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Abstract

This review presents recent innovations in the field of stoichiometric transformations of ruthenium-allenylidene systems via synthesis
and at the frontier of material science and catalysis. It especially shows new routes to the first bis-allenylidene-ruthenium and diruthenium
complexes, trisallenylidene ruthenium triskelia, the use of ruthenium-allenylidene as precursors for alkenylcarbynes and indenylidenes, and
the involvement of allenylidenes in the building of dinuclear ruthenium bridges withaa®on-rich bridge.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electronic communication between a metal site and a remote
functionality [4]. Since their first discoverys], the chem-
Allenylidene-metal complexes [MC=C=CR;R> [1] at- istry of metal-allenylidenes has been rapidly developed es-

tract interest first for the building of original carbon-rich pecially owing to the discovery by Seleg[§ of a straight-
architectureqd2] and material sciencgd], owing to their forward, very general method of access by simple activation
rigidity and their one-dimensional nature, and as bridges for of propargylic alcohols.
Metal-allenylidenes are now currently leading to use-
msponding author. Fax:33-2-23-23-69-39. ful applicgtiops in the_ field of homogeneous catalySis
E-mail address: daniel.touchard@univ-rennesL.fr (D. Touchard). as catalytic intermediates or as catalyst precursors, such

0010-8545/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.04.016
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as in C—C bond formatiofB], alkene metathesif®], and
selective propargylatiorf10]. It is noteworthy that the
later applications have first appeared to be promoted by
ruthenium complexes, thus motivating new synthesis and
step-by-step modification of ruthenium-allenylidenes.

Elucidation of the reactivity of allenylidene-ruthenium
complexes now allows the controlled addition of their
carbon-rich chain to unsaturated organometallics with
C-C bond formation. This approach constitutes a route to
bimetallic systems with carbon-rich bridges.

The purpose of this review is to present recent inno-
vations discovered by the Rennes group in the field of
ruthenium-allenylidene systems via synthesis and stochio-
metric transformations at the boundary of material science
and catalysig11].

2. Ruthenium-allenylidene complexes
2.1. From propargylic alcohols

The most useful and general method of access to
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Allenylidene-ruthenium reactivity is highly dependent on
the electron-richness of the metal moiety: electrophilic
ruthenium complexes lead to highly reactive allenylidenes
with electrophilic G and C, centres while the gatom is

a nucleophilic site. For example, they easily add alcohol
to give ana, B-unsaturated alkoxy carbeng¢kc,21] An
increase of the bulkiness and electron-releasing effects of
the ligands allow stabilisation of allenylidene with a variety
of ruthenium fragments, and their reactivity is then focused

metal-allenylidenes was described by Selegue in 1982 for theon thewy carbon atonj22].

preparation of [RIKC=C=CPh)(n>CsHs)(PMes),][PFe]

Following our initial work with the RuGl(dppm) (dppm:

[6]. This method is based on the spontaneous dehydrationl,2-bis(diphenylphosphino)methane) syst¢bi], a new

of propargylic alcohol, via the hydroxy vinylidene inter-
mediate aftern2-coordination of the 2-propyn-1-ol to a
16-electron metal centr&¢theme L

Allenylidene-ruthenium complexes constitute the most
extensive allenylidene familyla,c] If a wide range of

synthetic investigations have been undertaken, several

groups[3,11-20] have used Selegue’s method to obtain
ruthenium-allenylidenes with various ligands, and sub-
stituents such as the®-indenyl ruthenium complexes
[Ru(n°CgH7)(=C=C=CRR) L,][X] (Scheme 2 [12], or
very recently the new complexes containing tetraden-
tate macrocyclic tertiary amine ligandS¢heme B [13].

NaPFg

family of reactive allenylidenes have been obtained starting
from RuCh(dppe} (dppe: 1,2-bis(diphenylphosphino)ethane)
or from the 16-electron species [(dppRUCI][X] (X = PFs,

BF; or CRSQ;), that lead to more stable systerf22]
(Scheme %

The allenylidene complexes are easily characterised by
infrared spectroscopyw(c=c=c) = 1920-1959 cm?). Fur-
thermore3P and!*C NMR spectra show the equivalency
of the four phosphorus nuclei and thus the relatirans
position of the chlorine atom and of the allenylidene lig-
and. The low-field'3C signal for the RaC carbon nu-
cleus is also characteristic and appears as a quintet around

R_\ * PFg

[MJ-CI + H-C=C-C(OH)R,

[MEC=C=C]
R

CH:>
1218 O

MeOH / Reflux

M = Rh L, = 2PPh3R, = 2Ph, C15Hg

L‘".M —> [M] M=Rh L, = dppe R> = 2Ph, C12H8
Ll M = Rh L, = dppm R» = 2Ph, C1,Hg

Scheme 2.
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— ] e, Bk allenyl_idenes consists of the deprotonation of dhearbon
L T — i T by action of a weak bas&¢heme B[25].
‘C=C=Ri-CI e Ceih il R-C=C-RiFC=C=C]
R SN CH,Cls / NaPFg, EtsN % Rz . . X
PhoR  PPh, PhoR PPhy 2.2. From alkynyl-metal derivatives with an hydrogen atom
\_ (- . .
at C,: a new preparation method to metal-allenylidenes
R=H;Ry =Rz =Ph R=p-CsH4-OCHs ; Ry = H ; Ry = Ph
R=nBu;R; =Rz =Ph R= p-CgH4-NO5 ; Ry = H ; Ry = p-CgH4-N(CHg)2
R=Ph;Ry=Ra=Ph R=H;R;=CHs;R.=Ph ; ; ey
e NG, (B =Pl RoPh: Rty = ol - o -CaH-OCH, The rgthenlum_ acetylldetrans-[CI(dpp_ehRu C:C
CHPhp] gives a mixture of the corresponding allenylidene
Scheme 5. and vinylidene on chemical oxidation with ferricinium salts

