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Abstract

The present review reports on the chemistry and catalytic applications of Group 8 half-sandwich complexes containing non-heteroatom sta-

bilized «,8-unsaturated alkylidene and cumulenylidene groups. These include bis-ce{l\l’[Ln]:C(R')-C(RZ)ZC(R3)-6(R4), mono- and poly-

hapto alkenyl-alkylidenes [MI]=C(R')-C(R)=CR3(R*), as well as substituted vinylidene [M]=C=CR'(R?) and allenylidene [M}]=C=

C=CR(R?) complexes (Rand/or R = unsaturated hydrocarbon substituent). Synthetic methodologies and stoichiometric reactions as well

as the involvement of these species in a series of catalytic transformations are presented. Important recent developments in catalytic studies
reveal the role of bis-carbene and alkenyl-vinylidene species as intermediate active species in C—C coupling reactions of alkynes.
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1. Introduction

The search of synthetic and catalytic applications of
classical transition-metal carbene complexes (Fischer and
Schrock type) constitutes a continuous challenge in modern
organic synthesigla,b] Among the most promising alterna-
tives the chemistry of electrophilic carbene [MEGQRY(R?)
and cumulenylidene [MLAIC(=C),=CRY(R?) complexes
has recently disclosed new synthetic approaches including
both stoichiometric and catalytic processes. A number of
former reviewq1lc—h] and specific survey] illustrate the
state-of-the-art of this field including seminal applications
in catalytic processes. The rapid development of this chem-
istry probably raised from the presence in the carbon chain
of both electrophilic and nucleophilic sites which provide
an unusual versatility towards a wide range of reactivity
approaches.

A particular class of derivatives are those in which the car-
bene chain also contains other type of unsaturated functional
groups (R and/or R non-aromatic unsaturated hydrocar-
bon chain) which potentially can increase the scope of the
reactive sites. Although some of these derivatives have been
known for years, its chemistry has recently attracted spe-
cial attention owing to the catalytic activity mainly in RCM
and ROMP of olefins and in a number of processes involv-
ing alkynes. The present reviews will focus on the chem-
istry of Group 8 half-sandwich carbene complexes in which
the alkylidene Q) or the vinylidene B) and allenylidene
(C) groups bear an unsaturated hydrocarbon chain as a sub-
stituent (heteroatom stabilised carbenes are excluded) (see
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Plate ). Only mononuclear complexes containing terminal

carbene groups will be reviewed. Special attention will be rated alkenyl groups, we have synthesized via protonation
devoted to the role of some of theses species in catalyticwith HBF, in diethyl ether a series of cationic alkylidenes

processes.

2. a, B-Unsaturated alkylidene complexes

of the type SBcheme X (i) n-«,B-alkenyl-alkylidenesl—2
formed through the addition of the proton at@@ the alkenyl
moiety[5a,b], and (ii) thent-alkynyl-alkylidene3 generated
via addition of the proton at £atom of the alkenyl group
[5¢,d]. This procedure constitutes an alternative synthetic

In accordance with the type of co-ordination mode of the route for unsaturated alkylidene five-coordinate Grubbs
carbene moiety the following complexes can be envisaged catalystg3al.

[3.4]:
2.1. Monohapto alkylidenes

Itis well-known that alkenyl metal derivatives [M]-GIC R,
are prone to undergo typical electrophilic additions
to give alkylidene derivatives [M]=CHC(E)R.. Fol-
lowing this synthetic methodology, and starting from
(n°-indenyl)-ruthenium(ll) derivatives containing unsatu-

1 1

1
R R
/ /
ML J=C=C | [ML,J=C=C=C__
R R

R
4
MLI=C__, )

A) (B) ©

Plate 1.

Analogous alkenyl-alkylidene complexdsare obtained
via one-pot synthesis by the reaction of [RyPHCoH7)
(dppm)] (dppm = bis(diphenylphosphino)methane) with
HC=CR(OH)Ph (R= H, Ph) in refluxing toluene followed
by the addition of a stoichiometric amount of HBEt,O
(Scheme 2[5a,e,f]

A series of five-coordinate 16-electron ruthenium(ll)
3-phenyl-1-indenylidene complexes [Ru@Cys)(L)(inde-
nylidene)] (L= PCys, PP, imidazolylidene) have been de-
scribed. The presence of thes-alkenyl-alkylidene group
has been now confirmed by X-ray diffraction studjad].
These unsaturated alkylidene derivatives are spontaneously
formed from the intramolecular rearrangement of an in-
termediate allenylidene moiety. Dixneuf and co-workers
[6] have recently reported the formation of an analogous
18-electronn®-p-cymene derivative5) by protonation of
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Scheme 2.
"< - Jorn "< g ot lenylidene complex [OSCC=C=CPh)(1°-CsHs)CI(P'Pr3)]
\WILu:C:C:C/Ph HOTf/-40°C \\wllquC*(II\ and MeQCC=CCO;Me [7b] (see alsoScheme 4P The
8 i Ph 8 g “Cph doubly «,S-unsaturated oxygen-containing cyclic carbene
? ’ Ph 8 has been isolated and characterized from the reaction of
— (== 5 ; .
[0Tf] [Ru(=C=C=CPh)(n°-CsHs)(CO)(PPr3)][BF4] with ethyl
e /_@_ ) | diazoacetate (sef€ig. 1) [7c].
Cl““/Ru:C —\
HOTf CysP Ph 2.2. Polyhapto alkylidenes
)
Scheme 3. The presence of both an unsaturated chain as substituent

a solution of the corresponding allenylidene complex at
—40°C. The reaction proceeds through an intermediate car-
byne derivative which gives the indenylidene after 30 min
at —20°C (Scheme B Complex5 decomposes at room
temperature and all attempts to isolate it failed. However,
it has proven to be an outstanding catalyst in RCM and
ROMP processes (s&ection 5.1

Cyclization reactions between thg%€C, or the G=Cg
double bond of allenylidene ligands with unsaturated or-
ganic substrates have been reported to afford also un-
saturated alkylidene$ and 7 (see Fig. 1) which are
proposed as transient species. Thus, the reaction of
[Ru(=C=C=CPh)(5°-CsHs)(CO)(PPr3)][BF 4] and dicylo-
hexylcarbodiimide CyRC=NCy, which lead to an unprece-
dented iminium azetidinylidenemethyl complex, is rational-
ized to proceed through a{2] cycloaddition process and
subsequent formation of the intermediate alkylidérj&a].
Similarly, the n!-cyclobutenyl specieg has been proposed
as an intermediate in the cycloaddition between the al-
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cl CO,Me Ph
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Fig. 1. Unsaturated heterocyclic monohapto alkylidenes.

of the alkylidene moiety and potential free co-ordination
sites in the metal fragment, enable the formation of a series
of complexes in which the unsaturated chain is attached to

the metal center. The following types of these polyhapto

coordination modes are knowny!:n3-allyl-carbenes (I),
nt:n?-butadienyl-carbenes (Il) angl:n?-allenyl carbenes
(1) (Fig. 2). A number of alkenyl-carbenes have been also
proposed as intermediate species in catalytic processes (see
Section 5.1 Schemes 51-53

The first example of an allyl-carbene derivative [Rt: ;-
CPh-C(Ph)C(Ph)CH(Phj»°-CsHs)] (9) was synthesized
(85% vyield) by Green and co-workef8] from the re-
action of the cationicy*-bonded tetraphenylcyclobutadi-
ene complex [Ruf’-CsHs)(NCMe)(*-C4Phy)][BF 4] with
K[BHSBug] through a formal nucleophilic addition of H
and ring-opening of the*-cyclobutadiene ringgcheme %
[8]. The X-ray crystal structure determination shows an
opennt:ni-butadienylidene chain to which the CpRu moi-
ety is formally attached through a RG carbene bond
and anB-allyl system. From the structural X-ray crystal-
lographic data three resonance structures can be proposed
(Fig. 3. An analogous substituted allyl-carbene complex
[Ru{n:n3-CPh-C(Ph)C(Ph)C(CHO)(Ph°>-CsHs)]  is
formed starting from [Ruf?-CsHs)(CO)(*-C4Phy)][BF 4]
(Scheme A These allyl-carbenes are prone to react
with PPhy and P(OMej at room temperature affording
the nL:n?-butadienyl and nl:n?-acyl-butadienyl deriva-
tives 10 and 11 (Scheme ¥ respectively, resulting from

/ / /
[M]=C [M]=C M]=C_
\J> \_ | \C//C
I
77 77t 7't

Fig. 2. Coordination modes of unsaturated alkylidenes.
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the co-ordination of the 2e ligands L at the ruthe-
nium center. Similarly, the aryldiazenide cationic complex
[Ru{n*:/2-CPHFC(Ph)-C(PHCH(Ph)} (°-CsHs)(p-NO2
CsHaN2)][BF4] is formed from the reaction of the
nt:n3-allyl-carbene with the diazonium derivative-NO»
CsHaN2][BF4]. This behavior is assessed in the reaction
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Fig. 3. Resonance structures of allyl-carbenes.

with diphenylacetylene which leads to the formation of
the sandwich complex [Ryf-endeCgPhsH)(17°-CsHs)]
(12) via co-ordination of the alkyne to ruthenium ghand
subsequent C—C coupling with the*-butadienyl group
(Scheme % In contrast, the protonation of the allyl-carbene
9 leads to decomposition although the diene complex
[Ru{n*- (E,2 — CH(PhyC(Ph)C(PHFCH(Ph)}(° - CsHs)
{P(OMe}}][BF4] is formed after the electrophilic addition
of proton in the presence of P(OM€P].

