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Abstract

Ruthenium(II) complexes are finding applications in a variety of fields and, in particular, as photo-sensitisers in the conversion of solar energy
into chemical or electrical energy where a major achievement has been the development of a dye sensitised solar cell (DSSC) by the Grätzel
group. In order to optimise the performance of such devices there is a need to prepare complexes with tunable spectral and physico-chemical
properties. Synthetic approaches have been developed which enable the rational synthesis of heteroleptic tris(diimine)ruthenium(II) com-
plexes with the desired properties. In this review we focus on contributions made by our group which have led to the development of
two approaches to such heteroleptic complexes both of which use [Ru(CO)2Cl2]n polymer as a key precursor. These approaches differ
in that one requires conversion of [Ru(L)(CO)2(Cl)2] into a triflate complex, [Ru(L)(CO)2(CF3SO3)2] followed by substitution of the tri-
flate by a second diimine ligand (L1) to form [Ru(L)(L1)(CO)2]2+ and chemical decarbonylation in the presence of a further diimine

Abbreviations:bpy, 2,2′-bipyridine; phen, 1,10-phenanthroline; H2dcbpy, 2,2′-bipyridine-4,4′-dicarboxylic acid or 4,4′-dicarboxy-2,2′-bipyridine; tpy,
2,2′:6′,2′′-terpyridine; H3tctpy, 2,2′:6′,2′′-terpyridine-4,4′,4′′-tricarboxylic acid or 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine; tri(methoxycarbonyl)tpy, 4,4′,4′′-
trimethoxycarbonyl-2,2′:6′,2′′-terpyridine; dpk, di(2-pyridyl) ketone; amp, 2-aminopyridine; biq, 2,2′-biquinoline; (EtO2C)2bpy, 4,4′-di(ethoxycarbonyl)-
2,2′-bipyridine; 4,4′-Me2bpy, 4,4′-dimethyl-2,2′-bipyridine; 5,5′-Me2bpy, 5,5′-dimethyl-2,2′-bipyridine; 4,7-Me2phen, 4,7-dimethyl-1,10-phenanthroline; 5,6-
Me2phen, 5,6-dimethyl-1,10-phenanthroline; 2,9-Me2phen, 2,9-dimethyl-1,10-phenanthroline; Hdpa, di(2-pyridyl)amine; bpyCH2MV2+, 1-((4′-methyl-2,2′-
bipyridin-4-yl)methyl)-1′-methyl-4,4′bipyridinium; MebpyCOOH, 4′-methyl-2,2′-bipyridine-4-carboxylic acid; bpyCH2PTZ, 10-((4′methyl-2,2′-bipyridin-4-
yl)methyl)phenothiazine
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ligand (L2) to [Ru(L)(L1)(L2)]2+ while the other involves photodecarbonylation of [Ru(L)(CO)2(Cl)2] to produce [Ru(L)(CO)(Cl)2]2, which
on sequential addition of two further diimine ligands finally yields [Ru(L)(L1)(L2)]2+. These versatile methods, together with those developed
by others, provide the synthetic tools needed to produce Ru(II) complexes with properties required for a particular application.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Homoleptic complex; Heteroleptic complex; Bidentate ligand; Ruthenium(II) complexes; Synthesis

1. Introduction

Since the luminescence of [Ru(bpy)3]2+ was first reported
[1], tris(diimine) and related ruthenium complexes have been
investigated extensively as model compounds for studies
of photochemical processes[2–11] and as candidates for
utilisation in practical applications such as molecular elec-
tronics[5,12,13]and light harvesting processes that mimic
photosynthesis[5,14–25]. Attempts to optimise the perfor-
mance of ruthenium imine complexes employed in these
systems have initiated systematic studies into the effects
of various modifications in co-ordination environment on
physico-chemical properties[5,7–11,26,27]. Further inves-
tigation into the behaviour of such complexes in vitreous
states[28] and monolith encapsulated forms[29], for exam-
ple, has been stimulated by interests in their electronic and
catalytic properties.

The potential of these complexes to act as photo-
sensitisers in the conversion of solar energy to chemical or
electrical energy has become an intensely scrutinised area
of research[5,14,15,17–21,24,25,30,31]. Some of the initial
efforts to harvest solar energy were focussed on the use of
[Ru(bpy)3]2+ analogues to promote the conversion of water
into dihydrogen and dioxygen, which could power fuel cells
[32]. The combination of a high chemical, thermal and pho-
tochemical stability, reversible redox behaviour, substantial
UV-visible light absorption and long lived metal to ligand
charge transfer (MLCT) excited states indicated that such
species were excellent candidates for this purpose[2,6,33].
A number of approaches were based on homogenous mix-
tures of components in solution[34–36]. Kalyanasundaram
and Grätzel[37] were at the forefront of these develop-
ments, successfully integrating the production of dihydro-
gen and dioxygen. A methyl viologen quencher reduces
protons to H2 via a colloidal platinum catalyst whilst a col-
loidal ruthenium dioxide mediates the regeneration of the
[Ru(bpy)3]2+ sensitiser and generation of O2 (Fig. 1) [37].

In recent years, the most actively investigated aspect of
solar energy conversion has been concerned with the de-
sign and optimisation of dye sensitised solar cells (DSSCs)
(see for example refs.[15–19,23]). The assertion that
[Ru(bpy)3]2+ could potentially be oxidatively quenched by
electron transfer to the conduction band of a titanium dioxide
electrode[32] was initially examined with the photodecom-
position of water in mind[38]. Derivatised [Ru(bpy)3]2+
complexes were attached to the surface of the titanium diox-
ide electrode[39] in order to circumvent a slow response
cathodic photocurrent caused by the generation of superox-
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RuO2

H2O
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MV2+[Ru(bpy)3]2+

[Ru(bpy)3]3+

hν

Fig. 1. Components used to carry out the photoassisted dissociation of
water [37].

ide [40]. Subsequently, the Grätzel group reasoned that the
concept could be incorporated into DSSCs, a revolution-
ary type of solar cell, which mimicked the “electron pump
mechanism” of photosynthesis[14,15,23]by using a ruthe-
nium based sensitiser in place of chlorophyll and a titanium
dioxide semiconductor to perform functions analogous to
biological membranes. A clever combination of components
allows oxidative quenching of the excited sensitiser by the
conduction band of the semiconductor and reduction of the
oxidised sensitiser via an iodine/iodide couple (Fig. 2).

Refinement of DSSCs by, for example, improving the
titania deposition methods[41–43], modification of the
semiconductor surface to reduce charge recombination phe-
nomena occurring at the solid–solution interface[44–47],
a better choice of redox mediator to reduce the dye to its
original state[15,48], and use of sensitisers with improved
light absorption properties developed by modification of
the ligand environment[15,49], has yielded devices with
performances that compare favourably with those of con-
ventional PV devices. This together with the possibility of
cheaper production costs[50–52]has continued to stimulate
research in this area, some of which is being reviewed in this
volume. Our own purpose here is to detail the contribution
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Fig. 2. Schematic of dye sensitised solar cell (DSSC) developed by Grätzel
and co-workers.
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made by our research group to the development of synthetic
methods that enable the systematic incorporation of dissim-
ilar diimine ligands into the RuII co-ordination sphere.

