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Abstract

In this review, the interactions between gallium(III) halides or gallium(I) subvalent halides and aromatic hydrocarbons in solution and solid state
are discussed. Such unique properties of gallium halides—arene mixtures as the ability to reduce metallic centers and accept halide atoms make them
very efficient tool for the preparation of low-valent clusters and complexes of transition metals. Diverse mono- and polynuclear arene complexes
of d- and f-elements, including coordination polymers, may be achieved by the reactions between transition metal halides and gallium(III) halides
in 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
discussed in terms of coordination mode of arenes and resulting structure of the transition metal-arene complexes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It has been demonstrated that gallium(III) halides in arene

media may be successfully used for the synthesis of cationic

* Corresponding author. clusters of the p-block elements [1]. Thus, cationic clusters of
E-mail address: Larsa@kth.se (L. Kloo). bismuth and tellurium have been prepared by reduction of Bi
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Scheme 1. Cationic bismuth and antimony clusters prepared in GaX3—arene media.

or Te halides [2]. The first cationic antimony cluster was also
synthesized in gallium(IIl) chloride—arene solution [3]. Some
examples are given in Scheme 1.

The special properties of gallium(IIl) halides, ie. 1,
extremely high solubility in arenes (up to 50 mol% in benzene);
2, the Lewis acidity, the ability to accept halide ions from metal
halides (to form anions such as GaX4™); 3, the reducing ability
of GaX3z—arene mixtures with respect to more noble metal ions,
make gallium(III) halides attractive candidates as reagent for the
synthesis of low-valent complexes and clusters also of the d- and
f-elements.

Similar properties of aluminium(IIl) halides were widely
explored for the preparation of mononuclear low-valent iron
complexes [4], binuclear palladium [5] and some f-element
arene complexes [6]. Aluminium(IIT) halides, however, possess
several disadvantages in comparison with the corresponding
gallium(III) halides. Firstly, the solubility of aluminium(III)
halides in arenes (benzene, toluene, etc.) is lower than that of
gallium(III) halides. Secondly, aluminium(III) halides are very
strong Lewis acids, which substantially limits the use of reagents
possessing Lewis basic properties.

The inherent Lewis acidity of GaCls causes the formation
of stable dimers (GayClg), which dominate the chemistry of
the pure substance in all aggregation states; it tends to be more
molecular than that of the neighbors (Al and In) in Group 13.
This property also causes a fairly high vapor pressure that has
been utilized for inorganic synthesis, in which vapor transport
reactions provide various transition metal gallates [7-9].

The chemistry and bonding in gallium cyclopentadienyl
complexes are strongly related to those in gallium—arene com-
pounds. Gallium may be coordinated to the cyclopentadienyl
ligand through o- [10] or m-bonding [11], including bridg-

ing mode [12], depending on the formal oxidation state and
other ligands attached to the gallium coordination center. It is
difficult to overestimate the importance of GaCp (GaCp") lig-
ands in organometallic synthesis. Recently, an excellent review
was published on the application of low-valent Group 13
organometallic compounds (most of them containing a Cp” moi-
ety) for the synthesis of transition metal clusters and complexes
[13].

2. Interaction between gallium halides and arenes

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

2.1. Gallium(I) halides

Historically, gallium—arene interactions were first studied for
subvalent gallium(I) halides. In 1985 Schmidbaur published a
review [14] covering the chemistry of Gal(GaXy) complexes
(where X~ =CI™, Br™) with wide range of arenes—from ben-
zene and its alkylated derivatives to paracyclophane.

A number of gallium(I)-arene complexes were crys-
tallographically characterized [15-22]. In the complex
[(CgEts)(CeHsMe)GaGaCly]-1/2(CgEtg), see Fig. 1, gallium(I)
is weakly coordinated (the Ga—C distances lie between 2.87
and 2.93A) to the hexaethylbenzene ligand in an m°-mode
[21]. Weak interactions (the shortest Ga—C distance is 3.33 A)
between Ga(I) and the toluene ligand as well as the GaCly™
anions are also observed.
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Fig. 1. Fragments of the crystal structure of [(CgEte)(CeHsMe)GaGaCly]-1/2(CgEte) [21].
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Fig. 2. Fragment of the crystal structure of [(C¢Mes )(CcHsMe)GaGaCly ], [22].

