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a b s t r a c t

�6-Arene ruthenium complexes have been known for more than 30 years, and their chemistry has been
extensively studied for unfunctionalised arenes such as benzene, para-cymene and hexamethylbenzene.
However, little is known about �6-arene ruthenium complexes in which the arene ligand is not merely an

aromatic hydrocarbon but contains chemical functions as substituents. This review gives an overview of
functionalised �6-arene ruthenium complexes, their syntheses and structures, as well as their intrinsic
potential ranging from biological applications to applications as nano-materials.

© 2008 Elsevier B.V. All rights reserved.
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. Historical background

The 1950s were crucial for the emergence of organometallic
hemistry as an independent field of research. Major discoveries
uch as the Wittig reaction [1], the Ziegler–Natta process [2,3] or
he preparation of �-allyl palladium complexes [4] were achieved
uring that prolific time. Moreover, the early 1950s saw the syn-
hesis of the first sandwich complexes, ferrocene (�5-C5H5)2Fe, by

auson in 1951 [5]. The structure, erroneously assigned by Pauson,
as correctly addressed a year later by Wilkinson and Woodward

6]. It was soon after the preparation of ferrocene that Wilkinson
ynthesised the corresponding ruthenocene derivative [7]. Since
his pioneering work, a multitude of �-systems incorporating

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:bruno.therrien@unine.ch
dx.doi.org/10.1016/j.ccr.2008.04.014
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yclopentadienyl ligands with different transition metals were
ynthesised. Other than sandwich complexes, half-sandwich,
ultidecker and tilted sandwich complexes were prepared as well

8]:

The first rational synthesis of the neutral isoelectronic C6H6
etallocene was developed by Fischer and Hafner in 1955 [9].

is(benzene)chromium, (�6-C6H6)2Cr, was obtained by the reac-
ion of CrCl3 with benzene and aluminium powder as reducing
gent in the presence of AlCl3:

rCl3 + C6H6
Al,AlCl3−→

H2O
[(�6-C6H6)2Cr]

+Na2S2O4−→
KOH

(�6-C6H6)2Cr

The ruthenium analogue was synthesised in a similar manner
sing RuCl3·nH2O, benzene, AlBr3 and aluminium [10]. A superior
ethod giving better yields and allowing as well the synthesis of
ixed bis-arene ruthenium salts was developed a few years later

y Bennett and Matheson [11]. Bis(arene)ruthenium complexes
ere the first �6-arene ruthenium compounds, but many others

ollowed:

. Introduction

Within the large family of �6-arene ruthenium complexes,
iano-stool complexes are undeniably the most studied ones.
hey have found applications in catalysis, supramolecular assem-
lies, molecular devices, and have shown antiviral, antibiotic, and
nticancer activities. These three-legged piano-stool complexes
ossess a pseudo-octahedral geometry at the ruthenium(II) atom,
he arene ligand occupying three coordinating sites (the seat) with
hree other ligands (the legs). Therefore, the octahedral geometry
an be viewed as pseudo-tetrahedral, thus limiting the number of
ossible isomers:
n
o
r
l
r

Reviews 253 (2009) 493–519

The presence of the aromatic �-ligand stabilises and protects the
etal centre, preventing rapid oxidation to ruthenium(III). More-

ver, the arene ligands are relatively inert towards substitution
eactions and consequently are often considered as spectator lig-
nds. However, the arene moiety which is strongly coordinated to
he ruthenium atom can be customised by simply attaching differ-
nt substituents. These functionalised substituents can be modified
o tune the properties of the arene-ruthenium complexes. The three
emaining coordination sites opposite to the arene ligand can be
sed to introduce a wide variety of ligands with N-, O-, S- or P-donor
toms. The resulting complexes are neutral, mono- or dicationic,
nd often these ligands are labile. This tendency to exchange ligands
n solution is crucial in self-assemblies [12] and catalytic processes
13].

. Synthetic methods

Introduced by Winkhaus and Singer [14] and later improved by
ther groups [15,16], the most commonly used preparation of arene
uthenium complexes is by reaction of RuCl3·nH2O with a cyclo-
exadiene derivative in an EtOH–H2O solvent mixture (route A).
he resulting chloro-bridged dimers are generally air stable and
an react with a wide variety of ligands, by means of cleavage of
he chloro-bridged, to afford in excellent yield mononuclear half-
andwich complexes [17]:

A second route to generate arene ruthenium complexes involves
he exchange of the �-ligand at elevated temperature (B) [18].
hese arene exchange processes were extensively studied by Mut-
erties [19]. The arene exchange happens either in a concerted-
r a stepwise fashion with the incoming arene: The arene ligand
s progressively removed from the coordination sphere passing
rom �6 to �4 to �2 and finally being released before or during
he insertion of the new arene ligand. Arene ligands possessing
lectron-withdrawing groups are more easily replaced, while the
ost stable arene ruthenium moiety is the electron-rich hexam-

thylbenzene ruthenium derivative:

In the preparation of tethered half sandwich �6-arene ruthe-

ium complexes two other strategies were also employed. The first
ne implies an intramolecular base-promoted Michael addition
eaction between the connecting tethered arm and the �6-arene
igand (C) [20], while the second uses the propensity for the
uthenium atom to coordinate one face of a biaryl ligand (D) [21]:
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Several synthetic pathways coupled with relatively easily
ccessible materials have contributed to the rich chemistry of func-
ionalised �6-arene ruthenium complexes. The following chapters
escribe the synthesis, structure and potential application of func-
ionalised �6-arene ruthenium complexes.

. Simple functionalised derivatives

The reaction of commercially available 1-methoxy-1,4-
yclohexadiene with ruthenium chloride hydrate affords
n methanol the expected dinuclear compound [(�6-
6H5OCH3)Ru(�-Cl)Cl]2 [18]. However, if the reaction is carried out
n ethanol, or 1,2-ethanediol an alkoxy exchange is observed [22],
iving rise to the formation of OR functionalised arene ruthenium
omplexes. The alkoxy exchange is promoted by the methoxy
roup through an acid-catalysed mechanism:

i
t
p
[

Fig. 1. Molecular structures of 6
Reviews 253 (2009) 493–519 495

The dinuclear complex 1 reacts with NH4PF6 in
cetonitrile to afford the mononuclear complex [(�6-
6H5OCH2CH2OH)RuCl(CH3CN)2]PF6 (2) which possesses two
oordinated acetonitrile molecules [23]:

Functionalised arene ruthenium complexes possessing a
ydroxyalkyl (hydroxypropyl (3) and hydroxyethyl (4)) or methyl
ther arm (5) have also been synthesised [24]. Interestingly,
he hydroxypropyl derivative 3 turned out to be a mononuclear
ompound in the solid state instead of the expected dinuclear
omplex, the terminal hydroxy group of the pendant arm being
oordinated as well to the ruthenium atom. Several phosphine
erivatives were prepared from 4 and 5, including PCy3, PiPr3
nd the water-soluble P(CH2OH)3 complex. The electrochemistry
f the phosphines derivatives were studied, showing a chemically
eversible oxidation at positive potentials which was assigned to
he Ru(II/III) couple [24].

In order to generate metal containing liquid crystals, mono-
nd di-functionalised arene ruthenium complexes containing
ster substituents have been prepared [25]. The dinuclear com-
lexes [{�6-C6H5(CH2)3OCO-p-C6H4-OC8H17}Ru(�-Cl)Cl]2 (6) and
{�6-p-C6H4(CH2COOCH2CH3)2}Ru(�-Cl)Cl]2 (8) were obtained

n good yield from the corresponding cyclohexadiene deriva-
ives. Moreover, their corresponding mononuclear triphenylphos-
hine derivatives were as well isolated and characterised,
{�6-C6H5(CH2)3OCO-p-C6H4-OC8H17}Ru(PPh3)Cl2] (7) and [{�6-

(left) and 7 (right) [25].
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-C6H4(CH2COOCH2CH3)2}Ru(PPh3)Cl2] (9), respectively:

The molecular structures of 6 and 7 were established by single-
rystal X-ray structure analysis, see Fig. 1. In 6, the tethered arms
oint away from the aromatic plane and despite the presence of
hese two side arms, slipped-parallel �-stacking interactions were
bserved between the phenyl rings of the arene ligand, thus form-
ng infinite one-dimensional chains in the crystal. In 7, no such
-stacking interactions were observed, instead weak hydrogen
onds were observed between two neighbouring molecules, thus
orming in the solid state a dimer. The total distance between the
wo ruthenium atoms was 5.547(2) Å.

The thermal behaviour of 8 and 9 were studied in view of possi-
le mesomorphic properties. However, both complexes have shown
ecomposition without the appearance of liquid crystalline phases.
he orange complex 8 decomposed at 205 ◦C to give a black solid,
hile in 9, the decomposition occurred at 155 ◦C and was accom-
anied by the emergence of dark red bubbles in the liquid phase,
uggesting cleavage of the tethered ester chain and formation of a
uthenium compound which was then soaked in the organic liquid
hase.