Some years later, Kirchner and co-workers have devel-
oped an alternative synthetic route gf.n3-allyl-carbenes
14 and 16 starting from the ready accessible labile
complexes [Ruf®-CsHs)(PRs)(NCMe)][PFs] which re-
act with a wide range of alkynes, including terminal
HC=CR! and internal RC=CR? alkynes and diynes
RIC=CCH,(CH,),CH,C=CR! (n =1, 2) (Scheme &
The reactions generally proceed rapidly at room temper-
ature and the allyl-carbenes are obtained in good yields
[10]. Structural parameters obtained from X-ray diffrac-
tion studies in several of these complexes confirm both the
alkylidene carbon double bond to the ruthenium atom and
the presence of a-allyl system. The four carbon atoms of

< |PFd PR; ©—| [PFe]
2 | corati
R migration
Ru—PR
“ o e
L~ 2 RN 1
R'C=CR R
R? PR3
13 14 R'
PF
< |FFd VR _— .
| R =Me; R" = H; R”=H, Ph, C¢Hy, Bu, SiMes, p-C¢H,OMe, Fc, [Cc]
MeCN“"'I‘{“\pR R=Me;R' =R*=Et
MeCN 3 R =Ph; R' = H; R? = Ph, C4H,, "Bu, [Cc]"
Rl
S = IR | @7“’%1
i R! /‘}ylu—PR3 migration
R!
N SRl /
. PRy
(15) (16)

R=Me;R'=H,Me;n=1,2
R=Ph;R'=H,Me;n=1
R=Cy;R'=H,Me;n=1

Scheme 5.
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Fig. 4. Cp*-ruthenium complexes containing allyl-carbene groups.

the allyl-carbene chain are nearly in a plane. The formation
of these carbene complexes most probably proceeds vi
ruthenacyclopentatriene (bis-carbene) intermedifBesnd
15 generated from the oxidative head-to-tail coupling of the
alkynes (see below) which undergo a subsequent intramolec
ular migration of the phosphine to one of the electrophilic
carbene carbon atoms. The remarkable electrophilicity of
the a-carbon atom in these carbenes promotes the ready re
arrangement. Analogoug¥-CsMes)Ru and ¢°-CsMes)Fe
allyl-carbenes have been also prepareid.(4) [11,12]
Competitive processes leading to the formation of
nt:n?-butadienyl-carbene complexes instead of the expected

nt:n3-allyl-carbenes can be operative. These processes aré

the result of a preferred 1,2-hydrogen shift pathway versus
ligand migration (A inFig. 5 which are favored due to the
presence of either: (i) a too bulky and/or nucleophilic poor
co-ligand (SbR= SbPh, SB'Bus; PRs= PCy, PPh)

or (ii) an alkyne with ac«-alkyl substituent[10c,d,13]
The reactions of [Ruf-CsHs)(XR3)(NCMe)][PFg] with
2,8-decadiyne and HECCH,R! (R! = "Pr, Ph, OH) il-
lustrate the formation ofyt:n?-butadienyl carbenesiy
and 18) (Scheme ¥ [10c,13] For HC=CCH,R! (R!
"Pr, Ph, OH) the butadienyl-carbene group 18 re-
arranges to given3-allyl-acyl (19) and n3-allyl-vinyl
(20) complexes $cheme Y [13c]. It is interesting to
note that a remarkable change in the reactivity has
also been observed starting from the related complexes

®
H”"c’H‘@ e | ]
H/\” /‘Ru—XR3 R’ /lRu\PPh R
1,2]-H shift P
2 N Scwy AN
X =P, Sb R’

(A) ®

Fig. 5. Stability of bis-carbene groups vs [1,2]-H shift or phosphine
migration.

a
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= "

R
MeCN" l
MeCN

u
N
XR3

1
R _ H

H  CHR'
as)

XRj = SbPh;, Sb"Buy
R ="Ppr, Ph, OH

Scheme 6.

[Ru{»°-CsH4CH,CH(R)~«*-P-PPh»}(NCMe)][PFs], con-
taining a phosphine ligand tethered onto the Cp ring. Thus,
in contrast to the above mentioned phosphine migration, the
metallacyclopentatriene intermediatBs(Fig. 5 undergo

the coordination of a third alkyne molecule resulting in an
unusual C—C coupling process to give the cycloaddition
products [Ry»°-CsHsCHCH(R)PPh-«!-C-CH-(;*-CsR;
H2)}1[PFe] [10d]. A series of theoretical studies rationaliz-
ing the mechanisms of the competitive processes have been
also performed10c,d,13c]

In contrast, the reaction of [RgR-CsHs)(PRs)(NCMe),]
[PFs] with the terminal alkynes ethynylferrocene (BCFc)
nd ethynylruthenocene (H€CRc) proceeds in a com-
pletely different way affording n':y?-allenyl-carbene
complexes21 (Scheme B [10b,c] The proposed mech-
anism involves the intermediate formation of a vinyli-
dene complex followed by the co-ordination of a sec-
ond alkyne molecule to give am?-alkyne-vinylidene
species [RE=C=(H)R'}(15-CsHs)(11>-HC=CRY)(PR)]*".
The subsequent alkyne insertion into the =Ru bond
gives the final producfl. The observedr-conjugation
of the allenyl-carbene unit with one of the Cp sys-
tems in the ferrocenyl and ruthenocenyl moieties likely
favors the C—C coupling through the efficient stabi-
lization of the positive charge. When HBE&LSiMe;
is used only the formation of vinylidene complexes
[Ru{=C=C(H)SiMes} (n>-CsHs)(NCMe)(PRy)]* (R = Ph,

Cy) is observed10c].

In a similar way as shown by the reactivity of the parent
allyl-carbene complexe®, the analogous allyl-carbenes
14 and 16 are acting as pseudo 16-electron species also
reacting with nucleophiles (PBhand electrophiles (i)
to give nl:n2-butadienyl 2) and*-diene @3) complexes,
respectively $cheme R The first reaction involves a
1,4-hydrogen shift and the resulting diene from the proto-
nation with CRCOOH(D) is consistent with the presence a
nucleophilic carbene carbon atdiDal.
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These allyl-carbenes are not only able to add nucleophiles
to the metal center but are also capable to dehydrogenate
aryl and alkyl groups, at room temperature, in the bulky ter-
tiary phosphine ligands P@yand PP through a C—H bond
activation to give noveh*-butadiene complexez! and 25,

respectively, or the unusual allyl compl@&g (Scheme 1P
[11a].
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11.

R=CO,Me (28)

MeCN" TN
eM CI!I PEt; \/\/
€
Y ‘QT [PFe] | tPFg]
| N\
Ru\\_“‘\H Ru~ CHy
// o
— :\
~PEt; H
----- PEt;
H H
(29)
Scheme 12.

An analogous;®:2-allyl-cyclohexenyl complex27) is
formed from the corresponding :n3-allyl-carbene after an
eventual hydrogeg-elimination of the resulting cyclohexyl

to form the bis-carben80d (51% vyield) from an 1,6-diyne
bearing phenyl terminal groups. These bis-carbenes have
been fully characterized including NMR spectroscopy and

substituent of the phosphine and hydrogen transfer to theX-ray crystallography{14a,c—g] The main structural fea-

allyl chain of the carbeneScheme 1)1[11a].

An unusual methyl C-H bond activation of the Cp* ring
to give tetramethylfulvene-type complexg&and29 occurs
in the corresponding Cp*-allyl-carbeneddheme 1p[11a].

2.3. a,f-Unsaturated bis-carbenes

The first complex [Ru(@PhH2)Br(7°-CsHs)] was
discovered by Singleton et al. in 198§&4a]. This met-
alacycle bis-carbene (metalacyclopentatriene) derivative
was prepared by reaction of [RICsHs)Br(COD)]
with phenylacetylene via a head to head oxidative cou-
pling of two molecules of the alkyne. Since then a va-
riety of analogous half-sandwich ruthenium complexes
have been prepared through a similar methodology in-
cluding [Ru(GPhpH,)CI(n°>-CsMes)]  (30a)  [14b-d],
[Ru{Ca(p-CgH4Br)2H2} CI(5°-CsMes)] (30b) [11b], [Ru
(C4FcoH,)Br(17°-CsHs)] (30c) [14e] and [Ru(bis-carbene)
Cl(n°-CsMes)] (30d) [14f] (Fig. 6). In general, the formation
of these derivatives proceeds in THF, benzene opCH
at 0-20°C in a few hours. A longer time (4 days) is used

tures are: (i) the typical low field carbon resonance in the
13C{1H} NMR spectra of the carbenic carbon atord4.

245-270 ppm); (ii) the relatively short Ru-C distances (ca.
1.94-1.99 A) indicative of a partial double-bond charac-
ter; and (iii) the almost identical C—C bond lengths of the

(30¢)

(30d)

Fig. 6. Isolated bis-carbene ruthenium complexes.
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[RuJ [Ru

Fig. 7. Resonance forms of the bis-carbene group.

ruthenacycle. These facts indicate that the metalacyclopen-(A)
tatriene has a highly delocalized structure which can be de-
scribed as the contribution of two resonance forfig.(7).

The electronic structure and the geometrical features of
the model bis-carbene [RyR-CsHs)CI(C4H4)] have been
studied theoretically14f,15].

A number of unsaturated bis-carbene complexes have (B)
been also proposed as intermediates either in stoichio-
metric or catalytic processes. As it was mentioned above
(Schemes 5—-andFig. 5), Kirchner et al. have proposed a
series of cationic ruthencyclopentatrienes as key interme-
diates in the formation ofi*:53-allyl and »':n?-butadienyl (C)
carbenes. Although no intermediate has been isolated, the
reactivity and NMR data are in accord with the transient
formation of bis-carbene species formed by oxidative cou-
pling of two molecules of the alkyne in the presence of
[Ru(y°-CsHs)(PRs)(NCMe)][PFe]-

As it will be discussed below Section 5.2 some
half-sandwich ruthenium(ll) bis-carbene complexes are ac-
tive catalytic species in the cyclotrimerization of alkynes
and other C—C coupling reactions.

3. a, B-Unsaturated vinylidene complexes
3.1. Alkenyl—-vinylidene complexes

3.1.1. Synthesis

Alkenyl-vinylidene complexes of general formula
[M] =C=C(R})C(R?)=CR3(R* are the most popular and
simple class ofr,-unsaturated vinylidene derivativfs 2].
Although several synthetic approaches have been described
in the bibliography, the most general methods are the
following:

il
C
[M]=—11l
T
1
M] R —C
| \\lc_R3
S w
H*C:C*C\\(I:iRz
3
R
[M] ,
M1
Q 3
\C\ _ /R
/C_C\
R!

Scheme 13.
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1
_ 13 E" /E 3 ®
[M]-C=C-C [M]=C=C R
N, 2 N S
C—R JCc=cC
I3 1 N2
R
Scheme 14.

The direct activation of terminal 1,3-enynes HCC
(RH)=CR?(R®) by a coordinatively unsaturated tran-
sition-metal complex via the generation of unstable
n?-1,3-enyne or hydride-enynyl intermediates which
tautomerize into the thermodynamically more stable
alkenyl—vinylidene isomersScheme 18

The regioselective addition of electrophileg(iH" or
Me) to the nucleophilic ¢ atom of neutrab-enynyl
derivatives [M]-C=CC(RY)=CR2(R3) (Scheme 1} We
note that methods A and B are classical in the chemistry
of vinylidenes|[1,2].

The activation of propargylic alcohols containing hy-
drogen atoms at the carbon atom adjacent to the one
bearing the OH group by a coordinatively unsaturated
complex. Although dehydration of the hydroxyvinyli-
dene intermediates (A) can take two different reaction
pathways, leading either to alkenyl-vinylidene (B)
or allenylidene (C) derivativesScheme 1h in most
cases it affords vinylideneB regioselectivel\{1,2]. A
rationalization of this general behaviour has been pro-
vided on the basis of theoretical calculations using the
models [RY=C=C(H)CH=CH,}(n®-CsHs)(PHz)2]*"
and [RY=C=C=C(H)CHz}(1°-CsHs)(PHsz)2] ", which
disclose that the alkenyl-vinylidene tautomer is ca.
2.1kcal/mol more stable than the allenylidefi].
Nevertheless, it should be noted that the fate of de-
hydration reaction strongly depends on the nature of
the metal auxiliary as well as the propargylic alcohol
substituents pointing out the limitations of this syn-
thetic methodology1,2]. As an example, electrophilic
metallic fragments such as [Ru@Gfarene)(PR)]*
usually lead to the formation of allenylidengx].

