halides with

espect to gallium(III) halides in arene media has been stud-
ed [104,105]. It was found that mercury(I) chloride reacts
ith gallium(III) chloride in benzene/1,2-dichlorobenzene solu-

ion to give the binuclear complex Hg2(GaCl4)2. Reduction
f mercury(I) chloride with mercury metal in gallium(III)
hloride–benzene mixture leads to the trinuclear compound
g3(GaCl4)2. It is notable that the arenes play a role in the

urther reduction of mercury, since the analogous reaction in
bsence of arenes in molten salts does not reduce Hg2

2+ any
urther. Based on spectroscopic and LXS data from the arene
olution, it can be concluded that the arenes are coordinated
o the subvalent, cationic mercury chains in an end-on mode,
ather than in a sandwich mode [105]. However, in the crys-
alline compounds isolated no coordination of arene to the

ercury was observed [105]. It should be noted that in sim-
lar system with aluminium, complex [Hg2(C6Me6)](AlCl4)2
as isolated and structurally characterized [106] displaying

n end-on coordination mode, where the aluminates take the
andwiching coordination site. This is an interesting differ-
nce with respect to the analogous PdI dimers, in which the
renes primarily are found in the sandwiching coordination
ite.

.4. f-Elements

Arene complexes of the f-block elements have been of

onstant interest over the last two decades [6,107–122]. In gen-
ral, lanthanide–arene complexes described in literature can be
ivided into two groups: mono(arene) and bis(arene) complexes
107]. The oxidation state of the lanthanide atoms varies from

C
[

t

able 4
he deviation of the methyl groups out of the aromatic plane in [Ln(�6-arene)(GaX4

omplex

Ce(C6H5Me)(GaCl4)3]
Ce(p-C6H4Me2)(GaCl4)3]·0.5(p-C6H4Me2)
Yb(C6H5Me)(GaCl4)3]
Yb(p-C6H4Me2)(GaCl4)3]·0.5(p-C6H4Me2)
Dy(C6H5Me)(GaBr4)3]
cheme 5. Reaction of gallium(III) halides with f-block element halides in
renes.

3 to 0 [108–120]; coordinated arene ligands may be present in
eutral as well as in anionic forms [111–113].

One of the most simple and effective synthetic routes to
anthanide–mono(arene) complexes, containing arene ligands
oordinated to the metal in �6-mode, is the reaction of a lan-
hanide halide with aluminium(III) halide in arene solution.
mploying this method, a series of mononuclear complexes of
m [108,114–116], La [111], Nd [111,115], Gd [115], Yb [115],
[121], Pr [121], Eu [122] and U [108,120] has been prepared.
s arene ligands, benzene and its alkylated derivatives have been
sed.

We have found that mononuclear arene complexes [Ln(�6-
rene)(GaX4)3] may be easily prepared by the reaction between
nX3 (where Ln = Ce, Yb, Dy; X− = Cl−, Br−) and excess of

he corresponding GaX3 in toluene or p-xylene [43], as shown
n Scheme 5.

The X-ray structures of [Ce(C6H5Me)(GaCl4)3],
Ce(p-C6H4Me2)(GaCl4)3]·0.5(p-C6H4Me2),
Yb(C6H5Me)(GaCl4)3], [Yb(p-C6H4Me2)(GaCl4)3]·0.5(p-
6H4Me2) and [Dy(C6H5Me)(GaBr4)3] were determined
43].
In all cases, the arene ligands are coordinated to the lan-

hanide ion in �6-mode. Selected interatomic distances are listed

)3]

α (◦)

2.7
8.4; 4.1
2.5
11.3; 5.0
5.1
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Fig. 17. Molecular structures of [Ce(naphthalene)(GaCl4)3] and [Ce(pyrene)(GaCl4)3]·0.5(pyrene).
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Scheme 6. Gallium(III) halide–arene mixtur

n Table 3. The lanthanide–carbon distances lie between 2.8
nd 3.0 Å, and they do not significantly depend on the nature
f the lanthanide atom (for cerium compounds Ln–C distances
re slightly longer). Ga–(�–X) distances are longer than those
etween gallium and non-bridging halide ions.

An interesting structural feature observed in these complexes
s the distortion of the planarity of the arene ligands. In all cases
he methyl groups are bent out of the aromatic plane. The devi-
tion angle α varies between 2.7◦ and 11.3◦ (Table 4). Hubig
t al. noted [25] that “there is a trend between bending angle α

nd the degree of charge transfer from the arene donor to the
oordinated acceptor”.

The benzene or toluene ligands in [Ln(�6-arene)(GaX4)3]
ay be substituted by PAHs. Thus, the reactions between

Ce(C6H5Me)(GaCl4)3] and naphthalene or pyrene yield
rystalline compounds [Ce(naphthalene)(GaCl4)3] and
Ce(pyrene)(GaCl4)3]·0.5(pyrene), respectively [43]. The
roducts are shown in Fig. 17.

. Concluding remarks and future prospects
The contents of the present review show that gallium(III)
alide–arene systems constitute a versatile tool for the prepara-
ion of different classes of complexes and clusters of the d- and
-elements. The ability to reduce metal centers exhibited by gal-

A

a

the synthesis of transition metal complexes.

ium(III) halide–arene mixtures may be used for the preparation
f low-valent compounds or clusters supported by metal metal
onds. In addition, the use of easily available starting materi-
ls (anhydrous metal halides) and one-step synthetic procedures
ake this strategy very attractive for practical work. An indica-

ion of this versatility is shown in Scheme 6.
The potential of compounds, containing simple arene lig-

nds, like benzene or alkylbenzenes, coordinated to the metal
enters, may be used for the further formation of more complex
olecular aggregates. Indeed, weakly coordinated arenes may

e easily substituted by polycyclic aromatic hydrocarbons or
-donor ligands.

Activation of arene ligands coordinated to mono- or bimetal-
ic centers is another attractive direction in which to explore
he chemical reactivity of such compounds. Moreover, many of
hese compounds may be prepared in situ, which means that sim-
le mixtures gallium(III) halide-transition metal halide in arene
edia may possess catalytical activity with respect to activation

f C H bonds. Such catalytical properties of GaX3/MXn/arene
ystems are under current investigation in our group.
cknowledgements
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