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Organometallic complexes withπ-conjugated bridges have
gained importance for their applications in the emerging field of
molecular-scale electronic devices.1 Carbon-rich trans ditopic
structures, metalla-oligomeric wires2 constitute an interesting
alternative to simple metal-capped carbon chains3 in order to allow
length control and connectivity to other components. However, bis-
(alkynyl) metal complexes have been found to be mostly insulators.
Indeed Pt, Pd, Hg, or Cu disrupt theπ-conjugation between two
acetylide chains.4 By contrast,trans-bis(alkynyl) ruthenium sys-
tems increase communication between two ferrocene units in
an oxidation process.5 As the reduction of a metallacumulene
[Ru]+dCdCdCR2 occurs on the carbon chain,6 it thus appears
that an original solution to create electronic communication between
two carbon-rich chains connected via a metal may arise from the
reduction of a bis(allenylidene) metal moiety R2CdCdCd[Ru]2+d
CdCdCR2 leading to single-electron delocalization. Interestingly,
this kind of arrangement has never been achieved despite the
fascination displayed by its structure and its attractive potential as
a key connecting group in the field of nanoscaled molecular wires.
We now report the preparation of the first real bis(allenylidene)
metal complex7 and especially the evidence that the reduced species
leads to a novel symmetric radical that has one unpaired electron
delocalized over both trans carbon-rich chains, a phenomenon
supported by computational studies.

An attempt to produce the target moietiestrans-[Ph2CdCdCd
(dppe)2RudCdCdCPh2]2+ (32+) from trans-[Cl(dppe)2RudCdCd
CPh2]PF6 (A) (dppe ) 1,2-diphenyl-phosphinoethane) using the
Selegue method8 failed, as the halide is not labile. An alternative
method is based on the two-electron oxidation and deprotonation
of [Ru]+-CtC-CHPh2 group.6b Thus, the allenylidene-acetylide
trans-[Ph2CdCdCd(dppe)2Ru-CtC-CHPh2]PF6 (2+PF6

-) was
first prepared from1 and submitted to oxidation reaction according
to Scheme 1. Complex2+PF6

- (E° ) 0.82 V vs ferrocene) was
reacted overnight with an excess of CeIV ammonium nitrate in
CH2Cl2. The oxidation reaction leads to the elimination of theγ
proton, and to the bis(allenylidene) complex32+[B(C6F5)4

-]2 (80%)
as a blue solid that has been fully characterized. The FTIR spectrum
presents an intense absorption at 1923 cm-1, characteristic of the
allenylidene substituents. The31P NMR analysis shows one singlet
at 42.3 ppm, typical for a symmetrical structure, indicating the trans
disposition of the chains. The13C NMR spectrum displays only
three different signals for the cumulenic carbon atoms. The CR

carbon atom resonance at very low field with respect to the bis-
(alkynyl) complex7 is consistent with allenylidene species (δ )
297.6 ppm), close to that ofA (δ ) 308.5 ppm). The UV-visible
spectra, recorded from the deep blue solution of32+[B(C6F5)4

-]2

in CH2Cl2, shows a broad charge-transfer band with an intense
absorbance (λmax ) 618 nm,ε ) 80 000 mol-1 L cm-1).9 Hydride
transfer to32+[B(C6F5)4

-]2 was achieved with NaBH4 in THF to
confirm the allenylidene structure. Thus, the reaction yielded the
bis(alkynyl) ruthenium4, similarly obtained from2, and corresponds
to the nucleophilic addition of two H- at the Cγ atoms.

