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Abstract
This short review describes the carbonecarbon bond formation chemistry at the periphery of inorganic/organometallic diruthe-
nium species. The types of reactions applicable include the Sonogashira, Suzuki, Negishi and Heck cross-couplings. The structural,
spectroscopic and voltammetric studies revealed that these peripheral modifications have exerted a minimal perturbation on the
electronic structures of the diruthenium species. To cite this article: T. Ren, C. R. Chimie 11 (2008).
� 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Metal catalyzed homo- and cross-coupling reactions
are among the most effective tools for organic and
medicinal chemistry [1,2]. Ru and Mo catalyzed olefin
metathesis reactions have become an indispensable
arsenal for the synthesis of delicate molecular targets
of pharmaceutical and materials interests [3].
Conventional CeC bond formation (between sp/sp2

carbons) methodologies have also experienced a renais-
sance during the last decade [4,5]. In comparison, appli-
cations of coupling methodologies to coordination/
organometallic compounds have remained largely
unexplored and limited. Recent efforts have focused
on the utility of the Sonogashira [6] and Suzuki [7]
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reactions in derivatizing metallo-porphyrins, metal bi-/
ter-pyridine complexes and metal-alkynyl compounds.

During the course of developing organometallic
molecular wires, we noticed that Ru2-alkynyl com-
pounds are excellent chromophores and electrophores,
and hence promising building blocks for novel (opto)-
electronic materials [8]. Further exploration of the
materials’ potential of Ru2-alkynyl species necessitates
controlled assemblies of these building blocks without
significantly altering their (opto)electronic properties.
Cross-coupling reactions at the periphery of Ru2-
alkynyls are appealing tools for such assemblies owing
to the formation of robust CeC bonds and chemical
selectivity therein. Described in this short review are
our recent efforts in both the development of appropri-
ate Ru2-precursors and execution of ensuing coupling
reactions including the Sonogashira, Suzuki, Heck
and Negishi types.
by Elsevier Masson SAS. All rights reserved.
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2. Ru2-species as cross-coupling substrates

Aryl halides, especially aryl iodides, are the most
common substrates for cross-coupling reactions.
Hence, iodo substituents were introduced via the prep-
aration of Ru2L4�xL

0
x (x¼ 1 or 2) type compounds,

where auxiliary ligand L is a diarylformamidinate
(DArF), and L0 is an iodo-containing ligand, either
N,N0-dimethyl-4-iodobenzamidinate (DMBA-I) or
N,N0-di(4-iodophenyl)formamidinate (D(4-IPh)F) (Chart
1). The selective formation of Ru2L4�xL

0
x relies on the

high yield syntheses of both the Ru2(DArF)3(OAc)Cl
and Ru2(DArF)2(OAc)2Cl type compounds. DArFs are
used as ancillary ligands due to their inertness toward
substitution and good solubility of the resultant Ru2 com-
plexes in common organic solvents. The first examples
of such compounds were reported in 1999 [9], and
further explorations by several groups [10e13] demon-
strated that Ru2(DArF)3(OAc)Cl can be prepared on
a multi-gram scale. As shown in Scheme 1, a typical
preparation of Ru2(DArF)3(OAc)Cl involves refluxing
Ru2(OAc)4Cl with 3 equiv of HDArF in THF, and subse-
quent recrystallization or column purification results in
analytically pure material. This simple route works
well with a range of DArF ligands such as N,N0-di
(3-methoxyphenyl)formamidinate (DmAniF) [11,12]
and N,N0-di(3,5-dichlorophenyl)formamidinate (D(3,5-
Cl2Ph)F) [13]. Preparation of Ru2(DArF)2(OAc)2Cl
type compounds (Scheme 1) is similar to that of Ru2

(DArF)3(OAc)Cl, but requires lower reaction tempera-
tures [12,13]. Both the Ru2(DArF)3(OAc)Cl and
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Scheme 1
Ru2(DArF)2(OAc)2Cl type compounds are paramagnetic
S¼ 3/2 species and their structures were established
through single crystal X-ray diffraction studies (Fig. 1),
which revealed the cis-configuration of the Ru2(DAr-
F)2(OAc)2Cl type compounds.