Whilst there is little doubt that the potential for efficient
solar energy conversion has provided the major impetus
for the investigation of properties of, in particular, RuII di-
imine complexes, it should be stressed that such complexes
are attracting attention as pharmaceuticals[53–55], multi-
electron transfer catalysts[8], as fluorescent and electro-
chemical sensing anion specific receptors[56], as catalysts
for the water–gas shift reaction[57–59], hydroformylation
[60], and reagents facilitating the reduction of carbon diox-
ide to carbon monoxide and formate (an important endeav-
our given the increasing atmospheric carbon dioxide con-
centrations and depletion of natural resources)[61–65].

2. Brief overview of photophysical properties of
ruthenium(II) complexes

Variation of ligands has been demonstrated to have
considerable effect on the efficiency of sensitisation by
ruthenium(II) dyes adsorbed on semiconductor surfaces
in photovoltaic cells[14,15,49] and the catalytic reduc-
tion of carbon dioxide [62,63]. The ligand combina-
tion in a sensitiser can tune the energy of the excited
state[2,5,7,16,27,33,66,67], absorption[5,7,16,27,68]and
excited-state lifetime[5,7,16,69]of the complex. The ef-
fectiveness of a photoelectric transducer is reliant upon the
sensitiser having an excited state energy level conducive to
quenching by the conduction band of the semiconductor
substrate and the excited state being sufficiently long lived
to allow electron transfer to this band[5,7,16]. Additionally,
the combination of ligands comprising the RuII primary
co-ordination sphere needs to be capable of facilitating the
absorption of available light, giving rise to appropriate ex-
cited state[16,70]. These parameters need to be optimised
in order to maximise cell efficiency[16,18].

In simple terms, if we assume that [Ru(diimine)3]2+
complexes approximate an octahedral ligand field (although
more correctly [Ru(bpy)3]2+ possesses D3 symmetry), then
we might regard the full t2g orbitals as the highest occupied
molecular orbitals (HOMO). Due to a strong crystal field,
the lowest unoccupied molecular orbital (LUMO) in these
complexes is a vacant�-antibonding orbital[6]. Therefore,
the lowest energy electronic transition is a metal to ligand
charge transfer which can be considered as metal centre
oxidation and ligand reduction[2,5]. Stabilization of the
excited state is enhanced by delocalisation of the elec-
tron over �-bonding orbitals of the acceptor ligand[71].
An important feature of the heteroleptic tris(diimine) RuII

complexes, which differentiates them from the homoleptic
species, is the increased number of�∗ levels into which
an excited electron may be promoted[68,72]. Experimen-
tal comparisons of the energy of the absorption maxima
with the difference between in the potentials for ruthenium

oxidation and ligand reduction, and a correlation of the
reduction potential of the free ligand with that of the cor-
responding complex revealed a linear relationship between
the energy of light required for MLCT and the energy gap
between the RuII t2g set and the lowest lying�∗ orbital
[6,16,72–74]. The importance of ligand selection in photo-
electric and photocatalytic applications has led to strategies
for optimisation of various properties by judicious choice
of ligands. For example, incorporation of three inequivalent
ligands with�∗ levels that allow the overlap of absorptions
corresponding to t2g → �∗ transitions to each ligand would
cause the complex to absorb all visible light, which could
be termed a “black absorber”[27,68].

Although the dependence of the excited state properties
of RuII complexes on ligand environment is well estab-
lished [75], most studies have been confined to homolep-
tic complexes ([Ru(L)3]2+) and heteroleptic complexes of
type [Ru(L)2(L1)]2+ and [Ru(L)2X2] (L and L1 are in-
equivalent diimines and X is an anion such as a halide or
pseudohalide)[2,6,24], and only recently has the success-
ful separation of stereochemical and geometrical isomers
of mixed ligand mononuclear and polynuclear RuII com-
plexes been reported[76–83] opening up exciting opportu-
nities for the detailed examinations of the dependence of the
spectroscopic, photophysical and electrochemical properties
on structural features of the isomers. The focus of study
on [Ru(L)2(L1)]2+ and [Ru(L)2X2] complexes has arisen
largely because of difficulties associated with the synthesis
and purification of heteroleptic complexes with three dissim-
ilar diimine ligands, [Ru(L)(L1)(L2)]2+ (L, L1 andL2 are
inequivalent diimines). One of the synthetic challenges tack-
led in our laboratory has been the development of versatile
synthetic methods to such complexes. After a brief outline of
the general synthetic methods to homoleptic [Ru(L)3]2+ and
heteroleptic [Ru(L)2(L1)]2+ complexes and dyes most com-
monly used in DSSCs, synthetic strategies to heteroleptic
[Ru(L)(L1)(L2)]2+ complexes are reviewed in more detail.

3. Synthetic methods

3.1. Homoleptic ruthenium(II) diimine complexes

The synthesis of the homoleptic [Ru(bpy)3]Cl2, first re-
ported in 1936, involved prolonged heating of a mixture
of RuCl3·xH2O and excess of 2,2′-bipyridine, according to
[84]:

2 RuCl3 · xH2O + 8 bpy→ 2[Ru(bpy)3]Cl2

+ xH2O + C20H14N4 + 2 HCl

(1)

A more versatile method involving reduction of
RuCl3·xH2O with sodium phosphinate or phosphinic acid
in the presence of a diimine ligand was subsequently used
to prepare [Ru(diimine)3]2+ complexes incorporating an ar-
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ray of substituted 2,2′-bipyridines and 1,10-phenanthrolines
[85–92].

A later preparation involves reaction of the versatile
[Ru(CO)2Cl2]n with 2,2′-bipyridine and trimethylamine-N-
oxide in 2-methoxyethanol[93].

[Ru(CO)2Cl2]n + 3n bpy+ 2n Me3NO
MeOCH2CH2OH−−−−−−−−→ n[Ru(bpy)3]Cl2 + 2n Me3N + 2n CO2

(2)

The method, which can be applied to heteroleptic com-
plexes (outlined below), is capable of generalisation.

A method involving conversion of [Ru(C6H6)Cl2]2+ [94]
to heteroleptic complexes might well be modified to yield
homoleptic complexes.

[Ru(C6H6)Cl2]2 + 6L
hv, MeCN−−−−→ 2[RuL3]Cl2 + 2C6H6 (3)

Chiral tris(diimine) ruthenium complexes have been pre-
pared by a prolonged reaction and the method appears gen-
erally applicable[95].