. Tethered derivatives

The configurational stability of coordinatively unsaturated two-
egged piano-stool complexes is a critical aspect in the prospective
f using a chiral-at-metal �6-arene ruthenium complex as a cata-

yst for enantioselective transformations [26]. Theoretical studies
uggest that the inversion barrier of the pyramidal ground state

eometries of the catalytic active species is low (<15 kcal mol−1),
hus hampering their use as enantioselective catalysts, see Fig. 2
27].

Therefore, anchoring the metal centre in a cyclic framework
ould significantly raise the inversion barrier, thus preventing

Fig. 2. Inversion of a C1-symmetric intermediate (16-electron) via a Cs-symmetric
transition state [27].



mistry

r
p
s
d
c
C

a
f
w
l
o
a
a
fi
s
t

(
[
d
m
c

s
C
[

T
t
r
a
t
S
c

s
o
t
o
t
o
n
c
t
h

z
a
d
[
T
t
w
t
N
s
C
s
P

e
p
[
1
e
o
r
t
T
s
g

B. Therrien / Coordination Che

apid racemisation. Moreover, tethered arene complexes offer the
ossibility of stabilising arene coordination for a range of oxidation
tates. This chapter focuses on the synthesis and stability of the
ifferent tethered arene ruthenium complexes. The catalytic appli-
ations of some of these different compounds will be discussed in
hapter 8.

�-Complexation of aromatic ligands by transition metal has
powerful effect on the reactivity of the arene [28]. One major

eature is the enhancement of the acidity of benzylic protons,
hich could lead to the alkylation and functionalisation of methy-

ated aromatic compounds. The most studied reactions consist
f deprotonation of a methyl substituent with an excess of
base and subsequent alkylation of the methylene group by

lkyl or aryl halides. This approach was used to synthesise the
rst tethered �6-arene ruthenium complex, in which succes-
ive deprotonation on treatment with an excess of potassium
butoxide at the cationic complex [(�6-C6Me6)Ru([9]aneS3)](PF6)2
[9]aneS3 = 1,4,7-trithiacyclononane) led to the formation of
{�6:�2-C6Me5(CH2)3S(CH2)2S}Ru(SCHCH2)] (10) [29]. It was
emonstrated that the formation of 10 involves stepwise frag-
entation of [(�6-C6Me6)Ru([9]aneS3)](PF6)2 through C–S bond

leavage under basic conditions:

A similar reaction was employed twelve years later to
ynthesise the cationic tetradentate complexes [{�6:�3-
6Me5CH2CH(Me)CH2S(CH2)2NH(CH2)2S}Ru]+ (11) and
{�6:�3-C6Me5(CH2)3S(CH2)2NH(CH2)2S}Ru]+ (12) [30].

he 1,4,7-trithiacyclononane ligand was replaced by the NS2 deriva-
ive bis(2-mercaptoethyl)amine. However, in basic conditions the
eactivity remains almost the same, C–S bond cleavage followed by
rene tethering through S-alkylation. The only difference is that in
his present case a second deprotonation step to give a terminal
-allyl derivative, similar to 10, is not feasible. It appears that C–S
leavage cannot occur in the NH(CH2)2S linkages of 11 and 12:
b
t
T
m
d

Reviews 253 (2009) 493–519 497

Several chelating phosphine and arsinopropyl-arene ligands
uch as [{�6:�1-1,3,5-C6H3(CH3)2(CH2CH2XPh2)}RuCl2] (X = P, 13;
r As, 14) formed by base-promoted intramolecular hydroalkyla-
ions were synthesised using the same strategy [20,31]. The novelty
f this approach is the unusual reaction between a vinyl moiety on
he coordinated phosphine or arsine ligand and a methyl group
f the �6-arene ligand. The terminal vinylic carbon atom forms a
ew C–C bond to the methyl group with a concomitant C–H bond
leavage and formation of a new C–H bond on the carbon � to
he phosphorus atom. This reaction is formally a base-catalysed
ydroalkylations of a C–C double bond:

In a similar strategy, in which the acidity of the ben-
ylic protons of an arene ruthenium ligand is coupled with

dehydrofluorinative C–C coupling reaction, a chiral-at-metal
i-strapped arene ruthenium complex [{�6:�1:�1-C6H3Me-5-
CH2-2-C6F4P(C6F5)CH2]2-1,3}RuCl]+ (15) is synthesised [32].
he mesitylene ruthenium complex which possess a biden-
ate 1,2-bis{bis(perfluorophenyl)phosphino}ethane ligand reacts
ith two equivalents of 1,8-bis(dimethylamino)naphthalene (pro-

on sponge) to give complex 15 in excellent yield. In situ
MR experiments based on 31P{1H} NMR data have suggested

trongly that the intermediate is [{�6:�1:�1-C6H3Me2-3,5-CH2-2-
6F4P(C6F5)CH2CH2P(C6F5)2}RuCl]+. The 31P{1H} NMR spectrum
hows resonances at ı = 80.2 and 55.3 ppm, corresponding to
(C6F5)C6F4CH2 and P(C6F5)2, respectively:

The displacement of an electron-poor arene was
mployed to synthesise a series of tethered phos-
hine derivatives [33]. The phosphine alcohol complexes
{�6:�1-1,2-C6H4(CH2OH)(CH2CH2PPh2)}RuCl2] (16) and [{�6:�1-
,2-C6H4(CH2OH)(CH2CH2PPh2)}RuCl2] (17) were obtained in
xcellent yield. Complexes 16 and 17 were obtained by treatment
f the dinuclear complex [(�6-C6H5CO2Et)RuCl2]2 with the cor-
esponding phosphino alcohol ligand followed by replacement of
he electron-poor arene �6-C6H5CO2Et at elevated temperature.
he formation of 16 and 17 was easily monitored by 31P{1H} NMR
pectroscopy. However, all attempts to functionalise the alcohol
roup to a phosphinite or phosphite, albeit using many different

ases, were unsuccessful. The lack of reactivity of the alcohol func-
ion was eventually rationalised by extended Hückel calculations:
he absence of oxygen contributions in the highest lying occupied
olecular orbitals did not favour attack at the alcohol position,

espite a high-negative charge located on the oxygen:
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The molecular structures of 16 and 17 were determined by
ingle-crystal X-ray structure analysis, see Fig. 3. Both structures
re staggered rather than eclipsed with Carene–CCH2 –CCH2 –P dihe-
ral angles of 40.4(4)◦ for 16 and 44.4(5)◦ for 17. In the regioisomers
6 and 17, the coordinated �6-arene ligand is essentially planar,
lthough incorporation of the tethered phosphine tends to force
he ipso carbon toward the metal centre. The oxygen points away
rom the ruthenium atom in 16 and toward the ruthenium atom in
7, thus setting the oxygen atom at 4.241(3) and 3.761(4) Å from
he metal, respectively.

A few months later, Smith and Wright synthesised a
imilar tethered phosphine arene ruthenium complex [{�6:�1-
6H5(CH2)3PPh2}RuCl2] (18) in which the para-cymene ligand
as replaced after 18 h at 130 ◦C in refluxing chlorobenzene [34].

he synthesis of 18 exploited arene exchange at high temper-
ture and chelating effect after coordination to the ruthenium
tom of the phosphine ligand. The molecular structure of 18
as shown that the coordinated ring was pushed across the face
f the metal so that the free end of the ring was significantly
ifted away from the ruthenium. Electrochemical cyclovoltammet-
ic studies of 18 in acetonitrile have shown the formation of
{�1-C6H5(CH2)3PPh2}RuCl2(CH3CN)3], in which the �6-C6H5-ring
as substituted by three coordinated acetonitrile molecules:
Fig. 3. Molecular structure
Reviews 253 (2009) 493–519

Reactions of 18 with NH4PF6 in the presence of a variety of neu-
ral two-electron donor ligands afforded a series of cationic com-
lexes of the general formula [{�6:�1-C6H5(CH2)3PPh2}RuLCl]+

L = P(OPh)3, P(OMe)3, PPh3, PMe3, NCMe, NC5H5) [35]. The
xchange of a chloride for the ligands L generates a chiral-at-metal
entre as a racemic mixture of enantiomers.