An interesting structural feature is observed in the structure
of [(CsMes)(CsHsMe)GaGaCly],: two GaCly groups connect
Ga(I) atoms thus forming an eight-membered ring, as shown in
Fig. 2; the tetramethylbenzene ligands are connected to Ga(l)
atoms in an m°-mode, and the toluene ligands are weakly coor-
dinated to Ga(I) (the shortest Ga—C distance is 3.21 A) [22]. It is
notable that this octamembered fragment is very characteristic
for Cu(I) and Ag(I) gallates containing arene ligands.

A theoretical investigation of bonding in subvalent
gallium—arene complexes has been reported [23]. In this work,
the electronic structures of model complexes [Ga(benzene)]*
and [Ga(benzene);]* have been determined using the discrete
variation Xa (DVXa) molecular orbital method. It was con-
cluded that a weak dative bond is formed between benzene ligand
and Ga(I), and charge is transferred from the 7 orbitals of the
benzene to the three 4p orbitals of the Ga(I) atom [23].

The solution chemistry of Gal(GaX4) in arene media has been
studied by different spectroscopic methods [24]. On the basis of
NMR (3C and 7'Ga), Raman spectroscopy and liquid X-ray
scattering (LXS) data it was suggested that Gal forms a weak
complex with benzene in solution (Ga'-benzene distances are
2.70 A). It was also proposed that in solution two benzene rings
are coordinated to Ga' in an m%-mode. This is in agreement
with structural data obtained for Ga'(GaX4)—arene complexes
[15-22].

2.2. Gallium(Il) halides

In contrast to relatively soft acceptor Ga!, the Galll ion may
be regarded as a hard acceptor, and therefore one may expect
more strong interactions between Ga'l and arenes. Kochi and
co-workers demonstrated that the charge-transfer conceptis very
useful for the interpretation of metal—arene bonding in transition
metal—arene complexes, explaining both structural and chemical
properties of this class of compounds [25].

The structure of concentrated solutions of GaCls in benzene
and mesitylene was studied by multinuclear NMR (13C, 'H,
"1Ga), Raman and UV/vis spectroscopy, including LXS as well
as quantum chemistry calculations [26,27]. Gallium(III) chlo-
ride was found to be monomeric in mesitylene solution; there is
some ambiguity regarding n'- or n°-coordination. In benzene,
gallium(III) chloride exists as a mixture of different species con-
taining terminal GaCls-groups, as indicated in Fig. 3 (right); the

Ga
&A™
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Fig. 3. GaCl;—benzene complexes in solution.

GaClz-benzene complex is best described in terms of interaction
between the monobridged dimer and benzene.

Hydrolysis of a GaCl3—CgHg solution leads to the formation
of mixture of poly(p-phenylene) and other polymeric species;
it was suggested that the formation of polymers proceeds via
protonated Wheland intermediates [26].

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

3.1. 3d-Elements

3.1.1. Iron

The synthesis of bis(arene)iron(I) cationic complexes was
for the first time described by Fischer and Béttcher in 1956
[28]. Later, a new synthetic method based on aluminium(III)
and iron(II) chlorides was proposed for the synthesis of the
bis(benzene)iron(Il) complex [4,29]. In spite of the profound
interest in the chemistry and catalytic activity of Group VIII,
metal-arene complexes [30-32], there are just a few exam-
ples of crystallographically characterized bis(arene)iron(II) and
analogous bis(arene)ruthenium(II) cationic complexes reported
[33-39]. It is important to note that almost all previ-
ously described compounds, containing bis(arene)iron(Il) or
bis(arene)ruthenium(II) cations, are donor—acceptor complexes
in the crystalline state. Bis(arene)metal fragments may play
the role of donor or acceptor depending on the anion nature.
In contrast to bis(arene) complexes, half-sandwich compounds
coordinating one arene ligand only, are well characterized by
X-ray crystallography [40—42].

It was found [43] that the mixtures of gallium(IIl) halides
and arenes represent a perfect tool for the synthesis of
mononuclear bis(arene)iron(Il) complexes. Thus, a series of
mononuclear iron(II) complexes of the general formula [Fe(n°-
arene);](Ga, X3,+1)2 (n=1-3) have been synthesized by the
simple reaction between FeX3 and GaX3 in arene solution [43]:

FeX3 4+ GaX3 + arene — [Fe(n6—arene)2](GanX3n+1)2

+ products of arene oxidation (1)

The structures of the compounds [Fe(nG—benzene)z]
(GaCly),, [Fe(nﬁ—benzene)z](Ga3Cl10)2, [Fe(”r]ﬁ—toluene)z]
(GaxCly)a, [Fe(nﬁ-toluene)z](GazBr7)2 (see Fig. 4) have been
confirmed by X-ray crystallography [43].
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Fig. 4. X-ray structure of [Fe(nﬁ—toluene)z](GazBﬁ)2 [43].