(Scheme Y [26]. Interestingly, oxidation of the same com-
plex with the ferricinium salt, but in the presence of pyri-

8 = 265-320 ppm with a coupling constaflbc = 14 Hz. dine, gives quantitativelyrans-[Cl(dppe»Ru~C=C=CPlp]
A quintet ats = 169-237 ppm with a smafldoc (2-3 Hz) [PFs].
coupling constant for the RAC=C carbon nucleus is also This reaction was rationalized by an one-electron ox-
observed. idation followed by they-elimination of a proton which

A major advantage of these ruthenium systems with dppeis able to protonate another molecule of acetylide to form
ligands is the possibility of removing the second chloride trans-[Cl(dppepRu=C=CH-CPhH]PFs (Scheme 8 On the
to introduce a second unsaturated carbon chain irrtms other hand, the neutral radidahns-[Cl(dppepRu—C=C-C
position [22]. The synthesis of mixed alkynyl allenylidene *Ph] resulting from they-proton elimination is oxidized by
complexes from the cationic allenylidene complexes, by dis- ferricinium salt to give the allenyliderteans-[Cl(dppe»Ru~
placement of the chloride ligand failed. However, they were C=C=CPh]PFs (E° = —1.03V versus ferrocene). This
made by displacement of the chloride attached to the ruthe-hypothesis is supported by the observation of a broad
nium in neutral alkynyl complexes in the presence of a non ESR signal alg = 2.0039, when the reaction was carried
coordinating salt. With such a route, the 16-electron interme- out in the ESR cavity at 100K, that can be attributed
diate was generated, and it activates propargylic alcohols toto the acetylide radicairans-[Cl(dppepRu—C=C-C’Php]
produce ruthenium mixed alkynyl allenylidene complexes. (vide supra)[24]. The fact that proton elimination does
Nevertheless, the reaction of alkynyl-ruthenium and propar- not occur with trans-[Cl(dppepRu—C=C—-CH(CH)2] or
gylic alcohols in the presence of Nagfked very often, to trans-[Cl(dppepRu—C=C-CHs] could be explained in
a mixture of two compounds: the major mixed alkynyl al- terms of stabilisation of the neutral radical [Cl(dpgfe)—C=
lenylidene complex, and the monosubstitued allenylidene C-C*(R)2]. With the phenyl groups, the radicdtans
complex. This shows competition between the breaking of [Cl(dppepRu—C=C-C'Phy] is highly stabilized by the
Ru—Cl and Ru—&C- bonds. The best results were obtained spin delocalisation over the rings, and proton elimination is
using the strategy described Bcheme 5 starting from preferred. Finally, in the presence of pyridine, the leaving
the corresponding vinylidene precursor in the presence of aproton can be trapped, and nearly quantitative formation
base. of trans-[Cl(dppepRU~C=C=CPh]PFg allenylidene is ob-

These complexes display two typical IR vibration tained. Two equivalents ofyP-(CsHs)sFe][PRs] are neces-
stretches at 1950-2100 cth for vc=c (medium) and at  sary to complete the transformation, one for the oxidation
1919-1959cm? for vic=c=c) (intense). Thel3C NMR of the acetylide complex and one for the oxidation of the
spectra show the presence of a low-field quintet signal neutral radical. This method might be an alternative path-
for the RUC carbon nucleus at = 260-318 ppm, a sig- way to obtain allenylidene species from acetylides when
nal at§ = 163-216 ppm for RBC=C, and a singlet af propargylic alcohols are not available.
= 142-163 ppm for the ReC=C=C carbon nuclei.

It is noteworthy that these allenylidenes are stable to- 2.3. Reduction of allenylidene complexes
ward the addition of methanol on,Cand C, carbon

atoms in contrast with other systerfis16,23] This arises Stimulated by the fact that radical species have been re-
from the steric hindrance of the dppe ligands and the cently proposed as intermediates in metathfsi$, the re-
electron-donating capability of the Ru(dpp@)oiety. How- duction of some allenylidenes complexes has been recently

ever, a stronger nucleophile such as sodium methoxidestudied[24].

reacts with ruthenium-allenylidenes and with mixed alkynyl ~ The first reduced species of complexeans-[Cl(dppe)
allenylidenes to add selectively to the €lectrophilic car- Ru=C=C=CPh]PFs (E°=-1.03V versus ferrocene, re-
bon giving yellow acetylides or mixed diacetylid@®]. The versible), and trans-[Cl(dppepRU=C=C=C(CHgz)2] (Epc
addition of sodium borohydride in THF permits the syn- = —1.31V, irreversible) were generated in situ with,Cio
thesis of acetylides or diacetylides as the result of hydride (E° = —1.33V versus ferrocene). At 293K, ESR exper-
addition to the terminal carbon of the allenylidene chain iments exhibit a poorly resolved quinteg & 2.0097,ap
(Scheme B[22,24] Another route to ruthenium acetylide = 3.0G) in a characteristic region for organic radicals for
complexes, and more precisely to alkenylacetylides, from the reducedrans-[Cl(dppepRu=C=C=C(CHjs)2] complex,
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showing the hyperfine coupling with the four phosphorus (a) (b)
nuclei. Reducedrans-[Cl(dppepRu=C=C=CPh]PFs gen- - -
erated an intense and persistent complex signal 2.0042) e 16
(Fig. D) owing to the coupling of the unpaired electron with
the four phosphorus nuclei on one hand and further coupling .
with phenyl hydrogen atoms of the carbon-rich bridge. Ad- NW
dition of PhsSnH to the radical leads the formation of neu-
tral acetylide compounttans-[Cl(dppepRu—C=C—-CHPh] NJJ