Also shown in Scheme 1, the Ru2(DArF)4�x(OAc)x

Cl (x¼ 1 and 2) type compounds undergo smooth
ligand displacement reactions with a different N,N0-
bidentate ligand, L0, to yield the Ru2(DArF)4�x(L

0)x

Cl type compounds. L0 can be either DMBA-I or
D(4-IPh)F, and contains one or two peripheral iodo
substituents that enables further modification. The
Ru2(DArF)4�x(L

0)xCl type compounds also undergo
reactions with LiC2R (R as Ph or C2SiMe3, in excess)
to afford the corresponding axial alkynyl derivatives
trans-[Ru2(DArF)4�x(L

0)x](C2R)2. As shown in Fig. 2,
structural studies of the derivatized Ru2(L)2(L0)2 type
Cl Ru Ru Cl

DMBA-I or D(4-IPh)F (L')

Cl Ru Ru Cl

2 equiv HL',
THF,12h  reflux

4 equiv HL',
THF,12h  reflux

.



Fig. 1. Structural plots of Ru2(D(3,5-Cl2Ph)F)3(OAc)Cl (left) and cis-Ru2(D(3,5-Cl2Ph)F)2(OAc)2Cl(H2O).
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compounds revealed the retention of cis-configuration,
confirming the substitution inertness of the DArF
ligand in Ru2(DArF)4�x(OAc)xCl.

3. Peripheral cross-coupling reactions

Common CeC bond formation reactions via cross-
coupling pathway include the Heck, Suzuki, Sonoga-
shira, Negishi, Kumada, Stille, and Hiyama types [1],
and the first four types have been successfully executed
at the periphery of diruthenium species. Pd catalysts
commonly used in organic cross-coupling reactions
are employed here, and all observations are consistent
with the oxidative addition and reductive elimination
pathway. Although transition metals other than Pd
are also known to facilitate cross-coupling reactions
[1], our scope is limited to the Pd-based catalysts.
Fig. 2. Structural plots of Ru2(D(3,5-Cl2Ph)F)3(D(4-IePh)F)
3.1. Sonogashira coupling

In a typical Sonogashira reaction [5,14] an iodoar-
ene and a terminal alkyne are coupled in the presence
of trans-Pd(PPh3)2Cl2, CuI and a weak base to afford
the corresponding arylacetylene, and the reaction
conditions have not been modified much since the
publication of the original report [14]. Two types of
Sonogashira reactions with a Ru2 substrate are
presented in Scheme 2. Our initial attempt was based
on Ru2(DmAniF)3(DMBA-I)Cl, which cross coupled
with HC^CY (Y¼ SiMe3 and Fc) to afford the
corresponding Ru2(DmAniF)3(DMBAeC^CY)Cl in
modest yields, as shown in Table 1 [11]. Upon reacting
with LiC4SiMe3 or LiC2Ph, the Ru2(DmAniF)3

(DMBAeC^CY)Cl type compounds were converted
to the axially alkynylated derivative trans-(RC^C)2
Cl (left) and cis-Ru2(DmAniF)2(DMBA-I)2(C^CPh)2.



Table 1

Peripheral cross-coupling reactions

Ya Product Yieldb (%) Ref.

Sonogashira

Ru2(DmAniF)3(DMBA-I)Cl SiiPr3 Ru2(DmAniF)3(DMBAeC^CSiiPr3)Cl 41 [11]

Fc Ru2(DmAniF)3(DMBAeC^CFc)Cl 39

Ru2(DmAniF)2(DMBA-I)2Cl Fc Ru2(DmAniF)2(DMBAeC^CFc)2Cl 52 [12]

Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)Cl SiMe3 Ru2(D(3,5-Cl2Ph)F)3(DMBAeC^CSiMe3)Cl 75 [13]

Ph Ru2(D(3,5-Cl2Ph)F)3(DMBAeC^CPh)Cl 84

Ru2(D(3,5-Cl2Ph)F)2(DMBA-I)2Cl SiMe3 Ru2(D(3,5-Cl2Ph)F)2(DMBAeC^CSiMe3)2Cl 78 [13]

Fc Ru2(D(3,5-Cl2Ph)F)2(DMBAeC^CFc)2Cl 46

Ru2(DmAniF)3(D(4-IPh)F)Cl SiMe3 Ru2(DmAniF)3(D(4-C^CSiMe3Ph)F)Cl 90 [15]