In these reactions gallium(IIl) halide—arene mixtures play
two roles: 1, reducing agent with respect to iron(IIl) halides;
2, acceptor of halide ions, thus facilitating coordination of the
arene to iron(II).

Crystallographically characterized mononuclear bis(arene)
iron and related ruthenium complexes are listed in Table 1.
It is important to note that gallium(III)-containing anions
Ga,; X3,+1~ do not interact strongly with bis(arene) iron cations
in the crystalline state, in stark contrast to the previously
reported compounds. This indicates that additional stabilization
of [Fe(arene)2]2+ cations is not necessary.

3.1.2. Copper

The first copper—benzene complex [(CeHg)CuAlCly] was
prepared and characterized by Turner and Amma [44]. The
authors note that AICl4~ anions play important role for the
stability of this compound. Copper is bound to benzene in an
nz-manner; Cu—C distances are 2.15 and 2.30 A, both £-0.03 A.

The synthesis and crystal structures of polymeric [3.3]para-
cyclophane and [2.2]paracyclophane chlorogallate com-
plexes [Cu(GaCly)-(p-CeH4CH,CH>CH>),] (Fig. 5) and
[Cu(GaCly)-(p-CeH4CH,CHy)2] were reported [45]. In the
former compound, copper is coordinated to two [3.3]paracy-
clophane ligands in an m?-manner; Cu—C distances are between

Table 1
Role of M(arene); unit in iron and ruthenium bis(arene) complexes

Fig. 6. Crystal structure of [(Cu(GaCly)(pyrene)),].

2.14 and 2.28 A [45]. The anion GaCl ™ is bound to one copper
atom.

We have found that copper(I) chloride reacts with gallium(IIT)
chloride in benzene or toluene solution to give arene-free cop-
per() tetrachlorogallate Cu(GaCly) [46]. This complex may
be used as starting material for the synthesis of copper com-
pounds with polycyclic aromatic hydrocarbons (PAHs). Thus,
a binuclear copper(I)—-pyrene complex [(Cu(GaCly)(pyrene))s],
shown in Fig. 6, has been isolated and crystallographically char-
acterized [47,48].

The pyrene ligands are bound to the copper in an m2-manner
(Cu-C distances are 2.14 and 2.13 A). An interesting feature
of this compound is the presence of an eight-membered ring

Donor Acceptor

Free

[Fe(CeMesHsz )2 1% {[C3[C(CN)2 131322~ [33]
[Fe(CgMeg)2]** [TCNQ ™1 [37]
[Ru(CeMeg)21** [TCNQ™ 1, [37]
[Fe(CgMeg)21** [F4-TCNQ ™1 [37]
[Ru(CsMeg)21** [F4-TCNQ™ 1, [37]
[Fe(CgMeg)2 ]2+ [CLL-TCNQ™ 1, [37]
[Ru(CsMeg)21** [CL,-TCNQ™ 1 [37]

[Fe(CeMe3Hz )21 [Co(CN)6 ]2~ [34]
[Ru(CsMe3Hs)2 1%+ [Co(CN)s]*~ [34]
[Fe(CeMeg )2 12 [Is0-C4(CN) 1>~ [35]
[Ru(CeMeg)2]** [Is0-C4(CN)6]*~ [35]
[(C6MesHy)2Fe?*, CpyFe](PFs ™)z [36]
[(C6Meg )2Fe?*, CeMesH,1(PFs ™), [36]
[(C6Meg)2Fe] 2+ (C(CN)3)2 [39]

[Fe(C¢H3Mes )2 1% (PFs ™), [38]
[Fe(CgMeg)21*+(PFs ™), [35]
[Fe(CeHe)21%* (GaCls )2 [43]
[Fe(CeHg)21**(GazClyp ™), [43]
[Fe(CgHsMe),1%*(Ga,Cly ™), [43]
[Fe(CgHsMe), 12+ (GayBry ™), [43]
[Ru(CeHsMe), 1 (GayCly ™), [43]
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Fig. 7. Crystal structure of [Ru(n(’—toluene)z(Ga2C17)2].

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

It should be noted that the benzene complex ((bz)CuClz),Zr
(bz =m?-benzene) was isolated from the CuCl-ZrCls—benzene
system [49] similar to CuCl-GaCl3—benzene system. This
compound has a one-dimensional structure constructed from
eight-membered rings Cu(bz)(p-ZrCls);.