RuCl3
MeOH/AcOH−−−−−−−→

3L
[RuL3]Cl2 (4)

3.2. Heteroleptic ruthenium(II) diimine complexes
[Ru(L)2(L1)]2+

The development of a synthetic methodology to heterolep-
tic tris(diimine) complexes of type [Ru(L)2(L1)]2+ was a
major advance providing access to an array of complexes.
One route involved the reaction of a ruthenium(III) complex,
[Ru(L1)Cl3], with an excess of a different diimine,L [91].

[Ru(L1)Cl3]
L,	−→ [Ru(L)2(L1)]2+ (5)

A facile, widely used, route involves reaction of
[Ru(L)2Cl2] with a second diimine in an appropriate
medium[95–97].

[Ru(L)2Cl2] + L1 → [Ru(L)2(L1)]Cl2 (6)

Syntheses of [Ru(L)2Cl2] required for this reaction were
initially unsatisfactory and included thermal decomposition
of [Ru(bpy)3]Cl2 [96] and (LH)[Ru(L)Cl4] [96,98] (LH
= protonated diimine) and a photochemical process involv-
ing irradiation of [Ru(bpy)3]X2 or [Ru(bpy)3]Cl2 [99].

A most convenient synthesis of such complexes entails
the direct reaction of RuCl3·xH2O with slightly more than
two molar equivalents of a diimine ligand in DMF in which
the solvent acts as a reductant, converting RuIII to RuII

[95,100]. A minor amount of the monocarbonyl complex
[Ru(bpy)2(CO)Cl]+ may also be formed, presumably by the
thermal decarbonylation of the solvent[101], but in the con-
text of [Ru(L)2(L1)]2+ syntheses such an impurity is not
problematic. Further reaction with another diimine ligand
then produces the desired [Ru(L)2(L1)]2+ complex [95].

Another approach to give the unsymmetrical dichlorides in-
volves the reaction sequence inScheme 1 [94].

L, MeCN

2Ru(L)(MeCN)2Cl2  +  C6H6

L1, Acetone
2[Ru(L)(L1)Cl2]

hν
MeCN

[Ru(C6H6)Cl2]2 2[Ru(C6H6)(L)Cl]Cl  +  C6H6

Scheme 1.

Reaction of [Ru(L)2(CO)2]2+ (L = phen or bpy)
[102,103] and optically resolvedcis-[Ru(bpy)2(CO)2]2+
[11,80,104] with a different bipyridine nucleophile (L1)
and Me3NO yields [Ru(L)2(L1)]2+. The method has also
been used to yield geometric isomers of complexes con-
taining two molecules of the same unsymmetrical bidentate
ligand [103]. More simply, [Ru(bpy)(CO)2Cl2] reacts with
Me3NO and phen to give [Ru(bpy)(phen)2]2+ [93], a reac-
tion capable of being generalised.

[Ru(bpy)(CO)2Cl2] + 2phen+ 2Me3NO

→ [Ru(bpy)(phen)2]Cl2 + 2CO2 + 2Me3N (7)

The dimethyl sulfoxide complex [Ru(DMSO)4Cl2],
formed by reacting RuCl3·xH2O with DMSO, has also
proved a convenient synthon for the preparation of het-
eroleptic complexes with two diimine ligands. Addition
of a bidentate ligand,L, to [Ru(DMSO)4Cl2] in a non-
donor solvent replaces two DMSO ligands and forms
[Ru(L)(DMSO)2Cl2] [105]. The lability of the DMSO and
chloride ligands allows their replacement by a bidentate
ligand, L1, yielding [Ru(L)(L1)2]2+ [106,107]. As will be
described later, this method has been developed to a stage
where heteroleptic complexes containing three dissimi-
lar diimine ligands, [Ru(L)(L1)(L2)]2+, can be prepared
[108,109]. In addition, the reaction of [Ru(L)2(DMSO)Cl]+
with a different diimine ligand,L1, gave [Ru(L)2(L1)]+
with retention of stereochemistry[110–112].

3.2.1. Dyes applied in DSSCs
A plethora of RuII complexes have been screened for

their ability to act as photosensitisers in DSSCs (see for
example [16]). Rather than exhaustively reviewing the
synthesis of such complexes, our attention here focuses
on the most frequently used RuII dye sensitisers, these
methods being representative of a wider variety of ap-
proaches used. The complex associated with the break-
through discovery of DSSCs was [Ru(H2dcbpy)2(NCS)2],
where H2dcbpy = 4,4′-dicarboxy-2,2′-bipyridine [15].
The synthesis of this complex follows the typical path
for bis(diimine)Ru thenium(II) complexes, i.e., reac-
tion of the ligand with RuCl3·xH2O at high tempera-
tures in DMF produces [Ru(H2dcbpy)2(Cl)2] (commonly
called N3), which is treated with an excess of a thio-
cyanate salt also in DMF to yield the product. The
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product contained small amounts of the tris(diimine)
complex, [Ru(H2dcbpy)3]Cl2, and the S-bound thio-
cyanate linkage isomers, [Ru(H2dcbpy)2(NCS)(SCN)]
and [Ru(H2dcbpy)2(SCN)2]. Purification was achieved
by slowly precipitating the dye by acidifying an alka-
line solution to pH 3.3[113]. Moreover, procedures have
been developed which allow the isolation of two tetra-
butylammonium salts, viz. (Bu4N)4[Ru(dcbpy)2(NCS)2]
and (Bu4N)2[Ru(Hdcbpy)2(NCS)2] [114] and these
led to improvements in cell performance over N3
[115].

Another efficient dye, termed the ‘black dye’ be-
cause of its excellent light absorption over most of the
visible region, incorporates a terpyridine tridentate lig-
and, 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine (H3tctpy)
[49,70]. To facilitate purification the ligand was first con-
verted into the trimethyl ester and then refluxed with
RuCl3·xH2O under argon in an EtOH/CH2Cl2 mixture to
form [Ru(tri(methoxycarbonyl)terpy)Cl3]. Further reaction
with an excess of ammonium thiocyanate, at reflux in DMF,
followed by hydrolysis with triethylamine produces the dye
which was isolated as{(C2H5)3NH}[Ru(H3tctpy)(NCS)3].
The product was found to be predominantly a mix-
ture of linkage isomers, viz., 60%N-bonded isomer
(preferred for DSSCs), 20%N- and S-bonded isomers
and 10% S-bonded isomer. Chromatographic purifi-
cation and crystallisation as an alkylammonium salt,
{(C4H9)4N}4−y[Ru(Hytctpy)(NCS)3] was followed by de-
tailed spectroscopic, structural and photochemical investi-
gations[70].

