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bstract

The present review summarizes the syntheses, structures, physicochemical properties and reactivity of complexes containing �1-, �-, �3-
nd �4-vinylidene ligands. Consideration of mononuclear vinylidene complexes is limited to cymantrene derivatives, one of which, viz.
p(CO)2Mn C CHPh (1), has served as the precursor for syntheses of many organometallic and some organic compounds. The reactions between
hosphites P(OR)3 and complex 1 afford styrylphosphonates PhCH CHP(O)(OR)2. All the transformations of complex 1 occur under very mild
onditions. Special attention is paid to heterometallic complexes, containing Mn, Fe and the platinum Group metals with bridging vinylidene
igands. The Mn C CHR system is used as a “building block” for a series of dimetal �-vinylidene complexes including Mn M bonds (M = Mo,
, Mn, Re, Fe, Rh, Pd, Pt, Cu) and trimetallic MnFePt �3-vinylidene clusters. Transmetalation reactions of the MnPd and MnPt complexes have
iven a series of �4-vinylidene PdFe3 and PtFe3 clusters. Transfer of vinylidene from the Mn atom to another metal atom (Re), to the dinuclear
FePt) and cluster (Os3, PdFe3, PtFe3) systems has been shown. A systematic study of a dependence of structural and spectroscopic parameters of
ono-, di-, tri- and tetra-nuclear complexes on the vinylidene coordination mode has been carried out.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Today vinylidene complexes are known for virtually all tran-
ition metals [1–5]. Many vinylidene complexes, belonging to
ve structural types, in which vinylidene is coordinated with one
etal atom (A), two (B, Bs), three (C) and four (D) identical or

ifferent metal atoms, have been synthesized. Complexes B, C
nd D can be obtained from the Mn C C system.

Various organic compounds and groups, including such
onocarbons as CO, CH2, CH, may serve as a source of vinyli-

ene ligands C CRR′ (R, R′ = H, alkyl, aryl, halogen, COOR,
R, etc.).
However, when we obtained our first vinylidene complexes

p(CO)2Mn C CHPh (1) and [Cp(CO)2Mn]2(�-C CHPh)
2) and determined their structures [6–9], only four crystallo-
raphically characterized complexes with C CR2 ligands were

nown [10–13], and all had been prepared from organic com-
ounds including C C bonds, namely ketene and olefins. Thus,
tarting from Ph2C C O, Pauson and Bagga synthesized the
rst vinylidene complex Fe2(�2-C CPh2)(CO)8, the structure

t
V
o
m

s; Structures

f which (B type) was determined by Mills and Redhouse [10].
ing obtained the first vinylidene complex containing a linear
etalla-allene system, viz. Cp[P(OMe)3]2(Cl)Mo C C(CN)2

A type) [11] from Cl2C C(CN)2. The same olefin was a precur-
or for Cp2(CO)2Fe2[�-C C(CN)2](�-CO) (B type) [11c,12].
thylene was a source of vinylidene in the first vinylidene cluster
s3(�3-C CH2)(�-H)2(CO)9 (C type), obtained by Deeming

nd Underhill [13].

When we discovered that complexes with C CHPh ligands
ould be obtained from PhC≡CH and CpMn(CO)2(thf) at room
emperature [7], it seemed incredible. It was known [14] that for
he formation of free phenylvinylidene [:C CHPh] from pheny-
acetylene, a temperature higher than 550 ◦C was necessary.

The late Academician A.N. Nesmeyanov, my chief Profes-
or K.N. Anisimov and Professor Yu.T. Struchkov showed great
nterest in the vinylidene complexes and stimulated research in

his new class of organometallic compounds. Professor M.E.
ol’pin, who possessed a wonderful insight, advised us to test
ur unusual reaction straight away, using different transition
etals. Indeed, immediately after Cp(CO)2Mn C CHPh (1)
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[Cp(CO)2Mn]2(�-C CHPh) (2) and Cp(CO)2Mn C
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nd [Cp(CO)2Mn]2(�-C CHPh) (2) [7,15], their rhenium ana-
ogues Cp(CO)2Re C CHPh and [Cp(CO)2Re]2(�-C CHPh)
ere obtained from Cp(CO)2Re(thf) and PhC CH under the

ame mild conditions [16].
At the same time, Bellerby and Mays obtained a sta-

le complex of iron (Cl)(depe)2Fe C CHPh, starting from
henylacetylene [17]. Bruce synthesized a series of ruthenium
nd osmium vinylidene complexes [Cp(PR3

′)2M C CHR]+

M = Ru, Os; R = H, Me, Ph, C6F5, CO2Me, etc.) from alkynes
C CH and opened a simple way to vinylidene complexes

LnM C CRR′] by means of protonation or alkylation of �-
cetylides [LnM–C CR] [18]. Davison et al. found that similar
ransformations of Cp(L)2Fe–C CR gave the vinylidene cations
Cp(L)2Fe C CRR′]+ [19]. Shortly after that, it became obvi-
us that vinylidene complexes of any transition metal could be
btained from acetylenes [1–4]. The most common methods of
ynthesis, viz. the acetylene-vinylidene rearrangement (AVR)
n a metal center and protonation or alkylation of σ-acetylide
omplexes, discovered in 1976–1979, made vinylidene com-
lexes accessible and promoted further development of their
hemistry.

After the structure of [Cp(CO)2Mn]2(�-C CHPh) (2) had
een determined [7], the question emerged whether the forma-
ion of this dinuclear complex was a result of addition of the
Cp(CO)2Mn] unit to Cp(CO)2Mn C CHPh (1). The reaction
f 1 with Cp(CO)2Mn(thf), which led to �-vinylidene complex
, confirmed this conjecture [15].

The first heterometallic �-vinylidene complex
p2(CO)4MnRe(�-C CHPh) was synthesized analogously, by

he addition of the [Cp(CO)2Re] unit to Cp(CO)2Mn C CHPh
1) [20]. Addition of the coordinatively unsaturated [M′Ln] frag-
ents to the M C CHR system (A) became a common method

f synthesis of the dinuclear heterometallic �-vinylidene
omplexes with the central MM′(�-C CHR) fragment (B)
2]. Dozens of �-vinylidene complexes with Mn M, Rh M,
s M bonds (M = Mo, W, Mn, Fe, Rh, Pd, Pt, Cu) were
btained by this method by the groups of Kolobova in Moscow,
f Werner in Würzburg and in our group in Krasnoyarsk
21–30].

Application of Hoffmann’s isolobal relationship [31] resulted
n the discovery of a new approach to the synthesis of
eterometallic vinylidene clusters [2,32], namely consecutive
ssembling of the MM′M′′ framework with the use of the
etalla-allene M C C and methylenedimetallacyclopropane
M′(�-C C) systems as “building blocks”. As a result, trimetal

3-vinylidene complexes with triangular MnFePt frameworks
nd MnFePt chain [32,33] and a series of �4-vinylidene PtFe3
33–35] and PdFe3 [29,36–38] clusters were synthesized. The
ossibility of transfer of the vinylidene from one metal (Mn)
o another metal (Re), to the dinuclear (FePt) system and to
luster (Os3, PdFe3, PtFe3) systems was shown for the first
ime.

Many aspects of chemistry of vinylidene complexes and
heir applications to organic synthesis and catalysis have been

eviewed [1–5,39–42]. The formation of the mononuclear com-
lexes (A), including the M C C system, and their further
ransformations were mostly considered. However, the forma-

C
a
(

y Reviews 251 (2007) 1521–1560 1523

ion and specific properties of the systems M2(�-C C) (B),
3(�3-C C) (C) and M4(�4-C C) (D) were paid considerably

ess attention.
Our systematic long-term study of vinylidene com-

lexes chemistry is based mainly on the transformations of
p(CO)2Mn C CHPh (1), which is one of the most inexpen-

ive and available of vinylidene complexes. Special attention
n the present review is paid to its structure, physicochemical
roperties and reactivity. The most interesting related complexes
ncluding the Mn C C system as well as complexes of other
ransition metals are separately and compared with 1. While
tudying the reactivity of 1, it has been shown that vinylidene,
oordinated to a metal center, can be subjected to hydro-
enation, dehydrogenation, C C bond formation, carbonylation
nd phosphonylation processes, all under mild conditions.
he synthesis of styrylphosphonates PhCH CHP(O)(OR)2

rom 1 and phosphites P(OR)3 will be considered in
etail.

One of the tasks of the present review is to show the possibility
f using the Mn C C system (A) in organometallic synthesis by
onsecutive transitions from A to B and further to C and D, and
o discuss the influence of the vinylidene coordination mode (�1,

2, �3, �4) on the structural and spectroscopic characteristics
f vinylidene complexes.

. Formation and properties of the Mn C CRR′ system

.1. Formation of manganese and rhenium vinylidene
omplexes from acetylenes

First, we would provide a brief retrospective and describe the
istory of the discovery of acetylene-vinylidene rearrangement
n a metal center.

The unusual manganese complexes obtained by us in
974 [6] by the interaction of Cp(CO)2Mn(thf) with alkynes
hC CGePh3, PhC CSnPh3 and PhC CH (reaction (1)), were
t first formulated as compounds of new types with the C8H6
nd C16H10 ligands, one of which, Cp(CO)2Mn(C8H6) (1), was
n isomer of �-complex Cp(CO)2Mn(PhC CH) (1a). These
ompounds differed greatly from all the cymantrene derivatives
nown at that time by their bright coloring, stability and spec-
roscopic characteristics. Crystals of 1 were a beautiful wine-red
olor with a metallic sheen in contrast to the usual color of com-
lexes Cp(CO)2Mn(L), which are normally yellow or orange.
nlike its unstable oily isomer 1a [43], complex 1 is quite sta-
le both as solid (dec. >74 ◦C) and in solution. The ν(CO) bands
n the IR spectrum of 1 are 30–70 cm−1 higher than those of
p(CO)2Mn(L), where L = �2-alkyne, �2-olefin, PPh3. Violet

Cp(CO)2Mn]2(C8H6) (2) and rose [Cp(CO)2Mn]2(C16H10) (3)
ecompose at 144 and 204 ◦C, respectively.

Further studies showed three compounds containing
henylvinylidene ligands, viz. Cp(CO)2Mn C CHPh (1),
PhCPh C Mn(CO)2Cp (3), were the products of reaction (1)
long with �2-alkyne complexes Cp(CO)2Mn(�2-PhC CR)
1a–c) [7,15,44,45].
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The proportion of the products of reaction (1) depended
ppreciably on the nature of alkynes PhC CR (R = H,
ePh3, SnPh3 or SiPh3) [15]. The interaction of PhC CH
ith Cp(CO)2Mn(thf) led to a mixture of Cp(CO)2Mn(�2-
hC CH) (1a) (∼20%), vinylidene complexes 1 (2%), 2
2%) and 3 (3%), and also to CpMn(CO)3 (65%). Com-
lexes Cp(CO)2Mn(�2-PhC CGePh3) (1b, 15%) and 1 (1%)
ere obtained from PhC CGePh3. Unstable Cp(CO)2Mn(�2-
hC CSnPh3) (1c) was converted rapidly into 1, which was

solated in 15% yield. In contrast, the reaction of PhC CSiPh3
ith Cp(CO)2Mn(thf) gave the stable (dec. >140 ◦C) orange

rystalline Cp(CO)2Mn(�2-PhC CSiPh3) (1d, 30%), and no
ign of vinylidene complex 1 was seen in this reaction.

It was evident that the �2-alkyne complexes Cp(CO)2Mn(�2-
hC2 C1R) (1a–c) were formed in the first stage of reaction (1),
fter which they rearranged into the �1-coordinated form, i.e.
p(CO)2Mn C1 C2HPh (1). The rearrangement of 1b, c was
ccompanied by the exchange of the GePh3 and SnPh3 groups
or the H atom. The fact that these transformations occurred
t 5–20 ◦C seemed most surprising. It was reported [14] that
he hypothetical intermediate phenylvinylidene could be formed
rom phenylacetylene under very harsh conditions (reaction (2)

n Scheme 1).

The acetylene-vinylidene rearrangement, which occurred in
he coordination sphere of the transition metal atom under mild
onditions and resulted in the formation of the stable vinylidene

1
p
u
t

cheme 1. (2) Isomerization of a free phenylacetylene into phenylvinylidene at 550–
nto �2-CH2 C(Ph)OC(O)Me; (5) into �1,�1-C CPhCPh C on the Mn center at 5–
omplexes, was without precedent at that time. We supposed
hat the Mn atom played a role of internal catalyst in this pro-
ess. It was reflected in the scheme of the probable mechanism
f rearrangement of alkyne into vinylidene on the manganese
enter (Scheme 2) [15].

Strohmeier and Hellmann who were the first to get
p(CO)2Mn(PhC CH) (1a) by reaction (3a) [43], noted an
xtreme instability of this �-complex. Complex 1a is not isomer-
zed in neutral medium, and chromatography on basic (pH 9–10)
lumina provided complex 1 only in a low yield due to decom-
osition of both 1a and 1 [15]. The action of amines, pyridine
r KOH/H2O/ROH on 1a resulted in the bis-vinylidene dimer 3
reaction (5) in Scheme 1).