3.2. 4d-Elements

3.2.1. Ruthenium

Ruthenium(III) halides react with corresponding gallium(III)
halides in arene media similarly to iron(Ill) halides. Thus,
the mononuclear ruthenium(Il) bis(toluene) complex [Ru(m®-
toluene)>(GayCly),] was isolated and structurally characterized
[43], see Fig. 7.

As in the case of the iron system, ruthenium(III) is reduced by
the GaCls—toluene mixture, but metal—metal bond formation is
not observed. It should be noted that ruthenium(II)-bis(arene)
complexes have been described in literature [35,36,40,50,51],
but synthetic routes to these compounds are more complicated
in comparison with the one-step synthesis based on GaX3—arene
mixtures.

3.2.2. Palladium

Since the discovery of the first compound containing a direct
single palladium—palladium bond [52], a large number of these
complexes were synthesized and structurally characterized. The
structure, chemistry and catalytic properties of clusters with
Pd—Pd bonds were recently reviewed [53,54]. These compounds
may take part in a wide range of catalytic reactions: isomeriza-
tion of double C—C bonds [55,56], hydrogenation of multiple
bonds [57-59], hydrogen-transfer reduction [60-62] and car-
bonylation [63—-66].

Table 2

Palladium—palladium distances in binuclear palladium(I)-arene clusters
Compound Pd-Pd (A) Reference
[Pd»(CeHg)2(GaCly)2 ] 2.584 [69]
[Pd2(CeHe)2(GaBry),] 2.604 [70]
[Pd»(C7Hg)2(GaCly), ] 2.572 [69]
[Pd2(C7Hs)2(GaBry),] 2.578 [70]
[Pd>(CsHg)10(GaCls)z] 2.562 [70]
[Pd2(CgHj0)2(GaBry)2] 2.578 [70]
[Pd>(CsHg)2(GaxCly)s] 2.562 [69]

Dipalladium clusters having arenes as ligands were prepared
for the first time by Allegra et al., and crystal structures of two
benzene compounds [Pdy(bz)>X>] (X~ =AICls~ or AlL,Cl;7)
were determined [5,67]. Later, it was found [68] that they could
be used as catalysts for ethylene dimerization. For synthesis
of these complexes, an AICI3/Al mixture was used; elemental
aluminium formally reduces palladium(II) to palladium(I).

We have demonstrated that gallium(IIl) halides in arene
media are very efficient reducing agents with respect to palla-
dium(II) halides [69,70]. In these systems, no metallic gallium
is needed. Binuclear palladium(I) complexes of the general for-
mula [Pd,!(arene);Lo] have been isolated in high yield (up to
95%) under mild conditions:

PdX, + GaX3 + arene — [szl(arene)sz]

+ products of arene oxidation  (2)

where X~ =Cl~, Br™; arene=benzene or alkylbenzenes;
L™ =GaX4™ or GapX7~ groups connecting to the dipalladium
unit via bridging halide atoms. The series of dipalladium com-
pounds that has been prepared and characterized by single crystal
X-ray diffraction is shown in Table 2.

Palladium—palladium distances lie within 2.5-2.6 A, which is
in agreement with structural data obtained for other Pd(I)-Pd(I)
complexes with single Pd—Pd bonds [53].

Gallium halides act as acceptors of halide atoms; different
groups like GaX4~ or Ga; X7~ may be bound to the dipalla-
dium unit, as highlighted in Scheme 2. Thus, in the case of
the PdCl,—GaClz—benzene system, both complexes may be iso-
lated in crystalline form. In general, gallium(III) halides tend to
form polynuclear anions Ga, X3,+1 " ; as it was shown for iron
and platinum systems, also compounds with Ga3X19~ may be
formed [43,71].

The coordination mode of the arene ligands in binuclear pal-
ladium(I) arene complexes may be described as m°:p:m?, but the
Pd-C distances vary within one molecule (for example, between
2.21 and 2.93 A for [Pd, (bz)2(GayCl7)2]). Normally, palladium
forms two short contacts and one long contact with one arene
ligand. For example, in [Pd;(bz)>(GaCls),] the Pd—C distances
between palladium and one benzene ligand are 2.23, 2.37 and
2.78 A, and 2.22,2.41 and 2.74 A.