3.3. Synthetic strategies to heteroleptic tris(diimine)
ruthenium(II) complexes, [Ru(L)(L1)(L2)]2+.

3.3.1. Syntheses based on [Ru(CO)2Cl2]n

Heteroleptic tris(diimine) Ru(II) complexes of type
[Ru(L)(L1)(L2)]2+, where L, L1 and L2 are dissimilar
bidentate ligands, have been reported from the early 1980’s,
the first example involving use of [Ru(CO)2Cl2]2 as ini-
tial synthon[102]. The dicarbonyldichlorideruthenium(II)
polymer, [Ru(CO)2Cl2]n is readily prepared from com-
mercial hydrated RuCl3 [116,117]. The ease of cleavage
of this polymer and the contrasting lability and chem-
istry of the chloro and carbonyl ligands has provided
excellent scope for the synthesis of mixed ligand com-
plexes. We have been developing [Ru(CO)2Cl2]n as a
synthon for heteroleptic [Ru(L)(L1)(L2)]2+ complexes
[72,102,118–125]. Preparations described by other workers
follow later.

Two routes to [Ru(L)(L1)(L2)]2+ complexes based on
[Ru(CO)2Cl2]n are described inSchemes 2 and 3and
both initially involve the conversion of [Ru(CO)2Cl2]n into
[Ru(L)(CO)2Cl2] [93,118,119]. From this common prod-
uct, the two routes diverge with one following the path of
exchange of the chloro ligands by triflate[118,120,126,127]
followed by substitution of this relatively labile anion by

HCO2H, (H2CO)n

[Ru(L)(CO)2Cl2]

(i) L1, 2-MeOCH2CH2OH

(ii) PF6
-

[Ru(L)(L1)(CO)2](PF6)2

L2, Me3NO
[Ru(L)(L1)(L2)](PF6)2

L, MeOH

RuCl3.xH2O [Ru(CO)2Cl2]n

[Ru(L)(CO)2(CF3SO3)2]
CF3SO3H

∆

Scheme 2. Triflate route to heteroleptic[Ru(L)(L1)(L2)]2+ complexes.

a diimine ligand[93,118] while in the other photodecar-
bonylation of [Ru(L)(CO)2Cl2] yields a dinuclear product
[128] which is subjected to cleavage by a strongly binding
ligand. For both routes, the final step involved chemical
decarbonylation with Me3NO in the presence of a third
diimine ligand[72,102,125,126]. Pakkanen and co-workers
[129–133]have prepared [Ru(L)(CO)2Cl2] complexes us-
ing [Ru(CO)3Cl2]2 as starting material. These synthetic
developments provide considerable scope for designing and
then preparing complexes with tunable physicochemical
properties.

3.3.1.1. [Ru(CO)2Cl2]n. The reaction of RuCl3·xH2O
with formic acid in the presence of excess paraformalde-
hyde results in the reduction of Ru(III) to Ru(II) and for-
mation of [Ru(CO)2Cl2]n, [72,118]which was isolated as a
pale yellow powder[72,116–118]. Possible redox processes

HCO2H, (H2CO)n

[Ru(L)(CO)2Cl2]
hν

(i) L1, 2-MeOCH2CH2OH

(ii) PF6
-

[Ru(L)(L1)(CO)Cl](PF6)
L2, Me3NO

[Ru(L)(L1)(L2)](PF6)2

RuCl3.xH2O [Ru(CO)2Cl2]n

[Ru(L)(CO)Cl2]2

[Ru(L)(L1)(CO)X](PF6)

AgX

L, MeOH

∆

Scheme 3. Photochemical decarbonylation route to heteroleptic
[Ru(L)(L1)(L2)]2+ complexes.
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responsible for the formation of the product are shown
below:

reduction : RuCl3(·xH2O) + 2HCOOH+ e−

→ 1

n
[Ru(CO)2Cl2]n + 2H2O + Cl− + (xH2O)

oxidation : HCOOH+ 1

n
(CH2O)n

→ 2CO+ H2O + 2H+ + 2e−

overall : 2RuCl3(xH2O) + 5HCOOH+ 1

n
(CH2O)n

→ 2

n
[Ru(CO)2Cl2]n + 5H2O + 2HCl + 2CO+ (xH2O)

(8)

The generation of excess carbon monoxide provides an
explanation for the presence of the dinuclear tricarbonyl im-
purity, [Ru(CO)3Cl2]2, in the product, a compound which
exhibits carbonyl stretching at∼2138 cm−1 [72,116]and is
thought to be related to the production of HCl during the re-
action. This proposal is supported by an increase in yield ob-
served on deliberate addition of HCl. For the [Ru(CO)2Cl2]n
polymer, the twin terminalν(CO) IR absorptions indicate
that the structure consists of a “kinked-chain” (Fig. 3) with
cis- andtrans-bridging chlorides andcis-terminal carbonyls,
analogous to that proposed for [Mo(NO)2Cl2]n [134].

Ru

Cl

CO

ClOC

ClCl

Ru

Ru

Cl

CO

Cl

CO

Ru

CO
CO

Cl

Cl

CO
Cl

OC

Cl

Fig. 3. Proposed “kinked-chain” structure of [Ru(CO)2Cl2]n.

3.3.1.2. [Ru(L)(CO)2Cl2]. Polymeric [Ru(CO)2Cl2]n re-
acts readily with bidentate diimine ligands in an alcohol
solvent to give (bidentate)dicarbonyldichlororuthenium(II)
complexes, [Ru(L)(CO)2Cl2] (where L includes 2,2′-
bipyridine, 4,4′-dimethyl-2,2′-bipyridine, 5,5′-dimethyl-
2,2′-bipyridine, 1,10-phenanthroline, 4,7-dimethyl-1,10-
phenanthroline, 2,9-dimethyl-1,10-phenanthroline, di(2-
pyridyl) ketone, 2,2′-biquinoline and 2-aminomethylpyridine)
[72,93,118,119,126,135].

1

n
[Ru(CO)2Cl2]n

L,MeOH−−−−→ [Ru(L)(CO)2Cl2] (9)

These complexes are excellent precursors to mixed ligand
complexes by virtue of differences in the reactivity of the car-

Ru

Cl

Cl

CON

N CO
Ru

Cl

CO

ClN

N CO
Ru

CO

CO

ClN

N Cl

(A) (B) (C)

Fig. 4. Geometric isomers of [Ru(N–N)(CO)2Cl2] where N–N is a sym-
metrical diimine ligand. (A)cis-CO, trans-Cl; (B) cis-CO, cis-Cl; (C)
trans-CO, cis-Cl.

bonyl and chloride ligands; variation in their ability to be dis-
placed by other ligands and physical processes (e.g. photola-
bilisation[128]) facilitating the selective addition of ligands
[72]. Pakkanen and co-workers[129–133]have developed
an alternative procedure which converts [Ru(CO)3Cl2]2 into
[Ru(L)(CO)2Cl2] complexes that can then also be subjected
to the procedure outlined inScheme 2. This work also indi-
cates that the presence of this compound as an impurity in
[Ru(CO)2Cl2]n does not affect the outcome of reaction 9.