The rearrangement 1a → 1 (reaction (3b) in Scheme 1) is best
atalyzed by HMTA, when added to the UV irradiated mixture
f CpMn(CO)3 and PhC CH [46].

The action of acetic acid on 1а (reaction (4)) led to the �2-
lefinic complex Cp(CO)2Mn[�2-CH2 C(Ph)OC(O)Me] (4)
15]. Addition of MeCOOH to the �2-PhC CH ligand fol-
owed Markovnikov’s rule [47]. The C C bond length in 4 is
.385(2) Å, the average Mn–C (olefin) distances for two inde-

endent molecules are 2.20 Å. Free Ph(MeCOO)C CH2, an
nstable liquid, was obtained from PhC CH and MeCOOH in
he presence of (MeCOO)2Hg/BF3·OEt2 as catalyst [48].

700 ◦C. (3) Transformations of the �2-PhC CH ligand into �1-C CHPh; (4)
20 ◦C.
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The first rhenium vinylidene complex Cp(CO)2Re C CHPh
6) was also formed as a result of AVR [16]. Reactions of
p(CO)2Re(thf) with PhC≡CR (R = H, GePh3, SnPh3) in the
ark gave �2-alkyne Cp(CO)2Re(�2-PhC CR) (6a–c) and
inylidene complexes 6 and 7 [16b]. The dinuclear complex
p(CO)2Re[�2-H2C C(Ph)C(Ph) C Re(CO)2Cp] (8) was an
nexpected product of a photochemical reaction (6). According
o X-ray data, it contained a terminal vinyl-substituted vinyli-
ene �2-coordinated to the second rhenium atom [16a].

In contrast to the reaction 1a → 1 (3b), isomerization of
a to 6 occurred without the catalyst, due to the higher
asicity of the metal center in 6a. Likewise, (L)2(Cl)Rh(�2-
C CR) (L = P(i-Pr)3; R = H, Me, Ph, etc.) rearranged into

L)2(Cl)Rh C CHR in the presence of pyridine (Scheme 3), but

nalogous (L)2(Cl)Ir C CHR were formed without pyridine
3a,49a,b].

Unlike 1a, isomerization of (�5-C5H4Et)(CO)2Mn(�2-
hC CH) to (�5-C5H4Et)(CO)2Mn C CHPh [15] and
p*(CO)2Mn(�2-PhC CH) (5a) into Cp*(CO)2Mn C CHPh

5) [45b] can occur spontaneously, although HMTA accelerates
he AVR and raises the yield of 5.

Complexes Cp(CO)2Mn C CH2 (9) and
p′(CO)2Mn C CH2, formed from HC CH, were not

solated under the usual conditions. They were stabilized in
tatu nascendi converting into [Cp(CO)2Mn]2(�-C CH2)
10) [50] and [Cp′(CO)2Mn]2(�-C CH2) [51], respectively.
omplex 9 can be observed in solution at −50 ◦C [52].
he only mononuclear manganese complex with the parent

inylidene stable at RT is (Me3SiC C)Mn C CH2(dmpe)2
11), synthesized by Berke and co-workers [53].

Complexes (�5-C5H4R)(CO)2Mn C CHR′ (R = H, Me),
here the R′ substituents include carbon chains, func-

b

P

y Reviews 251 (2007) 1521–1560 1525

ional groups, heteroatoms or organometallic groups, such as
H(OMe)2 (12), CH(OEt)2, CH[O(CH2)3O] [54], COOMe

13) [55a], PPh2[Mn(CO)2Cp] [55b], Fe(CO)2Cp* (14)
56], were obtained with the help of AVR. The inter-
ction of Cp(CO)2Mn(�2-HC CC6H4C CH) with PhLi
nd then with H+ led to Cp(CO)2Mn C CHC6H4–C CH
55c]. Addition of HBr to the C C bond of the latter
ave Cp(CO)2Mn C CHC6H4CBr CH2 (15). The reaction
f Cp(CO)2Mn(�2-HC CC6H4C CH) with Cp(CO)2Mn(thf)

ave the dinuclear dialkyne [Cp(CO)2Mn]2(�-�2,�2-
C CC6H4C CH), where both the C C bonds were

oordinated to the Mn atoms. After treating this �-complex
ith an excess of PhLi and then with HCl/Et2O, the dinuclear
is-vinylidene complex 16 was isolated [55c].

Unusual instances of AVR with migration of iodine
r silicon atoms are known. Complexes Cp(CO)2Mn[�2-
C CCH(OR)2], where (OR)2 = (OMe)2, (OEt)2,
–O(CH2)3O–] rearranged by 1,2-migration of the I atom
o form vinylidenes Cp(CO)2Mn C C(I)CH(OR)2, one of
hich, Cp(CO)2Mn C C(I)CH(OMe)2 (17), was structurally

haracterized [57]. The analogous �-complexes with chloro- or
romopropyne-acetals were not subjected to AVR.

Complex Cp(CO)2Mn C C(SiMe2OSiMe2C CSiMe2)2O
18) was obtained as a result of a cyclic siloxytriyne rear-
angement [58]. The 1,2-shift of the Si atom initiated the ring
ontraction, giving an exocyclic C C bond, which coordinated
o the Mn atom as the terminal vinylidene.

.2. Mechanism of acetylene-vinylidene rearrangement
The probable mechanism of AVR (Scheme 2) was proposed
y us for the first time in ref. [15].

By analogy with the known oxidative addition of PhC CH or
hC CSnPh3 to complexes of the platinum Group metals, we
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Scheme 2. AVR

uggested [15] that rearrangement of �-acetylene complexes
p(CO)2M(RC1 C2Ph) (M = Mn (1a–c), Re (6a–c); R = H,
ePh3, SnPh3) into vinylidene Cp(CO)2M C1 C2HPh (1, 6)
ccurred through the intermediate formation of �-phenylethynyl
omplexes [(R)M–C1 C2Ph]. Subsequent addition of a hydro-
en atom to the acetylide C2 atom led to 1 and 6. Consequently,
cheme 2 explained the role of the metal atom M = Mn, Re in

he then unprecedented formation of 1 [6,7,15] and 6 [16] from
C CPh and Cp(CO)2M(thf) under very mild conditions.

At present acetylene-vinylidene rearrangements are known
or many mono- and polynuclear systems including the Group
–10 metals [1–5,41,42,49,57–63]. Vahrenkamp et al. have dis-
overed rearrangements of �3-acetylene clusters with the M2M′
nd MM′M′′ (M, M′, M′′ = Mo, W, Fe, Ru, Co, Ni) frameworks
nto their �3-vinylidene isomers [61]. Werner et al. have synthe-
ized numerous Rh, Ir, Ru vinylidene complexes from various
lkynes and have made important contributions to the investiga-
ion of the AVR [3,49,62].

In general, AVR is favorable due to thermodynamic and steric
actors. Being a part of the linear M C C system, vinylidene
equires less space than the �2-coordinated alkyne. As a rule,
inylidene complexes LnM C CHR are 10–30 kcal/mol more
table than their alkyne precursors LnM(�2-HC CR). The ten-
ency towards loss of electron density from electron-rich metal
entres is realized here by rearrangement of the �2-coordinated
lkyne into much stronger acceptor �1-vinylidene, particularly
or d6 and d8 metal complexes.

AVR becomes more favorable with increase in elec-
ron density on a metal center down the Group from Mn
o Re, from Fe to Ru and to Os, from Rh to Ir, and
lso with stronger donor ligands in the metal coordination
phere. For instance, numerous stable non-carbonyl complexes
Cp*(PR3)2M C CHR]+ (M = Ru, Os) have been obtained as
result of AVR [1–5,59,63]. On the contrary, the electron-poor
icarbonyl systems [Cp(CO)2Fe C CRR′]+ (R, R′ = Me, Ph),
ormed from acyls, transform into �-alkyne complexes [64a].
VR is unfavorable for some d2 metal complexes. Accord-

ng to calculations, F4W(HC CH) is 10.4 kcal/mol more stable

‘
s
2
i

Mn center [15].

han its vinylidene isomer [64b]. The energies of the isomers
Cp2(PH3)Nb C CHMe)]+ and [Cp2(PH3)Nb(HC CMe)]+

re close to each other, i.e. 0.0 and 2.9 kcal/mol, respectively
64c].

Hoffmann and Silvestre initiated theoretical studies of AVR in
985 [65]. Three alternative pathways for the transformation of
p(CO)2Mn(�2-HC CH) into Cp(CO)2Mn C CH2 were con-

idered, and intramolecular rearrangement with 1,2-hydrogen
hift was calculated to be the energetically preferable process.

barrier for 1,3-hydrogen shift accompanying the oxidative
ddition of alkyne was considerably higher.

Modern theoretical investigations of the AVR mechanism
re mainly based on the calculations with gradient-corrected
FT and on post-Hartree-Fock MP2 calculations. Wakatsuki
as recently reviewed the mechanistic and theoretical aspects of
VR [5c].

Based on these calculations, two most probable pathways
or the rearrangement of alkyne �2-HC1 C2R into vinylidene
1-C1 C2HR on a metal center were determined:

(i) intermediate formation of an �2-C1–H agostic alkyne fol-
lowed by 1,2-H shift;

ii) oxidative addition of an alkyne followed by 1,3-H shift to
the C2 atom.

Pathway (i) is characteristic of d6 metal complexes.
The rearrangement of Cp(CO)2Mn(�2-HC CH) to

p(CO)2Mn C CH2 was studied with DFT [66a]. Relative
nergies of five stationary structures in which the [C2H2] unit
s bound to the [Cp(CO)2Mn] fragment, namely �2-acetylene
a’ (�E = 9.0 kcal/mol), �1-vinylidene ‘b’ (�E = 0.0 kcal/mol),
2-vinylidene ‘c’ (�E = 38.4 kcal/mol), �2-C–H-coordinated
cetylene ‘d’ (�E = 22.6 kcal/mol) and alkynylhydride ‘e’
�E = 28.7 kcal/mol) were calculated.

The energetically preferable route for transformation of

a’ into ‘b’ via the �2-C–H agostic intermediate ‘d’ corre-
ponds to a direct 1,2-H shift with an activation barrier of
7.3 kcal/mol. Another pathway involves transformation of ‘a’
nto �2-vinylidene ‘c’ via direct 1,2-H shift. The aggregate
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ctivation barrier in this case is 45.3 kcal/mol. An alternative
echanism, which includes the oxidative addition with forma-

ion of alkynylhydride complex ‘e’ also goes via the �2-C–H
gostic alkyne ‘d’. The barrier for transformation of ‘a’ into ‘e’
s 35.0 kcal/mol, and the barrier for rearrangement of ‘e’ into
1-vinylidene ‘b’ by 1,3-H shift is 25.8 kcal/mol.

According to the MP2 calculations of
Cl2(PH3)2Ru(HC CH)]+ [67], the minimum activation
nergy measured with respect to energies of acetylene and
Cl2)(PH3)2Ru of 10 kcal/mol corresponds to a 1,2-H shift. For
VR via alkynylhydride, the barrier is 67.5 kcal/mol.

Rearrangements of [Cp(PMe3)2Ru(HC CH)]+ and
Cp(PMe3)2Ru(HC CMe)]+ were analyzed by the DFT
pproach [66b]. The relative energies of the stationary struc-
ures considered were found to be in qualitative agreement with
hose for Cp(CO)2Mn(C2H2) [66a]. Corresponding to the global
nergy minimum, the �1-vinylidene Ru derivatives are 13.1
nd 10.4 kcal/mol more stable than �2-ethyne and �2-propyne
omplexes, respectively. The 1,2-H shift, proceeding via the
2-C–H agostic alkyne, is energetically most favorable for both
thyne and propyne. However, the barriers for 1,2-H shift and
or the oxidative addition are almost comparable in the case
f ethyne rearrangement (26.8 kcal/mol versus 31.7 kcal/mol).
his implies that the process (ii) might become competitive.

n the cases of the similar Ru complexes with the more
lectron-releasing ligands, [Cp*(PR3)2Ru(�2–HC CR′)]+, the
VR via alkynylhydride can become preferable [5a,63] (see
elow).

Pathway (ii) is preferable for d8 metal complexes.
ianchini et al. provided the experimental proof
f the stepwise character of the transformation �2-
C CR → (H)(C CR) → C C(H)R on the cationic system

(PP3)Co]+, where PP3 = P(CH2CH2PPh2)3 [68a]. MP2 calcu-
ations of rearrangements of complexes [(PP3)M(HC CH)]+

M = Co, Rh) [68b] showed that the concerted 1,3-H migration
rom M to C2 in alkynylhydride (H)M–C1 C2H appears a
easible process for these systems.

Square-planar Rh and Ir complexes with the ligands �2-
C CR (R = H, alkyl, Ph, COOMe, etc.) are transformed

nto alkynylhydride derivatives, which are further converted
nto the stable vinylidene complexes (Scheme 3) [3a,49a,b].
ome of complexes (i-Pr3P)2(Cl)(H)(py)Rh-C CR and (i-
r3P)2(Cl)(H)Ir–C CR were isolated and spectroscopically
haracterized.