The nature of the Lewis acids GaX3 (X~ =Cl—, Br—, I7)
plays an important role in reaction (2). Thus, in the case of a
strong Lewis acid like GaClj, the major products are binuclear
compounds [szl(arene)sz], whereas using GaBr3, a mixture
of [szl(arene)sz] and [PdH(GaBr4)2] complexes are formed
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PdCl, + GaCl; + benzene

l

[Pd',(benzene),(GaCl)),]

l

[Pd',(benzene),(Ga,Cl,),]

Scheme 2. Binuclear Pd(I) clusters isolated from PdCl,—GaClz—benzene system.

[70,72]. In the analogous iodide system, representing a weaker
Lewis acid, only [PdY(Gal4),] was isolated and no products
containing palladium(I) complexes can be observed [72]. This
trend is illustrated in Scheme 3.

A very interesting extension of this chemistry was reported
by Kurosawa and co-workers in their studies of the catalytic
effects of directly metal-metal-bonded dimeric transition metal
aggregates, including palladium dimers [73,74]. As noted by the
authors, the stabilization of dimeric, subvalent Pd units could be
extended using polyene ligands [75,76], displaying linear chains
of up to four Pd atoms (see Fig. 8). Typical Pd—Pd distances are
2.6-2.7A.

The synthetic route to this family of compounds was typi-
cal organometallic; a Pd! dimer with labile nitrile ligands was
reacted with a Pd® compound in presence of the polyene ligand
in organic solution. Late findings involve the fascinating “sheet-
like” sandwich compounds of Pd; and Pds entities with PAHs
[77]. Formally, the Pd aggregates have an oxidation state lower
than +1.

Mono-arene dipalladium(I) complexes are also known
[78-80]. Thus, the synthesis and chemistry of unusual bin-
uclear complexes [PdyX(w-X)P'BupBph] (X~ =Cl™, Br,
Bph =biphenyl) with an intramolecular coordination of a phenyl
group to the dipalladium unit have been reported [78,79]. These
complexes are catalytically active in the reactions of amination
of aryl chlorides [79]. Not only six-membered aromatic ligands

may be coordinated to the dipalladium(I) center; the structure
and solution chemistry of indenyl complexes [Pd>(w-CI)(p, 1°-
indenyl)(PR3),] have recently also been reported [80].

3.2.3. 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
containing alkylbenzenes or PAHs coordinated to silver(I) have
been described [45,82-90]. The chemistry of multilayer sil-
ver(I) complexes with PAHs was recently reviewed [86]. It was
shown that one-, two- and three-dimensional compounds can be
designed. The authors note that the coordinative versatility of
aromatic ligands and the nature of the anions play a crucial role
with respect to the resulting structure of the compound [86].

Silver gallates, like Ag(GaCly), were also studied as pre-
cursors for the synthesis of silver—arene complexes [45]. As
a consequence, [2.2]paracyclophane complexes [Ag(GaXy)-(p-
CsH4CH,CH3)2] (X~ =Cl~, Br7), shown in Fig. 9, were
isolated [45].

Silver atoms are coordinated to two [2.2]paracyclophane
ligands in m?- and w’-manner. The Ag-C distances in
[Ag(GaCly)-(p-C¢H4CH,CH3),] vary from 2.43 to 2.66 A.

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

PdX, + GaX; + benzene

X =Cl, Br

¢ Pd

X =Br, I

Scheme 3. The role of Lewis acidity of GaX3 in PdX,—GaX3—arene systems.
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Fig. 8. The Pd3 chains [76] and Pds “sheets” isolated [77].
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Fig. 9. Fragment of the structure of [Ag(GaXy)-(p-CeH4CH,CH)), 1.

ring play a determinant role with respect to the eventual structure
of the products.

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

In the crystal structure, the benzene complex
{Ag(GaCly)(bz)}, (Figs. 10 and 11) forms infinite sheets,
composed of two organic layers separated by an inorganic layer.
The silver atoms are connected to three carbon atoms; Ag—C
distances are 2.87, 2.48 and 2.84 A [91].