Only half-sandwich alkenyl-vinylidene ruthenium(ll)
and osmium(ll) complexes have been reported to date
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[M] =—1
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Scheme 15.

[17], the activation of propargylic alcoholsS¢heme 1p

being probably the most used method for its preparation.

This synthetic methodology, used for the first time by J.P.
Selegue in 199118a], has been successfully applied in
the selective synthesis of the cationic spe@ésand 32
starting from the corresponding chloride complex via ini-
tial chloride abstraction with NiPFs, NaPF, NaBPh

or AgBFs (Scheme 1p [18]. Taking advantage of the
tendency shown by [OsGJ¢-CsHs)(P'Prs),] to release a

1635

HO

R =H, Me

Fig. 8. Biologically active propargylic alcohols.

evolve to the corresponding neutral alkenyl-vinylidene
derivatives  [0$=C=C(H)R}CI(n>-CsHs)(PPr3)] (R
= 1-cyclohexenyl, C(MeJCHpy) in toluene at 85C [19].
Mixtures of the alkenyl-vinyliden&3 and allenylidene
34 tautomers (ca. 1:1 ratio) have been obtained by react-
ing complexes [RuCK>-CgH7)L>] (L = PPh, Lo = dppe,
dppm) with HGECC(OH)MePh in methanol and in the pres-
ence of NaP§g (Scheme 1y[20]. Similar results have been
observed in the activation of the biologically active propar-
gylic alcohols ethisterone, &7ethynylestradiol (R= H) and
mestranol (R= Me) by [RuCl°-CoH7)(PPh)2] (seeFig.
8) [16,21] Puerta and co-workers have also described that
the spontaneous dehydration of the 3-hydroxyvinylidene
complex35 in methanol generates cleanly the allenylidene
species34. However, when a CpCly solution of 35 is
passed through a column of acidic alumina a mixture of the
allenylidene/alkenyl-vinylidene isomer34(33) is obtained
[18f].

The activation of terminal 1,3-enynes has been also ap-

triisopropylphosphine ligand, Esteruelas and co-workers plied for the preparation of half-sandwich alkenyl-vinylidene

have also reported that the treatment of this compound with ruthenium and osmium derivatives. Thus,

1-ethynyl-1-cyclohexanol and 2-methyl-3-butyn-2-ol, in
pentane at room temperature, leads to the stakdtkyne
complexes [O§7?-HC=CCRy(OH)}Cl(1°-CsHs)(P'Pr3)]

(CR2, = cyclohexanediyl, CMg, which selectively

the neutral
tris(pyrazolyl)borate-ruthenium(ll) complexe3 and 37
have been prepared by treatment of [R{B(pz); }(DMF)
(PPhR)] (DMF = dimethylformamide) and [Ru¢HB(pz)s}
(k?-P,O-Ph,PCH,CH,OMe)] with 1-ethynyl-cyclohexene,

M =Ru; ns-ring = T]S-C5H5; L=L"=PMe;s;n
M = Ru; n5-ring = nS-CSMes; L =L"=PPh, PEt;, PMe'Pry; n=2

)| M=Rw 7 -ring = r] -CoHy; L =L’ =PPhs, LL" = Ph,P(CH),PPhy; n=1,2, 3
M = Os; 1 -ring = n -CsHs; L=CO,L" =P'Pry; n=2

=1,2

M = Os; nsrlng n -CgH7; L=L"=PPh3; n=1,2,3

HC=CC(OH)RR’
=R’"='Pr;R=Me, R" = H, Me)

€]
L Cl
H,0

e =
L “R2
(32

M = Ru; 7-ring = 1°-CsHs; L =L = PMey; R' = 'Pr, R = Me
M = Ru; °-ring = 1°-CsMes; L =L’ = PEty, PMe'Pr,; R = Me, R> = H
M = Ru; °-ring = °-CsMes; L = L” = PEts, PMe'Pry, LL” = 'Pr,P(CH),P'Pry; R! =R?=H

Scheme 16.
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| HC=CC(OH)MePh L © o me |
[RI-Cl 1 eOH TNaPR, /reflux [Ru=c=c__ __H + [R”]*C_C_C\Ph
e N
5 (34
[Ru] = [Ru(7~CgH7)L2 (33)

L = PPhg; L, = dppm, dppe

CHCly / Al:O3cidic)

H o ][BPA

(IR =[Ru(7°CsMes)(PEy);])  [Ru=C=C OH
o

Scheme

respectively (seBcheme 18[22]. Complex [0§=C=C(H)C
(Me)=CH,}Cl(1°-CsHs)(P'Pr3)] can be also prepared start-
ing from [OsCl¢®-CsHs)(PPrs)2] and the corresponding
1,3-enyne H&CC(Me)}FCH, via P Pr3 dissociation[19].
Protonation of neutrat-alkynyl derivatives [M]-GEC-R
is a well-known route to the corresponding cationic vinyli-
dene complexes [M]=C=C(H)R[1,2]. In agreement, addi-
tion of HBF; to thes-enynyl complex [Ru(&CCgHo)(1°-
CsHs)(PPh)2] (CgHg = 1-cyclohexenyl) affords the
cationic  alkenyl-vinylidene  [R{FC=C(H)CsHo} (n°-
CsHs)(PPR)2][BF 4] [23]. Similarly, protonation of [R{C=
CC(PPR)=CH,}(n°-CsHs)(PPh)][PFs] generates the di-
cationic species [RGFC=C(H)C(PPR)=CH,}(1°-CsHs)
(PPh)2][PFs]2 [24]. In our laboratory, we have developed
an efficient and straightforward procedure for the prepa-
ration of o-enynyl ando-polyenynyl complexes39 start-
ing from the readily availablenP-indenyl)-ruthenium(ll)-
phosphonioalkynyl derivative38, via Wittig-type reactions

b ;
N/l? AN N/?i\I o
S0 S0
\ R' Cl H—Czc@ \R’ ,-‘SCI
Ru— Ru—
Phyp | CHZCIZ/r.t.\ phyp I
Oy DMF '(':
(‘Z—NMe2 W
H ]
(36)

4 H
o B
QR0 ki)
s iR

\R’ ::\\e‘ o H-C=C —@ \R’ :::\\Cl
S o Ru—
Phop | CH,Cl, / 35°C o
{_OMe j i
Meo” H
37
Scheme 18.

P

(35

Me

17.

[BF4] [BF4]
ﬂ /H—‘ ! \ /H—‘ ‘
Ph}})\\\-}?u:C:C\ H Ph3P\\\.Tu:C:C\C/H
Ph;P I Ph;P Il
/C /C
H H
Me \"'H H
7/
Me C=C
Me/ \H

Fig. 9. Optically active alkenyl-vinylidene ruthenium(ll) complexes.

with carbonyl compoundsScheme 1P[25]. As expected,
protonation of these polyunsaturated alkynyl derivatives
(39) affords the corresponding alkenyl-vinylidene and
polyalkenylvinylidene complexe#0 (Scheme 1p[25]. Op-
tically active alkenyl-vinylidenes have been also obtained
(as the thermodynamically more staBlésomers) using this
methodology starting from the commercially available chi-
ral aldehydes (R)-(—)-myrtenal and §)-(—)-perillaldehyde
(seeFig. 9) [26].

The disubstituted alkenyl-vinylidene ruthenium(ll) com-
plexes42 derived from the hormonal steroids ethisterone,
17«-ethynylestradiol and mestrandtiy. 8) have been pre-
pared by methylation of the correspondisgnynyl species
41 (seeScheme 2p[16].1

Lin and co-workers[27] have found that the cationic
alkenyl-vinylidene derivativesd3 are easily formed, in
dichloromethane at room temperature, by reaction of the
corresponding neutrad-alkynyl complexes [Ru(&CPh)
(7°-CsHs)LL’] (L =PPh, L' = CNBu; LL’ = dppe)
with CI(Ph)G=C(CN), («-chlorobenzylidenemalononitrile),
via electrophilic addition of the vinylic unit to the
atom of the phenylacetylide ligand. Similarly, treatment of
complex [Ru(G=CPh)¢;°-CsHs){P(OMe)}(PPt)] with
CI(Ph)G=C(CN), results in the formation of the neutral

1 We have also reported that the treatment of [Ra@TsHo)
(n°-CoH7)(PPR);] (CeHg = 1-cyclohexenyl) with MeOSECFs in di-
ethyl ether leads to the precipitation of the cationic vinylidene
[Ru{=C=C(Me)CsHg } (n®-CoH7)(PP),][CF3SOs] which was character-
ized by X-ray diffraction. See re{18b,18e€]
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PP ¥ Li"Bu .
\\-RU*C:C*C\ W \\‘,RH—C:C—C\\
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PhsP PhsP
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R!= H, PR, = PPh,
R'= Ph, PR; = PMe;
1
R W
RYR*)C=0 5 \ o HBF, v JH IT[BF4]
ARumC=C=Q THE ) 200 ~Ru=C=C_ R
PhyP" | Ngwwpd THF/20°C  php™ | N
RsP=0 PhsP PhsP I
g C
R 257 ™03
39 R R

mixtures of E and Z isomers

(40)

mixtures of £ and Z isomers

R% = H, R = Me, 4-CgH;NO,, 4-C¢H,OMe, Fc, (E)-CH=CHPh, (E)-CH=CH"Pr,

(EE)-CH=CH=CHMe, C=CPh
R? =R3 = Ph; R?R® = -CH,(CH,);CH,-

Scheme 19.

alkenyl—-vinylidene44 in which an Arbuzov-like dealkyla-
tion of the phosphite ligand has also occurr&dt{eme 2L
[27].

The synthesis and X-ray crystal structure analysis of
the alkenyl-vinylidene complex6 has been described
by Selegue $cheme 2P [28]. This compound was ob-
tained by reaction of the neutral keto-alkynyl complex
[Ru{C=CC(FO)CHMe}(n>-CsHs)(PPI),]  with  two
equivalents of trifluoroacetic anhydride, via acylation
of the intermediatex-enynyl trifluoroacetate ested5
(characterized by X-ray diffraction) by a trifluoroacetyl
group.