andtrans-[Cl(dppepRu—C=C-CHMe] demonstrating that

radical trapping only occurs at the end of the carbon skele-

ton (S.Cheme. Q.These ESR d.ata added to the Frappmg Fig. 1. ESR spectra resulting from reduction oftfahs-[Cl(dppepRu~C=
experiments indicate the organic nature of the radicals, andc=cphjpr;, g = 2.0042; (b) trans[Cl(dppeyRIEC=C=CMey], g =
illustrate that significant radical stabilization on the cumu- 2.0097.
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lene chain takes place at the trisubstituted carbon atom.3. Ruthenium bis(allenylidene) complexes
These results are consistent with Winter's observations

obtained for various allenylidenes systef#8,28] 3.1. Bimetallic bis(allenylidene) complexes
DFT calculations have been performed on the series
[CI(PH3)4RUG,H2]", CI(PH3)4RUC,H,, and [CI(PH)4 Since bimetallic systems have been made especially from

RuG,H2]~ (n =1-8) series and are in accord with terminal diynes to obtain oxidisable acetylides, mainly of
those findings[29]. The one-electron reduction of the the type L,MC,ML, [30], the search for newt-conjugated
[CI(PH3)4RUC,H2]*T compounds leads to neutral species bridges between two reversible reducible metal moieties was
containing linear GH» chains, with the exception of the attractive.

= 2 complex, which is bent at C(1). The CI(BHRuC,H> Bis-propargylic alcohols separated by a conjugated linker
compounds are better described as an 18-electrémfial present an interesting possibility for the access to bimetallic
site bonded to the reduced,(g,)~ ligand than 19-electron = complexes with a carbon-rich unsaturated bridge. The syn-
RU centres. The [CI(PE)4RuG,H,]* complexes are found  thesis and electrochemical study of new stable bimetallic
to be easier to reduce for oddrather than for even. Fur- complexes such agans-[Cl(dppepRu=C=C=CH-p-CgH4
thermore, the distribution of the atomic net charges and the —-CH=C=C=Ru(dppe)Cl](PFs)2 (Scheme 1P contain-
localization of the HOMOs and LUMOs indicate that the ing two identical metal moieties, and with different
complexes are subject to nucleophilic attack at odd C atoms,bis-allenylidene bridges were obtained via double activation
except in the case of C(1). They are subject to electrophilic of diynes with [CIRu (dppe&)]PFs [4]. Connecting groups
attack at the even C sites, except for thex@Hd of the chain. [T] such as thiophene or aryl were used.

These results are in agreement with previous theoretical This synthesis was then extended from secondary al-
studies on ruthenium dppm systef@i8b] or on other analo-  lenylidenes to tertiary allenylidenes with a methyl substi-
gous allenylidenes {{-CsHs)(CO)(PPR)RU=C=C=CH,] " tuent to obtaintrans-[Cl(dppepRU=C=C=C(CHz)—p-CsH4

and [Mm>-CoH7)(PPh),RUFC=C=CH,]* suggesting that —C(CHs)=C=C=Ru(dppe)CI](BF4)>. An alkynyl precursor
the LUMO is strongly located on the cumulenic ligand trans-[Cl(dppepRu—C=C—-CsHs—NO,;] was also used

[16,23] to give the rigid rod moleculesrans[NO,—p-CgHs—C=
‘o Tt PFe” —/ —
PhoP  PPhy PhsP  PPhy & PhoR PPh; g
\ A [(CsHg)2Co'] LT — ! PhaSnH 3 = :
Cl—Ru==C=C=C_ ————= C—Ru—C=C—CG* ——> Cl—Ru—C=C—C—H
: “ 3

& R i Y %
PhoR_ PPh, R=CHa, P prR PPh, PhoR_PPh,

Scheme 9.
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. favour the reductions processes, showing the influence of

+
Phggfpm X OH OH the acetylide chains through the ruthenium atoms.
“Ru—Cl + HC=C-C— ﬂ—C—CECH Recently, a similar dinuclear complex was described by
Ph?E/\PPh R IIR Werner’s group with two rhodium centres [CI(P#Rh=C=
? C=C(Ph)p—CsHs—C(Ph¥C=C=Rh(PPR),Cl] [31]. These
molecules constitute interesting building blocks for the con-
e 2x- struction of more complex edifices such as molecular wires.
N
Ry PheRy PPhe 3.2. Monometallic bis(allenylidene) complexes
C=C=C=Ru—Cl
PhoE PPh, PhoR PPhy Much attention is being directed to the preparation of
= new rod-shaped organometallic compounds containing two
Cl_mi:c:czc unsaturated chains, and bis(alkynyl) metal complexes with
Phok, PP R Pt, Pd, Hg or Cu have been found to be mostly insulators
a . ) as they disrupt ther-conjugation between two acetylide
TtRH, T= X = PFe chains[32]. By contrasttrans-bis(alkynyl) ruthenium sys-
2:R=H, T= _@_ X =PFg tems increase communication between two ferrocene units
in an oxidation procesf33]. Thus, it appears that an in-
3:R=Me, T= < el novative solution to create electronic communication be-
Scheme 10. tween two carbon-rich chains connected via a metal may
arise from the reduction of a bis(allenylidene) metal moiety
RoC=C=C=[Ru]?*=C=C=CR.
C—(dppe)Ru=C=C=CH—p-CgHs—CH=C=C=Ru(dppe)}-C= Attempts to produce a bis(allenylidene) ruthenium deriva-
C—-CeHs—NO2](PFs)2 (4) [4]. tive from an allenylidené&ans-[Cl(dppepRu~C=C=CPh]*