The model complex (PH3)2(Cl)Rh C CH2 is 7.8 kcal/mol
ore stable than (PH3)2(Cl)Rh(�2-HC CH) [69]. The AVR
annot be realized in this case via a 1,2-H shift, and
he reaction proceeds via initial oxidative addition to form
PH3)2(Cl)(H)RhC1 C2H. The activation barrier of this trans-
ormation is 26.9 kcal/mol. In the final stage, a bimolecular

cheme 3. AVR on the Rh center: R = H, alkyl, Ph, etc.; L = PR3
′ [3a,49a].
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b
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ydrogen shift takes place, with a proton moving from the
etal atom of one molecule to the terminal C2 atom of a

econd molecule. The activation energy of such process is
4 kcal/mol, while the barrier for the alternative intramolec-
lar 1,3-H shift is 42.9 kcal/mol. For a more realistic system
i-Pr3P)2(Cl)Rh(HC CR), the estimated energy of the bimolec-
lar process is 15 kcal/mol less than that for intramolecular 1,3-H
hift.

Puerta, Valerga et al. showed that the isomerization of
lkynylhydrides [Cp*(dippe)(H)Ru-C CR]+ formed in the reac-
ions of Cp*(dippe)Ru(Cl) with HC CR (R = COOMe, Ph,
iMe3), into [Cp*(dippe)Ru C CHR]+ can proceed both in
olution and in the solid state. The structures of both cations,
here R = COOMe, were confirmed with the X-ray data

5a,63a]. Three isomers resulting from the consecutive stages
f the reaction of Cp*(PEt3)2Ru(Cl) with HC CH gas (MeOH,
aBPh4): �-alkyne [Cp*(PEt3)2Ru(�2-HC CH)][BPh4] (‘f’),

lkynylhydride [Cp*(PEt3)2(H)Ru-C CH][BPh4] (‘h’) and
inylidene [Cp*(PEt3)2Ru C CH2][BPh4] (‘v’), were first iso-
ated and structurally characterized [63b]. The transformations
f’ → ‘h’ → ‘v’ are spontaneous and irreversible, with the iso-
ers ‘f’ and ‘h’ being isolated at −20 ◦C.
Despite the results of theoretical studies of the transforma-

ion of HC CH into C CH2 on the [Cp(CO)2Mn] fragment
65,66a], many experimental observations still need explana-
ion. Indeed, in practice, isomerization of HC CH into C CH2
n the [Cp(CO)2Mn] [50] or [Cp′(CO)2Mn] [51] fragments
roceeds in the presence of KOH/H2O or Et3N. Complex
p(CO)2Mn C CHPh (1) is formed from Cp(CO)2Mn(�2-
C CPh) (1a) in satisfactory yield only with the addition of an

queous solution of HMTA as a catalyst. However, dry HMTA
n absolute benzene or THF does not initiate the rearrangement
a → 1 [46]. In some cases, the water can serve as a catalyst of
VR (see ref. [4] and references therein). The MeOH solvent or
2O attached to alumina can provide a proton for LnM C CH2

M = Fe, Ru, Rh, Ir) formed from HC CSiMe3 [2,49b,63,70].
robably, THF solvent serves as a source of the H atom for the
ormation of 1 from PhC CGePh3 or PhC CSnPh3 [15]. Thus,
he real pathway, the mechanism of action of catalytic addi-
ives, the effect of solvent and other long-standing questions
oncerning many AVR reactions still have to be elucidated.

.3. Other methods of formation of the Mn C CRR′ system

A series of complexes Cp′(CO)(L)Mn C CR2 (19–22)
as obtained from photochemical reactions between
p′(CO)2Mn(L) and olefins Me3Si(Cl)C CR2 by Schu-
ert and Grönen [71] (Scheme 4). Vinylidene ligands were
ormed via oxidative addition of chloro(vinyl)silane to the
Cp′(CO)(L)Mn] fragment and subsequent elimination of

e3SiCl.
Complexes Cp(CO)2Mn C C(R)COOMe (R = H (13) or

e) were prepared by protonation or methylation of the

2 atom of the alkynyl anion [Cp(CO)2MnC C2COOMe]−

72]. Complex Cp(CO)2Mn C CMe2 (23) was obtained
y the action of an excess of MeLi on Cp(CO)2Mn(�2-
C CCOOMe) and subsequent treatment of the intermediate
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Scheme 4. Synthesis of manganese vinylidene c
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cheme 5. Formation of the bis-vinylidene complex 24 by coupling of acetylide
nd carbyne complexes [74a].

-acetylide with MeOSO2F [73a,b]. The allenylidene com-
lex Cp′(CO)2Mn C C CPh2 reacts with t-BuLi to give
lkynyl anion [Cp′(CO)2Mn-C C-C(t-Bu)Ph2]−, protonation
r methylation of which led to the vinylidene complexes
p′(CO)2Mn C CRC(t-Bu)Ph2 (R = H, Me) [73b].

Bis-vinylidene complex 24 was obtained as two diastereoiso-
ers by coupling of an acetylide anion with a carbyne cation

Scheme 5) [74a]. Complex [Cp(CO)(PPh3)MnC1 C2Me]−
cts as a nucleophile, by adding its C2 atom to C3 of vinylcarbyne
Cp(CO)(PPh3)Mn C1C2Me C3Ph2]+.

Treatment of [Cp(CO)(PPh3)Mn-C CMe]− with MeOH or
e3SiCl gave bis-vinylidene complex 25. Vinylcarbyne com-

lexes [Cp(CO)(PPh3)Mn CCMe CRCHR2
′]+ (R = H, t-Bu,

ol; R′ = H, Me) were deprotonated by Et2NH or Et3N to form
series of vinylvinylidene complexes similar to 26 [74a].
The reaction between Cp(CO)2Mn C C2HPh
1) and [Ph3C]PF6 gave the stable complex
p(CO)2Mn C C(CPh3)Ph (27) [45a]. The authors believed c
omplexes from chloro(vinyl)silanes [71].

hat the process involved the electrophilic attack of trityl cation
n the C2 atom of 1 and subsequent proton elimination.

The unique trans-alkynyl-vinylidene complex
e3SiC≡CMn C CH2(dmpe)2 (11) was obtained by dispro-

ortionation of bis-alkynyl complex (Me3SiC C)2Mn(dmpe)2
ith NaBF4 in MeOH [53]. The paramagnetic d5 com-
lexes Cp′(dmpe)MnC CPh and Cp′(dmpe)MnC CSiMe3
ere converted into Cp′(dmpe)Mn C CHPh (28) and
p′(dmpe)Mn C CHSiMe3, respectively, in the pres-
nce of Bu3SnH or CpMo(CO)3H [75]. Without an
• radical donor, Cp′(dmpe)MnC1 C2Ph dimerized

lowly via C2–C2 coupling to form the red bis-vinylidene
p′(dmpe)Mn C CPhCPh C Mn(dmpe)Cp′ (29).

.4. Properties, structural and spectroscopic parameters of
p(CO)2Mn C CRR′ and related complexes

Most known complexes (�5-
5H5−nMen)(L)(L′)Mn C CRR′ (n = 0, 1, 5; L, L′ = CO,
R3) are relatively stable as solids and in solution. The struc-

ural and spectroscopic characteristics of manganese complexes
f type A are considered in this section (Tables 1–3).

.4.1. Structures of Cp(L)(L′)Mn C CRR′
Complex Cp(CO)2Mn C CHPh (1) (Fig. 1) has the familiar

piano stool” structure [7,9]. Angles between the C CHPh and
O ligands are 89–94◦. The Mn C1 C2 fragment is close to

inear with an angle at C1 of 174(2)◦. The Mn C1 C2 system is
lmost coplanar with the phenyl ring, as the torsion angle around
he C2 C3 bond is 10◦.
The Mn C1 bond lengths in the majority of �1-vinylidene
omplexes are in the range 1.73–1.79 Å (Table 1). Com-
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Fig. 1. Molecular structure of Cp(CO)2Mn C CHPh (1): (a) overall view of the molecule and (b) projection onto the Cp ring plane. The H atom at C2 was not
located [7,9].

Table 1
X-ray parameters [bond distances (d, Å) and bond angles (ω, ◦)] of manganese �1-vinylidene complexes

Complex d (Å) ω (◦) Ref.

M C1 C1 C2 ∠MC1C2

Cp(CO)2Mn C CRR′ and Cp′(CO)2Mn C CRR′
Cp(CO)2Mn C CHPh (1) 1.68(2) 1.34(3) 174(2) [7,9]
Cp′(CO)2Mn C CH[Fe(CO)2Cp*] (14) 1.837(6) 1.269(8) 178.7(5) [56]
Cp(CO)2Mn C CHC6H4CBr CH2 (15) 1.75(2) 1.32(2) 177(2) [55c]
Cp(CO)2Mn C C(I)CH(OMe)2 (17) 1.777(6) – 175.5(6) [57]
Cp(CO)2Mn C CMe2 (23) 1.79(2) 1.33(2) 176(2) [73b]
Cp(CO)2Mn C C(CPh3)Ph (27) 1.778(2) 1.326(3) 176.3(2) [45a]

Cp(CO)(L)Mn C CRR′
Cp(CO)(PPh3)Mn C C(Me)t-Bu 1.764(9) 1.339(11) 177.1(6) [74b]
Cp(CO)(PPh3)Mn C CMeCHEtCMe C Mn(PPh3)(CO)Cp (25) 1.793(7), 1.772(7) 1.317(10), 1.311(11) 175.9(6), 177.2(6) [74a]
Cp(CO)(PPh3)Mn C CMeC(Tol) CH2 (26) 1.761(6) 1.336(9) 176.5(5) [74a]

(L)(dmpe)nMn C CRR′ (n = 1, 2)
(Me3SiC≡C)Mn C CH2(dmpe)2 (11) 1.782(4) 1.317(6) 179.2(4) [53]
Cp′(dmpe)Mn C CHPh (28) 1.731(5) 1.344(6) 178.2(5) [75]
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L)(L′)Mn C CPhCPh C Mn(L′)(L)
Cp′(dmpe)Mn C CPhCPh C Mn(dmpe)Cp′ (29) 1
Cp*(CO)2Mn C CPhCPh C Mn(CO)2Cp* (30) 1

lex 1 having the shortest Mn C1 bond (1.68(3) Å) [7,9]
nd Cp′(CO)2Mn C C(H)Fe(CO)2Cp* (14) having the longest
n C1 bond (1.837(6) Å) and the unusually short C1 C2

ond (1.269(8) Å) [56] are exceptional. The Mn C1 bonds
n �1-vinylidene complexes are much shorter than the

n–C bonds (1.94–2.25 Å) in σ-alkyl, σ-vinyl, σ-alkynyl
omplexes and shorter than the Mn C bonds in car-
enes Cp(CO)2Mn CRR′ (1.82–1.89 Å) and allenylidenes
p(CO)2Mn C C CRR′ (1.80–1.81 Å) and come nearer to the
n C bonds (1.67–1.69 Å) in carbynes [Cp(CO)2Mn CR]+

76]. Strengthening of the M C bonds during the transition
rom carbene M C to allenylidene M C C C and vinylidene

C C systems is also observed for M = Re, Rh, Ir (see Sec-
ion 2.4.2). The C1 C2 bond lengths in �1-vinylidene complexes
re 1.31–1.34 Å, close to C C in olefins (1.34 Å) and allenes
2C C CR2 (1.31 Å) [77]. The MnC1C2 bond angles are near
80◦ for all compounds including the Mn C1 C2 system.
The metalla-allene system in Cp(CO)2Mn C CHPh (1)
Fig. 1) is weakly shielded by other ligands and can easily
e attacked even by bulky reagents. This is one of the reasons
or the high reactivity of 1. The presence of the phenyl group

a
[
C
fi

), 1.737(4) 1.351(6), 1.353(6) 177.4(4), 177.4(4) [75]
), 1.760(5) 1.332(6), 1.342(6) 176.3(4), 176.7(4) [45c]

t C2 provides stability of 1 under usual conditions. Complex
p(CO)2Mn C CH2 (9), where metalla-allene system lacks
ny protection, is not capable of existing under usual conditions
50]. On the contrary, Me3SiC C–Mn C CH2(dmpe)2 (11) is
table due to the shielding of the Mn C CH2 system by two
ulky chelating dmpe ligands [53].

A special kind of �1-vinylidene complex is the dinuclear bis-
inylidene complexes (L)nM C CRCR C M(L)n (M = Nb,
o, Mn, Re, Fe, Ru; R = H, alkyl, Ph, etc.) containing unsat-

rated of four-carbon bridging ligands (see refs. [4,42e,45,75]
nd references therein).

Two manganese complexes from this series,
p′(dmpe)Mn C CPhCPh C Mn(dmpe)Cp′ (29) [75]

nd Cp*(CO)2Mn C CPhCPh C Mn(CO)2Cp* (30)
45c], were characterized crystallographically. Complex
p(CO)2Mn C CPhCPh C Mn(CO)2Cp (3) was in fact the
rst representative of this type, but because of the absence of
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he X-ray data, it was published as Cp2Mn2(CO)4(C16H10)
6,7,15] or [Cp(CO)2Mn]2(C16H10) [44]. The spectroscopic
ata (Section 2.4.2) provided unambiguous interpretation of
as the bis-vinylidene complex. The unit cell parameters for

omplex 3 were determined by X-ray powder diffraction [78a].
omplexes Cp(CO)2Mn C CHPh (1), [Cp(CO)2Mn]2(�-

CHPh) (2) [78a], �4-{C[Mn(CO)2Cp](CO)CHPh}Fe(CO)3
51), Cp(CO)MnPt(�-C CHPh)(�-CO)(dppm) (58) and
Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67) [78b] were also
tudied by this method.