Puerta and co-workerf29] have reported that the treat-
ment of the cationic vinylidene complex [RaC=C(H)CO,
Me}{HB(pz)s:} (PE&),][BPhs] with HC=CCO,Me gener-
ates the alkenyl-vinylidene derivativi8 stereoselectively
(E isomer) S&cheme 2B[29]. This C—C coupling reaction

[CFJSog]me\
Me C=C=[Ru]

MeOSO,CF;
CH,Cl, /it

(CFSOuI[ e
C=C=[Ru]
MeOSO,CF5
CH,Cl, /..

R = H (42b), Me (42¢)

R = H (41b), Me (41¢)

([Ru] = [Ru(7*CoH,)(PPhy),])

Scheme 20.

has been interpreted in terms of aH2] cycloaddition of
the terminal alkyne to the &&Cg of the vinylidene ligand
to yield a cyclobutenylidene intermediat7], followed by
a concerted ring-opening.

The zwitterionic alkenyl—vinylidene comples0 is also
known [30]. It has been prepared by addition of tetra-
cyanoquinodimethane (TCNQ) to the neutral cyclopropenyl
complex49 (Scheme 211

3.1.2. Reactivity

Deprotonation of the acidic of vinylidene proton in
cationic transition-metal vinylidene complexes [M{C=C
(H)R is a classical synthetic route to neutkadalkynyl
derivatives [M]-G=C-R [1,2]. In agreement, treatment
of the monosubstituted alkenyl-vinylidene ruthenium(ll)
and osmium(ll) complexes of the typ&l and 32 (see
Scheme 1B with NaOMe, KOBu or Al,Oz leads to
the high yield formation of the correspondirgenynyl
species [M(GCR)(@°-ring)LL’] (R = 1-cycloalkenyl)
and [M{C=CC(R)=CR?R?}(n°-ring)LL’], respectively

[C1]
@\ CI(Ph)C=C(CN), @\ ,Ph B

Ru-C=C—Ph JRu=c=c/ N
o CHaCly /1t o]

L

L =PPhy, L' = P(OMe),

MeCl CI(Ph)C=C(CN), / CH,Cl, / rt.

&

. Ru=C N p
PhsP” | =,
MOy

44

Scheme 21.
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Me Me |[HCF:COz)]

C
I I
@\ 0 2 equiv. (CF5C0),0 @\ PSNVEN
~Ru—c=c—] e, LRu=c=C_ 0" CF;
PhyP” | CHMe,  CH:Ch/rt PhyP” | Sc=0
Ph;P Ph;P FyC
(46)
(CF;C0),0
CF3CO,H CFy
& 0-C
\
Rurc=c-C. K
Ph;P" ‘ \\C—Me
PhsP (45)\ T
I I
Cos
F3C/ \O/ \CF3
Scheme 22.
[18ac,e,20] We note that in most cases these deprotonation @ Ph @ o
reactions were found to be reversitjlsb,e,20] Ru TENQ R’
One of the most significant reactions of transition-metal PhP"[ _ >—H  CHCL/HUC pppe | N—=__.©

Lo e ~olo? . PhyP Ph;P TCNQ
vinylidene complexes [MJC=CR'R< is the nucleophilic 49) (50)
attack of alcohols at the electrophilic,Gtom to afford e o~
Fischer-type alkoxy-carbene derivatives fMJ(OR®)-C(H) TCNQ = NC>=<z>=<CN
RIR? [1,2]. It is now well-established that the ability of '
the vinylidene unit to undergo these nucleophilic attacks Scheme 24.

is dependent on the electronic and steric nature of the an-

cillary ligands on the metal atom, being clearly favoured
when sterically undemanding and/er-acceptor ligands
are presenfl,2]. This is clearly exemplified by the elec-
trophilic complexes [RuGl(»®-arene)(PR)] which usually
react with terminal alkynes in alcoholic media leading
to the formation alkoxy-carbenefd,2c]. In accordance

with this, Nelson and co-workers have found that com-

plex 51 reacts with 1-ethynyl-1-cyclohexanol, in a mixture
CH,CI»/MeOH and in the presence of NafRo afford

the methoxy-carbene compled3, via nucleophilic addi-
tion of methanol on the corresponding alkenyl-vinylidene
intermediateb2 (Scheme 2p[31].

Similarly, the neutral allyloxy-carbene complé&4 has
been obtained by treatment of [RYEIB(pz)3 }(DMSO),]
(DMSO = dimethyl sulfoxide) with an excess of 1-ethynyl-
cyclohexene and allyl alcohol in refluxing toluertechieme
26) [32].

i H
8 h
SN, BPh, By BPh
el ™ &y ™
Y N . EQQN
Rl '—\Cﬁc LO0Me  p-c=c-co,Me \R' 'i\C*C ,COzMeH
Et;p ‘u— B \H THF / reflux Et;P™" ‘u— - Ne=¢”
/ N\
EtzP EyP  H CO,Me
\ / (48)
H
B
/A, BPh,
e o, ™
N “ID NV H
\Js ~COMe
o RU=CTA
Et}P l \;C\H
Et;P C
M€02C
47)

Scheme 23.
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Scheme 26.

1639

UU‘E

IO .

S 7“ cl DMEF / reflux N/ Cl
Rl _ N R]/@\N/C\C/H
I, H | H
R R2
(55)
(56)
H
B.
N A
SR
N
Rt
i SN el
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Scheme 27.

termediates takes place, yielding cyclic amino-carbdites
(Scheme 2)
The electrophilic character of the,Gatom of cationic

By analogy with the above-mentioned reactions, the vinylidene complexes allows also the addition of anionic

addition of primary or secondary amines to a vinyli-

nucleophiles at this carbon yielding neutral alkenyl species

dene complex generates the corresponding amino-carbengM]-C(Nu)=CR; [1,2]. In agreement with this, Puerta and

derivative [MFC{N(R}R*}-C(H)R'R? [1,2]. In this
context, Kirchner and co-workers have recently de-
scribed the activation of 1-ethynyl-cyclohexene by the
tris(pyrazolyl)borate-ruthenium(ll) complexéss contain-
ing the hemilabile ligands 2-(methylamino)pyridine and
2-amino-4-picolind33]. As expected, intramolecular addi-
tion of the N-H bond of the amine groups to thg=Csg
double bond of the corresponding alkenyl—-vinylidene in-

/conej [BPh,]

co-workerq29] have found that compled8 regioselectively
reacts with NaBH to afford the neutral butadienyl derivative
57, which was isolated as a mixture & and Z isomers
(Scheme 28

Deprotonation of the disubstituted cationic vinylidene
derivative 58, with "BusNOH in acetone at r.t., results in
the cyclization of the organic chain, yielding a neutral fu-
ran complex §0) via intramolecular nucleophilic addition

- NaBH, H COzMeH [Ru]\ COzMeH
[Ruf=C=C_ _ H McOH / 1.t - i a
c=c L [Ru] C C H C C
v CcoMe W coMe “CoMe
48) E-(57) Z-(57)
{[Ru] = [RU{HB(pZ)3}(PEt3)2]]
Scheme 28.
[PFe] Fh
Pﬂ "Bu,NOH @ ,Ph
[Ru]=C=C [Ru]=C=C - /N
acetone / r.t. [Ru] OMe
0 % { ©
OMe OMe
(s8) 59) (60)
[[Ru] = [Ru(N-CsHs)(PPh;),] ]

Scheme 29.
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! @\ H HBF, @\ i e
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Ph |
Me;SiN ~N —c= =c—
3 3(excess N ) \\Os—C—C —_— Os=C—C
[Ru]ﬂ}l THF /.t N/ Pr;P” | OELIEt e |
— Cl Cl

49) (63)
5 (62)
Me3SiN3J (Rl =Ru(7*CsH)PPhy])
© [Ru]-C=N &\ M HBF @\ H |[BF,]
N3 0s=C=C H —*% - Os=C—(
. S . Os=C—C
[©)] / /Ph lPI‘}P\\ ‘ \C:C/ CD,Cl, /rit. 1Pr3P\“‘ \\C-MC
[Rul=C=C ca M& '
Me
| N, (64)
SiMe3
(61) Scheme 31.
H,0 _ )
[1,2,3]triazole 62) from the reaction of the neutral

N3 o M N3, alkenyl—cyclopropenyl ruthenium(ll) derivativel9 with
Ry Me3SiNs [Ru] Ph Me3SiN3 (Sgr_]eme 3)) o
T’ | Electrophilic additions at g of vinylidene complexes
7 [M]=C=CR; to afford carbyne species [MICC(E)R
are well-documented[1,2]. In this context, Esteru-
Scheme 30. elas and co-workerg19] have found that the pro-
tonation of the neutral alkenyl-vinylidene complexes
of the alcoholate anion at the,Gitom in the intermediate  [0s{=C=C(H)R}Cl(n>-CsHs)(P'Pr3)] (R = 1-cyclohexenyl,

zwitterionic alkenyl-vinyliden&9 (Scheme 2p[30,34] C(Me}=CHpy) yields the cationic alkenyl-carbyne deriva-
The nucleophilic addition of the azide anion at the tives 63 and64, respectively, as the result of the selective

C, on the intermediate alkenyl-vinylidene complé&t proton addition at gof the unsaturated chais¢heme 3)L

has been also proposed by Lin and co-workf@s] as The involvement of alkenyl-vinylidene complexes in

a key step in the formation of the cyanide complex C-C coupling reactions has been also reported. Thus,

[Ru(C=N)(5°-CsHs)(PPh),] and  4-ethyl-5-phenyl-Hi- we have reported the synthesis of the unprecedented

L |[PFd]
/HT (PFe] H—CEC—@ /

@ MeOH / reflux [Ru=C=C=C

([Ru] = [Ru(7*CyHy)(PPh3),1)

[Ru]=C=C

(65)

Scheme 32.
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indenyl-ruthenium(ll) allenylidene comples, which con- react with 1-ethynyl-cyclohexene to give the corresponding
tains the spiro(bicyclo[3.3.1]non-2-en-9-ylidene-4-cyclo- »3-butadienyl specieg0 (Scheme 3%[39].