Electrochemical studies show that the bis-allenylidenes complex using the Selegue meth@@]| failed since the
undergo two one-electron reductions at the carbon-rich halide is not labile. However, an interesting method pro-
bridge (Table 1 [24]. The electrochemical behavior of the vided the first bis(allenylidene) arrangement vitians-bis
bis-allenylidene shows two interesting features: (i) the two (diynyl)ruthenium complex [(dppmaRu(-C=C-C=C-CPh
reversible processes are easily distinguishable, (i) a signif- OSiMes)2] (5) [34]. Treatment of the latter in methanol
icant variation of both reduction potentials indicates that with HBF4-Et,O provided the violet symmetric bis(alkeny-
reductions are easier when the two allenylidene moieties lallenylidene) ruthenium complettans-[(dppm)Ru([=C=
are conjugated by comparison with a mono allenylidene C=C(OMe)(CH-CPh)) 2](BF4)2 (6) by elimination of the
such astrans-[Cl(dppepRu=C=C=CPh(CH)]PFs, which two MesSiO™ groups and methanol addition to the metal-
displays one reduction wave at1.094V versus ferrocene. lacumulene intermediat&¢heme 11
When two identical redox centers are isolated from each However, FTIR, 3C NMR spectroscopy vec=c=c
other, the potential€; and E, would be expected to be = 1958cnT!, C, resonance is$$ = 233.7 ppm) and the
not only identical or of close values, but also very close crystal structure show that a bis(allenylidene) complex was
to the potential of a mononuclear model. Hence, an effi- obtained but with an elevated bis(alkynyl) character owing
cient conjugated path between two equal redox moietiesto the presence of a donor group on the unsaturated chain.
makes the processes easier than for the mononuclear model Very recently, the preparation of the first real bis(allenyli-
by stabilization of the electrons along the system. This dene) metal complexrans-[PhhC=C=C=Ru=C=C=CPh
demonstrates the efficient connection of the allenylidene (dpped]%* (9) was reportedi35] (Scheme 1R The synthetic
moieties through the highly conjugated bridges, and the route is based on the two electron oxidation and deprotona-
large influence of the bridge with the thiophene as a more tion of trans-[(dppepRu—C=C—-CHPR]PFs (7) (vide infra).
efficient linker. Thetrans acetylide groups id significantly Thus, the allenylidene-acetylideans-[Ph,C=C=C=(dppe)

Ru—C=C-CHPB]PFs (8) (E° = 0.82 versus ferrocene) was
oxidised with C& ammonium nitrate leading to the elimi-

Table 1 nation of they proton to form the bis(allenylidene) complex
Electrochemistry data for bimetallic bis(allenylidene) complexes 9. The FTIR and3C NMR spectraf=c=c=c = 1923 crrrl,

E; (MVIFc) AE (mV) Ej, (mVIFc) AE (mV) E,— E; (mV) Cu_re_sonance i8 = _297.6 ppm) of this complex are charac-
1 509 o6 7T o1 200 teristic of an allenylldene I!gand. Ind_eed, thg@rbon atom
5 _a35 7 _606 80 270 resonance is consistent with allenylidene species close to that
3 —640 60 -840 60 200 of trans-[Cl(dppepRU=C=C=CPh]* (§ = 308.5 ppm). Two
4 348 70 -539 110 180 hydride transfers to the bis(allenylidene) complex confirm

Sample 1mM; ByNPFs (0.LM) in CH,Cl; potential are reported in  the allenylidene structure with nucleophilic addition of two
volt vs. ferrocene. H™~ at the C, atoms Gcheme 1p Furthermore, full DFT ge-
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Ph,P PPh,
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NaPFg / NHiPrs z
PR PPh
HBF..EL,0 5
MeQOH
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=<c =G=0= Ru—C—C o :20 c=c- Hu—C C-G
PhsC “OMe Ph,C OM
Phof PPh 2 PPh 2
2 v 2 6 Pth\/ 2
Scheme 11.

ometry optimization without any symmetric constraint of the = 1.9972 with a coupling consta@ah= 13.5G due to the
simplified modeltrans-[(PH3)4RU(=C=C=CH,),]%+ (9'%*) coupling of the single electron with the 4 equiv. phospho-
leads to the bis(allenylidene) structure shown with con- rus atoms suggests its localization closer to the metal than
sistent allenylidene bond length22,29] QM(DFT)/MM in the reduced ruthenium mono(allenylidene). In addition,
geometry optimizations of the full compleé¥t lead to a the IR studies of9™ show the vanishing of the allenyli-
similar structurg35]. dene band and the formation of a new broad absorption
Two one-electron reversible reduction waves were ob- at 1751 cnit. Thus, all of these results, along with DFT
served atEZ = —0.30V and E2 = —0.93V versus fer- calculations are consistent with a novel symmetric radi-
rocene. The singly reduced species was generated in sitwcal with one unpaired electron equally delocalized over
with addition of decamethylferrocend&e( = —0.59 ver- both trans carbon-rich chains linked by the ruthenium
sus ferrocene). Quenching of this radi€al with PhgSnH atom.
at the G carbon atom $cheme 1p supports the local- These studies show the potential of ruthenium bis(allenyl-
ization of the single electron on the trisubstituted carbon idene) systems to mediate electron conduction, which is a

atoms. However, the observed ESR quintet 36rwith g

key requirement for molecular wires.