The presence of a linear system of cumulated double
onds Mn C C in Cp(CO)2Mn C CHPh (1) and related �1-
inylidene complexes of type A allows them to be considered as
etalla-allenes, i.e. organometallic analogs of organic allenes
2C C CR2.

.4.2. Spectroscopic characteristics of
p(L)(L′)M C CRR′ (M = Mn, Re)
.4.2.1. Mass spectra. Electron impact on
p(CO)2M C CHPh (M = Mn (1), Re (6)) causes con-

ecutive elimination of the CO groups from the molecular ion
P]+ and then a splitting of the M C and M–Cp bonds [44]. A
ery strong increase in the intensity of the [P–2CO]+ ion in the
ass spectrum of 6, compared to 1, is due to the greater Re C

ond strength. The mass spectrum of 1 contains the [MnC8H5]+
on, which probably has an acetylide structure [MnC CPh]+.
The fragmentation of Cp(CO)2Mn C CPhCPh C

n(CO)2Cp (3) and Cp(CO)2Re[�2-H2C CPhCPh C
e(CO)2Cp] (8) occurs in two parallel directions. One con-

a
b
p
(

able 2
3C NMR (δ, ppm) and IR (ν, cm−1) data for manganese �1-vinylidene complexes

omplex 13C NM

C1

p(CO)2Mn C CRR′, Cp′(CO)2Mn C CRR′ and Cp*(CO)2Mn C CRR′
Cp(CO)2Mn C CHPh (1) 379.5
Cp(CO)2Mn C CPhCPh C Mn(CO)2Cp (3) 374.9
Cp*(CO)2Mn C CHPh (5) 377.9
Cp(CO)2Mn C CHCH(OMe)2 (12) –
Cp(CO)2Mn C CH(COOMe) (13) 371.5
Cp(CO)2Mn C C(I)CH(OMe)2 (17) –
Cp′(CO)2Mn C CMe2 (19) 387.1
Cp′(CO)2Mn C CPh2 (20) 395.7
Cp(CO)2Mn C CMe2 (23) –

p(CO)(L)Mn C CRR′ and Cp′(CO)(L)Mn C CRR′
Cp′(CO)(PMePh2)Mn C CMe2 (21a) 383.0
Cp′(CO)(PMePh2)Mn C CPh2 (21b) 381.4
Cp(CO)(PPh3)Mn C CMeCPh2CMe C Mn(PPh3)(CO)Cp (24) 364.8
Cp(CO)(PPh3)Mn C CMeCHEtCMe C Mn(PPh3)(CO)Cp (25) 363.6
Cp(CO)(PPh3)Mn C CMeC(Tol) CH2 (26) 369.7
Cp(CO)(PPh3)Mn C CHPh (31) –
Cp(CO)[P(OPh)3]Mn C CHPh (32) –

L)(dmpe)nMn C CRR′ (n = 1, 2)
(Me3SiC≡C)Mn C CH2(dmpe)2 (11) 345.1
Cp′(dmpe)Mn C CHPh (28) 342.5
Cp′(dmpe)Mn C CPhCPh C Mn(dmpe)Cp′ (29) 342.6

a Cyclohexane solution.
b CH2Cl2 solution.
c Raman spectrum.
y Reviews 251 (2007) 1521–1560

ists in the removal of four CO groups from the molecular
ons [P]+ and results in the [CpMn(C16H10)MnCp]+ and
CpRe(C16H12)ReCp]+ ions, respectively. The unusual second
irection begins with the elimination of the [CpM(CO)2] frag-
ent from each [P]+ ion to give the [Cp(CO)2Mn(C16H10)]+

nd [Cp(CO)2Re(C16H12)]+ peaks. Finally, both directions
esult in very intense [CpMn(C16H10)]+ or [CpRe(C16H12)]+

eaks, respectively. The second direction is explained by the
bsence of metal–metal bonds in 3 and 8. The mass spectrum
f 3 contains the [PhC CPh]+ ion, confirming the presence of
he central C CPhCPh C fragment [44]. The existence of this
our-carbon chain in molecule 8 was shown by XRD [16a].

A very intense dehydrogenation process under electron
mpact was observed while studying the mass spectra of
p(CO)2Re C CHPh (6), [Cp(CO)2Re]2(�-C CHPh) (7) and
p(CO)2Re[�2-H2C CPhCPh C Re(CO)2Cp] (8) [44]. The
limination of hydrogen is likely to occur from both Cp and
inylidene ligands. The ion [CpRe]+ in the mass spectrum of 6
oses two H2 molecules, whereas the [CpReC8H6]+ ion formed
rom 7 loses four H2 molecules and the [CpRe(C16H12)ReCp]+

on from 8 loses successively 5 (!) H2 molecules. “Internal catal-
sis” by the central rhenium atom is probably the driving force
or such large dehydrogenation processes.

.4.2.2. IR and Raman spectra. The ν(C C) frequencies

ppear in the IR and Raman spectra of Cp(L)(L′)Mn C CRR′
etween 1660 and 1590 cm−1 as strong or medium bands, whose
ositions depend greatly on the nature of L, L′ and R, R′
Table 2). The IR and FT-Raman spectra and DFT calculations

R, δ (ppm) IR, ν (cm−1) Ref.

C2 C C CO

123.5 1592 2009, 1955a; 2003, 1943b [15]
135.1 – 2015, 1998, 1944b [15,45a]
134.5 – 1982, 1922 [45b]

– 1657 2009, 1953 [54]
115.9 1615 2030, 1975a [55a]
96.2 1657 2014, 1961 [57]

122.3 – 1996, 1942 [71c]
129.9 – 1981, 1918 [71c]

– – 1999, 1946 [73a]

117.5 – 1963 [71c]
116.9 – 1965 [71c]
147.7 1614 1888 [74a]

– 1637 1900 [74a]
136.4 1592 1890 [74a]
137.5 – 1920 [15,45b]

– 1590c 1946 [15]

90.21 1595 – [53]
142.2 1594 – [75]
143.5 1589 – [75]
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Table 3
IR data (ν(CO), cm−1, and force constants, KCO, mdn/Å) for Cp(CO)2Mn(L)

L Solvent ν(CO) (cm−1)a KCO (mdn/Å)

SO2 Benzene 2028, 1969 16.15
CS Hexane 2012, 1962 15.96
C CHPh Cyclohexane 2009, 1955 15.88
C CHCH(OMe)2 Hexane 2009, 1953 15.86
AsF3 Cyclohexane 2006, 1953 15.84
CO Cyclohexane 2035, 1953 15.84
C CMe2 Hexane 1999, 1946 15.73
C C CPh2 Hexane 1995, 1945 15.68
PF3 Cyclohexane 1996, 1938 15.64
PhC CPh Cyclohexane 1983, 1929 15.41
PhC CH Cyclohexane 1981, 1921 15.38
CPh2 Hexane 1977, 1919 15.33
H2C CH2 Hexane 1976, 1917 15.31
MeC CMe Pentane 1963, 1904 15.11
C(OMe)Ph Hexane 1969, 1898 15.11
PPh3 Cyclohexane 1946, 1880 14.80
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Pentane 1935, 1868 14.62

a References are given in ref. [15].

or a series (PR3
′)2(X)Rh C CHR (R′ = H, Me, i-Pr; X = F, Cl,

r, I; R = H, Me, Ph) showed ν(Rh C) to be at 575–560 cm−1

nd ν(C C) to be between 1660 and 1580 cm−1 [79a,b].
Using ν(CO) frequencies and force constants (KCO) of the
O bonds calculated on the basis of ν(CO) for cymantrene

erivatives, Cp(CO)2Mn(L) (L = �1-vinylidene, �1-carbene,
2-alkyne, �2-olefin, PR3, etc.) (Table 3), we were able to com-
are the electronic effects of the C CRR′ ligands with those of
ther two-electron ligands [15].

The L ligands are arranged in order of decreasing of their
lectron withdrawing properties:

The ν(CO) bands for Cp(CO)2Mn C CRR′ are
0–40 cm−1 higher than those of the corresponding �2-
lkyne isomers Cp(CO)2Mn(�2-RC≡CR′). The ν(CO)
or Cp(CO)2Re C CHPh (6) (2003, 1938 cm−1) are also
igher than those for Cp(CO)2Re(�2-PhC CH) (6a) (1980,
911 cm−1) [16]. At the same time, ν(CO) for Cp(CO)2Re(L),
here L = �1-vinylidene, �1-carbene, �2-alkyne, CO, etc., are
–20 cm−1 lower as compared with their manganese analogues
p(CO)2Mn(L) [15]. The IR spectrum of Cp(CO)2Re[�2-
2C CPhCPh C Re(CO)2Cp] (8) contains two pairs of �(CO)
ands of equal intensity: at 2000 and 1930 cm−1 belonging to
1-vinylidene fragment, and at 1982, 1914 cm−1 belonging to
2-olefinic fragment [16a].

According to the IR data for complexes Cp(CO)2M(L)
M = Mn, Re), the vinylidenes are members of the ligand set
aving the highest �-acceptor capacity. Phenylvinylidene, in

his regard, is comparable with CS, AsF3 and CO and con-
iderably exceeds �2-olefins, �2-alkynes, carbenes CRR′ and
llenylidenes C C CR2. There is an interdependence between
he strengthening of �-acceptor ability of L = carbene, allenyli-

L

(

y Reviews 251 (2007) 1521–1560 1531

ene, vinylidene and the shortening of the Mn C bonds in
omplexes Cp(CO)2Mn(L) (see Section 2.4.1 and Table 3).

The same conclusion was drawn from the CV study of com-
lexes trans-(i-Pr3P)2(Cl)Rh(L) (L = :C(=C)nPh2, C2H4, CO;
= 0, 1, 2, 4) [79c]. The ligands L are arranged in order of

ncreasing �-acceptor ability:

CPh2 < C C CPh2 ∼ C C C C CPh2 < �2-H2

C CH2 < C CPh2 < CO.

The increase in �-acceptor ability of ligands correlates
ell with the Rh C distances shortening in trans-(i-
r3P)2(Cl)Rh(L), from carbene L = CPh2 to allenylidene

C CPh(o-Tol), and then to vinylidene C CHMe. The
ame tendency was shown for iridium analogs, trans-(i-
r3P)2(Cl)Ir(L) [79c].

According to the electrochemical study of an extensive series
f complexes [79d], the organic ligands, in terms of Pickett’s PL
nd Lever’s EL values, can be ordered according to their net
-electron acceptance minus �-donor character as follows:

carbynes > CO > vinylidenes > allenylidenes > carbenes

> alkynyls.

.4.2.3. NMR spectra. The presence of the �1-C1 C2RR′ lig-
nd is characterized by the C1 signal in the 13C NMR spectrum
t very low field, δ 340–400 ppm. C2 resonates from δ 90 to 150
Table 2). These chemical shifts are due to the reduced elec-
ron density on vinylidene carbons, especially on the C1 atom.
he signals of C1 at 379.54 and C2 at 123.54 were found for
p(CO)2Mn C1 C2HPh (1) [15].

The presence of the �-�1:�1-bis-vinylidene group in
p(CO)2Mn C CPhCPh C Mn(CO)2Cp (3) is shown by

ignals at δ 374.9 and 135.1 in the 13C NMR spec-
rum [45a]. A shift of the C1 resonance to δ 340 for
p′(dmpe)Mn C CPhCPh C Mn(dmpe)Cp′ (29) [75] is due

o the electron donor influence of the dmpe ligands.
The vinylidene protons in the 1H NMR spectra of

p(CO)2Mn C CHPh (1) [15], Cp*(CO)2Mn C CHPh (5)
nd Cp(CO)(PPh3)Mn C CHPh (31) [45b] resonate at δ 6.91,
.59 and 6.17 ppm, respectively.

.5. Reactivity of Cp(CO)2Mn C CHR

The results of the X-ray, spectroscopic and theoretical studies
5c,65–69,80] allow formulation of the basic factors deter-
ining the chemical behavior of �1-vinylidene complexes

nM C CHR, and Cp(CO)2Mn C CHR in particular:

1) the presence of the linear M C1 C2 system including the
strong electron-rich M C1 bond;
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2) a lowered electron density on the C1 and H atoms of
the C1 C2HR ligand and alternation of charges in the
system

3) a strong electron acceptor influence of vinylidene C CHR,
which is transmitted through a metal atom to other ligands;

4) a weak steric shielding of the M C CHR system by other
ligands.

The geometry and electronic structure result in many reac-
ions of the type A vinylidene complexes being characterized by
igh regioselectivity. Attack of electrophilic reagents is usually
irected to the C2 atom, and the addition of nucleophiles occurs
xclusively to the C1 atom. Electron deficient metal-containing
ragments and carbene moieties add only to the M C1 bond
see Section 3.1), and unsaturated organic molecules, generally,
o the C1 C2 bond.