For a symmetric bidentate ligand, such a reaction can re-
sult in any one of three geometric isomers (seeFig. 4). On the
basis of the IR spectrum, which exhibited symmetric (νsym)
and antisymmetric (νasym) stretching vibrations attributable
to cis-carbonyls and a far IR spectrum with only one Ru–Cl
stretching absorption, the structure of the complexes with L
= bpy, phen, biq, dpk[118,119,136]was assigned as hav-
ing thecis-dicarbonyl-trans-dichloro configuration (A). The
NMR spectra showed same number of signals as the free lig-
and indicating a symmetrically co-ordinated ligand, consis-
tent with isomer (A). Pakkanen and co-workers[129–133],
on the other hand have found that thecis-dicarbonyl-cis-
dichloro isomer (B) is formed when [Ru(CO)3Cl2]2 is used
as starting material.

Likewise, the 2-aminomethylpyridine derivative,
[Ru(amp)(CO)2Cl2], the only complex to form as one
of the other geometric isomers when [Ru(CO)2Cl2]n is
used, has acis-arrangement of carbonyls and chlorides
(B in Fig. 4). A difference in reactivity between a di-
imine and an imine/amine can not explain this finding. The
1,2-diaminoethane complex adopts acis-dicarbonyl trans-
dichloro-1,2-diaminoethane configuration corresponding to
structure (A) [136]. It was argued that the longer reaction
time necessary to cleave [Ru(CO)2Cl2]n with amp resulted
in the formation of the thermodynamically stable product
(isomerB).

An unexpected product was isolated from the reaction
of [Ru(CO)2Cl2]n with dpk for which delocalisation of
electron density[137] can give rise to further chemistry.
Storage of a methanolic solution of [Ru(dpk)(CO)2Cl2] in
the dark resulted in the addition of methanol to co-ordinated
dpk and crystallised a product with structure shown in
Fig. 5 [138]. The deprotonated ketal formed from this addi-
tion, methoxydi(2-pyridyl)methoxide, co-ordinates facially
such that the ketal oxygen istrans- to the chloride and the
pyridyl nitrogens aretrans- to the carbonyls (Fig. 5). This
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Fig. 5. Structure of product obtained on addition of methanol to dpk in
[Ru(dpk)(CO)2Cl2] [138].

chemistry has precedent in that nucleophilic attack on metal
bound dpk has been reported for first row transition metal
complexes[137,139]and Cr(III) and Ru(II) bis(diol) com-
plexes formed on addition of water have been structurally
characterised[140].

3.3.1.3. Chemical decarbonylation of [Ru(L)(CO)2Cl2].
Despite initially being thought inert to further substitution,
subsequent investigation showed that both the carbonyl and
the chloride ligands in [Ru(L)(CO)2Cl2] are susceptible to
replacement under appropriate conditions. For example, on
treatment with the decarbonylation agent trimethylamine
N-oxide (Me3NO) in pyridine, [Ru(L)(CO)2Cl2] complexes
were found to undergo monodecarbonylation to yield the
monocarbonyl pyridine complexes, [Ru(L)(CO)(py)Cl2]
[121]. A related chemical decarbonylation has been used
to give [Ru(bpy)2Cl(py)]+ [141]. A useful reaction from
the point of view of obtaining photoactive Ru(II) dye for
use in DSCCs was the reaction of such complexes with an
inequivalent diimine ligand and trimethylamine N-oxide.
As noted earlier, total decarbonylation was achieved by
reaction of [Ru(L)(CO)2Cl2] and [Ru(L)(CO)(py)Cl2] with
Me3NO in the presence of an excess of a bidentate ligand
L1 in 2-methoxyethanol[93,102]. This provided another
facile route for the synthesis of the heteroleptic complexes
[Ru(L)(L1)2]2+ in good yield. The chloride ligands were
also found to be displaced by reaction with silver car-
boxylates in a solution of the corresponding acid yielding
the analogous carboxylate complex, [Ru(L)(CO)2(RCO2)2]
[118]. For example,

[Ru(phen)Cl2(CO)2] + 2 AgO2CCH3

→ [Ru(phen)(CO)2(CH3CO2)2] + 2AgCl (10)

3.3.1.4. Triflate route (Scheme 2). An observation,
which led to the development of a versatile synthesis
of [Ru(L)(L1)(L2)]2+, was the finding that the chlo-
ride ligands in [Ru(L)(CO)2Cl2] were vulnerable to dis-
placement by trifluoromethanesulphonate (CF3SO3

−).
Three methods were used to achieve chloride substi-
tution. Firstly, reaction of the bis(acetato) complex,
[Ru(phen)(CO)2(CH3CO2)2], with CF3SO3H yielded the
corresponding [Ru(phen)(CO)2(CF3SO3)2] derivative, but
this method failed for the analogous bpy complex. In
acetonitrile, analogous reactions yielded bis(acetonitrile)
complexes[118]:

[Ru(L)(CH3CO2)2(CO)2] + 2CF3SO3H →
[Ru(L)(CO)2(MeCN)2](CF3SO3)2 + 2CH3CO2H

(11)

These might well be used as intermediates to give
[Ru(L)(L1)(L2)]2+ in view of Freedman’s use of the corre-
sponding chlorides[94].

More generally, heating [Ru(L)(CO)2Cl2] (e.g., where
L is bpy and Me2bpy) with triflic acid either neat or
dissolved in high boiling point organic solvent, thereby
removing the HCl produced, drives the reaction to com-
pletion. The reaction temperature of 110◦C represented a
balance between achieving reasonable rates whilst minimis-
ing the decomposition of the complexes[72,127]. In cases
where the ligands were susceptible to acid hydrolysis, eg.,
[Ru((EtO2C)2bpy)(CO)2Cl2], a complex with ester groups,
reaction with silver triflate at reflux in dichloromethane was
used[72]. The yields of the triflate complexes varied con-
siderably from high (80%) to poor (25%)[72,118,127]. The
products were found to be stable for long periods providing
all traces of triflic acid were removed and the complexes
were dried thoroughly prior to storage. The analytical data,
including two ν(CO) absorptions and multipleν(SO) ab-
sorptions indicated that thecis-carbonyl,cis-triflato isomer
is formed [72,118] indicative of thermal isomerization
given that the reactant hastrans-dichloro stereochemistry.
[Ru(phen)(CO)2(CF3SO3)2], however, was obtained with
trans-triflato groups from thetrans-diacetatoruthenium(II)
precursor[118].

The triflate groups are susceptible to facile substitution by
bidentate ligands under quite mild conditions (e.g., reflux-
ing ethanol in the presence of a dissimilar diimine ligand,
L1), resulting in the formation of the dicarbonyl complexes
[Ru(L)(L1)(CO)2]2+, which were isolated as PF6

− salts in
yields ranging from 30 to 80%[72,118,120,127]. The NMR
and IR spectra for these complexes were again consis-
tent with acis-disposition of the carbonyl ligands. Triflato
labilization has also been used in the synthesis oftrans-
[RuL2AB]complexes[142] and ‘black’ absorbers[68].