PhF’ PPh i
PhP | PPh 2 2
? 2 Ph ) mBR.ELO Ph. %
cl— Hu—C G- C—H C CZFHU C=C- C H
ks I ' 2)HCZC-C{OHPh; PH
PhoR_PPh, PP NaPR/ELN PhoR_PPh, Ph
7 8*xX"
X'= PRy or B(CFs)
PhsSnH
1) Ce'V, CHsClp cizgug
2) KB(CgFs)a
i PhP PPh PhP  PPh |
Phe 2\& 2  Ph Ph, e\ 7 _Ph
- = C C=C-Ru=C=C=C] -— C=C=C- RU=C=C=C{
; pr’ “Ph Phi Ph
pn, R P oy [(n°-CsMes)zFe] PhaR_PPh2 PhR_PPhy
,C=C=C=Ru=C=C=C_ %m’ ‘l
% M- e
Ph Ph PPh, Ph sHs)2FelPFg 5
Ph. PhQP PPhe o oh Phef, PPh; o
e F PP,
92+ 2x" C=C=C=Ru-C=C- g — Pttt
P’ N Pho PR g Yepn, P
2X'= [B(CeFs)s T of PFy B(CoFs)s” L PhoR_PPh, 2 2 _
9+ X
X'= B(CgFs)s
NaBH;
THF
Ph Pth‘ PPr2 ph

H= C C=C ‘Fiu—C C— C H
Ph PhoR_ PPhy Ph

Scheme 12.
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Scheme 13.

RuCly(dppe)a
KPFs

4. Trisallenylidene-ruthenium complexes

PhoP  PPhy
Ru=  Ru—Cl

Star-shaped molecules and dendrimers constitute an
emerging field in chemistry for their potential to incorpo- fu
rate guest molecules within their cavities and to bind active Z 10 = PhaR__PPhy
molecules or catalysts in their outer sphE3&]. One possi-
ble route for an easy access to star macromolecules consist
in the building of star alkene metathesis catalysts followed
by ROMP polymerisation of cyclic olefins according to
Scheme 13

It has been shown that vinyliden@7] and allenyli-
dene [38] ruthenium complexes, easily prepared from
terminal alkynes and propargylic alcohols, behave as effi-
cient catalysts for ROMP. Consequently, star polyynes and
propargylic alcohols are the target molecules to generate
directly star vinylidene-metal and star allenylidene-metal Ru:\
complexes with potential for further ROMP processes
and the access to star macromolecules. In this orientation
tris(vinylidene)-ruthenium and tris(allenylidene)-ruthenium
catalyst models have been designed. The multitopic carbon-
rich conjugated triynelO has been prepared by multistep Scheme 14.
catalytic reactions, and the activation of this triyt@with
the 16-electron ruthenium precursor Rp@pped/KPFs non conjugated triynel2 and trispropargylic alcohol3
has led to the first trisvinylidene-ruthenium complék were then prepared. The activation of the triyt with
(Scheme 1% [2a]. This tris(vinylidene) 11 behaves as [RuCl(dppe}]BFs and [RuCh(p-cymene)}/2PCy; gave
an acid that is easily deprotonated to give electron-rich, the trisvinylidenes14 and 15, respectively $cheme 1p
carbon-rich tris alkynyl-ruthenium systems. [2b]. The complexi5 is an analog of Grubbs catalyst.

The triyne 10 is rigid and conjugated and favours com- The activation of the propargylic alcohdl3 with the
munication between the three ruthenium sites. Flexible 16-electron ruthenium precursors [RuCl(dpB)4 and

»

3 [RuCl(dppe)s]BF4

!
X%

or 3/2 [RuCla(p-cymene)ls / 6 PCys o)
o
= ) @
~ ‘Q\
H H
12 RS
I
Ru
1 @ - RuCI(dppe),, BF,
TCYB
cl
-
15 @ =g
PCy:;

Scheme 15.
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[RUCI(PCys)(p-cymene)]OTf afforded the first tris(allenyl-
idene)-ruthenium complexd$ and17 (Scheme 1p[2b].

The above trisvinylidenes and trisallenylidenes actually
display a G-symmetry triskel shapgb].

5. Allenylidenes as precursors to carbyne-ruthenium
complexes

Metal-carbyne complexes attract interest as possible cat-
alyst precursors for alkyne metathef?®]. Since the first
synthesis of metal-carbyne by modification of metal carbene
derivatives by Fischer et aJ40], metal carbenes offer the
best direct routes to metal-carbyrjé4]. Electrophilic addi-
tion to vinylidene-metal derivatives, including protonation,
now constitutes an alternative to produce metal-carbynes
from simple alkyne$42] (Scheme 1y

A new simple access to metal-carbyne is now emerging
from propargylic alcohols trough their metal-allenylidene
derivatives. Protonation of the latter appears to be a gen-
eral method for access to alkenylcarbyne metal complexes
(Scheme 18

E* —*
M + HC=CR M=C=CHR M=C-CH(E)R
Scheme 17.
H* I
HC=C-CR,0OH M=C=C=CR> MEC—('\)\
o-h
R
Scheme 18.

5.1. Alkenylcarbynes from osmium allenylidenes

Initially, an alkenylcarbyne-osmium derivative ©6—
CH=Ry(Cl)2(H)(PiPr)2, was prepared by reaction of
OsHClo(P'Prs), with propargylic alcohol, through a dihy-
drogen vinylidene intermediate followed by dehydration,
and transfer of a proton from acidic coordinated dihydrogen
on thep carbon of the allenylidengt3]. The direct proto-
nation by HPE of [0s=C=C=CPh(n°-CsHs)(PiP)2]PFs
leads to the formation of allenylcarbyne complex 5~
CH=CPp(n°>-CsHs)(PiPr)2](PFs)2 [44].