Insertion of alkynes occurs across the C2 H bond. The split-
ing of the M C and C C bonds is not typical for the M C C
ystem. On the contrary, deprotonation of vinylidene is inher-
nt in this type of complex. The dehydrodimerization processes
esulting in the C2–C2 coupling and formation of bis-vinylidenes
re also characteristic of complexes LnM C C2HR. Competi-
ion between the vinylidene and CO ligands for d�-electrons
f the central metal atom facilitates the substitution of the CO
roups in Cp(CO)2Mn C CHR by L = PR3, P(OR)3.

.5.1. Participation of Cp(CO)2M C CHPh (M = Mn, Re)
n C C bond formation

The formation of the new C C bonds in the course
f the transformations of metal vinylidene complexes or
ntermediates is considered in reviews [1–5,39–42]. King
escribed, in 1974, C C coupling with the participation of
metal vinylidene intermediate [11c,81]. The formation of

icyano(tetraphenyl)fulvene by the thermal reaction between
p(CO)3MoCCl C(CN)2 and tolan occurred through the inter-
ediate [Cp(CO)2(Cl)Mo C C(CN)2]. In other words, fulvene
as a product of co-cyclization of vinylidene [C C(CN)2] with

wo molecules of PhC CPh.
As far as we know, the first vinylidene com-

lexes to be formed as a result of C–C coupling were
p(CO)2Mn C CPhCPh C Mn(CO)2Cp (3) [6,15] and
p(CO)2Re[�2-H2C CPhCPh C Re(CO)2Cp] (8) [16a].
omplex 3 appears in small amounts in the course of synthesis,

solation and storing of Cp(CO)2Mn C CHPh (1), and is often
resent among products of reactions of 1 due to spontaneous
ehydrodimerization. Treatment of 1 with KOH/MeOH,
aOMe or BuLi leads to 3 in high yield (reaction (5) in

cheme 1) [15].

Ustynyuk et al. studied in detail the oxidatively induced
ehydrodimerization of complexes Cp(CO)2Mn C CHPh (1),
p*(CO)2Mn C CHPh (5), Cp(CO)(PPh3)Mn C CHPh (31),

s
t
d
1

y Reviews 251 (2007) 1521–1560

tc., by CV, and also by treatment with some chemical reagents
42c,45]. The initial product of oxidation of 1 is the radical cation
Cp(CO)2Mn C1 C2HPh]+•. Homolytic cleavage of the C2 H
ond and dimerization of the [Cp(CO)2Mn–C1 C2Ph]+ cation
ives bis-vinylidene complex 3.

The composition of Cp(CO)2Re[�2-H2C
PhCPh C Re(CO)2Cp] (8) corresponds to a dimer of
p(CO)2Re C CHPh (6). However, 8 is not formed by
imerization of 6 [16a]. Complex 8 was not found among the
roducts of the dark reaction between Cp(CO)2Re(thf) and
hC CH [16b], and was obtained only by UV irradiation of
pRe(CO)3 with PhC CH (reaction (6)) [16a]. Complex 8

s supposed to be formed via an insertion of PhC CH across
he C2 H bond of Cp(CO)2Re C C2HPh (6) and subsequent
oordination of the [Re(CO)2Cp] unit to the C3 C4 bond of the
ntermediate [Cp(CO)2Re C1 C2PhC3Ph C4H2].

.5.2. Reactions of Cp(CO)2Mn C CHR with phosphines
nd phosphites

Reactions of complexes Cp(CO)2Mn C1 C2HR with ter-
iary phosphines PR′

3 and phosphites P(OR′)3 could occur in
our directions (Scheme 6):

(a) substitution of CO for the P-containing ligand;
b) substitution of vinylidene for the P-containing ligand (but

not actually found);
(c) addition of PR′

3 to the C1 atom to form a bipolar adduct;
d) addition of phosphite P(OR′)3 accompanied by spon-

taneous rearrangement (e) of an adduct to form the
�2-vinylphosphonate complex (see Section 2.5.3).

Complex 1 reacts with PPh3 and P(OR)3
nder UV irradiation or in bright sunlight to
fford Cp(CO)(PPh3)Mn C CHPh (31), Cp(CO)-
P(OPh)3]Mn C CHPh (32) and Cp(CO)[P(OEt)3]-

n C CHPh (33) (reaction (a) in Scheme 6) [15,45b].
omplexes Cp(CO)(L)Mn C CPhCPh C Mn(L)(CO)Cp

L = PPh3 (34), P(OEt)3 (35)) were obtained by UV irradiation
f Cp(CO)2Mn C CPhCPh C Mn(CO)2Cp (3) with PPh3 or
(OEt)3 [82]. Complex 34 was also formed by an oxidative

nduced dehydrodimerization of Cp(CO)(PPh3)Mn C CHPh
31) [42c,45b]. Direction (b) was not realized. Only traces
f Cp(CO)2Mn(L) were found among the products of
hotochemical reactions (a).

Directions (c–e) were realized in the absence of irradia-
ion. A reversible addition of PR3

′ = PPh3, PPh2Me, etc., to
p(CO)2Mn C CHR (R = Ph (1), COOMe (13)) led to the
inylphosphonium complexes Cp(CO)2Mn−–C(P+R3

′) CHR
83]. These compounds can be easily isolated since they pre-
ipitate in the course of reaction. The bipolar adducts are stable
n solids, but form the initial components in THF and CHCl3

olutions. The ability of Cp(CO)2Mn−–C(P+Ph3) CHPh (36)
o dissociate was used to exchange of PPh3 for PPh2Me and
ppe [83b]. The ν(CO) in the IR spectra of bipolar adducts are
10–130 cm−1 lower than those of 1 and 13.
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Scheme 6. The direction of the reactions of Cp(

.5.3. Synthesis of β-phenylvinylphosphonic acid esters
styrylphosphonates)

Along with the expected dinuclear complex
p(CO)2MnPt(�-C CHPh)[P(OEt)3]2 (37) (see Section
.1.3), reaction (7) between Cp(CO)2Mn C CHPh (1) and
t[P(OEt)3]4 gave the mononuclear product Cp(CO)2Mn[�2-
hCH CHP(O)(OEt)2] (38) [22]. According to the X-ray
nalysis [84], 38 contains the �2-trans-1-diethylphosphonato-
-phenylethylene ligand. The bond lengths are C1 C2 1.395(8),
n–C1 2.145(5), Mn–C2 2.168(6) Å; P O1 1.462(5), P O2

.581(5) and P O3 1.597(5) Å. The C2 C1 P bond angle is
20.4(4)◦.

The direct reaction (8) between P(OEt)3 and complex 1
fforded complex 38 in 96% yield (Scheme 7) [85].

Not only simple phosphites P(OR)3 (R = alkyl, Ph), but
hosphonites and cyclic phosphites, such as phospholanes or
hosphorinanes, can enter into this reaction (Scheme 7) [86]. The
roducts are stable solids, except for the oily Cp(CO)2Mn[�2-
hCH CHP(O)(OBu)2] (41), and decompose in solutions to
liminate free styrylphosphonate.

An initial stage of synthesis of �2-styrylphosphonate
omplexes was clarified in the course of reaction (9) in
cheme 7 between 1 and phosphonite PhP(OEt)2 [86].
omplex 1 disappeared within 15 min and strong bands
t 1905 and 1842 cm−1 indicated the formation of bipolar
dduct Cp(CO)2Mn−C[P+(OEt)2Ph] CHPh (43), similar to
p(CO)2Mn−C(P+Ph3) CHPh (36) (ν(CO) 1900, 1830 cm−1)

83a]. Slow transformation of intermediate 43 (reaction (9b))
esulted in a mixture of two diastereoisomers 44 separated by
hromatography [86].

Reactions ((10) and (11)) (Scheme 7) between 1 and cyclic

hosphites gave mixtures of products. Three stereoisomers 45
ere isolated in a total 69% yield. Crystalline 46 and several oily

omplexes, originating from opening of the dioxaphosphorinane
ing, were obtained from reaction (11).

s
t
d
t

Mn C CHR with phosphines and phosphites.

According to the NMR and IR spectra [86], the structures
f Cp(CO)2Mn[�2-PhCH CHP(O)(OR)2] (39–42, 44–46) are
lose to that of 38 [84], despite the different P(OR)2 groups.
he PhCH CHP(O)(OR)2 ligand in all the complexes has a

rans-configuration. The ν(CO) frequencies in the IR spectra
f complexes 38–42, 44–46 [86] indicate a noticeable electron
ithdrawing capacity of the �2-PhCH CHP(O)(OR)2 ligands.
The reactions between P(OR)3 and Cp(CO)2Mn C CHPh

1) represent an unusual variant of the Arbuzov’s reaction which
ccur within the coordination sphere of a transition metal atom.
e supposed [84] that like the classical Arbuzov’s reaction, the

rst stage is the addition of phosphite to the electrophilic C1

tom of the Mn C1 C2 system, resulting in the intermediate
ipolar adduct Cp(CO)2Mn−–C[P+(OR)3] CHPh. Formation
f 43 in reaction (9a) confirmed this assumption. Subsequent
ransformations of Cp(CO)2Mn−–C[P+(OR)3] CHPh occur by
cyclic cis-�-elimination mechanism, i.e. by cleavage of one of

he O R bonds, formation of the P O bond, hydrogenation of
1-vinyl group and its rearrangement into �2-olefin [84].

The compounds Cp(CO)2Mn[�2-PhCH CHP(O)(OR)2]
38–42, 44–46) are the first transition metal phosphonatoethy-
ene �-complexes [22,84–86], in spite of the fact that free
inylphosphonates RCH CHP(O)(OR′)2 (R and R′ = alkyl,
h) were synthesized in the middle of the twentieth cen-

ury [87,88]. However, the known processes were either
xtremely non-ecological, since they proceeded in rather aggres-
ive and toxic media (PhCH CHP(O)Cl2, phenol, pyridine)
87,88a] or required temperatures 150–165 ◦C, which caused

ide reactions and lowered the yield of RCH CHP(O)(OR′)2
o 6–50% [88b,88c]. Earlier it was impossible to obtain
iaryl(styryl)phosphonates with the help of the Arbuzov’s reac-
ion [88d].
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ate complexes from Cp(CO)2Mn C CHPh (1) and phosphites.
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Scheme 8. The conversion of phenylacetylene into styrylphosphonates on the
metal center M = Mn(CO)2Cp.
Scheme 7. Formation of the manganese �2-styrylphosphon

Styrylphosphonates are of significant practical interest,
ecause they can be used as monomers for fire-resistant poly-
ers and impregnations, as plasticizers, additives to oils, as

omponents of surface-active materials.
The extraordinary readiness of formation of �2-

hCH CHP(O)(OR)2 ligands on a metal center was a
timulus to the search of rational ways of isolation of these
lefins from complexes. While the reactions of CO or PhC CH
ith Cp(CO)2Mn[�2-PhCH CHP(O)(OR)2], where R = Et

38), Ph (42), were not appropriate, the use of P(OR)3 (reaction
12) in Scheme 8) giving PhCH CHP(O)(OR)2 in 98% yield,
ppeared to be the most successful.

We elaborated the method of preparation of the dialkyl and
iaryl esters of styrylphosphonic acid without an intermedi-
te isolation of �2-olefin complexes [89]. The synthesis of
tyrylphosphonates PhCH CHP(O)(OR)2 is carried out in a
etroleum-ether or in benzene solution at 20 ◦C, according to
eaction (13) and is stereoselective resulting in yields of 95–98%
f trans-styrylphosphonates PhCH CHP(O)(OR)2 (R = alkyl,
ryl). The elimination of PhCH CHP(O)(OPh)2 from complex
s faster at 50 ◦C.
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most attention. The homodinuclear �-vinylidene complexes B
are, as a rule, more stable than their mononuclear precursors A.

At the same time, the splitting of the cycle is charac-
A.B. Antonova / Coordination Che

The distinctive feature of a basically new method of syn-
hesis of styrylphosphonates with the use of the Mn C CHPh
ystem, is the possibility of introduction in reaction (13) of tri-
lkylphosphites, cyclic phosphites and phosphonites as well as
riphenylphosphite, P(OPh)3, which does not enter into the clas-
ical Arbuzov’s reaction. An active role of the Mn atom as an
ntramolecular catalyst undoubtedly explains the fact that these
eactions occur under unusually mild conditions.

. Formation of complexes with Mn M bonds

One of the most important properties of vinylidene complexes
s the ability to add metal-containing fragments, first discovered
uring our study of transformations of Cp(CO)2Mn C CHPh
1) into dinuclear MnMn, MnRe and MnFe derivatives
15,20,90]. In this section, we consider the synthesis of MnM
omplexes with bridging vinylidenes and give details of their
tructures (Table 4), spectroscopic characteristics (Table 5) and
eactivity.

.1. Dinuclear Mn–M μ-vinylidene complexes

Our approach to the synthesis of dinuclear heterometallic
-vinylidene complexes B was based on the supposition [15]

hat the M C1 bond of mononuclear vinylidene complexes A,
imilarly to the C C bond of olefins and allenes R2C C CR2
Ao), would be able to coordinate a transition metal atom M′
Scheme 9).