A series of tethered arene ruthenium complexes containing
he bulky trialkylphosphines tBu2PCH2XC6H5 ligands (X = OCH2,
H2) has been prepared [36]. The neutral complexes [(�6:�1-
6H5XCH2PtBu2)RuCl2] (19) react with different donor ligands
o afford the cationic complexes [(�6:�1-C6H5XCH2PtBu2)RuLCl]+

20) (L = NCMe, OCMe2, PMe3). Allenylidene derivatives were syn-
hesised as well from 19 and HC CC(OH)Ph2:

In a similar way, in order to stabilise the arene ligand in
xidised species, Bennett et al. synthesised a series of �6:�1-
hosphine arene ruthenium complexes (21 and 22) [37]. The methyl
-toluate complex [(�6-1,2-MeC6H4CO2Me)RuCl2]2 was a suitable
abile precursor to form tethered arene ruthenium complexes in

hich the �6-1,2-MeC6H4CO2Me ligand was replaced by the aro-
atic ring of the phosphine ligand after 24–72 h at 120 ◦C in thf.

he electrochemical stability of the complexes was studied by
yclic voltammetry. All tethered complexes showed reversible one-
lectron Ru(II)/Ru(III) redox steps in dichloromethane:
s of 16 and 17 [33].
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Fig. 4. Molecular struct

The synthesis of ruthenium complexes chelated by an
xygen [{�6:�1-C6H5(CH2)3OH}(2,2′-bipyridine)Ru]2+ (23), nitro-
en [{�6:�1-C6H5(CH2)3NH2}(PPh3)RuCl]+ (24) or phosphorous
{�6:�1-C6H5(CH2)3OPPh2}RuCl2] (25) donor atom and �6-arene
igand has been studied by Kurosawa [38]. The chelate effect exerted
y the �6-arene ligand and the pendant arm is responsible for
he stabilisation of otherwise labile binding atoms to the ruthe-
ium centre. The synthesis and properties of these moderately
table tethered complexes were of potential interest to develop and
nderstand catalytic processes:

Inspired by Tröger’s base [39], a configurationally sta-
le piano-stool complex with chirality at the metal centre
as synthesised by anchoring the ruthenium metal cen-

re in a rigid bicyclic framework [40]. The enantiopure
RRuS)- and (SRuR)-[{�6:�1:�1-(PArN)}Ru(OH2)](CF3SO3)2 (26)
PArN = 1-[3-(2-diphenylphosphanyl-ethyl)-benzyl]-3,5-bis-
rifluoromethyl-1H-pyrazole) were prepared after separation of
he racemic intermediate [{�6:�1-(PArN)}RuCl2] (27) on chiral
reparative HPLC. The stereochemical stability of these complexes
as remarkable. All attempts to racemise the enantiopure com-
lexes 26 and 27 have failed, yielding decomposition products
ather than a racemic mixture of products. It was clear from the

D spectra of 26 and 27 that the configuration at the ruthenium
entre was encoded by the planar chirality resulting from the
6-coordination of the prochiral arene moiety. Related com-
lexes with an enantiopure auxiliary incorporated in the PArN*

igand (PArN* = 2-[3-(2-di-phenylphosphanyl-ethyl)-benzyl]-

b
n
a

,8,8-trimethyl-4,5,6,7-tetrahydro-2H-4,7-methano-indazole),
acilitating analysis and separation, were prepared in a similar

anner [41]:
The molecular structures of (SRuR)-26 and -27 were determined
y single-crystal X-ray structure analysis, see Fig. 4. Upon coordi-
ation of the tethered pyrazole ring to the ruthenium atom in 26
s compared to 27, the Ru–P bond lengthens by 0.065 Å, while the
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C H (CH ) O} Ru (azobenzene)] (39), respectively. The bridging
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u–arenecentroid length shortens by 0.030 Å. In 26, the piano-stool
eometry around the ruthenium is slightly distorted, the P–Ru–N
ngle being 102.0(1)◦, reflecting the large bite angle imposed by the
,3-substitution pattern of the tethered arms on the arene.

Tethered arene ruthenium complexes can also be obtained from
iphenyl unit in which the conformational freedom of the tether

s restricted. Indeed, (2-dicyclohexylphosphino)-biphenyl deriva-
ives react with [(�6-C6H6)Ru(�-Cl)Cl]2 in dmf at 100 ◦C to give the
ethered complex [{�6-�1-C6H4(NMe2)(C6H4PCy2)}RuCl2] (28)
42]. Despite the presence of the 2′-dimethylamino group in
8, which makes the molecule chiral, resolution of the pla-
ar chiral enantiomers was unsuccessful. Therefore abstraction
f a chloride from 28 to create a chiral-at-metal centre, thus
iving rise to diastereoisomers, was very tempting. However,
he separation of the diastereoisomers in complexes of the
ype [{�6-�1-C6H4(NMe2)(C6H4PCy2)}RuClL*]+ (29) (L* = chiral lig-
nd) was unsuccessful as well. The authors finally succeed
y coordinating an achiral phosphine ligand (PPh3) to the
etal centre which gives rise to the diastereoisomers [{�6-�1-

6H4(NMe2)(C6H4PCy2)}(PPh3)RuCl]+ which after separation of
he diastereoisomers underwent spontaneous resolution upon
rystallisation. It was a rare example of a planar chiral, tethered,
ate transition metal compound isolated in its enantiopure form:

In view of forming chiral-at-metal compounds, Zenneck and
o-workers synthesised a series of O- and P-tethered arene
uthenium complexes incorporating the (R)-3-phenylbutyl moiety;
{�6-�1-C6H5CH(CH3)CH2CH2OH}(PR3)RuCl]+ (30) and [{�6-�1-
6H5CH(CH3)-CH2CH2PPh2}RuLCl]+ (31) [43]. These complexes
ere isolated and characterised as their tetrafluoroborate salts.

he chelation of the pendant arm and substitution of a chloride
y another ligand (L) creates the desired chiral-at-metal com-
lexes 30 and 31. While the hydroxyl derivative was obtained as an
lmost 1:1 mixture of diastereoisomers, the phosphine derivative
as enriched in one diastereoisomers with de (de = diastereomeric

xcess) up to 90%. This discrepancy between the formations of the
wo diastereoisomers allowed isolation upon crystallisation of the

ajor diastereoisomer:
Similarly, the same group has synthesised chiral-at-metal com-
lexes by introduction of an enantiopure tethered phosphine to
he pendant arm of an arene ligand, thus generating a single
air of diastereoisomers upon coordination of the phosphine moi-
ty and replacement of a chloro ligand. Complexes of the type

c
d
t
C
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{�6-�1-C6H5CH2CH2CH2P(–CHRCH2CHR–)}RuLCl]+ (32) (R = Cy,
Pr, tBu, Bz, Me) were obtained in excellent yield and as single
iastereoisomer [44]. Due to the low-conformational flexibility of
he four-membered ring, a positive effect on asymmetric processes
as expected by the authors. However, no catalytic results have
een published so far.

The reaction of [Ru(dmso)4Cl2] with polyheteroaryl-substituted
ripodal ligands [1,1′,1′′-(2,4,6-trimethylbenzene-1,3,5-triyl)tris
methylene)tris(1H-pyrazole) and 1,1′-(5-(1H-pyrazol-1-yloxy)-
,4,6-trimethyl-1,3-phenylene)bis(methylene)bis(1H-pyrazole)]

n ethanol/water at reflux gives the encapsulated arene ruthenium
omplexes 33 and 34, respectively [45]. The encapsulation of a
uthenium atom by a �6-arene ligand linked to three nitrogen-
ontaining groups was prepared for the first time:

Electron-rich olefins that contain one or two arylmethylene
roups attached to a nitrogen atom were treated with [(�6-1,4-
PrC6H4Me)Ru(�-Cl)Cl]2 in toluene at 100 ◦C for 4 h to generate a
eries of tethered carbene ruthenium complexes (35) [46]. Extrac-
ion of one chloride ion from 35 with AgCF3SO3 in water affords
he aqua complexes 36. The molecular structures of some of these
arbene complexes show short Ru–C bond lengths ranging from
.996(3) to 2.058(3) Å:

. Tethered-bridged derivatives

Functionalised �6-arene ruthenium complexes in which the
endant arms are used as a bridging ligand were reported for the
rst time by Kurosawa and co-workers [47]. Deprotonation of the
lcohol function of a pendant arm tethered to the arene ligand
ffords in the appropriate conditions a cationic bridging alkoxo
erivative [{�6:�1:�-C6H5(CH2)3O}2Ru2Cl]+ (37). cis-Azobenzene
nd acetonitrile react with [37]BF4 to form the dimeric species
{�6:�1:�-C6H5(CH2)3O}2Ru2(CH3CN)2]2+ (38) and [{�6:�1:�-

2+

6 5 2 3 2 2
hloride atom in 37 can be replaced as well with disulfide, pyri-
azine and pyridine. However, [37]BF4 reacts with bipyridine
o form exclusively the mononuclear alkoxo complex [{�6:�1-
6H5(CH2)3O}Ru(bipyridine)]+:
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tres (43) [21]. The phosphonato compound is due to solvolysis
from traces of water. The molecular structure of 43 is based on
B. Therrien / Coordination Che

We have synthesised several chiral-at-phosphorus diruthe-
ium phosphido complexes from the dibromo-phosphido bridged
inuclear arene ruthenium complex 40 and have shown that
n intramolecular ligand exchange between one arene ligand
t ruthenium and a phenyl substituent at the side arm of the
hosphido-bridge leads to chiral-at-the-phosphorous tethered
erivatives 41 [48]. Introduction of a stereogenic carbon atom
ithin the pendant arm of the phosphido bridging ligand gives rise

o the formation of diastereomeric complexes 42:

The two diastereomers (RCSP)-42 and (RCRP)-42 are distinguish-
ble in the 1H NMR spectrum, which has shown two doublets of
lmost equal intensity for the �6-C6Me6 protons at ı = 1.95 and
.94 ppm. Single crystals suitable for a X-ray structure analysis were

btained by slow diffusion of ether in a concentrated acetone solu-
ion of [42]BF4. Both diastereomers, (RCRP)-42 and (RCSP)-42, were
ound in the crystal, and the X-ray structure analysis revealed that
he two ruthenium atoms are in a distorted octahedral geometry in

m
R
a

Fig. 5. The molecular structure of the
hich the metal centres are bridged by two bromo and a tethered-
hosphido ligands, see Fig. 5. Surprisingly, two conformations are
bserved for the six-membered metallacycle formed upon coor-
ination of the phenyl ring of the pendant arm of the phosphido

igand, a chair-like (RCSP) and a half-twist-like (RCRP) conformation
or the diastereomers of 42.

