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Organometallic complexes withr-conjugated bridges have  Scheme 1. Synthesis and Reactivity of 32*

gained importance for their applications in the emerging field of — — X
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alternative to simple metal-capped carbon chaiim®rder to allow = i
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length control and connectivity to other components. However, bis- 1 1) Ce, CH,Cl,
(alkynyl) metal complexes have been found to be mostly insulators. 2 KBCF NaBH«lTHF
Indeed Pt, Pd, Hg, or Cu disrupt tleconjugation between two — T2+, 2x" —
acetylide chaind.By contrast transbis(alkynyl) ruthenium sys- e "'2q PP Ph NaBH, P PR FPR2 pn

) o> . . C=C=C=Ru=C=0C=C] > H-G-CZC—RuCZC-C-H
tems increase communication between two ferrocene units in px Ph '

an oxidation process.As the reduction of a metallacumulene th':‘fPF_'hz , P PraR_PP:
[Ru]*=C=C=CR; occurs on the carbon chdinf thus appears  ax= B(CF it o P4 BBl [ CattohFelPre ¢ F;*:SC”IH
that an original solution to create electronic communication between o oMo, o
two carbon-rich chains connected via a metal may arise from the = — _ T+ x
reduction of a bis(allenylidene) metal moiety@®R=C=C=[Ru]*"= Ph, TR PP oy ph, MR PP
C=C=CR; leading to single-electron delocalization. Interestingly, CTORCTRUITCTOSC, | OO0 Rue=e=e
this kind of arrangement has never been achieved despite the PhoR_FPh2 PhoR_PPh;
fascination displayed by its structure and its attractive potential as /1_\ Iﬁ T
a key connecting group in the field of nanoscaled molecular wires. Ph. PhoE PPhy o Ph. PhF, P'jh_z ~ ph
We now report the preparation of the first real bis(allenylidene) o SO =Ru-c=C=CL ‘—'Ph/‘;:‘ii:f{ﬂ_c‘c‘c\ph

L PhaR_PPh, oR_PPh,

metal compleXand especially the evidence that the reduced species
leads to a novel symmetric radical that has one unpaired electron

delocalized over both _trans carpon-nch chains, a phenomenonin CH.CI,, shows a broad charge-transfer band with an intense
supported by computational studies.

. absorbancelfnax = 618 nm,e = 80 000 mot?t L cm™1).° Hydride
An attempt to produce the target moiettesns[Ph,C=C=C= o - . . .
(dppe)RU=C=C=CPh2* (3*) from trans [Cl(dppe)Ru=C=C— transfer to3?"[B(CsFs)4 ]2 was achieved with NaBHin THF to

. : . confirm the allenylidene structure. Thus, the reaction yielded the
CPh]PFs (A) (dppe= 1,2-diphenyl-phosphinoethane) using the . . . .
Selegue methddailed, as the halide is not labile. An alternative bis(alkynyl) rutheniund, similarly obtained fron®, and corresponds

thod is based on the two-elect idati dd tonati to the nucleophilic addition of two Hat the G atoms.

method is _ase on the two ebec ron oxidation and deprotonation Cyclic voltammetry of3*[B(CeFs)aT» (0.1 M BuNPFs in
of [Ru]™—C=C—CHPh group®® Thus, the allenylidene-acetylide CH.Cl) sh lI-defined | ible reducti
trans [Ph,C—C—=C—(dppe}Ru—C=C— CHPh]PFs (2PFs ") was ,Cl,) shows two well-defined one-electron reversible reduction
: ) S ATTeAs TTE . waves atE°; = —0.30 V andE°; = —0.93 V vs ferrocene. The
first prepared froni and submitted to oxidation reaction according | . f th ducti SAE%( = 630 mV
to Scheme 1. Comple*PFs~ (E° = 0.82 V vs ferrocene) was arge separatlgn of the reduction proces (= mv.
reacted overﬁight with an Zxcess of'.‘Cammonium nitrate in coproportionation constari(; = expAE"F/RT) = 7 x 10

- . L llow! rvation of the singly r ies. We attempt
CH,Cl,. The oxidation reaction leads to the elimination of the allowed observation of the singly reduced species. We attempted

. . to generate this reduced species in situ, allowing further spin
proton, and to the bis(allenylidene) comp&X [B(CeFs)a 12 (80%) tragping experiments or ESFF)Q spectroscopy investiggations Thpus
as a blue solid that has been fully characterized. The FTIR spectrumaddition of the reducing agent decamethylferrocegfe —0 5'9 '
presents an intense absorption at 1923 {roharacteristic of the o N . . e
allenylidene substituents. TR# NMR analysis shows one singlet Vvs ferrocene) o8 [B(CeFs)y ] selectively induces the first

at 42.3 ppm, typical for a symmetrical structure, indicating the trans reduction process and affords in gEl, the blue cationic com-
. ) , N ~ . . s
disposition of the chains. ThEC NMR spectrum displays only pounds3B(Cefs)s . To quench this new radical, further addition