[Ru2(DmAniF)3(DMBA-I)](s-C4SiMe3)2 SiiPr3 No product isolated e [11]

Suzuki

Ru2(DmAniF)3(D(4-IPh)F)Cl H Ru2(DmAniF)3(D(4-PhePh)F)Cl 50 [16]

Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)Cl H Ru2(D(3,5-Cl2Ph)F)3(D(4-PhePh)F)Cl 41 [16]

CH3C(O)e Ru2(D(3,5-Cl2Ph)F)3(D(4-CH3C(O)PhePh)F)Cl 20

Ru2(DmAniF)3(D(4-IPh)F)(s-C^CPh) H Ru2(DmAniF)3(D(4-PhePh)F)(s-C^CPh) 49 [16]

Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)(s-C^CPh) H Ru2(D(3,5-Cl2Ph)F)3(D(4-PhePh)F)(s-C^CPh) 55 [16]

CH3C(O)e Ru2(D(3,5-Cl2Ph)F)3(D(4-CH3C(O)PhePh)F)(s-C^CPh) 17

Negishi

Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)Cl H NR [17]

CH3O

CF3

Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)Cl H Ru2(D(3,5-Cl2Ph)F)3(D(4-PhePh)F)Cl 79 [17]

CH3O Ru2(D(3,5-Cl2Ph)F)3(D(4-MeOPhePh)F)Cl 85

CF3 Ru2(D(3,5-Cl2Ph)F)3(D(4-CF3PhePh)F)Cl 92

Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)(s-C^CPh)2 H Ru2(D(3,5-Cl2Ph)F)3(DMBA-4-Ph)(s-C^CPh)2 47 [17]

CH3O Ru2(D(3,5-Cl2Ph)F)3(DMBA-4-(40-MeOPh))(s-C^CPh)2 75

CF3 Ru2(D(3,5-Cl2Ph)F)3(DMBA-4-(40-CF3Ph))(s-C^CPh)2 79

Heck

Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)Cl Ph Ru2(D(3,5-Cl2Ph)F)3(D(4-PhCH]CHPhF)Cl 52 [18]

3-NO2Ph Ru2(D(3,5-Cl2Ph)F)3(D(4-(30-NO2Ph)CH]CHPh)F)Cl 65

C(O)OCH3 Ru2(D(3,5-Cl2Ph)F)3(D(4-(MeC(O)OCH]CHPh)F)Cl 70

Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)Cl Ph Ru2(D(3,5-Cl2Ph)F)3(DMBAeCH]CHPh)Cl 68 [18]

SiMe3 Ru2(D(3,5-Cl2Ph)F)3(DMBAeCH]CHSiMe3)Cl 78

Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)(s-C^CPh)2 Ph Ru2(D(3,5-Cl2Ph)F)3(DMBAeCH]CHPh)(s-C^CPh)2 60 [18]

C(O)OCH3 Ru2(D(3,5-Cl2Ph)F)3(DMBAeCH]CHC(O)OMe)(s-C^CPh)2 52

a The definition of Y is given in Schemes 2e5 for Sonogashira, Suzuki, Negishi and Heck reactions, respectively.
b All reported yields are based on column purified products.
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[Ru2(DmAniF)3(DMBAeC^CY)]. Concurrent Sono-
gashira couplings on Ru2(DmAniF)2(DMBA-I)2

Cl resulted in Ru2(DmAniF)2(DMBAeC^CFc)2Cl
(Fig. 3) in good yield [12]. Similarly, both Ru2(D
(3,5-Cl2Ph)F)3(DMBA-I)Cl and Ru2(D(3,5-Cl2Ph)F)2

(DMBA-I)2Cl underwent Sonogashira coupling to
afford, respectively, Ru2(D(3,5-Cl2Ph)F)3(DMBAeC^
CY)Cl and Ru2(D(3,5-Cl2Ph)F)2(DMBAeC^CY)2