Simultaneously, Jia et al. have demonstrated that the neu-
tral osmium-vinylidene O=SC=CHC(OH)Phk(CI)2(PCP)
(PCP: 2,6-(PRPCH,)2CgH3) arising from propargylic alco-
hol, thus non dehydrated, on protonation with HCI or HBF
leads to neutral and cationic alkenylcarbyne-osmium deriva-
tives, respectively through dehydration and protonation of
the B carbon of the unobserved allenylidene intermediate
[45] (Scheme 1R

Another example of an alkenylcarbyne-osmium complex
arises from the coordination of 2-methyl-1-buten-3-yne to an
osmium-hydride derivativpl6] (Scheme 2) It likely takes
place via the formation of the corresponding allenylidene
followed by the transfer of the proton, from the metal, to the
B carbon.

5.2. Alkenylcarbynes from ruthenium-allenylidenes

In the ruthenium series, the first observation of an
alkenylcarbyne-ruthenium intermediate was recently re-
ported by Werner and co-workef@g7]. On protonation
of allenylidene-ruthenium compleXd8 with HBF; the
formation of the alkenylcarbyne 19 is observed but not
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PPhy C(OH)Phs 8
H__ __Ph | =C. H__ __ph BFs
'C=C HCl O//CPPh H HBF, C=C
C Ph s—PPhg — C Ph
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G PPh, 3
Scheme 19.
F’iPr3 PiPrs i ks TiO
Cl c|) _H HC=C-C(Me)=CH I
o[ Ny AgOTH MesC? | A
Pipl'a B2 2 P‘Pr3 Me
Scheme 20.
PCy, MeCy,P—"OMe "1 (gF,, pFy
1 0 :
(| o PFs HBF, N/ _ _H
MEO7HU¢C /R\uic CQ‘C_Fh
CysP l Sc. ether (F; cl [
K/OIVIe CPh, v
18 19
Scheme 21.

isolated, as the protonation is reversibl8ceme 2L
This reversibility contrasts with the stable and isolable
alkenylcarbyne-osmium and the alkenylcarbyne-iridium
complex [I=EC-CH=C(Ph)R(CI)(PiPs)2] X [48], obtained
by protonation of the corresponding allenylidene.
Recently, the nucleophilic addition at thecarbon atom
of the allenylidene-rutheniur20 was explained by initial
activation of the allenylidene ligand by protonation, leading
to an alkenylcarbyne intermedidt®4]. Indeed, protonation
of 20 with [H(OEt)*B(Arg)s~ (Arg = 3,5-(CF)2CgH3)
led to isolation of the alkenyl carbyn@4a and21b and the
X-ray structure of the latter was determinekthieme 2p

5.2.1. Ruthenium indenylidene catalysts from allenylidene
via alkenyl carbynes

The first observed phenomenon arose from the study
of the protonation of the allenylidene-ruthenium complex
22. This complex was shown previously to be a catalyst
precursor in alkene metathesis via ring-closing metathesis
[9,50] and ROMP polymerisation of cyclic alkenes, but
there was no information about the real catalytic species.
However, it was observed in the course of kinetic study
that the [R&FC=C=CPHp(CI)(PCy)(p-cymene)]X 22 was
slowly transformed at 50C into another species that acted
as the catalygb1]. On the other hand, it was also observed

Two major discoveries related to alkenylcarbyne-rutheniumthat the addition of a strong acid such as trifluoromethane-
systems have recently been reported by the Rennes groupsulfonic acid to complexX?2 led to a dramatic increase of
(i) the evidence that an alkenylcarbyne-ruthenium speciesthe catalytic activity toward ring-closing metathesis of bis
rearranges into an indenylidene-ruthenium complex which allyltosylamide and in ROMP of cyclooctene.
displays high catalytic activity in alkene metathdgig] and The addition of 1.2 equiv. of TfOH to compleX2 in
(ii) the first formation of a conjugated bis(alkenylcarbyne) CD,Cl, at —40°C readily led to the formation of the ionic
ruthenium derivativg25]. alkenylcarbyne-ruthenium comple3 (Scheme 2B This

(B(Are)a)2

% R [H(OEL)]" B(ArF)4” N __H

Ru=—C=C=C —_— Hu_—_CfC\
/ \L Ph /N Nc-pn

UL A

S ~_

R=H 20 21

R=Ph

Scheme 22.



S Rigaut et al./Coordination Chemistry Reviews 248 (2004) 1585-1601 1595

oTt (OTH)
| 1.2 equiv HOTf L ’
e S b
i Ru;_\ a7 RUQ
oIy CQC cry “C\C:C,Ph
CysP QC:Ph CysP H’ "ph
Ph
22 23
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Scheme 23.