The addition of [M′L′] units to complexes A is the most
ommon method of synthesis of vinylidene complexes B. With
he help of this reaction, �-vinylidene complexes (L)MM′(�-

CHR)(L′) (M = Mn, Rh, Os; M′ = Cr, Mo, W, Mn, Re, Fe,
d, Pt, Cu; R = H, alkyl, aryl, COOMe) were prepared from
p(CO)2Mn C CHPh (1), Cp(CO)2Mn C C(H)COOMe

13), Cp(PR3)Rh C CHR, (�6-C6H6)(PR3)Os C CHR
2,4,20–30].

Taking into account the isolobal analogy between allene
-complexes Bo and dinuclear vinylidene complexes B

Scheme 9), the compounds LMM′(�-C1 C2R2)(L′) (B) can be
epresented as the �-complexes of M′ with the metalla-allene

igand LM C1 C2R2 (A) [27]. Therefore, the Dewar-Chatt-
uncanson model can be used to describe the bonding in

omplexes B. There is a donor–acceptor interaction between the
C1 double bond of “heteroallene” LM C1 C2R2 and atom

cheme 9. Isolobal relationship of organic allenes (Ao) with �1-vinylidene
omplexes (A) and �2-allene complexes (Bo) with �-vinylidene complexes (B).
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′ (� component) and back-donation d�(M′) → �*(M C1) (�
omponent) (Scheme 11).

To estimate the � component in �-olefinic complexes in
erms of the Dewar-Chatt-Duncanson model, the rotational bar-
ier around the metal-olefin bond is used, and the � component
s estimated from the bending of substituents at the C C bond
rom the olefin plane. In the case of the vinylidene complexes B,
he � contribution can be estimated from the M–C1–C2 angle:
he nearer this angle to 180◦ is, the less � contribution there
s (structure B1 in Scheme 11). Barriers to rotation around the
ond between the M′ atom and “heteroolefin” Mn C1 have not
een determined. The relative � and � contributions can be
etermined by the aggregate of such factors as the nature, the
xidation level and dimensions of the M and M′ atoms, the ligand
nvironment, the substituents at the C2 atom, etc. The 13C NMR
nd IR data allow the composition and structure of complex
p(CO)2MnM′(�-C CHR)L′ as well as the donor–acceptor
roperties of the [M′L′] fragments to be determined.

The cis–trans isomerism is possible for dinuclear �-
inylidene complexes [27] due to different orientations of
igands, such as Cp, CO relative to the MM′(�-C1) plane or
he M C1 bond. The E–Z-isomerism caused by various posi-
ions of the R and R′ substituents in the �-C1 C2RR′ ligand
elative to the M and M′ atoms is also known [21a].

Among the chemical properties, the further metalation of
omplexes LMM′(�-C CHR′)L′ (Sections 4 and 5) attracts the
cheme 10. Synthesis of �-vinylidene MnM complexes based on the
n C CHPh system: (14) M = Mn; THF, 5–20 ◦C, 2 h, 27%; (15) M = Re;

HF, 5–20 ◦C, 4 h, 4%; (16) M = Rh; hexane, 20 ◦C, 0.25 h, 88%; (17) M = Pt;

6H6, 20 ◦C, 4–24 h, 80%; (18) M = Pd; Et2O, 20 ◦C, 1 h, 95%; (19) M = Cu;
HF, 20 ◦C, 0.5 h, 98%.
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cheme 11. A donor-acceptor interaction between the M C1 C2 system and
he M′ atom and back-donation in �-vinylidene complexes B (M = Mn, Re;

′ = Rh, Pd, Cu, Re, Pt).

eristic of many heteronuclear complexes B. In this connection,
inylidene transfer from one metal to another, where complexes
may be intermediates, is of special interest.

.1.1. Mn–Mn and Mn–Re μ-vinylidene complexes
The dinuclear complex [Cp(CO)2Mn]2(�-C CHPh) (2)

6,7] was obtained in moderate yield from the reaction between
and Cp(CO)2Mn(thf) [15] (reaction (14) in Scheme 10). The

entral fragment of molecule 2 (Fig. 2) is an almost planar

ethylenedimetallacyclopropane sys-
em [7,8], inasmuch as the declination angle of the C1 C2

ond from the Mn1Mn2C1 plane is 7◦, the torsion angle
round the C2 C3 bond is 11◦. The dihedral angle between the
n1Mn2C1 and the Ph planes is 16◦. The C1 C2 bond length is

.35(2) Å.
The most important features of structure 2 are short �-

onds Mn1–C1 (1.94(1) Å) and Mn2–C1 (1.99(1) Å) and an
nusually short Mn–Mn distance (2.734(2) Å) [8], compared
ith the Mn Mn bonds (2.90–2.92 Å) in non-vinylidene com-
lexes [76]. This is due to the constricting effect of the
inylidene bridge and it indicates the existence of conjuga-

ion in the system [8] (structure B4
n Scheme 11).

The presence of a symmetric and very strong carbodimetalla-
ycle causes both thermal stability (dec. >144 ◦C) and chemical
nactivity of 2. Molecule 2 splits into two mononuclear frag-

ents under prolonged UV irradiation with PPh3 in benzene
olution (reaction (20)) [15].
Complex [Cp(CO)2Re]2(�-C CHPh) (7) is thermally more
table (dec. >194 ◦C) than the manganese analogue 2 [16]. The a
ig. 2. Molecular structure of [Cp(CO)2Mn]2(�-C CHPh) (2). The H atom at
2 was not located [7,8].

ass spectra of 2 and 7 indicate a greater strength of the Re–Re
ond in comparison with the Mn Mn bond [44].

The complexes [Cp(CO)2Mn]2(�-C CH2) (10) [50],
Cp′(CO)2Mn]2(�-C CH2) [51] and [Cp(CO)2Mn]2(�-

CHR) (R = CH(OMe)2, CH(OEt)2, CH[O(CH2)3O] [54],
OOMe [55a], COPh [91]) were obtained in small yields
s a result of spontaneous transformations of the corre-
ponding mononuclear complexes Cp(CO)2Mn C CH2,
p′(CO)2Mn C CH2 and Cp(CO)2Mn C CHR. The ease of

he above transformations is due to the steric accessibility of the
n C bond to attack by the [Mn(CO)2Cp] unit (see Section

.4.1).
The first heterometallic vinylidene complex was orange

p2(CO)4MnRe(�-C CHPh) (47) [20]. It was obtained in
wo ways: by the addition of the [Cp(CO)2Mn] unit to
p(CO)2Re C CHPh (6) and with the counter reaction (15)

by the addition of [Cp(CO)2Re] to 1. The small yield of
7 is due to its instability and due to the concurrent formation
f [Cp(CO)2Mn]2(�-C CHPh) (2) and [Cp(CO)2Re]2(�-

CHPh) (7).
The ν(CO) frequencies in the IR spectra of 2 [15], 7 [16] and

7 [20] are almost identical (Table 5). The ν(C C) bands for 2,
and 47 were found in a narrow interval of 1548–1555 cm−1.
Complex 47 differed amazingly from its homodinuclear “rel-
tives” 2 and 7. It decomposed spontaneously at 0 ◦C within
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Table 4
X-ray parameters [bond distances (d, Å) and bond angles (ω, ◦)] of �-vinylidene complexes with Mn M bonds (M = Mn, Mo, W, Fe, Rh, Pt, Pd, Cu)

Complex d (Å) ω (◦) Ref.

Mn M Mn C1 M C1 �da C1 C2 ∠MnC1C2

[Cp(CO)2Mn]2(�-C CHR)
[Cp(CO)2Mn]2(�-C CHPh) (2) 2.734(2) 1.94(1) 1.99(1) 0.05 1.35(2) 144(1), 128(1) [7,8]
[Cp(CO)2Mn]2(�-C CH2) (10) 2.759(2) 1.971(6) 1.979(7) 0.008 1.308(10) 136.0(5), 135.4(5) [50]
[Cp(CO)2Mn]2(�-C CHCHO) 2.753(1) 1.945(4) 1.949(4) 0.004 1.347(5) 137.8(3) [54]
[Cp(CO)2Mn]2[�-C CHCHO(CH2)3O] 2.748(1) 1.954(4) 1.983(3) 0.029 1.329(5) 133.0(3) [54]

Cp(CO)2MnM(�-C CHR)(L)
Cp(CO)MnRh(�-C CH2)(�-CO)(i-Pr3P)(Cp) (48) 2.667(1) 1.901(3) 2.056(3) 0.155 1.294(6) 144.2(3) [25]
Cp(CO)2MnRh(�-C CHPh)(Acac)(CO) (49) 2.648(1) 1.882(2) 2.038(3) 0.156 1.326(3) 153.2(2) [27]
Cp(CO)2MnPt(�-C CHPh)(dppm) (58) 2.6068(10) 1.924(7) 1.991(6) 0.067 1.363(9) 143.3(5) [95]
(dppe)PdMn(�3-C CHPh)PdMn(�-C1 C2HPh)-

(CO)4Cp2 (66)
2.6023(6), 2.6463(5) 1.893(4) 2.009(3) 0.116 1.345(5) 150.4(3) [102]

[Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67) 2.438(1) 1.874(5) 1.924(5) 0.05 1.322(7) 157.2(4) [30]
[Cp(CO)2Mn]2Mo(�-C CHCOOMe)2(CO)2 (69) 2.9638(3) 1.909(2) 2.110(2) 0.201 1.346(3) 145.8(2) [21b]
Cp(CO)2MnW(�-C CHCOOMe)(CO)4 (70) 2.9939(8) 1.903(5) 2.130(5) 0.227 1.337(7) 144.7(4) [21b]
Cp(CO)2MnFe(�-C CHCOOMe)(CO)4 (71) 2.703(4) 1.95(2) 1.94(2) −0.01 1.30(2) 133(1) [21a]
�4-{C[Mn(CO)2Cp](CO)(CHPh)}Fe(CO)3 (51) 2.760(4) 2.03(2) 2.00(1) −0.03 1.44(2) 124.8(1) [90]

a �d = d(M–C1) − d(Mn–C1).

Table 5
IR [ν(CO), cm−1], 13C and 1H NMR (δ, ppm) and electrochemical [E1/2, V] characteristics of �-vinylidene complexes Cp(CO)2MnM(�-C1 C2HPh)(L) (M = Mn,
Re, Rh, Pt, Pd, Cu)

Complexa IR spectrum (cm−1) NMR spectrum, δ (ppm) E1/2 (V)b,c Ref.

ν(CO)(Mn) �νd 13C 1H

C1 C2 C2H

(I) [Cp(CO)2M]2(�-C CHPh) (M = Mn, Re)
[Cp(CO)2Mn]2(�-C CHPh) (2) 1983, 1953, 1928 – 284.16 146.40 8.34 −1.81e, −2.23 [15,137]
Cp2(CO)4MnRe(�-C CHPh) (47) 1983, 1952, 1920 – – – – – [20]
[Cp(CO)2Re]2(�-C CHPh) (7) 1983, 1953, 1916 – – – – – [16]

(II) Cp(CO)2MnM(�-C CHPh)(L) (M = Cu, Rh)
[Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67) 2005, 1953 52 317.05 136.26 7.69 −0.78, −2.08 [30,138]
Cp(CO)2MnRh(�-C CHPh)(Hfac)(CO) (50)f 2058, 2033 (RhCO), 1994, 1928 66 – – 8.71 – [27]
Cp(CO)2MnRh(�-C CHPh)(Acac)(CO) (49a) 2020 (RhCO), 1975, 1902 73 290.60 132.40 8.75 – [27]
Cp(CO)2MnRh(�-C CHPh)(Acac)(CO) (49b) 2050 (RhCO), 1975, 1902 73 292.62 133.74 – – [27]
Cp(CO)MnRh(�-C CH2)(�-CO)(Pi-Pr3)(Cp) (48) 1895, 1800 95 278.87 121.51 6.55, 6.45 – [25]

(III) Cp(CO)2MnPt(�-C CHPh)(L)(L′)
Cp(CO)2MnPt(�-C CHPh)[P(OPh)3]2 (53) 1944, 1876 68 – – 8.62 −2.39 [23,137]
Cp(CO)2MnPt(�-C CHPh)(PPh3)(CO) (56) 2032 (PtCO), 1938, 1871 67 260.48 146.34 7.74 −2.10 [93,137]
Cp(CO)2MnPt(�-C CHPh)[P(OEt)3]2 (37) 1930, 1858 72 259.80 141.08 8.76 - [23]
Cp(CO)2MnPt(�-C CHPh)[P(O-i-Pr)3]2 (55) 1929, 1863 66 259.48 141.36 8.64 −2.60 [93,137]
Cp(CO)2MnPt(�-C CHPh)[P(O-i-Pr)3](CO) (57) 2045 (PtCO), 1928, 1867 61 – – 8.85 −2.23 [93,137]
Cp(CO)2MnPt(�-C CHPh)[P(O-i-Pr)3](PPh3) (54) 1926, 1842 84 259.97 140.27 8.72 −2.54 [93,137]
Cp(CO)2MnPt(�-C CHPh)(PPh3)2 (52) 1924, 1838 86 264.30 141.25 7.92 −2.37 [23,137]
Cp(CO)2MnPt(�-C CHPh)(dppp) (60) 1913, 1822 91 265.96 140.48 – −2.54e [94,137]
Cp(CO)2MnPt(�-C CHPh)(dppe) (59) 1906, 1784 122 269.75 141.63 8.27 −2.54e [94,137]
Cp(CO)2MnPt(�-C CHPh)(dppm) (58) 1902, 1768 134 271.14 141.20 8.33 −2.37e [94,137]