Cyclic voltammetry of32+[B(C6F5)4
-]2 (0.1 M Bu4NPF6 in

CH2Cl2) shows two well-defined one-electron reversible reduction
waves atE°1 ) -0.30 V andE°2 ) -0.93 V vs ferrocene. The
large separation of the reduction processes (∆E° ) 630 mV,
coproportionation constantKc ) exp(∆E°F/RT) ) 7 × 1010)3a

allowed observation of the singly reduced species. We attempted
to generate this reduced species in situ, allowing further spin
trapping experiments or ESR spectroscopy investigations. Thus,
addition of the reducing agent decamethylferrocene (E° ) -0.59
V vs ferrocene) to32+[B(C6F5)4

-]2 selectively induces the first
reduction process and affords in CH2Cl2 the blue cationic com-
pounds3+B(C6F5)4

-. To quench this new radical, further addition
of Ph3SnH leads to2+B(C6F5)4

- by selective addition of H• at the
Cγ carbon atom (Scheme 1). Achieving the monoreduction of
complex32+[B(C6F5)4

-]2 in a sealed ESR tube by dropping a crystal
of decamethylferrocene in a THF solution allows the direct ESR
observation of the radical species with a strong and persistent signal
at 293 K withg ) 1.9972 (Figure 1).10 The trapping experiment
supports the localization of the single electron on the trisubstituted
carbon atoms, but the observed quintet with a coupling constant
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Scheme 1. Synthesis and Reactivity of 32+
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ap) 13.5 G (vs 3.0 G fortrans-[Cl(dppe)2RudCdCdCMe2]PF6)6a

due to the coupling of the single electron with the four equivalent
phosphorus atoms suggests that it localizes closer to the metal than
in the reduced ruthenium mono(allenylidene) as sketched by the
second mesomeric form (Scheme 1). The IR studies, recorded in
CH2Cl2, show the vanishing of the allenylidene band upon reduction
with a slight excess of decamethylferrocene and the concomitant
formation of a broad absorption at 1751 cm-1. The absences of an
allenylidene vibration stretch and of another stretch above 2000
cm-1, characteristic of alkynyl species issued from allenylidene
reduction,6d rule out the hypothesis of a single electron located on
only one carbon chain. Hence, these observations show that the
electron is delocalized over the two chains rather on the carbon
atoms close to the ruthenium.

Full DFT geometry optimization11 without any symmetry con-
straint of the simplified model [trans-(PH3)4Ru(dCdCdCH2)2]2+

(3′2+) leads to the bis(allenylidene) structure shown in Figure 2
with consistent allenylidene bond lengths.2e,6c As expected from
the isolobal analogy with all-carbon chains, the CγH2 planes are
perpendicular. However, it takes only 0.28 eV to bring them
coplanar. QM(DFT)/MM geometry optimizations12 of 32+ lead to
a similar structure except that it exhibits a torsion angle of 27°
between the CγPh2 planes. Geometry optimizations of the first
reduced states3′+ and 3+ at the DFT and QM/MM levels,
respectively, lead to similar structures, with symmetrical carbon
chains and torsion angles of 0 and 4°, respectively (Figure 2).
Single-point DFT calculations11 on these optimized geometries
found spin density concentrated on CR (0.30 and 0.23, respectively)
and Cγ (0.40 and 0.25, respectively). The experimentally observed
shift upon reduction of the IR allenylidene band (172 cm-1) is in
reasonable agreement with the corresponding calculated QM(DFT)/
MM vibrational frequencies considering the level of theory (1982
and 1884 cm-1 for 32+ and3+, respectively). Thus, all our results
are consistent with a delocalization of the single electron over both
chains linked by the ruthenium atom, and especially on the CR and
Cγ carbon atoms.

In conclusion, an original synthesis has been developed to obtain
the first real bis(allenylidene) metal complex. The reduction affords
a stable radical with the first evidence of an unpaired electron
delocalized identically over the two carbon-rich chains. This study
shows the potential of ruthenium bis(allenylidene) systems as
connecting carbon-rich systems to mediate electron conduction.
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Figure 1. ESR spectra of3+ (g ) 1.9972).

Figure 2. Optimized geometries of3′n+ and3n+ (n ) 1, 2). Distances are
given in Å.
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