Exploitation of [Ru(L)(L1)(CO)2]2+ as a synthon for
tris(diimine) complexes incorporating three dissimilar
ligands, [Ru(L)(L1)(L2)]2+, was achieved by chemical
decarbonylation with Me3NO in the presence of an ex-
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cess of a third bidentate ligand,L2, in 2-methoxyethanol
[72,102,126]. Interestingly, in the case of complexes con-
taining the esterified ligand (EtO2C)2bpy, a transesterifica-
tion reaction took place through which the ethyl group was
replaced by –CH2CH2OMe from the 2-methoxyethanol sol-
vent, requiring a change of solvent to 1,2-dimethoxyethane
[72]. A notable feature of the reaction was the dependence
of the rate of decarbonylation on the two bidentate lig-
ands,L and L1. This was faster for ligands with electron
withdrawing groups in keeping with the view that Me3NO
assisted decarbonylations occur by oxygen atom transfer to
the carbonyl. A mechanistic rationale has been based on
the expectation that a decrease in the electron density on
the metal centre, caused by the electron withdrawing sub-
stituent, will make the carbonyl more prone to nucleophilic
attack[72].

In cases where the ligand can be oxidised by Me3NO,
an alternative strategy has been developed whereby
[Ru(L)(L1)(CO)2]2+ is treated with Me3NO in MeCN or
pyridine to give [Ru(L)(L1)(A)2]2+ (where A= MeCN or
py) and then the unidentate ligands are displaced by the
oxidisable bidentate ligand[143].

[Ru(L)(L1)(CO)2]2+ A−−−→
Me3NO

[Ru(L)(L1)(A)2]2+

L2

−−→
−2A

[Ru(L)(L1)(L2)]2+

A strategy for selective removal of one carbonyl lig-
and was also developed providing a new route to bridged
diruthenium complexes[143]. In addition, the dicarbonyl-
ruthenium(II) intermediate route has been used to give
homochiral (	3/�3) and heterochiral (	2�3/	/�2) com-
plexes with two ruthenium(II) ions bridged by 1,4,5,8,9,12-
hexaazatriphenylene[144]. Enantiomers of both forms
were isolated and identified. Decarbonylation of	- and
�-[Ru(L)2(CO)2]2+ (L = phen, bpy or 4,4′-Me2bpy)in the
presence ofL gave [Ru(L)3]2+ with retention of configura-
tion [145]. Conversion of [Ru(�2 − tpy)(CO2)X2](X = Cl,
Br) into [Ru(�3 − tpy)COX2] with Me3NO is extremely
facile [146].

3.3.1.5. Photodecarbonylation route (Scheme 3). In
the development of the photodecarbonylation route to
tris(diimine) complexes, it was recognised that irradiation
of ruthenium(II)-polypyridyl-carbonyl complexes has been
used to perform photosubstitution reactions. Irradiation of
[Ru(bpy)(CO)2Cl2] in the presence of terpyridine had been
used to prepare [Ru(bpy)(tpy)(CO)]2+ [145] and chemical
decarbonylation then used to synthesise complexes incor-
porating other monodentate ligands (Scheme 4, [145]).

Photolysis of [Ru(bpy)(CO)2Cl2] in acetonitrile (λ =
366 nm) was found to promote an initial substitution re-
action forming [Ru(bpy)(CH3CN)(CO)Cl2] before slower
decarbonylation to the bis(acetonitrile) complex[147]. The
potential of this photodecarbonylation reaction to produce

 [Ru(L)(tpy)(CO)] 2+[Ru(L)(CO)2Cl2] + tpy
hν, 2-MeOCH2CH2OH

[Ru(L)(tpy)X]y+

X, Me3NO

Scheme 4

Scheme 4.

an extensive range of mixed ligand RuII complexes added
impetus to our studies.

Irradiation of [Ru(L)(CO)2Cl2] (whereL is a diimine lig-
and) in CH2Cl2 with visible light was found to result in
monodecarbonylation and yielded very insoluble monocar-
bonyl complexes:

2[Ru(L)(CO)2Cl2]
hv−→ [Ru(L)(CO)Cl2]2 + 2 CO (12)

The elimination of the strongly�-accepting carbonyl
induces a weaker ligand field and results in a red-shift of
the charge transfer transitions and causes the disappearance
of two ν(CO) stretching absorptions (at 2050–2060 cm−1

and 1990–2010 cm−1). The products withL = bpy, 4,4′-
Me2bpy, 5,5′-Me2bpy, phen, 4,7-Me2phen, 2,9-Me2phen)
exhibited a singleν(CO) stretching band at ca.1950 cm−1

suggestive of similar structures, while forL = dpk aν(CO)
absorption at 1985 cm−1 indicated a different structure
(Scheme 5). The lowering ofν(CO) from those for the di-
carbonyl precursors, [Ru(L)(CO)2Cl2], is indicative of an
increased bond order between the carbonyl and metal centre
and thus a diminished likelihood of further decarbonylation,
an important property which confers long term stability and
ease of storage—a desirable quality in a potential synthon.

Irradiation ofcis-dicarbonyl-trans-dichloro(di(2-pyridyl)-
amine)ruthenium(II) and [Ru(amp)(CO)2Cl2] in poorly co-
ordinating solvents did not culminate in the isolation of
well-defined, reproducible compounds[138]. Decomposi-
tion appeared to occur upon photolysis. One explanation
was based on the possibility that an excited state involved
in the decarbonylation is stabilised by favourable delocali-
sation of electrons on bpy, phen, dpk and their derivatives in
resonance forms which cannot be achieved in the cases of
di(2-pyridyl)amine (Hdpa) or amp. This may indicate that
the photochemical decarbonylation of [Ru(L)(CO)2Cl2] to
[Ru(L)(CO)2Cl]2 is limited to cases where the ligand in-
volved has a�-system which can effectively stabilise the
excited state. In terms of the synthesis of heteroleptic com-
plexes, however, this should not prove to be a major syn-
thetic limitation since the amp or Hdpa ligands can be added
in later steps of the overall preparation.

3.3.1.6. [Ru(L)(L1)(CO)Cl]+. Monocarbonyl complexes
with two identical diimine ligands, [Ru(L)2(CO)Cl]+, are
often generated either by carbonylation of [Ru(L)2Cl2] with
carbon monoxide[62] or as side-products in the synthesis
of dichlorobis(bidentate)ruthenium(II) ([Ru(L)2Cl2]) com-
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plexes, arising from the decarbonylation of DMF[101]. The
development of a facile synthetic route to [Ru(L)(CO)Cl2]2
dimers (Scheme 5), involving photodecarbonylation of
[Ru(L)(CO)2Cl2] [128], allowed us to access a family of
ideal precursors to Ru(II) complexes containing dissimilar
diimine ligands (L and L1), viz., [Ru(L)(L1)(CO)Cl]+. A
convenient synthesis of these complexes, which avoided in-
efficiencies arising from the possible low yields of the triflate
complexes[72,126,127], was developed which involved the
reaction of [Ru(L)(CO)Cl2]2 with an excess of a bidentate
ligand (L1) in a suitable solvent (e.g. 2-methoxyethanol)
followed by precipitation as hexafluorophosphate or per-
chlorate salts (X)[128].