(IV) Cp(CO)2MnPd(�-C CHPh)(L)(L′)
Cp(CO)2MnPd(�-C CHPh)(PPh3)(�1-dppm) (62) 1930, 1860 70 – – – – [99]
Cp(CO)2MnPd(�-C CHPh)(PPh3)2 (61) 1927, 1846 81 287.22 141.13 6.42 −2.24 [29,140]
Cp(CO)2MnPd(�-C CHPh)(dppp) (65) 1918, 1836 82 283.92 141.37 7.14 −2.54e [99,140]
Cp(CO)2MnPd(�-C CHPh)(dppe) (64) 1922, 1819 103 286.38 141.55 7.50 −2.54e [29,140]
Cp(CO)2MnPd(�-C CHPh)(dppm) (63) 1900, 1795 105 – – – – [99]

a The complexes are ordered in each series (I–IV) according to the lowering of the frequency of the COt group at the Mn atom.
b Dropping mercury electrode, MeCN, 0.1 M [Et4N]BF4, Ag/0.1 M AgNO3 in MeCN.
c Potentials are given vs. Ag/0.1 M AgNO3 in MeCN; adding 0.337 V can convert them to V vs. SCE.
d �ν = ν(COt) − ν(COsb), where COt is terminal CO group at the Mn atom, COsb is semibridging CO group.
e Reversible stage.
f Two isomers.
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everal hours to form complex 6 and CpMn(CO)3 (reaction
21)). Such behaviour of complex 47 corresponds with the struc-
ure B2 in Scheme 11, viz. the manganese complex with �-ligand
p(CO)2Re C1 C2HPh.

The consecutive reactions (15) and (21) showed for the first
ime the possibility of a transfer of the vinylidene ligand from
ne transition metal atom to another metal atom [20].

.1.2. Mn–Rh μ-vinylidene complexes
Contrary to Cp2(CO)4MnRe(�-C CHPh) (47), �-vinylidene

omplexes with the Mn-Rh bond are quite stable. Werner
t al. synthesized the first of them, viz. Cp(CO)2MnRh(�-

CHR)(i-Pr3P)(Cp) (R = H (48), Me, Ph), by means of
eactions between Cp(i-Pr3P)Rh C CHR and Cp(CO)2Mn(thf)

25].

By the isolobal analogy (Scheme 9) between allenes
2C C CR2 (Ao) and complexes LM C CR2 (A), both add

he fragments [Rh(CO)(L)] (L = Acac, Hfac) to form the �-

4
t
o
�

Fig. 3. Molecular structure of Cp(CO)2MnRh(�-C CHPh)(C5H7O2)(CO) (49):

Scheme 12. The reactions of the MnRh (49, 50) and MnCu (67) �
y Reviews 251 (2007) 1521–1560

omplexes (�2-R2C C CR2)Rh(CO)(L) (Bo) [92] and the
-vinylidene MnRh complexes (B) [26,27], respectively.

Dark green complexes Cp(CO)2MnRh(�-
CHPh)(Acac)(CO) (49) and Cp(CO)2MnRh(�-C CHPh)

Hfac)(CO) (50) are formed from Cp(CO)2Mn C CHPh (1)
nd (Acac)Rh(CO)2 or (Hfac)Rh(CO)2, respectively (reaction
16) in Scheme 10) [26,27].

Complex 49 (Fig. 3) differs from other �-vinylidene MnM
omplexes (M = Mn, Mo, W, Fe, Pt) (Table 4) by the presence of
short Mn–C1 bond and a large MnC1C2 angle [27]. This angle

153.2(2)◦) is comparable to the C C C angles (147–153◦) in
�2-R2C C CR2)Rh(Acac)(L) (L = CO or R2C C CR2). The
h-C1 bond length in 49 (2.038(3) Å) is close to the Rh–Csp dis-

ances (2.03–2.06 Å) in �-allene complexes [92b]. Therefore,

9 and 50 can be represented as �-complexes of Rh(I) with
he mangana-allene ligand Cp(CO)2Mn C1 C2HPh. Bonding
ccurs for the most part by donation of electron density from
-MO of the Mn C1 bond to unoccupied d-orbitals of the Rh

(a) overall form of the molecule and (b) view along the Mn-Rh bond [27].

-vinylidene complexes with Ph3P, Fe2(CO)9 and Pt(PPh3)4.
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tom (� component), while the role of back-donation (� compo-
ent) is comparatively small (structure B1 in Scheme 11) [27].
he significantly smaller declination of the MnC1C2 group from

inearity in 49 as compared with other �-vinylidene complexes,
n which the MnC1C2 angles are 133–145◦ (Table 4), can appar-
ntly be explained by the predominance of the � component.

The IR and NMR 13C data (Table 5) indicate a weak
-donor capacity of the Rh(Acac)(CO) and Rh(Hfac)(CO)
roups. Complexes 49 and 50 are characterized by the highest
(CO) frequencies of the Cp(CO)2Mn fragment (1994–1975 and
928–1902 cm−1) and the largest downfield shift of the C1 signal
291–293 ppm) in the set of dinuclear �-vinylidene derivatives
f cymantrene.

Complex 49 was shown by the NMR and IR spectra to exist
n solution as two isomers, which differ in orientation of the ter-

inal CO groups at the Mn and Rh atoms relative to the plane of

he cycle [27]. In the crystal form (49a), the C4O4

nd C5O5 groups are mutually trans (Fig. 3b). The minor isomer
9b with a cis orientation of the C4O4 and C5O5 groups exists in
olution and is in equilibrium with 49a. Interconversion of 49a
nd 49b occurs by means of rotation of the Rh(Acac)(C5O5)
ragment by 180◦ around the Rh/Mn C1 �-bond (see structure
1 in Scheme 11) [27]. Similar rotation of the Rh(Acac)(CO)

ragment around the Rh/C C �-bond was observed in the
llene complexes (�2-R2C C CR2)Rh(Acac)(L) (L = CO or
2C C CR2) [92].

The reactivity of 49 and 50 agrees well with their repre-
entation as rhodium �-complexes with the mangana-allene
igands [27], since the reactions result in cleavage of the bond
etween the Rh atom and the [Cp(CO)2Mn C CHPh] ligand
Scheme 12).

Complexes 49 and 50 react rapidly with Ph3P at 20 ◦C to
orm Cp(CO)2Mn C CHPh (1) and (Acac)Rh(CO)(PPh3) or
Hfac)Rh(CO)(PPh3), respectively (reaction (22) in Scheme 12)

27]. The action of Fe2(CO)9 upon complex 49 (reaction
23)) resulted in the exchange of the [Rh(Acac)(CO)] fragment
or [Fe(CO)4] to give �4-{C[Mn(CO)2Cp](CO)CHPh}Fe(CO)3
51) (see Section 3.3).

a
M
5
(

cheme 13. Ligand substitution at the Pt atom in complexes Cp(CO)2MnPt(�-C CHP
0 ◦C, 0.5–4 h, 70–95%.
y Reviews 251 (2007) 1521–1560 1539

.1.3. Mn–Pt μ-vinylidene complexes
Phenylvinylidene complexes with the Mn–Pt bond are the

ost numerous and well-studied of heterometallic complexes
f type B. The first, Cp(CO)2MnPt(�-C CHPh)[P(OEt)3]2
37), was obtained from reaction (7) (Section 2.5.3)
22].

Reactions (17) in Scheme 10 between
p(CO)2Mn C CHPh (1) and PtL4 were used to form
p(CO)2MnPt(�-C CHPh)(L)2 (L = P(OEt)3 (37), PPh3

52), P(OPh)3 (53)) [23]. The �-vinylidene MnPt complexes
eact with phosphines and phosphites without cleavage of the

cycle (Scheme 13) [93,94].
The reaction (24) between Cp(CO)2MnPt(�-
CHPh)(PPh3)2 (52) and P(O-i-Pr)3 occurred in two

onsecutive stages [93]. With one eq., the mixed-ligand com-
lex Cp(CO)2MnPt(�-C CHPh)[P(O-i-Pr)3](PPh3) (54) was
ormed, while an excess of phosphite gave Cp(CO)2MnPt(�-

CHPh)[P(O-i-Pr)3]2 (55). Treatment of 55 with Ph3P gave
4 and then the initial complex 52 (reaction (25) in Scheme 13).

Complexes 52–55 are practically inert to the action of CO gas.
he use of Co2(CO)8 as a source of CO allowed the tricarbonyl
omplexes 56 and 57 in good yield (reactions (26)). The CO
roup at the Pt atom can be easily substituted by other ligands.
ubstitution of both PPh3 in 52 with chelating diphosphines
–P afforded Cp(CO)2MnPt(�-C CHPh)(P–P) (P–P = dppm
58), dppe (59), dppp (60)) in 90–95% yields (reactions (27))
94].

Orange crystalline complexes 37, 52–55 and 58–60 are air-
nd thermally stable. Introduction of the CO ligand to the Pt
tom somewhat reduces the stability of the MnPt(�-C) system
n complexes 56 and 57.

Complex Cp(CO)MnPt(�-C CHPh)(�-CO)(dppm) (58)
Fig. 4) contains a short Mn–Pt bond 2.6068(10) Å [95].
he [MnPt(�-C CHPh)] and [Pt(�2-dppm)] fragments form
n almost planar system. The bonds C1 C2 1.363(9) Å,

1 ˚ 1 2 ◦
n–C 1.924(7) A and the MnC C angle 143.3(5) in
8 are close to those in [Cp(CO)2Mn]2(�-C CHPh) (2)
Table 4).

h)(L)2: Mn = [Cp(CO)2Mn]; P–P = dppm (58), dppe (59), dppp (60)]; benzene,
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ig. 4. Molecular structure of Cp(CO)MnPt(�-C CHPh)(�-CO)(dppm) (58)
95].

The symmetry of the carbodimetallacycle is deter-
ined by the difference between the M C1 and Mn C1 bond

engths, �d (Table 4). For 2 and 58, �d are small, viz. 0.05 and
.067 Å, respectively, whereas �d for the MnRh complex 49 is
.156 Å.

The C1 signal at δ 260–270 ppm in the 13C NMR spectrum of
p(CO)2MnPt(�-C1 C2HPh)(L)2 (37, 52–60) is shifted appre-
iably upfield, and ν(CO)(Mn) in the IR spectra are lowered
reatly from those of other complexes with the Mn M bonds
M = Mn, Rh, Pd, Cu) (Table 5), due to the strong electron donor
nfluence of the [PtL2] group [104,105].

The high stability of the cycle in complexes
p(CO)2MnPt(�-C1 C2HPh)(L)2 (37, 52–60) results not only

rom the strong donor character of the [PtL2] fragments, but also
rom the disposition of ligands L in the same plane as the Mn C1

ond (structure B3 in Scheme 11), which favors more effective
ransfer of electron density from Pt to the �*-MO of the Mn C1

ond than the perpendicular orientation of the [Rh(Acac)(CO)]
ragment in complex 49 [27].

.1.4. Mn–Pd μ-vinylidene complexes
Complexes of the “A-frame” type X2MPd(�-C CR2)(�-

ppm)2 (X = Cl, Br, I; M = Ni, Pd; R = H, Cl) [4,96] and
he cationic complex [(PhC C)PdPt(�-C CHPh)(PEt3)4]+ [97]
ere the only palladium-containing vinylidene complexes

eported before our work [28]. The �-carbene complex
p(CO)2MnPd[�-C(OMe)Ph](PMe3)2 had also been described

98].
The first MnPd vinylidene complex was Cp(CO)2MnPd(�-
CHPh)(PPh3)2 (61) obtained from reaction (18) (Scheme 10)
etween Cp(CO)2Mn C CHPh (1) and Pd(PPh3)4 in almost
uantitative yield [28,29]. Complex 61 is less stable than
p(CO)2MnPt(�-C CHPh)(PPh3)2 (52). Reactions between
1 and P–P = dppe, dppp led to quite stable complexes

i
b
e
m

CHPh)(PPh3)2 (61): (28) benzene, 20 ◦C, 2 h; (29) and (30) benzene, 20 ◦C,
h, 90%.

p(CO)2MnPd(�-C CHPh)(dppe) (64) and Cp(CO)2MnPd(�-
CHPh)(dppp) (65) (reactions (29), (30)) in Scheme 14)

29,99].
The reaction (28) between 61 and dppm gave two unsta-

le compounds Cp(CO)2MnPd(�-C CHPh)(PPh3)(�1-dppm)
62) and Cp(CO)2MnPd(�-C CHPh)(�2-dppm) (63) [99]. The
quilibrium between 62 and 63 did not shift to the right by
he addition of an excess of dppm. Stepwise substitution was
bserved [93] for monodentate ligands PR3 at the Pt atom (reac-
ions (24) and (25) in Scheme 13). However, we failed to isolate
ny complexes containing “dangling” �1-P–P ligands in reac-
ions (27) (Scheme 13), (29) and (30) (Scheme 14). Nevertheless,
t is logical to assume that all the above reactions of ligand
xchange at the Pt and Pd atoms occur in two stages.