The corresponding mesitylene compound
{Ag(GaCls)(CcH3(CH3)3)}, was prepared in a similar
way as the benzene complex through the reaction between
AgCl and GaClz in mesitylene [92]. As in the case of the
benzene system, gallium(III) chloride plays the role of Lewis
acid, thus accepting chloride ions from the silver ions. One
can conclude that the presence of electron-donor substituents

AgCl+ GaCl;
» 9
Q ‘
{AgGaClL(CH}, (1) {AgGaCl}, (3)
2D polymer 3D polymer

{AgGaCl (C,H;Me;,)}, (2)
1D polymer

Scheme 4. Synthesis of polymeric silver(I) gallates in arene media.

on the arene molecule facilitates the formation of silver—arene
bonds. This is in agreement with literature data: all m-bonded
silver(I)-arene complexes isolated so far are based on alkyl- or
cycloalkyl- substituted arenes [45,81-90]. In the crystal struc-
ture, eight-membered rings in {Ag(GaCls)(C¢H3(CH3)3)}n
form one-dimensional polymeric chains, as seen in Fig. 12;
in contrast to {Ag(GaCly)(bz)},, where eight-membered
rings compose a two-dimensional sheet structure. The Ag—C
distances in {AgGaCls(CcH3(CH3)3)}, are 2.86, 2.43 and
2.86 A. In general, the Ag—C distances are 0.3-0.7 A longer
than in the Cu—C ones in copper gallates. It is important to note
the difference in metal-arene coordination mode (> for Cu
and n? for Ag).

The presence of electron-acceptor groups on the arene ring
precludes the coordination of arenes to silver atoms. Thus, the
reaction between AgCl and GaClj in 1,2-dichlorobenzene leads
to the formation of the inorganic 3D-polymeric {Ag(GaCls)},
compound [93] (Fig. 13).

Interestingly, the eight-membered rings seem to constitute a
very stable structural unit; it is present in all silver gallates. A
similar unit is also characteristic for copper(I) and gallium(I)
gallates.

3.3. 5d-Elements

3.3.1. Platinum
In contrast to palladium, only one binuclear -bonded
platinum(I)—(m%-arene) complex has been crystallographically

s
c a GL
VARV,
.

«
«

Fig. 10. Fragment of the structure of {Ag(GaCly)(bz)},.
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Fig. 11. 2D-structure of {Ag(GaCls)(bz)},.
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Fig. 12. Structure of {Ag(GaCly)(C¢H3(CH3)3)} .

characterized [69]. The use of GaXj3—arene mixtures seems
to be efficient way for the preparation of these com-
pounds. Thus, a binuclear platinum(I) naphthalene complex
[Pt2(C1oH10)2(GaCly),]-2CeHg has been prepared by the reac-
tion between K,[PtClsy], GaCls and naphthalene in benzene
solution [69], as displayed in Fig. 14. Each platinum atom is
connected to two carbon atoms of the naphthalene ligand; Pt—C
distances range 2.17-2.25 A.

A similar platinum(I) p-xylene compound, [Pty(p-
xylene);(GayBry),], was isolated from the K,[PtBrs]-GaBr3

Ga
Cl

e

-

c

system in p-xylene solution, also shown in Fig. 14; Pt-C
distances lie between 2.21 and 2.24 A [94]. The important
difference between platinum(I) and palladium(I) complexes
(Section 3.2) is the coordination mode of the arene ligands:
in the case of platinum, arenes are coordinated to the Pt22+
unit in a m%:p:m? mode, whereas in palladium complexes the
coordination mode of the arenes to the Pd>?* unit may be
described as 13:pim?3.

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

)\V/
*w/

Y/*\’Tfj\zyk\
,@Eﬁ

k’%wﬁg\\’

\\,%\véi\

Fig. 13. Structure of {Ag(GaCly)},.
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Fig. 14. Crystal structures of [Pt2(C1oH10)2(GaCls )2]-2CcHg and [Pta(p-xylene)2(Gaz Bry), .
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Fig. 15. Structure of the cation [Ptz(GazClz(M—Cl)z)(chrysene)4jz+.

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

PtCl;, + GaCl;3 + chrysene
— [Pta(GaCla(-Cl)2)(chrysene)s](GasClig)2 3)

In this reaction (3), two direct Pt—Ga bonds are formed
(2.34 A). The structure of the cation is shown in Fig. 15.
The platinum—gallium distance is comparable to those in
platinum(0)—gallium(I) complexes, previously described in lit-
erature [95-99].It should be emphasized that the isolation of
this compound demonstrates diversity of reaction routes based
on platinum or palladium halides in combination with gallium
halides in arene media.

3.3.2. Mercury
Barron and co-workers described the synthesis and crystal
structures of a series of mercury(II) complexes of the general

NoN

formula Hg(arene)(MCly);,, where M = Al or Ga; arene = mono-
or dialkylbenzenes [100-103]. These compounds were prepared
by the reaction between HgCl, and GaClj in arene media:

HgCl, 4 GaCls + arene — Hg(arene)(GaCly), )

Notably, in these reactions gallium(III) chloride plays the role
of acceptor of chloride ions, but no reduction of mercury(Il) was
observed in arene media in spite of the strong reducing ability of
GaCls—arene mixtures and the high stability of the Hg>?* unit.