The reaction of hydroxydiphenylphosphine arene ruthenium
erivatives with tbutyl alcohol in a thf/H2O solution affords dimeric
omplexes in which the P O moiety bridges two ruthenium cen-
ass spectroscopy, NMR, and microanalytical data. It is the first
u-complex containing an anion of phosphorous acid, P( O)(OH)2
s ligand:

diastereomers of cation 42 [48].
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. Chiral derivatives

The synthesis and resolution of chiral organometallic complexes
s a challenging aspect of organo-transition metal chemistry, espe-
ially in the context of asymmetric synthesis. Arene ruthenium
ompounds were employed as catalysts in asymmetric synthe-
is. The three-legged piano-stool complexes with three different
igands possess metal-centred chirality, however, too often the res-
lution of the enantiomers remains a difficult task [49]. Therefore,
o bypass these difficulties different research groups have used the
rene ligand to introduced a second element of chirality, thus giv-
ng rise to diastereoisomers and allowing an easier separation. The
rst strategy is to use planar chirality as a second element of chiral-

ty while the second possibility is to introduce an enantiomerically
ure auxiliary group tethered to the arene ligand.

It is known that an arene ligand bearing two non equivalent sub-
tituents in 1,2 or 1,3 positions or three equivalent substituents in
,2,4 positions relative to each other, coordinated in an �6-fashion
o a transition metal, generates planar chirality at the metal with
espect to the face of the coordinated arene [50]. Planar chirality
f arene ruthenium complexes was studied first by Bennett and
o-workers [51]. The mononuclear complex 44 was obtained as
racemic mixture, and under replacement of the weakly coor-
inated acetonitrile molecule with an enantiopure chiral amine
(S)-1-phenylethylamine) a pair of diastereoisomers was formed.
ractional crystallisation of 45 from methanol-diethyl ether gave a
olid containing 90% of the more insoluble diastereomer:

i
c
[

Introduction of an enantiomerically pure auxiliary group teth-
red to the arene ligand possesses advantages over planar chirality.
ndeed, if the role of chirality at the metal centre is to be probed

ithout a bias, the presence of planar chirality is undesirable.
oreover, in many cases, after separation of the diastereomers,

he chiral auxiliary can be chemically removed without destruc-
ion of the catalyst which is not possible with an arene ligand
ossessing planar chirality. Among other chiral arene ruthenium
omplex in which the chiral element is inserted in a pendant
rm of the arene ligand, a d-phenyl-glycine derivative has been
ynthesised (46) [52]. However, racemisation at the �-carbon, lead-
ng to a 1:1 mixture of enantiomers, occurs when the dinuclear
omplex reacts with pyridine to form the mononuclear complex
{�6-phenylglycine}RuCl2(pyridine)] (47):
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facilitated analysis and diastereomer separation. Suitable crystals
for X-ray structure analysis were obtained for both diastereomers
of the aqua derivative [(�6:�1:�1-PArN*)Ru(OH2)][CF3SO3]2
(cations (RRPSRu)-[51]2+ and (RSPRRu)-[51]2+), see Fig. 6.
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To avoid racemisation at the �-carbon, we have synthesised
he analogous derivatives 48 and 49, in which a methylene group
nstead of an ester function at the �-position of the chiral auxiliary
roup has prevented the racemisation of the asymmetric carbon
53]. In both cases they have shown that no racemisation occurs at
he �-carbon atom:

We have also synthesised the chiral chloro-bridged dimer
RR)-[(1-phenylethanol)RuCl2]2 (50) [53]. In this case, a different
ynthetic method was used to avoid loss of chirality during the
irch reduction of (R)-1-phenylethanol, because the use of metal-

ic sodium in liquid ammonia can cleave the C–O bond of the OH
ubstituent to give ethylcyclohexadiene with loss of the chiral cen-
re [54]. Therefore, complex 50 was synthesised by naphthalene
isplacement in [Ru(C8H12)(C10H18)] [55] and followed by reaction
ith HCl [56], an alternative way to prepare chloro-bridged arene

uthenium dimers:
Fig. 6. The molecular structure of the
Reviews 253 (2009) 493–519 503

The insertion of an enantiopure auxiliary to the pendant arm
f an arene ruthenium complex has been used for the resolu-
ion of configurationally stable piano-stool complexes. Tethering

phosphine and an enantiopure pyrazole to an arene yields
chiral 10-electron donor ligand (PArN*) [41]. An enantiopure

amphorpyrazole group was used to generate the enantiopure
ArN* ligand (PArN* = 2-[3-(2-diphenylphosphanyl-ethyl)-benzyl]-
,8,8-trimethyl-4,5,6,7-tetrahydro-2H-4,7-methano-indazole).
herefore, upon �6:�1:�1-coordination of PArN* to Ru(II), a
hiral-at-metal complex is generated, [(�6:�1:�1-PArN*)RuL]2+

L = weakly bound solvent). The insertion of a chiral auxiliary has
diastereomers of cation 51 [41].
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On the basis of molecular models, one can anticipate clash-
ng between C(CH3)2-bridge and CH3 of bridgehead of camphor

ith the phenyl groups of the phosphine. Indeed, the steric clash is
eflected in the angles around the ruthenium atom. For (RRPSRu)-
1, both N–Ru–P and O–Ru–P bite angles (101.1(2)◦ and 99.0(1)◦)
re significantly larger than those for (RSPRRu)-51 (99.4(1)◦ and
0.4(1)◦). The 1,3-substitution pattern of the tethered phosphine-

mine groups on the arene ligand imposed rather large N–Ru–P bite
ngles (101.1(2)◦ and 99.4(1)◦), although the �6-arene remained
ssentially planar.

. Catalytically active complexes

Arene ruthenium complexes were shown to be catalytically
ctive in hydrogenation [57], transfer-hydrogenation [58] Diels-
lder reactions [59], olefin metathesis [60], olefin cyclopropanation

61] and atom-transfer radical polymerisation [62]. In most cases,
he ruthenium catalyst precursor possesses a hydrocarbon �6-
rene ligand with nitrogen or phosphorus donor ligands. In general,
he catalytic activities and selectivities are good and are strongly
ffected by the nature of the arene ligand. In most cases the mech-
nism of these catalytic reactions remains a debatable point, and
he role of the arene ligand is unclear. For instance, in the transfer
ydrogenation of ketones, the arene moiety is assumed to be a spec-
ator ligand, while for olefin metathesis and atom-transfer radical
olymerisation, the catalytic activity results from arene displace-
ent. It is as well known that in situ formation of nanoclusters or
etal nanoparticle catalysts is common under reducing conditions

63]. Therefore, in some cases it is crucial to form a robust molecular
rene ruthenium catalyst to avoid arene exchange, while in other
ases arene displacement is an essential step in the catalytic cycle.

During the cyclopropanation of olefins with ethyl diazoacetate,
he displacement of the para-cymene ligand to form a chelating
omplex such as [{�6:�1-C6H5(CH2)3PCy2}RuCl2] (52) is a key
ntermediate in the catalytic process [64]. The release of one or

ore ligand(s) is essential to generate sites, which allows coordina-
ion of the substrate and therefore for the reaction to take place. The
ield of the reaction is clearly affected by the temperature, while
he cis/trans or endo/exo ratio is not influenced by an increase of
emperature:
The same complex 52 was used as precursor for
he synthesis of an allenylidene catalyst [{�6:�1-
6H5(CH2)3PCy2}RuCl( C C CPh2)]CF3SO3 (53) for ring closing
lefin metathesis [65]. However, despite satisfactory catalytic activ-
ty the reaction rates were lower than those of the non-chelated

c
w
r
m
p

Reviews 253 (2009) 493–519

nalogue [(�6-p-PriC6H4Me)RuCl( C C CPh2)(PCy3)]PF6. The
olecular structure of 53 revealed that the C C double bonds of

he allenylidene moiety are of different length, the one closer to the
uthenium being 0.12(3) Å shorter. Furthermore, the trimethylene
helated arm does not change the geometry around the metal
entre as compared to that of the dimethylene bridged tethers 16
nd 17 [33]:

A similar alcohol chelate complex [{�6:�1-
6H5(CH2)3OH}RuCl(PCy3)]+ (54) has been used as a precursor
atalyst in the cycloisomerisation and ring closing metathesis
RCM) of �,�-dienes in the presence of co-catalysts [66]. In
he presence of 5 mol% of 54 and 5 mol% of triethylamine as
o-catalyst in refluxing dichloromethane, tosylated diallylamine
N,N-diallyl-4-methylbenzenesulfonamide) gives in excellent yield
he exo-methylene pyrrolidine derivative, while 2H-pyrroline is
btained in excellent yields if the co-catalyst is replaced by 5 mol%
f phenylacetylene. Interestingly, as compared to non-tethered sys-
ems such as the benzene analogue [(�6-C6H6)RuCl(PCy3)]2(BF4)2,
he catalytic activity increases in the presence of a chelating side
rm:

A series of tertiary phosphine ligands with pen-
ant arenes were synthesised and converted to the
orresponding chelating ruthenium complexes [(�6-�1-
6H5CH2CH2PPh2)RuCl2] (55), [(�6-�1-C6H5CH2CH2PCy2)RuCl2]
56), [{�6-�1-C6H5CH(C6H5)CH2PPh2}RuCl2] (57) and [{�6-�1-
6H5CH(C6H5)CH2PCy2}RuCl2] (58) in view of using them as
recursor catalysts for ring opening metathesis polymerisation
ROMP) of norbornene [67]. In the presence of trimethylsilyldia-
omethane the �6-arene ligand is displaced, giving rise to very
ctive catalytic species. In methanol the carbene precursor was
roduced by oxidative addition of methanol to the ruthenium
entre, without decomplexation of the arene moiety. The activity
as significantly lowered, but a better control over the cis/trans

atio was obtained, suggesting that the use of a rigid framework
ay provide a useful tool to influence the structure of ROMP

olymers:
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More recently, the reactions of [{�6:�1-
6H5(CH2)2PR2}Ru(CH3)2] (R = Cy (59), Ph (60)) with boron
ctivators ([H(Et2O)2][B{3,5-C6H3(CF3)2}4], H+B−) in the presence
f CO, acetylene, ethylene and norbornene were studied [68]. If
n excess of norbornene is used, ring-opened polynorbornene is
btained, thus suggesting a ring opening metathesis polymerisa-
ion process at the ruthenium centre without decomplexation of
he arene ligand. The same complexes react in dichloromethane
nd H+B− in the presence of acetylene to afford polyacetylene
nd the complexes [{�6:�1-C6H5(CH2)2PR2}Ru(�3-CH3CHC5H5)]+

R = Cy (61), Ph (62)). Cations 61 and 62 have been characterised
y X-ray structure analysis of their [B{3,5-C6H3(CF3)2}4] salts:

The same derivatives 59 were considered as potential
uthenium-based Ziegler–Natta catalyst precursors for the poly-
erisation of ethylene [69]. The authors have shown that the

ethered complexes were thermally more stable than non-tethered
nalogues. However, no activity was observed toward the polymeri-
ation of ethylene:

The catalytic hydration of phenylacetylene to generate ace-
ophenone was conducted with the precursor [{�6:�1-1,2,4,5-
6H2(CH3)3(CH2CH2CH2PPh2)}RuCl2] (63) [70]. Phenylacetylene
as reached with 2.5 mol% of 63 in refluxing ethanol (95%) for
4 h. Complete conversion was obtained by using the water present
n the solvent, thus affording acetophenone in 45–66% yield. The
esults show a good conversion and similar reactivity of both the
ethered and non-tethered complexes. However, the intermedi-
te following the protonation step in the production of ketones
emained unclear:

The reaction of 63 or the [{�6:�1-1,3,5-
6H3(CH3)2(CH2CH2CH2PPh2)}RuCl2] analogue with an excess of
henylisocyanide and NaPF6 in methanol–dichloromethane solu-
ion gave the phenylisocyanide complexes 64 and 65, respectively.
ll attempts to synthesise aminocarbenes from 64 or 65 gave in

he conditions tested recovery of the starting materials or only
ecomposition products:
t
s
o

Reviews 253 (2009) 493–519 505

In order to form stable ruthenium catalysts for asymmetric
ransfer hydrogenation reactions, an amino alcohol and a mono-
osylated diamine moiety were tethered to an arene ligand [71].
he two complexes 66 and 67 were tested as catalysts in asym-
etric transfer hydrogenation reactions of aromatic ketones. In

articular, complex 67 (0.25 mol%) reduces acetophenone to give
-phenylethanol in >99% yield and 96% ee (R) after a reaction time
f 21 h at room temperature, while complex 68 (0.5 mol%) gives
-phenylethanol in >99% yield and 96% ee (S) of the opposite enan-
iomer. A series of control reactions showed that the reaction
as catalysed by a tethered compound and not a non-tethered

omponent or ruthenium nanoparticles. Moreover, it was later
emonstrated that for the substrate tBu-phenyl-ketone, only the
ethered complex 68 gives the corresponding alcohol [72]:

A series of similar �6:�1:�1-arene ruthenium complexes (69
nd 70) with P and C donor atoms were synthesised by reaction
f iminophosphorane complexes with an excess of 1,1-diphenyl-
-propyn-1-ol in CH2Cl2 at room temperature [73]. Surprisingly
isplacement of the para-cymene ligand was achieved at low tem-
erature. The formation of 69 and 70 resulted from coupling of
he uncoordinated iminophosphorane unit with the allenylidene
hain with concomitant exchange of the para-cymene ligand by one
henyl group of the alkynol. Moreover, migration of the fluoroaro-
atic substituent from the imino group to the C� of the allenylidene

hain took place as well. The involvement of allenylidene species
as confirmed by using a closely related mesitylene ruthenium

omplex. However, the catalytic performance of these complexes
emains to be studied:
Cationic arene ruthenium complexes with pendant imidazolium
ags were synthesised to study their potential as catalysts in bipha-
ic ionic liquid transfer hydrogenation [74]. The catalytic activity
f 71 and 72 has been evaluated in the biphasic, enantioselective
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ransfer hydrogenation of acetophenone. With 2-propanol/KOH,
he effect of additional charged groups in terms of catalyst retention
nd recycling was beneficial, while with formic acid, conventional
atalysts afforded better results due to a necessary extraction step
ith water. Despite a quantitative conversion to 1-phenylethanol

nd an excellent enantioselectivity in the condition used the results
ere not satisfactory in terms of catalyst reuse. Further studies to

ptimise the reaction conditions and to use these systems to other
atalytic reactions such as, biphasic olefin metathesis are currently
nderway:

Therefore, the same group has turned their attention to the
iphasic hydrogenation reaction of CO2 with a series of related
rene ruthenium complexes (73–75) [75]. The catalytic hydrogena-
ion of carbon dioxide into useful products is a major challenge. The
ctivity of these compounds in aqueous CO2 reduction was low, and
t was suggested that the presence of water was required to gener-
te the catalytically active species. However, the advantage of the
midazolium functionalised arene ruthenium systems lies in the
act that they can be easily derivatised with a large range of ligands
nd the arene ligand modified to give to the system the desired
olubility properties:

O2 + H2
catalyst−→ HCOOH

Following the same goal, to generate an efficient homogeneous
atalyst that provide facile access to numerous products in excellent

ield and selectivity, with a good catalyst separation and reuse in
n easy way, a series of complexes containing crownether moieties
ere synthesised [76]. They were studied as potential precursors

n biphasic catalytic processes. These complexes offer the possibil-
ty to attach and detach a charge and then transfer the complex

m
m
w
t
s

Reviews 253 (2009) 493–519

ack and forth between different solvent phases such as ionic liq-
ids and organic solvents. The benzocrownether complexes were
eacted with (1S, 2R)-2-amino-1,2-diphenylethanol and the cor-
esponding chiral complexes (76–79) were tested as pre-catalysts
n the enantioselective reaction of acetophenone with 2-propanol.
he catalytic activity was good, while the enantioselectivity was
nly modest:

Three-legged piano-stool complexes with three different lig-
nds possess metal-centred chirality [49] and therefore they have
een studied as potential catalysts in asymmetric Diels-Alder reac-
ions. However, application of those complexes was limited to
tochiometric reactions, since racemisation at the chiral metal
entre often took place during the catalytic reactions [27]. Dur-
ng a catalytic reaction, the unsaturated two-legged piano-stool
ntermediate possesses an inversion barrier of <15 kcal mol−1, this
ow-energy inversion barrier has a dramatic effect on the enan-
iomeric excess of the resulting products as the catalyst would
apidly racemise, thus affording essentially racemic products. Thus,
ontrolling and keeping the metal-centred chirality remains an
xtensive field of research:

Recently Faller’s group has synthesised a series of cationic
hiral-at-metal tethered arene ruthenium complexes (80) [42]. The
ethered phosphine arm allows a greater stability of the catalyst,
nd despite the introduction of an enantiopure chiral ligand (L*)
n the ruthenium atom, the separation of the diastereomers were
nsuccessful. However, the different catalysts have shown good
xo/endo diastereoselectivity and good conversion (>95%) with

odest enantioselectivity. The nature of the active catalyst is for-

ally a 16-electron complex that may interact with adventitious
ater molecule or substrate. It would yield a stereogenic metal cen-

re in which the stereochemistry would probably be controlled by
teric factors:
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The triphenylphosphine and cyclohexyldiphenylphosphine
erivatives were isolated as single diastereomers by spontaneous
esolution upon fractional crystallisation. Therefore, the enantiop-
re tethered precatalyst 81 and 82 were tested as asymmetric
ewis-acid-catalysts in Diels-Alder reaction of methacrolein and
yclopentadiene [77]. The most selective catalyst (10 mol% at
25 ◦C) was complex 82 which catalysed the reaction with 94% de

exo) and 40% ee. The chirality at the metal centre was mainly con-
rolled by the chirality of the tethered ligand, the NMe2 group
irecting the orientation of the bulky phosphine ligand to the anti-
inding site. Replacement of the achiral trialkyl phosphine with the
nantiopure phosphoramidite (S)-monophos ligand (83) allowed
he catalytic reaction to reach exo selectivity up to 93% with ee up
o 70%:

A similar system with planar chirality has been used
o form an enantiopure cationic ethylene hydride complex

(�6:�1-1,2-Me2NC6H4C6H4PCy2)(CH2 CH2)RuH]+ (85) [78]. The
tereoselective formation of 85 was rationalised by the directing
nfluence of the NMe2 group. The cationic complex 85 is obtained
n high yield from the neutral dimethyl precursor [(�6:�1-1,2-

r
i
p
s
s

e2NC6H4C6H4PCy2)Ru(CH3)2] (84) upon addition of CPh3PF6.
his reaction is believed to be initiated by hydrogen abstraction
rom one methyl group, forming a carbene species that undergoes
n insertion of the remaining methyl group, forming a 16-electron
thyl intermediate [79]. The formation of 85 would then result
rom a �-hydride elimination of the ethyl species. The diastere-
meric olefin hydride complex 85 was observed to exhibit two
uxional processes: a facile olefin rotation and another process that
esults in the exchange of the hydride and an olefin proton. As the
ate of diastereomer interconversion is much slower than that of
lefin insertion, the studies have suggested that the latter exchange

akes place through an agnostic species which undergoes dynamic
ethyl rotation:

The dichloro derivative [(�6:�1-1,2-
e2NC6H4C6H4PCy2)RuCl2] (86) was a catalyst precursor for

nyne cycloisomerisations and hydroxycyclisations [78a]. The
esulting products were due to skeletal rearrangement processes,
ncluding an unusual cyclisation to form six-membered ring com-
ounds. Other applications of this catalyst are under investigation,
uch as alkyne activation in different substrates and desymmetri-
ation reactions:
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A series of chelating tertiary phosphane complexes
riginating from [Ru(OAc)2(MeO-biphep)] (MeO-biphep = 6,6′-
imethoxybiphenyl-2,2′-diylbis(diarylphosphine)) was obtained

n good yield via P–C bond cleavage [80]. A series of 31P and 19F
MR experiments have suggested that the P–C bond-breaking

eaction involved monofluorophosphine (PR2F) intermediates, the
uoride being extracted from a BF4 anion. These chiral-at-metal
omplexes such as 87 were evaluated as enantioselective homoge-
eous catalysts:

A series of phosphino arene ruthenium complexes derived from
inap (88–90) {2,2′-bis(diphenylphosphino)-1,1′-binaphthalene}
r MeO-biphep (91–93) were prepared by Pregosin in view
f their use in transfer-hydrogenation catalysis [81]. The non-
unctionalised arene ruthenium complexes are not active, while
hose with readily deprotonated groups are quite active. The MeO-
iphep derivatives show faster rates than the binap analogues, but
he rates are independent to the nature of the arene. These obser-
ations suggest that the active catalyst possesses a structure that
iffers notably from the starting compounds:

It was demonstrated later that under catalytic conditions
2.5 equiv. KOH, 90 ◦C, 20 min) 88 decomposes to give quantitatively
new species that arises from deprotonation of the N atom. More-
ver, decomplexation of the arene ligand was clearly shown by NMR
easurements in iPrOH-d8 [82]:
Reviews 253 (2009) 493–519

Chelated arene-carbene ruthenium complexes of the type 35
ave been used as catalytic precursors for alkene metathesis and
ycloisomerisation [83]. It was found that the catalyst precursors,
fter in situ formation of the corresponding allenylidene derivatives
94), were active for the catalytic ring-closing metathesis trans-
ormation of dienes (N,N-diallyl-4-methylbenzenesulfonamide,
iethyl 2,2-diallylmalonate, 2,2-diallylmalononitrile) in chloroben-
ene or toluene at 80 ◦C:
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away from the metallic core and shows only weak interactions
with neighbouring molecules. The benzene ring of the methacry-
late ligand and a durene ligand of a neighbouring molecule form
�-stacking interactions in the crystal packing.
B. Therrien / Coordination Che

. Immobilised complexes

Given the practical advantages of heterogeneous catalysts with
espect to homogeneous ones, various methods to immobilise
rene ruthenium complexes have been developed [84]. In most
ases the arene ruthenium moiety is coordinatively attached by
ono- or bidentate ligands covalently bound to the support. Alter-

atively, the catalytic metal centre can be attached to the support
hrough the arene ligand, a strategy which was first reported by
kiyama and Kobayashi [85]. The polymer-supported arene ruthe-
ium system was thus obtained by arene displacement of the
ononuclear complex [{�6-C6H5COOCH2CH3}RuCl2(PPh3)] (95)

33] at high temperature in the presence of the polymer. The sup-
orted catalyst 96 was then successfully used in ring-closing olefin
etathesis reaction:

The same polymer-supported arene ruthenium catalyst 96 was
uccessfully used for the hydrogenation of acetophenone to give
he corresponding alcohol in high yield, as well as for imino aldol
eactions, aza Diels-Alder reactions, cyanation reactions, allylation
eactions, Mannich-type reactions, Strecker reactions and quino-
ine synthesis [86].

In a different approach, Severin et al. have immobilised an arene
uthenium catalyst through a polymerisable side chain that was
irectly attached to the arene ligand [87]. In this case the reaction
onditions are mild with respect to those of an arene displace-
ent reaction. The synthesis of the arene ruthenium precursor was

btained by standard reaction of RuCl3·nH2O with the cyclohexa-
iene derivative in ethanol:
Reviews 253 (2009) 493–519 509

The dinuclear complex 97 and the
ononuclear triphenylphosphine derivative [{�6-1,2-
eC6H4COOCH2CH2OC(O)C(CH3) CH2}RuCl2(PPh3)] were

opolymerised with divinylbenzene or ethyleneglycol dimethacry-
ate to generate a series of polymer-supported arene ruthenium
atalysts. These polymers containing arene ruthenium units were
sed as heterogeneous catalysts in asymmetric transfer hydro-
enation of aromatic ketones. The results showed that immobilised
rene ruthenium complexes can be easily prepared, and that they
re of considerable interest in terms of catalyst–substrate separa-
ion and catalyst reusability:

In order to immobilise a cationic trinuclear arene ruthenium
luster to a polymer, the cluster derivative 98 containing a poly-
erisable side chain has been synthesised [88]. The molecular

tructure was determined by X-ray diffraction study of the tetraflu-
roborate salt ([98]BF4), see Fig. 7.

Cation 98 is chiral, due to the planar chirality of the arene
uthenium moiety, but it crystallises as a racemic mixture of both
nantiomers. In the solid state, the methacrylate side arm points
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0. Heteronuclear complexes

Heteronuclear ruthenium ferrocene complexes such as
Ru(NH3)5(NCFc)]2+ (Fc = ferrocenyl) have been known for 25
ears [89]. Ferrocenyl groups bonded to a ruthenium atom con-
aining a coordinated arene ligand were reported for the first time
y Bruce et al. in 1988 [90]. Since then, other complexes containing
errocene and arene-ruthenium units were synthesised either by
oordination of a sulphido, phosphido or amido ferrocene [91], or
y coordination of ferrocene alkynes to an arene ruthenium unit
92]. Nevertheless, while the functionalisation of a cyclopenta-
ienyl ligand by a ferrocenyl group has received some attention
y different groups [93], the functionalisation of a �6-arene

igand by a ferrocenyl group has been studied only by our group
94].

Two different strategies were used in order to tether a ferro-
enyl moiety to a �6-arene ligand coordinated to a ruthenium

e
l
i
F

Fig. 8. The molecular str
ucture of 98 [88].

tom. Both imply a classical esterification reaction, in which
he esterification is done either prior to the coordination of
he arene ligand or after the arene coordination. A series of
6-arene ruthenium complexes with ferrocenylated side arms
ere synthesised using these methods. For example, the din-
clear ruthenium complex [RuCl2{�6-C6H5(CH2)2O(CO)Fc}]2
eacts with two equivalents of FcPPh2, PPh3 or with one
quivalent of dppf (1,1′-bis(diphenylphosphino)ferrocene)
n dichloromethane to give quantitatively the heteronu-
lear complexes [{�6-C6H5(CH2)2OC(O)Fc}RuCl2(FcPPh2)]
99), [{�6-C6H5(CH2)2OC(O)Fc}RuCl2(PPh3)] (100) and the
errocene bridged, pentanuclear complex [(�-dppf){(�6-

H (CH ) OC(O)Fc) RuCl }] (101), respectively. The
6 5 2 2 2 2
lectrochemical behaviour of these complexes with ferroceny-
ated side arms display the expected cyclic voltammograms, two
ndependent reversible one-electron waves of the Ru(II)/Ru(III) and
e(II)/Fe(III) redox couples:

ucture of 100 [94].
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The molecular structure of 100 was determined by single-crystal
-ray structure analysis, see Fig. 8. The ferrocene moiety was in
he eclipsed conformation and the phenyl ethyl substituent was
otated out of the ester plane by 75.5(9)◦, allowing no �-interaction
etween the Cp ring and the �6-arene ligand. The C O distance was
horter than that of ferrocenecarboxylic acid benzotriazole ester
hich is known to have a weak and reactive ester bond [95], thus

xplaining the stability of the ester function in these complexes.