complex is not stable at20°C and loses 1 equiv. of TFTOH  mation of an allenylidene into an indenylidene ligand. Such
to give selectively the indenylidene-ruthenium compkdx a rearrangement has been previously postulated. In this re-
The indenylidene comple2d, generated in situ appearsto action of RuC(PPh)s with HC=CCPhOH the expected
be a very efficient catalyst not only for RCM of dienes and allenylidene complexX5 was not obtainedb2], although it
also for ROMP of cyclooctene. Thus, for a cyclooct@de/  was believed to be formefb3]. Instead it was found that
ratio of 10* after 5 min at 0C, 97% of polymer were formed  the indenylidene comple®6 was formed $cheme 2)i
(Mn = 387,000; Mw/Mn= 1.5) with a turnover frequency It was therefore suggested, but not observed, that the al-
of 116.000. The indenylidene compl@4 also polymerises  lenylidene25 rearranged intramolecularly int26 [54,55]
cyclopentene at room temperature. It is shown that the ac-The observation of the transformati@@d — 23 — 24 thus
tivity of the catalyst arising from complexes related2» supports (i) the reality of rearrangeme2t — 26 and (ii)
is very sensitive to ligand nature, and decreases whep PPhthat the catalytic species thermally formed directly fra2p
or C=C=C(CgH4s—OMe), ligands are introduced in complex in the absence of acid, also corresponds to the indenylidene
22. complex24. It is noteworthy that the comple26 is not ac-
The observation that the allenylidene comp&can be tive as alkene metathesis catalyst. However, the its related
completely transformed into the indenylidene compibdx complex27 containing the bulky, electron-rich Pgiigands
in the presence of a strong acid at low temperature, sug-appears to be an efficient catalyst for ring-closing metathesis
gests that the protonation 22 to give 23 corresponds to an  [54,56]
increase of the electrophilicity of the Ru-bonded carbon to By contrast, the reaction of the classical source of RuCl
undergo electrophilic substitution of tlwetho proton of the species, [RuCGlp-cymene)}, with HC=C-CPhOH and
phenyl group. 2equiv. of PCy afforded the stable allenylidene com-
The overall transformatio@2 — 23 — 24 corresponds  plex 28 that was isolated and easily transformed i2®
to the first direct observation of the intramolecular transfor- (Scheme 2p [56]. Complexes28 and then29 were also

RUCIy(PPha)s PPhg O PCys O
cie ] _ +2PCys cl. |_
o —— & =0
CIm -2PPhy  CI7 |

HC=C-CPh,OH PPhs  “Ph PCys
/ 26 27 I
PPhs
¢l ‘RJJ:C:C:CPh
cl- 2
PPh,
25

Scheme 24.
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HC=CC(OH)Phy | . p.cymene  HC=CC(OH)Ph;

PCys -4 PPhg |‘:>|3h:i O
Ch, Cl.
o === -Ph R _
Ru=C=C=C “Ru
ol T “Bh o
28 26
ST 2PCys | -2 PPh
IMes | - PCys Y8 - 3
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Ph Mes PCya
&
29 27
Scheme 25.
obtained on reaction of Rug{PPhs), with 2 equiv. of PCy rearrangement into indenylidene complex was observed for

and then H&ECCPRhOH [55]. The complexe®8 and 29, 33a. These derivatives display characterisfi€ NMR data
containing electron-releasing ligands with respect to the [33a, 13C NMR: § 307.74 (quint., §, 2Jpc: 13Hz), 199.65
virtual complex25, do not rearrange into indenylidene com- (s, C,), 129.94 (s, @)]. In addition, UV-vis spectra show a
plex although they promote to some extent catalytic RCM significant 60 nm shift of the metal to ligand charge transfer

reactions $cheme 2p[57]. band (MLCT) fromAmax = 482 nm for the allenylidenglb
It is noteworthy that comple28 reacts with [RuCl(p- to Amax =426 nm for the carbyn83b as a consequence of

cymene)} to give the allenylidene-ruthenium complég the conjugation change.

[58] (Scheme 2B Complex30 appears to be an efficient The same concept of reversible deprotonation/protonation

RCM catalyst; however, in that case the likely intramolecular was applied to the binuclear compl&4 containing a conju-

rearrangement into an indenylidene was not observed. gated bis(allenylidene) bridging ligand owing to the stability
of the alkenylcarbyne comple38. It was reversibly deproto-

5.2.2. Bis alkenylcarbyne ligand bridging two metal nated into the conjugated binuclear com@8XScheme 28

moieties The addition of an excess (6 equiv.) of HBEo 34 leads

It was surprising that the protonation of the allenylidene- to its complete double protonation and the formation of the
ruthenium complex trans-[RuCI(=C=C=CPh)(dppe}] first bis alkenylcarbyne-ruthenium complax.
PR was not observed5]. By contrast the allenylidene
complexes3la,b containing ay-methyl group show a clear
amphoteric characterS€heme 2y [25]. Thus, they are
easily deprotonated by NEto give the alkenylacetylide
complexes32a,b (vide infra). The later are reprotonated
into the allenylidene81. The addition of 3 equiv. of HBF

H
to 31a,b leads to the alkenylcarbyne complexd@a,b. No EtN i ELO
HBF4.Et,0 HBF4.Et,0

]+ BFs-

Ph.P  PPh
2 s 2 CHj

Cl—Ru=C=0=C{
Ph,R_PPhy

— — 12+ 2BFy”
PhP  PPh, PR PPh,
‘_-‘ ,/CHz ‘ & g

o 0 [n°-RuzCly(MeCHsPrz] v R e i e o g "2

"-Ru=C=C=C_Ph Lo o 5 . A i R PhoP PPhy 7~
o= o o™y s, PhoR_PPh, 2R L

PCys o PC Y 3
¥2 cen, 32a R=Me 33a R=Me
28 30 32b R=Ph 33b R=Ph

Scheme 26. Scheme 27.
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The progressive addition of HBRo 34 allows observing

by NMR the intermediate formation of the mixed allenyli-
dene/alkenylcarbyne compl&6. The double protonation of
34 (Amax = 589 nm) leads to a red shift of the MLCT band,

37 (Amax = 496 nm). However, whereas compl&X is sta-
ble at room temperature in the presence of an excess
strong acid, it is very acidic and is easily deprotonated
solvent[25].