- ) . f P HI TB(CeFs)a™ lecti iti f h
three different signals for the cumulenic carbon atoms. The C o fsSnH leads (@ 'B(CeFe)s” by selective addition of Hat the

carbon atom resonance at very low field with respect to the bis C, carbon atom (Scheme 1). Achieving the monoreduction of
- 2+ 1. ;
(alkynyl) complex is consistent with allenylidene specie$ € complex3* [B(Cos)s ]2 a sealed ESR twbe by dropping a crystal

. L of decamethylferrocene in a THF solution allows the direct ESR
297.6 ppm), close to that & (6 = 308.5 pp“?)- The va's'kﬂe observation of the radical species with a strong and persistent signal
spectra, recorded from the deep blue solutioBB{B(CeFs)s 1. at 293 K withg = 1.9972 (Figure 1}° The trapping experiment
T UMR 6509-Organonielliques et Catalyse. supports the localization of the single electron on the trisubstituted
*UMR 6511—Laboratoire de Chimie du Solide et Inorganique Koikaire. carbon atoms, but the observed quintet with a coupling constant

3* X" X'= B(CeFs)s
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Figure 2. Optimized geometries &"* and3"" (n = 1, 2). Distances are
given in A.

a;= 13.5 G (vs 3.0 G fotrans[Cl(dppe)Ru=C=C=CMe;|PF)®2
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
CH_Cl,, 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 ©mThe absences of an
allenylidene vibration stretch and of another stretch above 2000
cm™1, characteristic of alkynyl species issued from allenylidene
reduction®d 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 optimizatiot without any symmetry con-
straint of the simplified modeltfans-(PHz)sRu(=C=C=CH,),]?*
(3'2") leads to the bis(allenylidene) structure shown in Figure 2
with consistent allenylidene bond leng#$° As expected from
the isolobal analogy with all-carbon chains, theHg planes are
perpendicular. However, it takes only 0.28 eV to bring them
coplanar. QM(DFT)/MM geometry optimizatiosof 32" lead to
a similar structure except that it exhibits a torsion angle df 27
between the (Ph, planes. Geometry optimizations of the first
reduced stateg'* and 3" at the DFT and QM/MM levels,
respectively, lead to similar structures, with symmetrical carbon
chains and torsion angles of 0 and, 4espectively (Figure 2).
Single-point DFT calculatiot$ on these optimized geometries
found spin density concentrated og (0.30 and 0.23, respectively)
and G (0.40 and 0.25, respectively). The experimentally observed
shift upon reduction of the IR allenylidene band (1727 ¢é)xis in
reasonable agreement with the corresponding calculated QM(DFT)/
MM vibrational frequencies considering the level of theory (1982
and 1884 cm! for 3** 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 thar@

C, 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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An early attempt to prepare a bis(allenylidene), via an elimination reaction,
led to thetrans(dppm}Ru[=C=C=C(OMe)(CH=CPh)],2" < trans
(dppm}Ru[—C=C—C(=0Me)(C=CPh)],2" with an elevated bis(alkynyl)
character due to the presence of a donor group on the unsaturated chain
(v=c=c=c = 1958 cm'%, C, resonance i$ = 233.7 ppm); see: Pirio, N.;
Touchard, D.; Dixneuf, P. H.; Fettouhi, M.; Ouahab,Angew Chem.,

Int. Ed. 1992 31, 651.

(8) Selegue, J. FOrganometallics1982 1, 217.
(9) For complex2*PFs~, Amax = 528 nm,e = 14 000 mol! L cm1.
(10) It has to be noted that reductions followed by reoxidation 30 min later
with ferrocenium salt led to the regeneration of p@fe.

(11) All DFT calculations employed the Amsterdam Density Functional
package, version 2002.01, with the PW91 functional (SCM, Theoretical
Chemistry, Vrije Universiteit: Amsterdam, The Netherlands; http://
www.scm.com). The atomic basis set used is a triple-Slater-type orbital
(STO) + single-STO set (ADF basis set 1V), with a frozen core
approximation for the orbitals up to 1s for C, 2p for P, and 4p for Ru.
Spin unrestricted formalism was used when needed.

Geometries of3™ (n = 1, 2) were optimized using a QM/MM
methodology implemented in the ADF package. The phenyl groups were
described by molecular mechanics (MM) using the SYBYL/TRIPOS 5.2
force field constants (Clark, M.; Cramer, R. D. 1., Ill; van Opdenbosch,
N. J. Comput. Chentl989 982). The quantum mechanical (QM) part is
represented birans(72-H,PCH,CH,PH;),Ru(=C=C=CH,),, computed

at the DFT level described in ref 11.
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