1. Clusters

The reaction of dinuclear cation [(�6-arene)2Ru2(�2-H)3]+ with
ononuclear cations [(�6-arene*)Ru(H2O)3]2+ in aqueous solu-

ion results in the formation of trinuclear cluster cations of
he type [(�6-arene*)(�6-arene)2Ru3(�2-H)3(�3-O)]+ [96]. The
riruthenium framework is capped by a �3-oxo ligand stemming
rom an aqua ligand. The arene ligands in the trinuclear cluster
ations obtained by this reaction can be varied a great deal. Indeed,
ntroduction of three different arene ligands generates a chiral Ru3O
ore:

Several intrinsically chiral cluster cations containing a chiral
uxiliary group R* at one of the arene ligands have been prepared in

iew to separate intrinsically chiral Ru3O cluster core [53]. The chi-
al phenylethanol chloro-bridged dimer 50 was used to synthesise
trinuclear ruthenium cluster cation with framework chirality and
chiral auxiliary tethered to an arene ligand. A mixture of diastere-
mers was obtained (SR)-102 and (RR)-102 which, however, could
ot be separated:

u
b
w
t
c
o

The single-crystal analysis of [102]BF4 showed both diastere-
mers to be present in the same crystal in a 1:1 ratio, see Fig. 9.
he two diastereomeric clusters (SR)-102 and (RR)-102 differ by the
xistence of an intra-hydrogen bond in the solid state for (RR)-102.
he presence of a CHCH3OH side arm allows (RR)-102 to form an
ntramolecular hydrogen bond with the �3-oxo ligand, the O· · ·O
istance being 2.727(4) Å. No such intramolecular hydrogen bond

s observed in (SR)-102.

Similarly, the chiral aminoester chloro-bridged dimer 48 was
sed to synthesise trinuclear ruthenium cluster cations with dou-
le intrinsic chirality. As for [102]BF4, a mixture of diastereomers

as obtained (SS)-103 and (RS)-103, which could not be separated,

oo. In order to confirm that no racemisation at the �-position of the
hiral auxiliary group occurs during the synthesis of the diastere-
meric cluster cation 103, the enantiopure trinuclear cation (S)-104
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Fig. 9. The molecular structure o

as synthesised, and its molecular structure determined. Complex
04 possesses an achiral Ru3O framework and only the chiral car-
on atom of the functionalised side arm:

The enantiopure structure of (S)-[(�6-C6Me6)2{�6-
6H5(CH(NHCO2Et)-CH2OH)}Ru3(�2-H)3(�3-O)]+ (104) was

onfirmed by X-ray molecular structure of its tetrafluoroborate
alt, see Fig. 10. The structure reveals the presence of strong
ntramolecular hydrogen bonds between the hydroxo proton and
he oxo cap (distance O· · ·O = 2.648 Å) as well as between the

c
1
d
a

Fig. 10. The molecular structure of the
iastereomers of cation 102 [53].

mido proton and the oxygen atom of the CH2OH moiety (distance
· · ·O = 2.722 Å), stabilising the molecular edifice in the solid state.

The diastereomeric separation was finally successful in the

ase of [{�6-C6H5(S-CH(NHCO2Et)CH2OCOiPr)}(�6-C6Me6)(�6-
,4-iPrC6H4Me)Ru3(�2-H)3(�3-O)]+ (105), in which the chiral
imer 49 was used as starting material. The diastereomers RRu3OS
nd SRu3OS were separated by thin-layer chromatography on silica

enantiopure cation (S)-104 [53].
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el [53]. This was the first case where an intrinsically chiral Ru3O
luster was enantiotopically resolved:

The trinuclear cluster cation 106 containing a ferrocenyl moiety
as synthesised using the dinuclear ruthenium complex [{�6-

6H5(CH2)2O(CO)Fc}RuCl2]2 (107). The cluster is stable in water,
nd crystallised in acetone. The molecular structure was deter-
ined by X-ray structure analysis of the tetrafluoroborate salt,

106]BF4, see Fig. 11:

In cluster 106, the triruthenium framework is comparable to
ther trinuclear arene ruthenium clusters [97], showing similar
eometric parameters, differences appear only at the periphery.
he ferrocene moiety, which is in the eclipsed conformation, is sur-

ounded by acetone solvent molecules and tetrafluoroborate ions.

In an effort to get insight in the catalytic mechanism involved
n the hydrogenation of benzene to cyclohexane under biphasic
onditions by water-soluble cluster cations of the type [(�6-
rene)3Ru3(�2-H)3(�3-O)]+, a series of trinuclear arene ruthenium

c
g
c
H
C

lusters possessing a functionalised arene moiety have been syn-
hesised. As the catalytic hydrogenation of benzene was believed
o take place in the hydrophobic pocket of the trinuclear cluster,
ypothesis which turned out to be wrong [98], two derivatives

n which an aromatic substrate was attached to the catalyst
ere prepared [99]. The length and flexibility of the side arm
hain was modified to allow the phenyl group to be hydro-
enated via an intra- or inter-molecular process. The water-soluble
luster cations [{�6-C6H5(CH2)2OC(O)C6H5}(�6-C6Me6)2Ru3(�2-
)3(�3-O)]+ (108) and [{�6-C6H5(CH2)2OC(O)(CH2)3C6H5}(�6-
6Me6)2Ru3(�2-H)3(�3-O)]+ (109) were synthesised:
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res of 108 (left) and 109 (right) [99].
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Fig. 12. The molecular structu

However, these two complexes 108 and 109 were inactive for the
ydrogenation of the phenylester group in water, showing only par-
ial decomposition without hydrogenation under the conditions;
0–110 ◦C, 60 bar H2 for 12–72 h. The X-ray structure analyses of
108]BF4 and [109]BF4 (see Fig. 12) show in both complexes, the
henylester moiety to have no interaction with the triruthenium
ramework, only an intramolecular hydrogen contact is observed
etween a hydrogen atom of the CH2OCO and the oxygen atom of
he �3-oxo cap.

The cationic trinuclear arene ruthenium clusters showed inter-
sting host-guest properties [100]. Indeed, the �3-oxo ligand was
strong acceptor which can form hydrogen bonds, while the

ydrophobic pocket spanned by the three arene ligands acts as
bowl to host different molecules. Two derivatives containing a

CH2)nOH (n = 2 (110); n = 3 (111)) side arm attached to one of the
hree arene ligand were prepared:

Interestingly, in the presence of benzene, they both crystallise
ith a benzene molecule held inside the hydrophobic pocket, see

ig. 13. The guest molecule interacts weakly with the host only by

ydrophobic and van der Waals contacts. In 110, the hydroxyl group
orms a strong intramolecular hydrogen bond with the �3-oxo lig-
nd, while in 111, the hydroxyl group forms in the solid state an
ntermolecular hydrogen bonded dimer with a neighbouring clus-
er molecule and two water molecules.

r
s

2. Biologically active complexes

Recently it was shown that ruthenium possesses several
avourable chemical properties, suggesting that it may be a strong
andidate to replace platinum and to form a basis for rational anti-
ancer drug design [101]. A number of ruthenium complexes show
igh in vitro and in vivo antitumor activity and two of them have
uccessfully completed phase I of clinical trials, NAMI-A [102] and
P1019 [103]. The synthesis of ruthenium complexes is relatively
asy and the metal possesses the ability under physiological con-
itions to adopt a large range of oxidation states (RuII, RuIII and
uIV), an important feature for metal-based anticancer drugs. In
ddition, ruthenium is less toxic than platinum and it is believed
hat the remarkable anticancer activity of ruthenium resides in its
bility to mimic iron in binding to several biomolecules, including
erum transferrin and albumin:
Like other classes of ruthenium compounds, organometallic
uthenium complexes bearing �6-arene ligands have been inten-
ively studied as potential anticancer drug candidates. The arene
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Fig. 13. The molecular structures of [C6H

igand not only provides a lipophilic side to the complex but also
tabilises the ruthenium atom in the oxidation state II. Several stud-
es revealed that this type of complexes binds covalently to DNA via
he N atom of purines and causes cytoxicity by inhibiting cellular
NA synthesis [104]. So far, the arene ligands seem to play only
minor role in the cytotoxicity effect of arene ruthenium drugs.
owever, it is obvious from the number of recent publications that

unctionalised arene ruthenium complexes possessing a biological
ctive substituent is an emerging field of research. The attached
io-sensor can act as carriers, active agents, bio-markers or recog-
ition sites and therefore pave the way for a multitude of potentially
ew research projects with interesting applications. While DNA

nteractions cannot be ruled out as the principal target and prin-
ipal mechanism to focus on for the development of new arene
uthenium anticancer agents, other potential targets, involving dif-
erent mechanisms, clearly need to be investigated to produce a
ew generation of metal-based drugs with higher selectivity and
ytotoxicity.