hexane) moiety €Hoo, as the result of the coupling between Kirchner and co-workers have also reported that
the alkenyl-vinylidene derivative [ReeC=C(H)CgHg} (n°- tris(pyrazolyl)borate ruthenium(ll) complexes containing
CoH7)(PPh)2][PFs] (CeHg = 1-cyclohexenyl) and 1-  hemilabile phosphinoamine ligands react with 1-ethynyl-
ethynyl-cyclohexeneScheme 3P[18b,36] The first step cyclohexene to yield the corresponding coupling products
in the formation of this complex involves the transfer of the 71-72 (Scheme 3p[40]. This C—C coupling process in-
acidic vinylidene proton from [R{FC=C(H)CeHo}(1°-C

oH7)(PPh)2][PFs] to the G=C double bond of the

1,3-enyne which generates the neuteabnynyl deriva- "

tive [Ru(C=CCsHg)(n°-CgH7)(PPh),] and the transient

H
B
carbocation species |. |52
The reaction of [RuCK>-CsHs)(PPh),] with 2-methyl- @E ID)E@
3-butyn-2-ol, in methanol and in the presence of JRF;, \I 7
has been reported to yield the binuclear alkenyl—vinylidene- AN NaOEt/ MeOH / reflux
alkylidene complex66 (Scheme 3B[37]. The suggested re- AN
action pathway for the formation of this compound involves (68)
the coupling of the mononuclear alkenyl-vinylidene deriva- E and Z isomers (ca. 3: | ratio)
tive  [RU{=C=C(H)C(Me}CHz}(1°-CsHs)(PPH)2][PFs] o kH@
and its allenylidene tautomer [Re@=C=CMe,)(5>-CsHs)
(PPh)2][PFg], both generated in situ by the spontaneous -
dehydration of an intermediate hydroxyvinylidene complex. B
The related compounds{Ru{HB(pz)s}(dippe);2(1-C1o @I}f E@/NO
H12)][PFe]2 (dippe = "PrPCHCH,P'Pry) and [Os@°- A
CsHs)(PPhy)2}2(u-C1oH12)][PFe]2 have been also pre- | . Ruzc=c G
pared in a similar way38]. 2l @
Treatment of [RuGIHB(pz)s}(COD)] (COD = 1,5- S
cyclooctadiene) with 1-ethynyl-cyclohexene, in refluxing
MeOH and in the presence of NaOEt, has been reported
to generate the unusuaf-butadienyl-ruthenium(ll) com- on
plex 68 via a formal [2+-2] cycloaddition between one P e
of the G=C double bonds of the COD ligand and the 2@ ! C_C@
Ru=C, unit in the cationic alkenyl—vinylidene interme- &
diate 67 (Scheme 3% [39]. We note that this coupling (69)
process is not restricted to the COD ligand. Thus, through
a similar [2+2] cycloaddition, complex69 was found to Scheme 34.

H-C=C

NaOEt / MeOH / reflux

[Ru] = [Ru{HB(pz)3}]
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a-o

i
B. M
N/l NO [M]FHC| — [M]:C:C\
OI ip ! y R
N \\N R
NS
EtzN“""R\u_C1 benzene / 80°C Scheme 36.
PPh,
H I.*
H-C=C-C H-C=C-C H
N\ N\ ™
; Ol
H Me H AT
Me Me H

Fig. 10. Optically active 1,3-enynes.

clobutane ring affords the alkenyl complex IV, which on
protonation, yields the final product.

Although the conversion af?-alkyne complexes into its
nt-vinylidene tautomers is a thermodynamically favoured
R . procesq1,2], the reverse transformatiois¢heme 3pcan
_RuiCzc S e in some cases be accomplished. For example, the presence
o ’ of a coordinating solvent gives rise to the decoordination of
the alkyne through an exchange procgsc,41]

NR, Tautomerizations of monosubstituted alkenyl-vinylidene
I cf | m complexes into the corresponding’-1,3-enyne species

have been also reported. Thus, in our laboratory we have

found that the #>-indenyl)-ruthenium(ll) derivatives40

DMF

” o P\\\~~»R<;C' are able to undergo demetalation reactions by heating in
2w@ acetonitrile, affording stereoselectivellg {somer) the cor-
. responding terminal 1,3-enynes BCC(R)=CR?R3 and

the nitrile complex [Ru(NCMe)(>-CoH7)(PPH)2][BF 4]
(Scheme 3y[25c]. As commented previously, complex&s
Scheme 35. can be easily generated through Wittig-type reactions (see
Scheme 19 The overall process depicted Bchemes 19
and 37represents an appealing approach for the synthesis
volves the initial formation of neutral alkenyl-vinylidene of terminal €)-1,3-enynes from carbonyl compounds and
intermediates [R{FC=C(H)CsHo}CI{HB(pz)}(k*-P- propargylic alcohols. The practical utility of this synthetic
PhbPCH,CHyoNR)] |, which undergo amine-promoted route has been exemplified in the stereoselective prepa-
elimination of HCI yielding theo-enynyl complex II. ration of optically active enynes derived from the chiral
The agostic interaction in Il leads to hydrogen migra- aldehydes (R)-(—)-myrtenal and $)-(—)-perillaldehyde
tion by means of ar-bond metathesis pathway to give (Fig. 10 [26]. Kirchner and co-workers have also de-
the four-membered phospharuthenacycle 1. Subsequentscribed that the treatment of the neutral tris(pyrazolyl)borate
regioselective migratory insertion of the-coordinated  derivative [RY=C=C(H)CsHg} CI{HB(pz)3}(PPH)] (CsHo
1,3-enyne into the Ru-C bond of the phosphametallacy- = 1-cyclohexenyl) 86) with a large variety of ligands L, in

u |BF H |[BF,] [Ru] ~—N=CMe |[BF4]

/ reflux C =
Rul=c=C/ R' == [Ru]~— 1 _MeCEN +
N,/ C R1
| |
! C—R! H-C=C-C
C % = N
2T RS R2—|C ’ \(lj—R3
3
(o) . K

Ei 1
E and Z isomers 1somer only

R'= H,R?= H, R® = 4-C4H,NO,, 4-CgH,OMe, ferrocenyl

(R = Rur Cottpepal) 7 S

Scheme 37.
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no [Pl i P

s PPh; / MeOH C
== _— - -— R —
[Ru]=C=C oflux [Ru] |8 , PPhy [Ru] C\\CiPPh
3
D) f
n=23 N @n
73)

([Ru] = [Ru¢7*-CHy)(PPhs),])

y |BE] i [[BF) i |BF]

PPh; / MeOH

4 C
[Ru=c=c_ R' ——=———— ¢ [Ru]=—ill,~ ~PPhy [Ru]—C
\HC/ reflux (Ij 1 N\ (I: —PPhy
C—R 1_
Y R=C
A 2_ 7 AN
sz R3 R (‘j C—R?
R? hE
E and Z isomers
74
R'= H, R?= H, R} = 4-C¢H,OMe, ferrocenyl E isomer only

Scheme 38.

benzene at r.t., results in the quantitative formation of com- R, = 2,2-biphenyldiyl) and free 1-ethynyl-cyclohexene
plexes [RuC{HB(pz):}(PPhk)L] (L = PMe3, PPh, CO, py, [36].
MeCN) and free 1-ethynyl-cyclohexene ECCgHyg, via The isomerization of monosubstituted alkenyl-vinylidene
initial tautomerization of theyl-alkenyl-vinylidene group  complexes [MFC=C(H)C(RY)=CR?R3 into their allenyli-
to the n2-coordinated 1,3-enyne and subsequent exchangedene tautomers [MIC=C=C(R!)C(H)R2R3, via a formal
with L [22a]. 1,3-hydrogen shift, has also been in some cases ob-
The formation of transieny?-1,3-enyne species from served. As a clear example, M.C. Puerta and co-workers
alkenyl-vinylidenes [R{FC=C(H)C(RY)=CR?R3}(1°-Cq have recently reported that the alkenyl-vinylidene deriva-
H7)(PPh)2]™ has been clearly confirmed in the reaction tive [Ru{=C=C(H)C(Phy¥CH,}(n>-CsMes)(PEs),][BPhy]
of these complexes with triphenylphosphine in refluxing spontaneously isomerizes in solution, at r.t., into the ther-
methanol which yields the alkenyl-phosphonio deriva- modynamically more stable allenylidene [RC=C=C
tives 7374, via nucleophilic addition of PRhto the (Ph)Me} (n°-CsMes)(PEB),][BPhy] [18f]. A related iso-
w-coordinated enyneScheme 3B [18e,41] Theoretical
calculations seem to indicate that the less electron density
at the metal center the more tendency sdfvinylidene

H
ligands to rearrange toj?-alkyne ligands[22a,41] In R — _C-H R~
agreement with this, the more electrophilic ruthenium(ll) <= mc=c-¢ OMj[PFd
complexes [RuXf®-1,2,3-GH4R3)(CO)(PR)2] (R = Me, \\.Iliu—Cl R CRu=c] R
PRs = PPl, X =Br; R =H, PRy = P'Pr3, X =1) re- o NaPF /MeOH /r.t. el 0 S
act with 1-ethynyl-1-cyclooctanol, in dichloromethane 75) — — — (76)
at r.t. and in the presence of AgRFto afford equilib- t;x?E;;:ﬁ:gf;:f&'&ﬁ’;‘;
rium mixtures of the corresponding alkenyl-vinylidene L:PMez:R:Me:arene:1:3:51C(,I-§3Ezt3 4
and w-bonded enyne complexell]. The addition of L = PPhy, R = Me, arene = 1,2.4,5-CglloMe,
PPh to these reaction mixtures favours the displace- L = CN(CH,),CL, R = Me, arene = CgMe;
ment of the equilibrium leading to the selective forma- L = CN'Bu, R = Me, arene = CgMe,
tion of the corresponding alkenyl-phosphonio derivatives
[RU{C(H)=C(PPh)R}(n°>-1,2,3-GH4R3)(CO)(PRy)2][BF 4] Ig ; ;
(R = 1-cyclooctenyl)[41]. _ ®

Formal exchange of the alkenyl-vinylidene moiety [Raj=ct H_C:C_E @; [Ru]gcgcjc:c:H
in complex [RY=C=C(H)CsHo}(n®-CaH7)(PPH)2][PFé] “ Row
(CeHg = 1-cyclohexenyl) by an allenylidene group has R OMe
been also observed when it was treated with an excess of ~ _3FH | [Ru]CDZC:C:C: _MeOH [Ru]@ci R
1,1-diphenyl-2-propyn-1-ol or 9-ethynyl-9-fluorenol in re- Me H/C:C\Me

fluxing methanol, which generates the allenylidene deriva-
tives [RU{=C=C=CR;}(n®-CoH7)(PPh),][PFs] (R = Ph, Scheme 39.
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HO , |1PFg]
R NaPFy =
[Rul=Cl -+ or CCL /e R
H— 0
\ R

- )

[Ru] = [Ru(7°-CsMes)(PMes),]; R = H, Me, CEC-SiMe,
[Ru] = [RuCl(7°-C¢Meg)(PMe;)]; R = H

Scheme 40.

merization has been also proposed by Dixneuf in the ac-
tivation of 1,3-enynes HECC(RFCH, (R = H, Me) by
(n®-arene)-ruthenium(ll) complexegs which leads to the
formation of Fischer-type alkenyl-carbene spedigsia nu-
cleophilic addition of methanol at the electrophilig @om

of the corresponding allenylidene intermediatgsi{eme 3P
[42]. The intramolecular version of this reactiore.ithe ac-
tivation of terminal enynols HECC(MeyFC(H)CH(R)OH

to afford 2-oxacyclohex-5-en-1-ylidene ruthenium com-
plexes77, has been also reporte8dheme 4P[43].