The authors note [101] that compounds of the type
Hg(arene)(MCly); may exist in two forms: neutral
[Hg(arene)(MCly)2] or ionic [Hg(arene)(MCly)](MCly)
depending on the nature of the arene molecules. The
mercury—arene bonding may be described as of highly
asymmetric m>-type. Thus, the Hg—C distances in the toluene
compound [Hg(toluene)(GaCly),] are 2.35 and 2.71A. The
structure is shown in Fig. 16.

Ga

Hg

Fig. 16. Crystal structures of Hg(toluene)(GaCly), [101] and Hg3(GaCly), [104].
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Table 3
Selected bond lengths (A) in lanthanide—arene complexes
Complex Ln-C Ln-X Ga—(m-X) Ga—-X
[Ce(C¢HsMe)(GaCly)3] 2.89-3.03 2.81-2.91 2.21-2.24 2.10-2.12
[Ce(p-CeHsMe, )(GaCly )3]-0.5(p-CeHyMe;) 2.94-2.96 2.85-2.91 2.22-2.23 2.10-2.12
[Yb(CcHsMe)(GaCly)3] 2.77-2.94 2.66-2.80 2.22-2.25 2.10-2.12
[Yb(p-CeHsMe;)(GaCly )3]-0.5(p-CeHsMe,) 2.82-2.88 2.70-2.80 2.23-2.24 2.10-2.11
[Dy(C¢HsMe)(GaBry4)3] 2.79-2.96 2.85-2.98 2.36-2.39 2.25-2.27
[Ce(naphthalene)(GaCly)s] 2.91-3.00 2.83-2.91 2.22-2.24 2.08-2.12
[Ce(pyrene)(GaCly)3]-0.5(pyrene) 2.91-3.03 2.83-2.91 2.21-2.24 2.10-2.12
Gallium(IIl) chloride activates the mercury towards the R

coordination of arenes. It was found that complexes like
Hg(arene)(GaCly); catalyze the H/D exchange reaction of C¢Dg
with arenes [103].

In our lab the chemical reactivity of mercury(I) halides with
respect to gallium(IIT) halides in arene media has been stud-
ied [104,105]. It was found that mercury(I) chloride reacts
with gallium(III) chloride in benzene/1,2-dichlorobenzene solu-
tion to give the binuclear complex Hgy(GaCly),. Reduction
of mercury(I) chloride with mercury metal in gallium(III)
chloride-benzene mixture leads to the trinuclear compound
Hg3(GaCly),. It is notable that the arenes play a role in the
further reduction of mercury, since the analogous reaction in
absence of arenes in molten salts does not reduce Hgp>* any
further. Based on spectroscopic and LXS data from the arene
solution, it can be concluded that the arenes are coordinated
to the subvalent, cationic mercury chains in an end-on mode,
rather than in a sandwich mode [105]. However, in the crys-
talline compounds isolated no coordination of arene to the
mercury was observed [105]. It should be noted that in sim-
ilar system with aluminium, complex [Hg(CeMeg)](AICl4)2
was isolated and structurally characterized [106] displaying
an end-on coordination mode, where the aluminates take the
sandwiching coordination site. This is an interesting differ-
ence with respect to the analogous Pd! dimers, in which the
arenes primarily are found in the sandwiching coordination
site.

3.4. f-Elements

Arene complexes of the f-block elements have been of
constant interest over the last two decades [6,107-122]. In gen-
eral, lanthanide—arene complexes described in literature can be
divided into two groups: mono(arene) and bis(arene) complexes
[107]. The oxidation state of the lanthanide atoms varies from

X —X
T
X—Ga X

~ —
X/ "‘X// {\X‘/Ga\
X X
X
\/
Ga

X X

LnX; + GaX, +arene ——

Scheme 5. Reaction of gallium(III) halides with f-block element halides in
arenes.

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

One of the most simple and effective synthetic routes to
lanthanide-mono(arene) complexes, containing arene ligands
coordinated to the metal in n6-mode, is the reaction of a lan-
thanide halide with aluminium(II) halide in arene solution.
Employing this method, a series of mononuclear complexes of
Sm[108,114-116],La[111],Nd[111,115],Gd[115], Yb[115],
Y [121], Pr[121], Eu [122] and U [108,120] has been prepared.
As arene ligands, benzene and its alkylated derivatives have been
used.