[Ru(L)(CO)Cl2]2 + L1 MX−→ 2[Ru(L)(L1)(CO)Cl]X + Cl−

(13)

Three geometric isomers are possible for [Ru(L)(L1)(CO)-
Cl]+ two cis (I and II) and onetrans isomer (Fig. 6),
complicating structural assignment. The spectroscopic data
(particularly the NMR spectra) indicated a major and minor
product both of which were concluded to becis-isomers
from the number of NMR resonances (viz. 16 aromatic
resonances were observed for each rather that the eight
expected for atrans isomer). Molecular structure determi-
nations then confirmed that the major product was always
that produced by substitution of the dichloride bridge in

Ru
N' Cl

CON

Ru

N

N' CO
N'

ClN

Ru

CO

'
Cl

N'N

N

N'

I II III

Fig. 6. Geometric isomers of [Ru(L1)(L2)(CO)Cl]+; L1, L2

= symmetrical bidentate ligands.

the [Ru(L)(CO)Cl2]2 precursors (Scheme 6, N′′–N′′ 
= dpk)
by the incoming diimine ligand,L1. For the majority of
complexes investigated, this meant that the product formed
depended on the order of addition of the diimine ligands,
with the second incoming ligand always having a nitrogen
trans to the carbonyl. However, the NMR spectra of these
complexes indicate that, although onecis-isomer clearly
predominates, some of the secondcis-isomer is also formed
indicating that some rearrangement occurs.

An interesting situation arises when di (2-pyridyl)
ketone is used as a ligand because the structure of
[Ru(dpk)(CO)Cl2] is different from those of all the other
[Ru(L)(CO)Cl2]2 complexes (Scheme 6, bottom structure
LHS) in that the carbonyl is trans to an imine nitrogen
rather than a chloride (Scheme 6, top structure LHS). As
a consequence, the same major product is obtained re-
gardless of whetherdpk is added to [Ru(L)(CO)Cl2]2
(where L 
= dpk) or L was added to [Ru(dpk)(CO)Cl2].
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The synthesis ofdpk complexes is, however, compli-
cated by the fact that the solvent 2-methoxyethanol adds
to dpk leading to intractable mixtures. As noted earlier,
similar chemistry was observed when decarbonylation of
[Ru(CO)2Cl2]n was carried out in methanol in the pres-
ence of dpk in an effort to produce [Ru(dpk)(CO)2Cl2].
(Fig. 5).

3.3.1.7. [Ru(L)(L1)(L2)]2+. A convenient synthesis of he-
teroleptic tris(diimine)Ru(II) complexes, [Ru(L)(L1)(L2)]2+
cations has been developed which involves reaction of
[Ru(L)(L1)(CO)Cl]+ with a dissimilar bidentate diimine
ligand (L2) in the presence of trimethylamine-N-oxide as
decarbonylating agent and isolation of the products as ei-
ther hexafluorophosphate or perchlorate salts [L 
= L1 
=
L2 = 2,2′−bipyridine (bpy), 4,4′-dimethyl-2,2′-bipyridine
(4,4′-Me2bpy), 5,5′-dimethyl-2,2′-bipyridine (5,5′-Me2bpy),
1,10-phenanthroline (phen), 4,7-dimethyl-1,10-phenanthro-
line (4,7-Me2phen), 5,6-dimethyl-1,10-phenanthroline (5,6-
Me2phen), di(2-pyridyl)amine (Hdpa) and 2,2′:6′,2′′-terpyri-
dine (tpy)]. This is the final step of the versatile route for the
production of mixed ligand Ru(II) complexes, detailed in
Scheme 3 [124]. Clean ES mass spectra with characteristic
isotopic distribution patterns (viz., peaks atm/z 304→ 351
for the 2+ cation and 1+ cation-anion ion pairs atm/z 760
→ 847) and the1H NMR and COSY spectra confirmed the
formation of the [Ru(L)(L1)(L2)]2+ cations. The spectra
showed no evidence of products of type [Ru(L)2(L1)]2+,
[Ru(L)2(L2)]2+, [Ru(L)(L1)2]2+ and [Ru(L)(L2)2]2+. In
the case of the Hdpa complexes, deprotonation of Hdpa
occurs during the electrospray mass spectrometry analysis
and led to signals attributable to singly charged complexes,
[Ru(L)(L1)(dpa)]+. The X-ray structure of these com-
plexes indicated that the isomer formed was that expected
if reaction proceeded without rearrangement by direct sub-
stitution of the carbonyl and chloro ligands in [Ru(L)(L1)
(CO)Cl]+.

3.3.2. Syntheses based on [Ru(DMSO)4Cl2]
Apart from being low yielding in some cases, the triflate

route to heteroleptic complexes [Ru(L)(L1)(L2)]2+ proved
less effective when the imine ligands in question incorpo-
rate anionic groups (eg., carboxylates and phosphonates). As
this is also the case for the decarbonylation route, there has
been a need to develop effective synthetic methods that al-
low such ligands to be incorporated into Ru(II) complexes.
Methods based on the [Ru(DMSO)4Cl2] synthon, conve-
niently prepared by reacting ruthenium(III) trichloride with
neat DMSO, have been reported quite recently[108,109].
Scheme 7describes this procedure, which as yet has not been
applied extensively. Reaction of [Ru(DMSO)4Cl2] complex
with a diimine ligand,L, in a low boiling point solvent,
CHCl3, produced [Ru(L)(DMSO)2Cl2] [108]. Protic sol-
vents or high boiling point aprotic solvents resulted in a
mixture of mono- and bis- complexes and their use has to be
avoided. For symmetrical disubstituted diimine ligands, the

[Ru(L)(DMSO)2Cl2]

L2, MeOH/H2O/OH-

[Ru(L)(L1)(L2)]

[Ru(L)(L1)(NCS)2]

L, CHCl3
RuCl3.xH2O

[Ru(L)(L1)Cl2]

L1, DMF

DMSO

∆

[Ru(DMSO)4Cl2]

∆

KNCS, DMF
∆

L = Me2bpy, L1 = dcbpy, L2 = dtc

Scheme 7. [Ru(DMSO)4Cl2] route to heteroleptic ruthenium (II) com-
plexes.

presence of six resonances in the1H NMR spectrum of the
product indicated that the two imine nitrogen as are trans to
two different ligands, i.e., DMSO and Cl−, hence the allcis
isomer is obtained.