As commented previously, we have recently re-
ported that the activation of the biologycally active
propargylic alcohols ethisterone, d-gthynylestradiol
and mestranol by the indenyl-ruthenium(ll) complex
[RUCI(®-CoH7)(PPh),] affords mixtures containing the
corresponding alkenyl—-vinylidene/8 and allenylidene
79 isomers Scheme 4] [16]. Moreover, we have also
shown that in solution both tautomers are in equilibrium
which can be selectively displaced by means of the typ-
ical reactivity of each of these speci¢s6]. Thus (see
Scheme 4), (i) o-enynyl complexes4l are selectively
obtained via deprotonation of the alkenyl-vinylidene tau-
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& &

os=C=C C/Ph Me0,CC=CCO,Me Y _COMe
: SOs=C=C= —_— > | K s=C=C Ph
"Pr3P" ‘ \Ph toluene / reflux ipr,p ‘ >C:C:Ci
a Cl McO,C Ph
(82)
S om
iprp })S\\C—C LC—Ph
&
/C_ N
MeO,C CO,Me
)
Scheme 42.

tomers by treatment of the equilibrium mixtures with a
base; (ii) terminal 1,3-enyne80 are formed, through a
nt-vinylidene#?2-alkyne tautomerization, after heating un-
der reflux the equilibrium mixtures in acetonitrile; (iii)
phosphonio-alkynyl complexel are selectively generated
via nucleophilic addition of PMgPh to the electrophilic £
atom of the cumulenic chain in the allenylidene tautomers
[1,2].

3.2. Othera,B-unsaturated vinylidene complexes

The allenyl-vinylidene osmium(ll) comple82 has been
synthesized by treatment of the neutral allenylidene deriva-
tive [OS{=C=C=CPp}Cl(1°-CsHs)(P'Pr3)] with dimethyl
acetylenedicarboxylate. The formal insertion of the alkyne
into the G,=Cz double bond of the allenylidene chain has
been rationalized as a stepwise cycloaddition to form an
nt-cyclobutenyl intermediat@, which readily undergoes a
ring-opening process to form the allenyl-vinylidene product
(Scheme 4p[7b].

[Ru]
/

///C

fi
K,CO
(PFel[ Ry 2 @4y m
s CH,Cl, /1.t d
//C [PF6],—H\ C///
Me ,C Me ,C=C=[Ru] Me
{jé _ {b MeC=N {b + [Ru]‘_NECI\Z‘[PFd
: ! reflux A
f 5} H
9 (78) 0)
PMe,Ph
. THF /£ (Ru]
([Ru] = [Ru(7’-CoHy)(PPhs),1) e
C
i
(81)

Scheme

41.
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@ ~F) @ [P
Ru Hp - CCCCH Ru c=c=c= c
Ph;P"" T THF/rt. §PhP"
Ph P Ph
3 3 (84)
[1,3]-
\ 1-1 PF6]
Phyp™ “Ru=C= C
. C\\
PhyP ~C
H
(83)
Scheme 43.

Although no stable half-sandwich alkynyl-vinylidene
complexes [MEC=C(R)C=CR? of Group 8 metals are

known[44], the occurrence of these species has beenin somee
Bruce and co-workers have

cases suggested. Thus, M.l
found that treatment of [Ry-CsHs)(PPh)>(THF)][PFg]
with buta-1,3-diyne affords the highly reactive buta-
trienylidene complex84 which cannot be isolated but
trapped instead by addition of large variety of nucle-
ophiles at the electrophilic ,C(i.e. the addition of NHPh
yields [Ru{=C=C=C(NPH)CHs}(5/°-CsHs)(PPH)2][PFs])
[24,45] The formation of this butatrienylidene deriva-
tive can be explained through the initial formation of the
alkynyl-vinylidene intermediat@3 which then further re-
arranges via a 1,3-H shiftScheme 4B Similarly, the
reaction of the iron(ll) complex [FeGJe-CsMes)(dppe)]
with trimethylsilyl-1,3-butadiyne, in methanol and in the
presence of NaBRh generates the allenylidene deriva-
tive [Fe{=C=C=C(OMe)Me}(1°-CsMes)(dppe)][BPh] via
addition of a methanol molecule to the butatrienylidene
intermediate [FE{C=C=C=CH,)(17°-CsMes)(dppe)][BPh]
[46].

The formation of transient alkynyl-vinylidene inter-
mediates 85 has been also proposed by Dixneuf and

1645

_ @
Bl\l—C:C—CRz
Ph;P PPh,

Hegee

(902)

®
Ry=C=C=CR,
PhsP Yppp,

1

(90b)

Scheme 45.

preparation of penta-1,2,3,4-tetraenylidene ruthenium(ll)
complexes86 (see Scheme 44 by activation of diynes
HC=CC=CCRy(OX) (X =H, SiMe3) with complexes
[RuCly(n®-arene)(PR)] [47]. Such cumulened6 are in gen-

ral extremely unstable species and behave as highly reac-
tive electrophiles leading to a large variety of organometallic
compounds of the typ&7 or 88, depending on the electronic
and steric properties of the metallic unit. Neutral diynyl
complexes89 could be also isolated via deprotonation of
intermediates5 [48].

4. a, f-Unsaturated allenylidene complexes

Only a few examples are known (no higher half-sandwich
a,B-unsaturated metallacumulenes have been described to
date) and they are prepared as follows:

4.1. By activation of alkynols

Following the Selegue’s methodology for the synthesis
of transition-metal allenylidene complexes (Ssheme 1p
[49], the reaction of [RuCK>-CsHs)(PPh),] with the cor-
responding 1-alkyn-3-ol in the presence of NHfg gives
the unsaturated allenyliden@8a,b (Scheme 4p[50]. These

co-workers in the course of their studies directed to the COMPlexes are best described as allenylidene rather than

'OX
H-C=C-C=C-C,,
%{ H OX
[Ru]-C1 [Ru]=C=C [Ru]*C—C-C-C-C
Y o ¥ \“R
cf \C\C/OX H® 89 R
{7
(85) R R
NuH = alcohols, amines, etc.
xon~~| 131
® MNu NuH ® AY ® M
[Ru]=C_ R [Ru]=C=C=C=C=C_ [Ru]=c=Cc=C_ R
c=c=c=C_ R L€
H R H R
87 (86) (88)

Scheme 44.
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CH,Cl, / r.t. |
R~
_ /H cl / C\CQC/H
HC=C—C—OH Cy;P
_ x>
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Scheme 46.
—r X
O oH
3o, | C— (R)
N I ”’C\\\ (S)\ _‘
C, | |[PFg]
© H N7
[Ru]—Cl ;
MeOH / NaPFg / reflux

92)

[Ru] = [Ru(7*-CoH;)(PPhy),]

Scheme 47.

alkynyl complexes although there is a substantial contribu-

tion of the resonance form II.

Dixneuf has recently prepared theg-unsaturated al-
lenylidene91 by reaction of [RuGl(»%-p-cymene)(PCy)],
1-(p-dimethylaminostyryl)propynol and AgBkEin CH,Cl»
(Scheme 4p[51].

The chiral allenylidene complex [R&C=C=C(CgH14)}
(nS-CgH7)(PPf3)2][PF6] (C(CgH14) = (1S59-4,6,6-trime-

V. Cadierno et al./Coordination Chemistry Reviews 248 (2004) 1627-1657

W e 1

Ru=C=C=C

e

Ru=C=C=C=CH,

§\ $\
PhsP “pph, PhiP ppn, /M
(84) (93)
Liy
£ s
Ru—C=C—C

v

PhsP Sppp,

Scheme 48.

synthesized by reaction of [Ru@GR-CgoH7)(PPh)]
with the corresponding propargylic alcohol, in refluxing
methanol and in the presence of N@P{Scheme 4y
[52].

4.2. By nucleophilic additions to highly reactive
[Ru]t=C(=C),=CR!R? species

Mononuclear ruthenium complexes containing buta-
trienylidene ligands [Ru]=C(=C),=CR'R? have usu-
ally been reported as highly reactive intermediates in
a number of reactionglg], and nucleophilic additions
at the odd-numbered carbon atoms can be expected.
Thus, the reaction of [Ryf-CsHs)(THF)(PPh)-][X] (X ~
=PFs~,BF4"), prepared from [RuCl{-CsHs)(PPh),] and
AgX, with buta-1,3-diyne in the presenceNimethylpyrrole
affords the alkenyl-allenyliden®3, via the correspond-
ing butatrienylidene comple@4. The deprotonation of the
methyl group with butyllithium allows to access the func-
tionalised o-alkynyl complex [RYC=CC(CsH3zNMe-2)=
CHa}(n°-CsHs)(PPH),]. This deprotonation is reversible
and complex93 regenerates by treatment of thealkynyl

thyl-bicyclo[3,1,1]hept-3-en-2-ylidene) 92) has been  derivative with watef24] (Scheme 48
R
1) RC=CLi ,C
Ph E,N—=—Me NEt, THF/ -20°C ® L
[Ru]=C=C=C [Ru]J=C=C=C_ _ ,Ph ———=——— [Ruyj=C=C=C_  ,Ph
s THF / 0°C c=C 2) HBF - OFt c=C
Ph M N 4 UEL , N
¢ Ph ELO/ 20°C Me Ph
R=Ph (94), SiMe; (95)
RC=CLi -HNEt,
Bl ot ® " NE
([Rul = [Ru(7-CoHy)(PPh ), ) Ruj—czc-¢7C ph @ Ruj=c=C{ NF
=C PV Cxe.
Me” “Ph Me—C R
C—Ph
1 Ph

I

Scheme 49.
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NEt PRl LB, H NEt Si0,
[RuJ=C=C=C_ ,Ph _— [Ru]—C=C-C /Ph —_—
C C ;‘C:C LIPF6
R* ph R Spp | -NHE
R=Me, H R=Me, H
(PFel gy N——=—r' NEt2 [PFg]
[Ru]zczczc S [Ru]=C=C= C
/C—C\ THF /0°C C C /
R Ph R! “c=c
M ph
R = Me (96), H (97) | )
R =Me, SiMe;
B NEt
LiHBEt; _ha 2 SiO,/ LiPFg
——————— [Ru]—C=C—C_ H
THF / 0°C _c=c__ ,Ph -NHEt,
M¢ ,C=cC
Me Ph
H [PF¢] _NEt [PF¢]
N ¢ H [Rul=C=Cc=C_ _ H
[Ru]=C=C C\C:C/ Ph EtyN———Me C C H
7/ N 7 =
Me C=C_ THF / 0°C Me” M/C C _Ph
Me Ph € /C C_
Me Ph
98)

([Rul = [Ru(z*-Cty) PPy, 1)

Scheme 50.