6. Bimetallic C7 systems with delocalized carbon chains

A variety of bimetallic complexes allowing throug

conjugated path is formed with an exocyclic double or
triple bond inhibiting the access to higher odd numbered
carbon-rich bridges.

Recently, two novel methodologies of C—C bond for-
mation to obtain a new class of carbon-rich homobimetal-
of dic complexes with seven conjugated carbons between re-
by mote metals and a charge highly delocalized over the ex-

tended conjugated structure were discovels2/60] The
first one consists in an unprecedented radical promoted [2
+ 2] coupling reaction occurring on the,€Cs bond of
a 1,3-diynylmetal derivative [Ru]-€C-C=CR to lead to
a novel complex including a carbon-rich annelategHe
h bridge. The second method describes the coupling between

bridge exchange of electron between the remote metals®" allenylidene and a metal diyne to provide “W" shaped

complexes has been report@d,59-65]especially with an

complexes.

even number of conjugated carbon atoms spanning metal

fragments of various structures such gaMIC ML, [61]

or L,M(CH)ML,, [62]. By contrast, only a limited num-

6.1. Binuclear ruthenium with a C7 bridge based on a
radical promoted metal diyne coupling reaction

ber of complexes with an odd numbered linear or cyclic

carbon bridge linking the two metal moieties have been

The complextrans-[Cl(dppepRu—(C=C),—-SiMe;] (38a)

described63-65] The most general process affords rigid Was prepared using the classical reaction of E(©Q,SiMe;

four-membered cyclic bridges with a delocalized gath
between metals via the regioselective {22] cycloaddi-
tion between the €C bond of a vinylidene [MFC=CHR
and the G=Cg bond of a metal acetylide [M]-€C-R
(Scheme 2p[63]. Interestingly, the G-Cg bond is gener-

with the metal halide complexcis[RuClx(dppe)]

(Scheme 3P [66]. This air stable acetylide is eas-
ily further deprotected using BMF to provide the
trans-[Cl(dppepRu—(C=C),—H] (38b). Chemical oxida-
tion of 38a—b with the addition of half an equivalent of

a”y the most activated1 and when the reaction was app“ed ferricinium hexafluorophosphate leads to the annelated

to an allenylidene [MC=C=CR;R»] complex [63b] or
a diyne [M—C=C-C=C-R] complex[63c], a similar G

LR1 Ra
[M]=C=C,
R —
— [M]

==M]

+

[M]-C=C-Rg Ri Rg

Scheme 29.

bimetallic complex, via a cycloaddition at the,€C;
triple bond Scheme 3)) with an allenylidene charac-
ter. The Ru—-¢ resonance att = 247.7ppm is down-
field compared to that of an alkynyls (= 105.5ppm
for trans[Cl(dppepRu—C=C-CPRhH)]) [24] and upfield
to that of an allenylidene complex (= 308.6 ppm for
trans-[Cl(dppepRU=C=C=CPh]) [22].

The unprecedented regioselectivity observed for the
cyclic addition is explained by the steric hindrance, as the
C*=CP bond in the diyne complexes is sterically protected
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Scheme 30.

by the bulky ruthenium moieties. It is anticipated that de-
spite the unfavourable potential, the reaction is initiated by
an electron transfer between ferricinium cation 38

or 38b generating an electrophilic metallacumulene radi-
cal intermediate. The oxidized form should correspond to
Ru**—C=C-C=CH <« Ru"™=C=C=C=C*H with a signifi-
cant contribution of the cumulenic form that can react with
another molecule of acetylide, followed by further incorpo-
ration of a hydrogen atoms from the mediu8cheme 3L

In the case 0f38a, desilylation occurs during the process.
The isolation of a ruthenium butatrienylidene intermediate
has not been yet possible because of its high reactivity.

to react metal diyne systen®8a—b with preformed cumu-
lenic species such as allenyliden&slieme 3p[60].

The cationic allenylidene complexd8a—c were allowed
to react with the diynyl compoungBb. The resulting metal
assisted C-C forming reaction led #da—c. These com-
plexes 4la—c were also obtained when the reaction was
performed with the protected diynyd8a as desilylation
also occurs in the reaction medium. It is noteworthy that
the resonances of .Cand C), for these compoundsA{a:
8 = 224 ppm) are found downfield from that of an alkynyl
and upfield from that of an allenylidene complex. The X-ray
structure of4la confirmed the nature of the product.

However, such an intermediate has been isolated in an A probable mechanism for this reaction is based on the

iridium complex [CI(PiP§)2lr=C=C=C=CPhp] [67].

6.2. Binuclear ruthenium with a C7 bridge based on a
metal diyne-metal-allenylidene coupling reaction

The formation of the annelated bimetallic complex via a

fact that ruthenium-allenylidenes with a —gIRy group on

C, are easily deprotonated into stable ruthenium acetylides
(vide infra). This mechanism is depicted 8cheme 33or

41b. The first step consists in the transfer of a proton from
40b to the nucleophilic carbon of 38b to form an unsta-

ble butatrienylidene complex [A] and the acetylid2b. A

possible metallacumulene radical intermediate gave impetusfurther fast addition of the nucleophilic;®f 42b on the

I\ ()
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electrophilic G of [A] leads to the intermediate [B]. The versible second oxidation wave. To a first approximation,

formation of41b would then result from an allylic hydrogen these two oxidation steps could be viewed as essentially

transfer. involving the two RU/Ru" couples and the large sepa-
All compounds show a reversible one-electron reversible ration of the processesEZ,X1 = 0.32V versus ferrocene,

o

oxidation wave followed by an almost reversible or irre- E., = 097V, AE° = 650mV for 41b) is attributable to
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