We have found that mononuclear arene complexes [Ln(n%-
arene)(GaX4)3] may be easily prepared by the reaction between
LnX3 (where Ln=Ce, Yb, Dy; X~ =CI~, Br~) and excess of
the corresponding GaX3 in toluene or p-xylene [43], as shown
in Scheme 5.

The X-ray structures of [Ce(CgHsMe)(GaCly)s],
[Ce(p-CeHaMe;)(GaCly)3]1-0.5(p-CsHyMe»),
[Yb(C¢HsMe)(GaCly)z], [Yb(p-CeHsMer)(GaCly)z]-0.5(p-
CsHsMe;) and [Dy(CgHsMe)(GaBrg)3] were determined
[43].

In all cases, the arene ligands are coordinated to the lan-
thanide ion in m%-mode. Selected interatomic distances are listed

Table 4
The deviation of the methyl groups out of the aromatic plane in [Ln(m°-arene)(GaX4)3]
R R
o
Complex a () :
[Ce(C¢HsMe)(GaCly)3] 2.7
[Ce(p—C6H4M62)(GaCl4)3]~0.5(IJ—C6H4M62) 8.4; 4.1
[Yb(CeHsMe)(GaCls)s3] 25
[Yb(p—C6H4M€2)(GaCl4)3]~0.5(p—C()H4M62) 11.3; 5.0
[Dy(CsHsMe)(GaBry)s] 5.1




1574 M. Gorlov, L. Kloo / Coordination Chemistry Reviews 252 (2008) 1564—1576

"

Fig. 17. Molecular structures of [Ce(naphthalene)(GaCly)3] and [Ce(pyrene)(GaCly)z]-0.5(pyrene).

X;GaX—M—M—XGaX,

M =Pd,
Pt

M = Fe,

GaX;+ MX, in arene

X X

X/ \X
/ N
M, M
X\Ga"x
/

\ / / M = Ce, Yb, Dy
Ga M=Ag1
Cu

p o ~
x/Ga\x// \\X/Ga
X X X
A4
Ga
X X

Scheme 6. Gallium(IIT) halide—arene mixtures for the synthesis of transition metal complexes.

in Table 3. The lanthanide—carbon distances lie between 2.8
and 3.0 A, and they do not significantly depend on the nature
of the lanthanide atom (for cerium compounds Ln—C distances
are slightly longer). Ga—(u—X) distances are longer than those
between gallium and non-bridging halide ions.

An interesting structural feature observed in these complexes
is the distortion of the planarity of the arene ligands. In all cases
the methyl groups are bent out of the aromatic plane. The devi-
ation angle « varies between 2.7° and 11.3° (Table 4). Hubig
et al. noted [25] that “there is a trend between bending angle o
and the degree of charge transfer from the arene donor to the
coordinated acceptor”.

The benzene or toluene ligands in [Ln(n6—arene)(GaX4)3]
may be substituted by PAHs. Thus, the reactions between
[Ce(CgH5Me)(GaCly)z] and naphthalene or pyrene yield
crystalline compounds [Ce(naphthalene)(GaCly)s] and
[Ce(pyrene)(GaClys)3]-0.5(pyrene), respectively [43]. The
products are shown in Fig. 17.

4. Concluding remarks and future prospects

The contents of the present review show that gallium(III)
halide—arene systems constitute a versatile tool for the prepara-
tion of different classes of complexes and clusters of the d- and
f-elements. The ability to reduce metal centers exhibited by gal-

lium(IIT) halide—arene mixtures may be used for the preparation
of low-valent compounds or clusters supported by metal—metal
bonds. In addition, the use of easily available starting materi-
als (anhydrous metal halides) and one-step synthetic procedures
make this strategy very attractive for practical work. An indica-
tion of this versatility is shown in Scheme 6.

The potential of compounds, containing simple arene lig-
ands, like benzene or alkylbenzenes, coordinated to the metal
centers, may be used for the further formation of more complex
molecular aggregates. Indeed, weakly coordinated arenes may
be easily substituted by polycyclic aromatic hydrocarbons or
P-donor ligands.

Activation of arene ligands coordinated to mono- or bimetal-
lic centers is another attractive direction in which to explore
the chemical reactivity of such compounds. Moreover, many of
these compounds may be prepared in situ, which means that sim-
ple mixtures gallium(III) halide-transition metal halide in arene
media may possess catalytical activity with respect to activation
of C—H bonds. Such catalytical properties of GaX3/MX,,/arene
systems are under current investigation in our group.
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