R> — R>
[Ru{HB(pz);}(PPh;3)(NCMe),][PF¢] (10 mol%)
- 1
Rl toluene / reflux / 6-8 h R I

99) (102)

68-82% yield
k [Ru]

“ (100) z]i:(j
Wy

“ [Ru]
(101)

Scheme 51.
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R—=—"R [RuCl(7°-CsMes)(COD)] (5 mol%) Messix_{'mw
i
_ dioxane / 60°C / 5-6 h N ging
2 N,CHSiMes R SiMe;
{R, R’ =H, aryl or alkyl group] E and Z isomers
48-95% yield
Cp* Cp*  SiMey
via C17|Ru and leRu:/
|
R S— R —
R, SiMe3 R, SiMe3
(103) (104)
2
ol 7L iy
_ 5
¥ R} [RuCl(77°-CsMes)(COD)] (5 mol%) R3 _1 v
dioxane / 60°C / 1-48 h R
s o
N X
N,CHY Cp* E and Z isomers
[ 959 vi
Ru—Cl 40-95% yield

(105)

Scheme 52.

4.3. By nucleophilic addition of acetylides and hydride to
amino-allenylidene complexes

Although a number of ruthenium amino-allenylidene

the expected butadienyl(amino)allenylidene complex. These
sequential processes constitute an efficient synthetic method-
ology for building up higher-unsaturated-allenylidene
chains. In this way, the secondary butadienyl-allenylidene

complexes are known, their reactivity has not been explored complex 98 is prepared by reaction of the corresponding

yet, in spite of the presence of a functional gr¢&@].? The
reaction of complex [RHEC=C=CNE{{C(Me}=CPh})
(n°-CoH7)(PPh),][PFs] (obtained by reaction of allenyli-
dene complex [REHC=C=CPh)(5>-CoH7)(PPh),][PFe]
[20] and MeG=CNEb) with LIC=CR (R = Ph, SiMg)
followed by addition of HBE led to the formation of
the «,8-unsaturated allenylidene complex®d and 95
(Scheme 49[54]. This transformation involves the addi-
tion of lithium acetylide to the ¢ of the unsaturated chain
to produce the unstable alkynyl intermediate I, which then
undergoes protonation to the vinylidene derivative Il and
spontaneous loss of diethylamine.

Monosubstituted unsaturated allenylidene complé&s
and97 can be obtained in two steps, via addition of LIBHEt
to the amino-allenylidene complexes followed by treatment
of the alkynyl complex intermediate on a short silica gel col-
umn Scheme 50 The insertion of ynamine i@6 generates

2 Other half-sandwich alkoxy- or amino-alkenyl-allenylidene com-
plexes (of the type88; Scheme 4% have been described. See refs.
[47b-47d]

aminoallenylidene species with LiHBE@&Nnd SiQ treat-
ment. The insertion of ynamine Me€CNEt® in 98 gener-
ates the hexatrienyl(amino)allenylidene complex shown in
Scheme 50These reactions proceed in a regio- and stere-
oselective manner, a sole isomer being detected in all cases
[53].

Group 8 dinuclear cationic complexes containing unsatu-
rated allenylidene bridges are also knojsb].

[0}
—R!
[Ru(z7°-CsHs)(NCMe)3][PFq] (1-10 mol%) R
2
R acetone /r.t./ 1 h ‘
=S OH
R \
! R DR
60-99% yield
via  ( ‘ RuCp
§ e
R3
(106)

Scheme 53.
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X
S ;b [RuCI(7-ring)(COD)] (5 mol%) —
X + /7 X +
% 1,2-dichloroethane / 40°C / 24 h
(ring = CsMes, CsHs, CoHy ) 107
{X =0, NTs, C(CO,Me),, C(CN)Z] (108)
/—:
X
N —

[Ru] X
oy A A g
- X@[Ru] - | DRy ————
X path A = / path B =[Ru]
) |
X
0 5= ye /
WA AL
[Ru]

Scheme 54.
5. Catalysis the regioselective synthesis of buta-1,3-dienes; and (b)
enynes, giving alkenylbicyclo[3.1.0]hexane derivatives
5.1. «,8-Unsaturated alkylidenes (Scheme 5p
(iii) The cyclic carbenel06 involved in the intramolecular

Despite the ruthenium five-coordinate complex [Ru( cycloisomerization of alkynes and propargylic alcohols
CHCH=CPh)CI(PCys),] is one of the first catalysts re- using the cationic complex [Ryf-CsHs)(NCMe)]
ported in ring closing metathesis of olefins (RCI56], [PFs] as catalyst precurso5¢heme 58[61].

only one example using related half-sandwich deriva-

tives has been reported to date, namely the indenylidene )

(n8-arene)-ruthenium(ll) comple® (see Scheme B [6].3 5.2. a,f-Unsaturated bis-carbenes

Low loadings of5, prepared in situ from the correspond- (ruthenacyclopentatrienes)

ing allenylidene precursor, features a high activity for ) o ] .
ring-opening metathesis polymerization (ROMP) of cy- Although the catalytlc'actlwty of the isolated b!s-carbene
clooctene and cyclopentene under mild conditions as well complexes30a,d (see Fig. € has been experimentally
as for RCM or acyclic diene metathesis (ADMET) reac- Proven in a number of transformations (see below), the
tions. Both rate and spectroscopic studies support that an

intramolecular rearrangement of the allenylidene ligand into = | (ReCicomecomy) (15 moe

an indenylidene is a key step in the catalytic RCM reactions X __ + ‘ l,2-dichlor(5)ethesme oL/ 1S minen XC@

[57]. The catalytic activity of comple® seems higher than o

that of analogous neutral five-coordinate comple%&s. 34_9(2‘325“
A number ofa,B-unsaturated alkylidenes have also been |~ 05 NR C(COR). CIEN), J
. . .o . R = Ph, H, "Bu, ‘Bu, CH,0Me, CH,0H, CH,NMe,, (CH,)Cl
proposed as intermediate species in catalytic processes:
() The naphtylidened01, formed via electrocyclization Scheme 55.
of vinylidenes 100, involved in the aromatization of =g , 5
. . . i X X
enynes99 to give naphtalene derivativd®2 (Scheme L [RuCI(*-CsMes)(COD)] (1-5 mol%)
51) [59] — X 2 1,2-dichloroethane / r.t. / 2-24 h
(i) The alkenyl-alkylidene403-105 [60] generated in the R—" R! R2

addition of diazomethanes to: (a) alkynes, leading to (110)

53-89% yield

X!, X2 =0, NTs, C(CO,Me),
R, R?=H, Me
n=1,2

3 (n®-Indenyl)-ruthenium(ll) vinyl-alkylidenesl—2 (see Scheme )
show no catalytic activity in RCM and ROMP reactions. See [&]. Scheme 56.
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R- H

[RuCl(/]S—CSMeS)(COD)] (5 mol%)
dioxane / r.t. / 15 min-45 h

"
R'CO,H

=,

o)
(113)
20-93% yield

1

[R, R'= aryl or alkyl group]

[RuCICp*(COD)]

R —
R—<R CcoD \/{/\ 2R H
— (0]
(6]
=<, o
R P !
/Rb R'CO,H
R—< 1 R
2R—H [488))

NH,PF (10 mol%)

[RuCl(77°-CsHs)(PPhy),] (6 mol%)
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formation of these species in the first step of a series
of catalytic cyclotrimerization of alkynes to give substi-
tuted arenes under mild conditions is well documented
[14f,15b,62] Complexes30a,d are formed in situ gen-
erally from [RuCl{®-CsMes)(COD)], although analo-
gous precatalysts such as [RugHCsHs)(COD)] and
[RuCl(°-CgH7)(COD)] have also been eventually used
[62]. The labile cationic complex [Ry?-CsHs)(NCMe)]
[PFs] has also been used as precursor although the for-
mation of stable and inert sandwich complexes of the
type [Ru°-CsHs)(n8-arene)][Pk] deactivate the catalyst
[15b]. Analogous iron(ll)-sandwich derivatives have been
also isolated by V. Guerchais and co-workers starting from
[Fe(r°-CsMes)(NCMe)][PF] [12].

Besides these catalytic cyclotrimerizations of alkynes, the
following processes have been recently reported:

(i) Tandem cycloaddition of 1,6-heptadiynes with bi-
cyclic alkenes, such as bicyclo[3.2.1]heptenones and
norbornene derivatives, affording the 1:2 adducts

100°C /13 h
(114)
R =H, 50% yield
(lfp R = Me, 62% yield
Ph}}')ule.l*Cl
PhyP
NaPFg
NaCl H—R!
Q OH
/\HK/RI /\r
1S c] R?
Ph3P“ Ru C= C PPh
3
H—r! Phsp
PPh,
(ljp ;‘G) Ph3p‘ Ru C C ol
g s,
- R2 RZ
K Gj
l
Ph3P“ Ru
RZ
Scheme 58.
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between the diynes and two molecules of the bicy-
cloalkenes 108) together with common [22+2]
cyclotrimerization products 107). A general re-
action along with the proposed mechanism is
shown in Scheme 54 [62] It is noteworthy that
the selectivity of the tandem cyclopropanation
adducts was increased in the order of the precatalyst
[RUCI(#°-CoH7)(COD)] > [RuCl{°-CsHs)(COD)]

> [RuCl(#®-CsMes)(COD)]. Normal [2+2+2] cy-
clotrimerization between 1,6-heptadiynes and alkenes
are achieved in the case of cyclic and linear alkenes
containing heteroatoms at the allylic position.

(i) Cycloaddition ofx,w-diynes with terminal mono-alkynes

to give bicyclic benzene derivativd€9 in good yields
[14f]. A wide variety of diynes and monoynes contain-
ing functional groups such as esters, ketones, nitriles,
amine-alcohols, etc. can be used. lllustrative examples
of regioselective processes are showrScheme 55
Other type of analogous {§2+2] cycloadditions of
1,6-diynes with alkenes, nitriles, isocyanates, isothio-

compounds fused with 5 to 7-membered rind40j
(Scheme 5p[14g,h]

Stereoselective synthesis of disubstituted 1,3-dienes
(113) via coupling of two molecules of alkynes and
one molecule of carboxylic acidS¢heme 5y [14d].
Reactivity studies and theoretical calculations are con-
sistent with the intermediate formation of a mixed
Fischer-Schrock type bis-carbene speciEkl. In

fact, it has been shown that the bis-carbene complex
[Ru(C4H2Php)CI(1°-CsMes)] catalyzes the reaction.
On the basis of theoretical studies a catalytic cycle has
been proposed suggesting that a chelating mixed C(1)
alkyl, C(4) carbene ligand is formed via direct pro-
tonation at the C(1) carbene atom of the bis-carbene
111 rather than at the ruthenium sit&1@). This sys-
tem is stabilized by a very weak agostic H—C(1) bond
interaction.