One of the earliest example of an arene ruthenium com-
lex investigated as anticancer drug candidates was [(�6-
6H6)Ru(dmso)Cl2] [105]. It has been suggested by the authors
hat the dmso derivative strongly inhibit topoisomerase II activ-
ty by cleavage complex formation via interaction with DNA and
rosslink formation with topoisomerase II. Arene ruthenium com-
lexes containing ethylenediamine ligand (en) or its derivatives
(�6-arene)Ru(en)Cl]+ showed high in vitro cytotoxicity, compa-
able to that of cisplatin [106]. It appears that extended arene
igands, such as biphenyl and tetrahydroanthracene, improve the
ytotoxicity of the drug, while the introduction of an electron-
ithdrawing group at the arene moieties such as COOCH3

esult in complexes with poor cytotoxicity. Indeed, the cationic
omplex [(�6-C6H5COOCH3)RuCl(en)]+ 112, isolated as its hexaflu-
rophosphate salt, showed a moderate activity on A2780 ovarian
ancer cells (IC50 = 55 �M), because the presence of an electron-
ithdrawing group at the arene ligand reduces the activity of

he complex, as compared to the para-cymene analogue [(�6-
PrC6H4CH3)RuCl(en)]PF6 ([113]PF6) (IC50 = 9 �M) [106]:
10] (left) and [C6H6 ⊂ 111] (right) [100].

The introduction of carboxylato groups into a pendant arm teth-
red to the arene ligand has been used for N-terminal labelling of
-amino acids and peptides [107]. The dinuclear complexes [{�6-
6H5(CH2)nCOOH}Ru(�-Cl)Cl]2 {n = 1 (114) and n = 3 (115)} were
repared by dehydrogenation of the appropriate cyclohexadiene
ith RuCl3·nH2O, and their reactivity was studied, which demon-

trated that the pendant arm fragment {�6-C6H5(CH2)3COOH}Ru2+

s suitable for both �6- and N-terminal labelling of amino acids
nd peptides. Moreover, it was suggested that the formation of
helate �O-coordinated species through the tethered carboxylate
unction was a key aspect in the stronger affinity of {�6-
6H5(CH2)3COOH}Ru2+ with N-acetyltryptophan, as compared to
he analogous para-cymene fragment:
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The in vitro and in vivo assessment of a series of �6-arene
uthenium complexes containing a pta ligand (pta = 1,3,5-triaza-7-
hosphaadamantane) were evaluated as anticancer agents [108].

n addition to the benzene, toluene, para-cymene and hexam-
thylbenzene derivatives, three systems with functionalised arene
igands were tested, complexes 116, 117 and 118. All pta complexes

ere found to cause pH-dependent DNA damage, in such a way
hat DNA was damaged at the typical pH of hypoxic tumour cells,
hereas little or no damage was observed at characteristic pH val-
es of healthy cells. This behaviour was attributed to the pta ligand,
hich can be protonated at low pH, and the protonated form was

onsidered to be the active agent. Therefore, the introduction of
unctionalised pendant arms on the arene ligand, such as in 116,
17 and 118, did not show any significant improvement in the cyto-
oxicity of the compounds (IC50 (TS/A cells) = 66 �M, 116; 103 �M,
17; 159 �M, 118) as compared to the �6-aromatic hydrocarbon
ystems:
Reviews 253 (2009) 493–519

Recently, a new series of organometallic arene ruthenium
omplexes with potential hydrogen-bonding groups attached
o the pendant arm of the arene ligand have been prepared and
tudied for their antitumor activity [109]. The pta and dapta ligands
dapta = 3,7-diacetyl-1,3,5-triaza-5-phosphabicyclo[3.3.1]nonane)
ere used to obtain the neutral and cationic mononuclear arene

uthenium complexes 119–125. The cytotoxicity of these func-
ionalised arene ruthenium complexes showed no enhancement
f the cytotoxicity toward the cancer cell lines screened, as
ompared to the analogous arene ruthenium complexes without
ydrogen-bonding substituent, namely toluene, para-cymene,
examethylbenzene [109]. While the presence of substituents that
an potentially hydrogen bond to DNA at the aromatic rings in
itatocene-type drugs increase markedly their cytotoxicity [110],
t is striking to note that in the case of these arene ruthenium
omplexes the effect of the hydrogen-bonding function is actually
he opposite. The origins of this unexpected effect were not clearly
dentified:
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Fig. 14. Molecular structure of [

In order to combine the phototoxicity of porphyrin moieties
ith the cytotoxicity of arene ruthenium complexes, we recently

ynthesised a series of arene ruthenium derivatives coordinated to
,10,15,20-tetra(4-pyridyl)porphyrin (tpp), and the in vitro tumour
ell growth inhibition effects has been assessed [111]. Among them,
he di-ester derivative [Ru4{�6-1,4-C6H4(COOEt)2}4(tpp)Cl8] (126)
as synthesised and characterised, this compound shows a strong

ytotoxicity before and after exposure to light, as compared to the
oluene or para-cymene derivatives that show only strong photo-
ytotoxicity. Given the importance of photodynamic therapy for
ancer treatment, this type of system offers a high potential in terms
f future drug and phototoxicity optimisation:

The structure of 126 was confirmed by the single-crystal X-ray
tructure analysis of the hexamethylbenzene analogue [Ru4(�6-
6Me6)4(tpp)Cl8], see Fig. 14. The structure shows the four pyridyl
ings to be perpendicular to the porphyrin core and the four chlo-

ide atoms of two adjacent metals to share the same quadrant.
he adjacent metal–metal distances are 13.697(2) and 14.254(2) Å.
hese observations are in agreement with those in the related
ompounds [Ru4(NO)4(tpp)Cl16]4− [112] and [Ir4(�5-C5Me5)4(Zn-
pp){S2C2(B10H10)}4(thf)2] [113].
6-C6Me6)4(tpp)Cl8] (126) [111].

3. Conclusions and outlook

So far, functionalised �6-arene ruthenium complexes have
een mainly used to develop new catalytically active systems.
owever, as emphasised throughout this review, function-
lised �6-arene ruthenium derivatives can find many other
pplications.

Especially useful in drug design, additional functions can be
ttached to the arene moiety to improve uptake, solubility or even
ctivity of arene ruthenium metal-based drugs. Chiral functional
roups can be attached to the arene moiety, if an auxiliary chiral
lement is needed for chiral separation or chiral recognition. Func-
ional groups can be used to tether arene ruthenium moieties to
anoparticles or to fix arene ruthenium catalyst to support. The
urview of this chemistry is only limited by the chemist’s imagina-
ion.

A search on the Cambridge Structural Database for X-ray struc-
ures possessing at least one arene ruthenium unit gave 1767 hits
December 2007). This huge number of hits confirms the inter-
st in �6-arene ruthenium complexes in chemistry. Their intrinsic
otential ranging from biological applications to applications as
ano-materials, as emphasised in this review, suggests that the

unctionalisation of the arene moiety will give to this family of com-
ound new perspectives and create a new era for these versatile
omplexes.
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Vı́u, M.P. Lamata, C. Vega, F. Viguri, Chem. Commun. (1997) 2351.
[60] E.L. Dias, R.H. Grubbs, Organometallics 17 (1998) 2758.
[61] F. Simal, A. Demonceau, A.F. Noels, Tetrahedron Lett. 39 (1998) 3493.
[62] F. Simal, A. Demonceau, A.F. Noels, Angew. Chem. Int. Ed. Engl. 38 (1999) 538.
[63] Y. Lin, R.G. Finke, Inorg. Chem. 33 (1994) 4891.
[64] F. Simal, D. Jan, A. Demonceau, A.F. Noels, Tetrahedron Lett. 40 (1999)

1653.
Reviews 253 (2009) 493–519

[65] A. Fürstner, M. Liebl, C.W. Lehmann, M. Picquet, R. Kunz, C. Bruneau, D.
Touchard, P.H. Dixneuf, Chem. Eur. J. 6 (2000) 1847.

[66] Y. Miyaki, T. Onishi, S. Ogoshi, H. Kurosawa, J. Organomet. Chem. 616 (2000)
135.

[67] A. Abele, R. Wursche, M. Klinga, B. Rieger, J. Mol. Catal. A: Chem. 160 (2000)
23.

[68] K. Umezawa-Vizzini, T.R. Lee, Organometallics 22 (2003) 3066.
[69] K. Umezawa-Vizzini, I.Y. Guzman-Jimenez, K.H. Whitmire, T.R. Lee,

Organometallics 22 (2003) 3059.
[70] K.Y. Ghebreyessus, J.H. Nelson, Inorg. Chim. Acta 350 (2003) 12.
[71] J. Hannedouche, G.J. Clarkson, M. Wills, J. Am. Chem. Soc. 126 (2004) 986.
[72] A.M. Hayes, D.J. Morris, G.J. Clarkson, M. Wills, J. Am. Chem. Soc. 127 (2005)

7318.
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