Cl with yields better than those of DmAniF auxiliary li-
gands [13]. The improved yields are attributed to the
electron deficiency of D(3,5-Cl2Ph)F ligand, which
renders Ru2(D(3,5-Cl2Ph)F)4�x(DMBA-I)xCl type com-
pounds better substrates for cross-coupling reactions.
Ru2(DArF)4�x(D(4-IPh)F)xCl (x¼ 1 and 2) type com-
pounds also underwent Sonogashira coupling reaction
under similar conditions. Sonogashira coupling reactions
using trans-(RC^C)2[Ru2(DmAniF)3(DMBA-I)] as the
Ru2 substrate were also attempted but failed to yield the
expected products. Instead, Ru2-species free of axial al-
kynyl ligands were detected as the main by products
[11]. In initiating the Sonagashira coupling, Cu(I) ion ac-
tivates terminal alkyne through a h2 coordination [19],
which probably also induces the cleavage of RueC^C
bond in our experiments. The copper-free Sonogashira
coupling was demonstrated recently [20], and it will be
interesting to see whether trans-(RC^C)2[Ru2(DmA-
niF)3(DMBA-I)] can be similarly derivatized.

3.2. Suzuki and Negishi couplings

Suzuki (also known as SuzukieMiyaura) coupling
has been one of the most frequently practiced CeC
Fig. 3. Structural plots of Ru2(D(3,5-Cl2Ph)F)3(DMBAeC^CSiMe3)Cl
bond formation reactions in medicinal and materials
chemistry [21], and reaction conditions are more
demanding on the substrate than that of Sonogashira
due to the requirement of refluxing at elevated tem-
perature. The initial attempt of the reaction between
Ru2(DmAniF)3(D(4-IPh)F)Cl and PhB(OH)2 in the
presence of Pd(OAc)2, K2CO3 and refluxing THF(aq)
resulted in the degradation of diruthenium species.
After trials of several sets of conditions, the combi-
nation of trans-PdCl2(PPh3)2, tBuOK and THF
solvent resulted in the expected Suzuki derivative
Ru2(DmAniF)3(D(4-PhePh)F)Cl (Scheme 3) [16].
The optimized conditions were also successfully ap-
plied to the reactions with Ru2(D(3,5-Cl2Ph)F)3

(D(4-IPh)F)Cl as the Ru2 substrate (see Table 1 and
Fig. 4). In contrast to the experience of Sonogashira
coupling, the Ru2(DArF)3(D(4-IPh)F)(s-CCPh) type
compounds also underwent Suzuki coupling to yield
the corresponding derivatives in satisfactory yields. It
is noteworthy that free ligand HD(4-IPh)F either
decomposed or became the dehalogenated derivative
under various Suzuki coupling conditions, reaffirm-
ing the necessity of the peripheral modification
reaction.

The Negishi coupling method encompasses the cross-
coupling reactions between organic halides and organo-
metals including Zn, Al and Zr [22]. Our foray has been
limited to the Pd catalyzed reactions between Ru2 sub-
strates and organozinc reagent that result in the forma-
tion of biphenyl. Our initial efforts were based on
Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)Cl starting material, but
all attempts resulted in the decomposition of the starting
(left) and [cis-Ru2(DmAniF)2(DMBA-4-C^CFc)2](s-C^CPh)2.
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materials. The use of Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)
Cl as the Ru2 substrate resulted in immediate successes:
cross-coupling with BrZnPh (10 fold excess) in the
presence of 10% trans-Pd(DPEPhos)Cl2 (Scheme 4)
[23] yielded the expected product Ru2(D(3,5-Cl2Ph)
F)3(D(4-PhePh)F)Cl in 80% yield. The biphenyl deriv-
ative was previously prepared from the Suzuki coupling
in much lower yield (see Table 1) [16]. The biphenyl for-
mation reaction under Negishi conditions was success-
fully extended to BrZnC6H4-4-Y with Y as MeO and
CF3 in excellent yields. Further demonstrating the ad-
vantage of Negishi coupling over Suzuki coupling, the
biphenyl formation reaction was successfully performed
on Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)(s-C^CPh)2, a sub-
strate that is prone to the cleavage of axial C^CPh
ligand under extensive heating.