5.3. a,B-Unsaturated vinylidenes

cyanates and tricarbonyl compounds have been also Although the use of half-sandwich alkenyl-vinylidene

reported[62,63]

(i) Completely intramolecular alkyne [R2+2] cy-

clotrimerization of triynes to give tricyclic aromatic

Group 8 complexes as catalysts has not been reported to date
[1,2], the involvement of such species as reactive interme-
diates in some catalytic transformations has been in some

/ [Ru] catalyst H o . H H
— solvent / reflux —
o e m

E isomer Z isomer

[RuH {HB(pz)s}(PPh3),] (2 mol%)
Solvent = toluene

[RuCl{HB(pz)3}(/('2-P, 0-Ph,PCH,CH,0Me)] (5 mol%)
Solvent = benzene

Time=20h Time =40 h
Yield = 86% Yield = 89%
E/Z ratio = 5.6:1 E/Z ratio =2.7:1

R—= %
L O H
N—Rllf =R
N
N _/
H—=-R
H fo
L O
%\&R RI//C//
N—}{T' — R NN/T\R
N N
N
B/ B

L = PPh, &'-P-Ph,PCH,CH,0Me
R = 1-cyclohexenyl

Scheme 59.
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[Ru]eq (1-10 mol%)
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[Ru] catalyst (20 mol%)

=
Z NH,PFg (5-14 mol%) y H NH,PFg (20 mol%)
| H PPh; (20 mol%)
N2 CH,Cl, / reflux / 10-48 h
. R R? hexane : toluene (10:1) / reflux / 20 h
R R] -
115) arn 0 b/
9-89% yield 118) 68% yield
[RuCl(77°-CsHs)L,] (L = PPhs, P(OEt);; L, = dppm, dppe)
X
[Ruley = < [RuCly(7°-CgHg)L] (L = PPhs, P(OE);, AsPhs) [Ru] catalyst === Y
[RuCl,(77°-p-cymene)(PPhs)]
RuCly(PPhj;)
119) S
H Scheme 61.
R? =Z
1 H .
A2 cases proposed. Thus, Trost and co-workers have described

Scheme 60.

SiMC3

n

n=1,2,3
le
NaPFg/
PhSP\\\"‘Ru_Cl 6/ Py
Ph;P NaCl

4

R
[2 + 2]

PPh;
reductive

ehmmatlon

¢

R = Ph, CH,CH,Ph

that the ruthenium(ll) complex [RuGIf-CsHs)(PPh)]
catalyzes the addition of allylic alcohols to the terminal
1,3-enyne80 to yield B,y-unsaturated ketone$l4, via
initial formation of an alkenyl-vinylidene intermediate
(Scheme 58[64].

The hydrotris(1-pyrazolyl)borate complexes [RHB
(p2)s}(PPHy)2] [65] and [RUCEHB(pz)s}(x2-P,0-PhpPCH,
CH>OMe)] [22b] have been tested as catalysts in the
dimerization of 1-ethynylcyclohexene intoE} and
(2)-1,4-di(1-cyclohexenyl)but-3-en-1-yn8¢heme 50 The
proposed mechanism for this transformation involves the ini-
tial formation of unsaturated-enynyl species [Ru(€CR)
{HB(pzi}L] (R = l-cyclohexenyl; L= PPh, «!-P-Php
PCH,CH2,OMe) which react with a second alkyne molecule,

[RuCl(7°-CsHs)(PPhs),] (10 mol%)
NaPF4 (12 mol%)

pyridine / 100°C / 10-48 h
R

121
60-78% yield

SiMe3
A
¢
PhypRu—py
Ph;P

Cp

, nl®
n s
we-Ru=C=C
HZO(traces) \| Ph}p /
Ph;P
n

py
"Me;SiOH" (120)

F-hydride |

ellmmatlon

Ph}P%
n

disrotatory
61-electron
cychzatlon

@2-==

Scheme 62.
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SiMey

// N [RuCl(I]S—C5H5)(PPh3)2] (20 mol%) N
X NaPF, (22 mol%) BN
+
‘ P 150°C/ 11 h _—
20 equiv 75% yield
C ©) C ® C
pi B /H_| Py _ﬁp_ B /H_‘ 2+2] “llip ].T|®
Ph3P“')R“—C*C f’ PhsP ) u=C=C PhsP ‘u\cch
Ph;P N, N—(,
0w o U Mo O
= (122)
deprotonation C protonolysis
by pyridine l'{p H 4 I‘—I_|® (+ isomerization) N\ X
PhyP" u\JC:C/ |N\ ‘/
0 @
Y
Scheme 63.

via alkenyl-vinylidene formation, and subsequent C—C cou- tramolecular electrocyclization followed by aromatization
pling. The best results, in terms of both activity aBt¥ of the resulting carbene intermediate. In accord with this
selectivity, have been obtained using the hydride complex mechanism, in which the key step is the nucleophilic
[RuH{HB(pz)s} (PPh),] as catalyst precursoBtheme 58 addition of the olefin to the electrophili@-carbon of
Several half-sandwich ruthenium(ll) complexes, i.e. the vinylidene group, the less electron-rich complexes
[RUCI(7®-CsHs)Lo] (L = PPh, P(OEty; L, = dppm, [RuCly(78-CsHg)(PPh)] and [RuCh(n8-p-cymene)(PP§)]
dppe), [RuCh(n%-CeHg)L] (L = PPh, P(OEty, AsPhy) lead to the best catalytic performances. The catalytic cy-
and [RuCh(n®-p-cymene)(PP¥)], have proved to be ac- clization of the dienylalkynd18 with a polymer-supported
tive pre-catalysts in the cyclization of dienylalkyn&$s (n®-arene)-ruthenium(ll) complexi{9) has been also re-
into substituted arene$l7 (Scheme 6p[66a] The first ported Scheme 6)[66b].
step in the catalytic cycle involves the formation of a Murakami and co-workers have described a domino
dienyl-vinylidene speciesl16 which undergoes an in- reaction in which six-membered ring diend®1 are

Ph
o~/ [Ru{HB(pz);} (PPh;)(NCMe),][PF4] (8-15 mol%)
H— PZ)35 3 2 6 o MR +  PhCHO
R dichloroethane / 80°C / 12-48 h
(125)
(123) E/ Z isomers (>5:1)
52-86% yield
_ph H H
0 [RuTpLS,]® . . LR@fR
H—= pLRu==+= pLRu
R \ | ¥R | (0}
S S + S
PhCH,OH 1 Vph
H _J-r TpLRu
TpLRu=<~’ TpLRu=-+=- —\—
S H }\ ® H
H H a4 R R
Ph  ppcHO
H® + 28 L = PPh,
S =NCMe
RuTpLS, 1 + ANy Tp = HB(p2);

Scheme 64.
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Ru]catalyst (2.5 mol%)

"‘Fs
N [
/( k toluene / 80°C /5 h

Ts Ts Ts
N N N
K 7 + + |
— P

(126) 127) 128)

— T|BEa)
|
[Ru]cal‘d]yst —_> \\\\-RuQ

Cry thsc/H
CysP

1)

NMe,

Scheme 65.
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6. Conclusions

The advent of ruthenium alkylidene catalysts for alkene
metathesis within the last few years has promoted the
generation of a large variety of catalytic processes in-
volving transformations of other simple molecules. The
high catalytic activity of these species, associated with
the tolerance towards many polar functional groups, has
led to search potential alternatives. To this regard the
discovery of methodologies for the synthesis of novel
a,B-unsaturated alkylidenes and analogous ruthenium com-
plexes, as well as the generalization of the stoichiometric
studies, has increased the availability of catalysts and/or
appropriate precursors. The above reactions illustrate the
state of the art of a wide group of Group 8 half-sandwich
complexes containing non-heteroatom stabilized carbene
groups. In particular, synthesis and reactivity studies of

formed in a regio- and stereoselective manner from gikylidene [MLn]=CR!R?, vinylidene [MLn]=C=CR!R2
silyl-protected enynes and alkenes through the mediation of gnq allenylidene [Mh]=C=C=CR!R? complexes (R

[RUCI(#®-CsHs)(PPh)»] (Scheme 6R[67]. Formation of
dienesl21 is explained assuming the initial formation of the
corresponding alkenyl—vinylidene ruthenium compl0

and/or R unsaturated hydrocarbon chain) are described.
Besides the general electrophilic nature of the carbenic
carbon atom, it is striking to note that the presence of

from the protected enyne, via protiodesylilation due to the highly unsaturated moieties provides a versatile reactivity.
presence of water in the reaction medium, and subsequentrhjs js mainly based on the availability of both elec-

formal insertion of the vinylidene unit into an olefinic C—H
bond.

Complex [RuClg°-CsHs)(PPh),] catalyzes also the di-
rect alkenylation of pyridine with (cyclohexenylethyn-1-yl)
trimethylsilane Scheme 6B[68]. In this case, the alkenyl-
vinylidene ruthenium intermediatE22 regio- and stereose-
lectively inserts the vinylidene group into thg-€H bond of
the pyridine core.

The involvement of alkenyl-vinylidene specid24 in
the transformation of 3-benzyl but-1-ynyl ethe¥3 into
1,3-dienesl?5 and benzaldehyde catalyzed by the cationic
hydrotris(1-pyrazolyl)borate complex [RHB(pz);} (PPh)
(NCMe)][PFs] has been also reporte&¢heme 63%[69].

5.4. «,8-Unsaturated allenylidenes

Despite the well-known ability of Ru(ll)-allenylidenes
to act as efficient pre-catalysts in olefin metathdgig],
only the alkenyl-allenylidene compléd has been checked
as pre-catalyst in the RCM oN,N-diallyltosyl amide.
Thus, it affords the expected dihydropyrrol®6 (60%
yield) along with the methylenecyclopentard27 (36%
yield) and the dienesl28 (traces); the latter products
resulting from the cycloisomerization and simple iso-
merization of one of the €C bond of the substrate, re-
spectively Gcheme 6p[51]. We note that, under similar
reaction conditions, the diphenylallenylidene derivative
[Ru(=C=C=CPh)CI(18-p-cymene)(PCy¥)][BF 4] catalyzes

trophilic and nucleophilic sites along the carbon chain. To
this respect it is shown that these complexes are prone to
add a wide number of electrophiles and nucleophiles as
well as dipolar substrates which generates a series of cy-
cloaddition processes. Despite the well-known variety of
stoichiometric reactions the involvement of these species
in catalytic processes are much scarcer. However, the re-
cent achievements by using the bis-carbene complexes
in a series of C-C couplings of alkynes and enynes to
give high value chemicals with atom economy are spe-
cially challenging. Moreover, it has been also recently
discovered the role of other,8-unsaturated carbenes as
active intermediate species. All of this allows to foresee
a very promising field of research in the close coming
years.
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