Subsequently, reaction of [Ru(L)(DMSO)2Cl2] with a
second diimine ligand, dcbpy (L1), in DMF at high temper-
ature successfully substituted the remaining DMSO ligands
and produced the heteroleptic complex, [Ru(L)(L1)Cl2]
[108], linking with other strategies (see below). Substitution
of the chloride ligands was achieved in two ways. Firstly, re-
action in DMF with an excess of KNCS at high temperature
gave [Ru(L)(L1)(SCN)2], an analogue of the well studied
N3 dye, [Ru(L1)2(SCN)2]. Secondly, [Ru(L)(DMSO)2Cl2
was reacted with sodium diethyldithiocarbamate (dtc) un-
der alkaline conditions in a mixture of MeOH and water
to yield [Ru(L)(L1)(L2)]. These complexes show sim-
ilar visible light absorption profile to the N3 dye but,
importantly, some light was absorbed over the whole vis-
ible region, an important feature for any dye for use in
DSSCs.

Following a similar approach, Meyer and co-workers
[109] prepared a [Ru(L)(L1)(L2)]4+ complex in which all
three biyridyl ligands were asymmetric. In a one-pot proce-
dure, [Ru(DMSO)4Cl2] was used a precursor and was first
reacted with bpyCH2MV2+ (1-((4′-methyl-2,2′-bipyridin-4-
yl)methyl)-1′-methyl-4,4′bipyridinium) and MebpyCOOH
(4′-methyl-2,2′-bipyridine-4-carboxylic acid) at reflux in
ethanol. The third ligand bpyCH2PTZ (10-((4′methyl-
2,2′-bipyridin-4-yl)methyl)phenothiazine) was then added
and the incorporation of the ligand into the complex fol-
lowed by UV-visible spectrophotometry. Purification by
cation-exchange chromatography and precipitation from
acidic solution as a PF6− salt yielded [Ru(MebpyCOOH)
(bpyCH2MV)(bpyCH2PTZ)](PF6)4 in reasonable yield
(19%) which could exist as one of eight geometric isomers.
The order of addition of the ligands was important as it
was found that when bpyCH2PTZ ligand was added first,
the homoleptic tris complex [Ru(bpyCH2PTZ)3]2+ formed.
Cyclic voltammetry revealed that the complex exhibits rich
electrochemistry with five reversible or quasi-reversible
redox processes occurring at+1.31,+0.81,−0.34,−0.75
and −1.38 V. Excitation of the main MLCT band at
464 nm induced efficient intramolecular electron transfer
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and resulted in the formation a charge separated state,
[Ru(MebpyCOOH)(bpyCH2MV•+)(bpyCH2PTZ•−)]4+.

3.3.3. Other synthetic methods
The route from [Ru(C6H6)Cl2]2 to unsymmetrical

dichlororuthenium species (Scheme 1) can be continued to
give unsymmetrical tris(heteroleptic) complexes[94]:

[Ru(L)(L1)Cl2]
L2

−−−−−−−−−−−→
EtOH/H2O,NH4PF6

[Ru(L)(L1)(L2)](PF6)2 + 2Cl− (14)

Although only used for two examples it has potential for
further development.

A conceptually simple route[95] involves reaction of
RuCl3 with successive different ligands in DMF/LiCl un-
der increasingly vigorous conditions to give [Ru(L)(L1)Cl2]
with a final step, replacement of chlorides with a further
ligand in EtOH or MeOH/H2O/CH3CO2H. Three examples
involving different 4′4′-disubstituted 2,2′-bipyridine ligands
illustrated the method but the need for HPLC purification as
well as recrystallization may limit its attractiveness.

Thummel et al. [148] reported that the reaction of
[Ru(L)Cl3], whereL = bpy with a 2, 21-biquinoline deriva-
tive (L1) in refluxing ethanol gave [Ru(L)(L1)Cl2], which
was further reacted with a bi-1,8-naphthyridine to yield
[Ru(L)(L1)(L2)]2+, and precipitated on addition of a PF6

−
salt. An ingenious synthesis, which hinges on the sub-
stitution of one sterically hindered biquinoline ligand in
[Ru(bpy)(biq)2]2+ by acetonitrile followed by displacement
of acetonitrile with a dissimilar diimine ligand, has given
rise to a number of complexes though these are restricted to
having biquinoline as one of the ligands[149]. These routes
take advantage of the steric bulk of 2,2′-biquinoline with
the von Zelewsky method elegantly using it to generate a
more general synthesis. A similar approach has been used,
by Sauvage and co-workers[150], to prepare elaborate
[Ru(L)2(L1)]2+ complexes with irradiation used to labilise
the sterically congested ligand.

All of these latter methods follow the [Ru(L)(L1)Cl2]
strategy and differ mainly in the route to these synthons, as
well as some differences in the conditions for introduction
of L2.

Regardless of which method is used to prepare
[Ru(L)(L1)(L2)]2+ complexes, trace amounts of more sym-
metrical impurities, e.g., [Ru(L)(L1)2]2+, [Ru(L)2(L2)]2+,
may be present at levels not detectable by spectroscopic
and electrochemical methods. Their detection requires spe-
cialised cation exchange chromatographic analysis (e.g.,
see,[103,109,144,151]).

4. Conclusion

Ruthenium(II) complexes continue to attract attention
from a number of perspectives, of which their ability to

act as photo-sensitisers in the conversion of solar en-
ergy into chemical or electrical energy, is most intensely
studied. Much of this activity has been stimulated by the
contributions made by Professor Grätzel and his research
group. With these developments has come the need for syn-
thetic methods capable of producing complexes with tun-
able physico-chemical properties, such as light absorption.
Herein, we have detailed our contribution to the develop-
ment of methods that enable the rationale synthesis of het-
eroleptic tris(diimine)ruthenium(II) complexes, and place
them in the wider context of those made by other research
groups. Two approaches, developed in our laboratories, are
based on the use of [Ru(CO)2Cl2]n polymer as a key pre-
cursor. The first approach involves the isolation of a triflate
complex, [Ru(L)(CO)2(CF3SO3)2], which is reacted with a
second diimine ligand (L1) to form [Ru(L)(L1)(CO)2]2+.
Subsequent chemical decarbonylation and reaction with a
further diimine ligand (L2) gives [Ru(L)(L1)(L2)]2+. The
second approach circumvents the need to isolate the tri-
flato complexes and instead uses photodecarbonylation of
[Ru(L)(CO)2(Cl)2] to produce [Ru(L)(CO)(Cl)2]2, which
can be converted into [Ru(L)(L1)(CO)Cl]+ by reaction
with a second diimine ligand and then with a third di-
imine ligand under decarbonylation conditions to produce
[Ru(L)(L1)(L2)]2+. These versatile methods add to the syn-
thetic tools available for production of ruthenium(II) com-
plexes with properties required for a particular application.
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