3.3. Heck coupling

The Heck reaction refers to the cross-coupling
between an organic halide and a terminal olefin [24],
Fig. 4. Structural plots of Ru2(D(3,5-Cl2Ph)F)3(D(4-PhePh)F)Cl (left
and often requires prolonged reaction at elevated temper-
atures similar to the Suzuki reaction. Depending on
substrates, organic Heck reactions vary vastly in reaction
conditions such as Pd catalyst, the nature of the weak
base and solvent. Similar dependence on conditions is
encountered in Heck reactions with Ru2 substrates.
With Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)Cl as the sub-
strate, the reaction was most efficient with Pd(OAc)2 as
the catalyst and Et3N as both the base and solvent [18].
With Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)Cl, the combina-
tion of Pd(OAc)2 and nBu4NOAc, the so called Jeffrey
conditions [25], was found to be the most effective.
Diruthenium species bearing axial phenylacetylide, i.e.,
Ru2(D(3,5-Cl2Ph)F)3(DMBA-I)(s-C^CPh)2, was suc-
cessfully cross coupled with various olefins in the pres-
ence of Pd(dba)2, KF, and nBu4NCl at room temperature.

4. Properties of cross-coupling products

The identities of several cross-coupling products
have been confirmed with the X-ray structures shown
) and Ru2(D(3,5-Cl2Ph)F)3(D(4-CH3C(O)PhePh)F)(s-C^CPh).
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in Figs. 3 and 4. In addition, the comparison of these
structures with those of their parent compounds
(Fig. 2) reveals that the coordination geometry around
the Ru2-core is not altered upon peripheral modifica-
tion. Careful comparisons, given in the original
publications [11e13,15,16,18], further indicate that
the key geometrical parameters such as RueRu, RueN,
and RueLax (Lax is either Cl or C^CY axial ligand)
are nearly identical before and after peripheral
modifications.
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One of the objectives of peripheral chemistry is the
retention of electrophore and chromophore characteris-
tics upon the modification, which can be examined
using simple UVevis spectroscopic and voltammetric
techniques. Shown in Fig. 5 is a collection of visible
absorption spectra of Ru2(D(3,5-Cl2Ph)F)3(D(4-IPh)F)
Cl and its cross-coupling surrogates [15,16,18]. Al-
though not identical, all spectra feature an intense
peak around 490 nm, and a weak peak/shoulder around
620 nm except the Heck product. The spectral
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similarity indicates that the distribution of frontier or-
bitals remains relatively invariant before and after
modifications.

Cyclic voltammograms of both Ru2(D(3,5-Cl2Ph)
F)3(DMBA-I)Cl and its Heck and Sonogashira deriva-
tives are shown in Fig. 6. Each compound displays
three Ru2-based one electron processes: a reversible
oxidation (A), a quasi-reversible reduction (B), and
a reversible reduction (C). The electrode potentials of
the first oxidation and reduction correspond to the
ionization potential (EHOMO) and electron affinity
(ELUMO) of the solvated molecule, respectively. Hence,
the perfect alignment of both the A and B peak
positions in Fig. 6 reveals that the absolute HOMO/
LUMO energies of the Ru2-species are not affected
by peripheral modifications.

5. Conclusions and outlook

Using diruthenium species as the working
examples, research from our laboratory demonstrated
programmatically that a variety of cross-coupling re-
actions can be performed at the periphery of inor-
ganic and organometallic species. The merit of
peripheral cross-couplings goes beyond novelty: it
was noted on several occasions that free ligands do
not undergo the same type of cross-coupling reactions
at all. These reactions are also remarkable to ponder
about should one take into account that the entire dir-
uthenium species functions as a very bulky substrate
of cross-coupling processes e being oxidatively
0
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Ru2(3,5Cl2PhF)3(IForm)Cl
Suzuki
Heck
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 (nm)

Fig. 5. Visible absorption spectra of Ru2(D(3,5-Cl2Ph)F)3(D

(4-IPh)F)Cl and its derivatives via Suzuki (Y¼H), Heck (Y¼ Ph)

and Sonogashira (Y¼H) couplings recorded in THF.
added to the Pd center and then reductively elimi-
nated from.

In general, peripheral modifications do not signifi-
cantly alter molecular and electronic structures of the
Ru2-core. Furthermore, certain functional groups intro-
duced through cross-coupling reactions, such as olefins
and alkynes, may undergo further covalent bond for-
mation reactions such as olefin metathesis, ‘‘click’’,
and oxidative homocoupling reactions [15,26]. Cur-
rently, we are exploring the application of these
reactions in hierarchical assemblies of Ru2-species.
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