The IR spectra of complexes Cp(CO)2MnM(�-C CHPh)L2
M = Pd, Pt) show the ν(C C) band at 1550–1545 cm−1. Notice-
ble shifts of ν(CO) to high frequencies and downfield shift (ca.
0 ppm) of �-C1 for MnPd complexes compared to the MnPt
nalogs were observed (Table 5).

The binding in the cycle corresponds to structure
1 in Scheme 11. The weaker donor power of Pd as compared

o Pt should cause a decrease of the � component of the bond
etween the Pd atom and Mn C1. Probably, the � component is
lso weaker, in particular, because of a greater size of the Pd atom
n comparison with the Pt atom (1.49 and 1.43 Å, respectively
100]).

.1.5. Semi-bridging CO ligands
Detailed studies of the IR spectra of complexes

p(CO)2MnM(�-C CHPh)L2 (M = Pt (37, 52–60)
93,94,101]; Pd (61–65) [29,99,101]) showed that the
nfluence of the [ML2] group on CO at the Mn atom is unequal.
he frequency of the strongest ν(CO) band has a relatively
arrow range 1944–1900 cm−1, while the lower frequency
and depends greatly on the nature of ligands L and is found

n the broad range 1876–1768 cm−1. The atom M = Pt, Pd
earing the donor L ligands tends to transfer a part of its
lectron density to one of the CO groups at the Mn atom by
eans of d�(M) → �*(C O) interaction. As a result, this CO
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Scheme 15. Consecutive change of the CO coordination mode from terminal
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(2) and the Pd1 atom of fragment (1), and also by a long
Mn2 Pd1 bond and semi-bridging CO group.
t) to semi-bridging (sb) and to bridging (b) in Cp(CO)2MnM(�-C CHPh)LL′
M = Pt, Pd).

roup becomes semi-bridging (COsb), whereas the second CO,
eing weakly influenced by L, remains terminal (COt) (see
cheme 15).

The size of the splitting between two carbonyl bands
ν = ν(COt) − ν(COsb) has been used as an estima-

ion of the semi-bridging interaction [101]. A gradual
rowth of �ν from 61 to 134 cm−1 is observed (Table 5)
s a result of a consecutive replacement of ligands
L′ at the Pt atom in the sequence: LL′ = [P(O-i-
r)3](CO) < (PPh3)(CO) < [P(OPh)3]2 < [P(OEt)3]2 � [P(O-i-
r)3](PPh3) < (PPh3)2 < dppp � dppe < dppm. For complexes
ith the monodentate ligands L, L′, such a sequence coincides
ith a gradual increase in the donor power of these ligands.
owever, the electron donor capacity of bidentate diphosphines
–P changes in the inverse order: dppp > dppe > dppm [94].
n the same order, the P–Pt–P angles decrease, e.g. 91.6◦
n (dppp)PtCl2, 85.7◦ in (dppe)PtFe2(CO)8 and 72.8◦ in
p(CO)2MnPt(�-C CHPh)(dppm) (58). The P–Pt–P angle for
t(PPh3)2 group reaches 108◦ [100c].

We assumed [94,101] that a gradual decrease in the steric hin-
rance of the ligands in the order (PPh3)2 > dppp > dppe > dppm,
esulted in strengthening of the interaction Pt → COsb at consec-
tive transitions L2 = (PPh3)2 < dppp � dppe < dppm. The same
equence of �ν change was observed for Cp(CO)2MnPd(�-

CHPh)L2 (Table 5) [29,99,101].
The smooth change of the CO coordination mode from ter-

inal (t) to semi-bridging (sb) and to bridging (b) (Scheme 15)
ives an opportunity to influence the properties of the coordi-
ated CO molecules by substituents at the metal atoms and may
e useful for modification of the catalysts used in the synthesis
f organic products from carbon monoxide.

.2. Other Mn–M μ-vinylidene complexes (M = Pd, Cu,
o, W, Fe)

.2.1. The μ,μ3-bis-vinylidene complex
dppe)PdMn(μ3-C CHPh)PdMn(μ-C CHPh)(CO)4Cp2

From reaction (29) between Cp(CO)2MnPd(�-
CHPh)(PPh3)2 (61) and dppe, in addition to the major product

p(CO)2MnPd(�-C CHPh)(dppe) (64) (Scheme 14), a small

mount of the unusual tetranuclear complex (dppe)PdMn(�3-

CHPh)PdMn(�-C CHPh)(CO)4Cp2 (66) was isolated
102].

F
C

y Reviews 251 (2007) 1521–1560 1541

The structure of 66 (Fig. 5) is unique due to the pres-
nce of two vinylidene ligands linked to the chain of the
lternating atoms Mn1–Pd1–Mn2–Pd2 by two different (�2
nd �3) coordination modes [102]. The distances between
etal atoms are Mn1–Pd1 2.6025(6) Å, Pd1–Mn2 2.8913(5) Å,
n2–Pd2 2.6463(4) Å; the angles are Mn1–Pd1–Mn2 140.17(2)◦

nd Pd1–Mn2–Pd2 69.36(1)◦. The C C bond length is
.347(4) Å in the �2(�1,�1)-C1 C2HPh ligand and 1.372(4) Å
n �3(�1,�1,�2)-C1′ C2′HPh.

The molecule of 66 consists of two parts, viz.
Cp(CO)2Mn1Pd1(�-C1 C2HPh)] (fragment 1) and
Cp(CO)2Mn2Pd2(�-C1′ C2′HPh)(dppe)] (fragment 2).

ost likely, fragment (1) arises from 61 in the course of
eaction (29). Both fragments are connected with the help of
-bonding between the vinylidene C1′ C2′ bond of fragment
ig. 5. Molecular structure of (dppe)PdMn(�3-C CHPh)PdMn(�-
CHPh)(CO)4Cp2 (66) [102].



1 mistr

i
n
a
C
[
(
d
c

c
fi
o
B
w

3
[

fi
a
(
P
r
N
X

(
a
w
r
c
w

d
i
(
M
o
c
6
(
T

F

p
S
C

C
�
r
T
g
i

3

M
6
i
f

t
W
r
p

m
W
r
i
M
6

C
E
n
i
(
[
C
a

542 A.B. Antonova / Coordination Che

Earlier, the complex [(OC)Pd(�-NC)Mn(CO)2Cp′]4 includ-
ng two symmetric Mn–Pd–Pd–Mn chains [103a] and other
on-vinylidene complexes containing the Mn–Pd–Pd–Mn
nd Mn2Pd–Pd–Pd–Mn2 fragments were reported [103b].
omplexes with two vinylidenes [CpFe(CO)]2(�-C CH2)2

104], [Cp(CO)2Mn]2Mo[�-C C(H)COOMe]2(CO)2 (69)
Scheme 16) [21b] and Ir2(�-C CH2)(�-C CHPh)(�-
ppm)2(CO)2I2 [105], where both �-C CHR ligands are
oordinated to the metal atoms in a similar way, are also known.

Complex 66 represents the first organometallic compound
ontaining the Pd–Mn–Pd–Mn chain, and at the same time, the
rst example of a compound in which two coordination types
f vinylidene complexes are present in one molecule, viz. type
with the symmetric �2-coordination of vinylidene and type C
ith the �3-vinylidene ligand.

.2.2. The dimeric complex
Cp(CO)2MnCu(μ-C CHPh)(μ-Cl)]2

Compound [Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67) is the
rst �-vinylidene complex with an M-Cu bond proven by X-ray
nalysis [30]. The structures of the known earlier complexes
�6-C6H6)(i-Pr3P)OsCu(�-C CHPh)(Cl) [24a] and Cp(i-
r3P)RhCu(�-C CHR)(Cl) (R = H, Me, Ph) [24b], were not
eliably determined. Complex TiCu{�-C C(SiMe3)C6H3(2-
Me2)(6-CH2NMe2)[�-(�1,�2)-C CSiMe3]} was shown by
RD not to contain a metal–metal bond [106].
We obtained dark green 67 from the reaction (19)

Scheme 10) between Cp(CO)2Mn C CHPh (1) and CuCl in
quantitative yield [30]. The molecule 67 (Fig. 6) is a dimer,
here two dinuclear fragments are linked by asymmetric chlo-

ide bridges (Cu1–Cl1 2.256(2) Å, Cu1–Cl1a 2.278(2) Å). The
entral part of each dinuclear fragment is the MnCuC1 triangle
ith an Mn Cu bond length of 2.438(1) Å.
The Mn C1 bond (1.874(5) Å) in 67 is the shortest and the

eclination of the Mn1–C1–C2 system (157.2(4)◦) from linear-
ty is the smallest among the MnM �-vinylidene complexes
Table 4). Unusually, all CO groups in 67 are terminal: the

n–C–O angles are 174.7(4)◦ and 177.4(5)◦. The IR spectrum
f 67 contains two ν(CO) bands at 2005 and 1953 cm−1 [30]

lose to those of the initial complex 1. The 13C NMR spectrum of
7 showed an unusually low field C1 resonance (δ 317.05 ppm)
Table 5). The C1 signal of 67 differs from the C1 in 1 by 62 ppm.
he above data are consistent with 67 being a �-complex of cop-

ig. 6. Molecular structure of [Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67) [30].
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er with the [Cp(CO)2Mn C1 C2HPh] ligand (structure B1 in
cheme 11) with weak back-bonding from Cu to Mn C1. The
u–Mn and Cu C1 �-bonds are also probably weak.

The properties of 67 resemble those of Cp(CO)2MnRh(�-
CHPh)(Acac)(CO) (49) [27] more than those of other

-vinylidene complexes. Reactions (31)–(33) in Scheme 12
esult in splitting of the Mn Cu and Cu � C1 bonds [30].
reatment of 67 with PPh3 affords 1, which reacts further to
ive 36. Reactions with Fe2(CO)9 and with Pt(PPh3)4 resulted
n transmetalation to give 51 and 52, respectively.

.2.3. Mn Mo, Mn W and Mn Fe μ-vinylidene complexes
Complex Cp(CO)2Mn C C(H)COOMe (13) reacted with

o(CO)5(thf) to give the dark brown dinuclear 68 and trinuclear
9 complexes (reaction (34) in Scheme 16) [21b]. Complex 69
s stable up to 300 ◦C. The dinuclear complex 70 was isolated
rom a reaction (35) between 13 and W(CO)5(thf).

Complexes 69 and 70 were also obtained from reac-
ions of Cp(CO)2Mn(�2-HC COOMe) with Mo(CO)5(thf) and

(CO)5(thf), respectively. However, Cr(CO)5(thf) does not
eacts either with Cp(CO)2Mn(�2-HC COOMe) nor with com-
lex 13.

The �-C1 C2(H)C3OOMe ligands in 69 and 70 form five-
embered chelate rings by coordination C3 O: → M (M = Mo,
). The stronger electron withdrawing power and chelate effect

esult in the C C(H)COOMe bridge showing a greater constrict-
ng effect than �-C CHPh, with short Mn Mo, Mn W and

n C1 bonds (Table 4). The three metal atoms in divinylidene
9 form a bent Mn–Mo–Mn chain (160.16(1)◦).

Complex 13 reacts with Fe2(CO)9 to form Cp(CO)2MnFe[�-
C(H)COOMe](CO)4 (71) as two air-stable red isomers,
(9%) and Z (73%) (reaction (36), Scheme 16) which do

ot interconvert [21a]. Isomer Z was structurally character-
zed. The parameters of the central MnFe(�-C1 C2) fragment
Table 4) are similar to those of [(CO)4Fe]2(�-C CPh2) [10],
Cp(CO)2Mn]2(�-C CHPh) (2) [7,8] and [Cp(CO)2Mn]2(�-

CH2) (10) [50], because of the similarly sized Mn and Fe
toms (covalent radii 1.38 and 1.34 Å, respectively [100]).

.3. The trimethylenemethane-type complex with Mn Fe
ond

Addition of the [Fe(CO)4] unit to Cp(CO)2Mn C CHPh
1) did not give the expected �-vinylidene Cp(CO)2MnFe(�-

CHPh)(CO)4 (51a), but its isomer 51 in 50% yield
Scheme 17) [90]. Complex 51 was also obtained from the reac-
ion between Cp(CO)2Mn(�2-HC CPh) (1a) and Fe2(CO)9 in
ow yield [107].

The molecule of 51 (Fig. 7) was shown by an X-ray study
90] to contain Mn–Fe (2.760(4) Å), Mn C1 (2.03(2) Å) and
e C1 (2.00(1) Å) bonds and the C1 C3 O3 group with a short
1 C3 bond (1.45(2) Å). Addition of one of the CO groups

f the [Fe(CO)4] fragment to the vinylidene C1 atom occurs
Scheme 17). The phenylvinylidene transformed into benzyli-
eneketene [PhC2H C1 C3 O3], non-existent in a free form.
his organic fragment and the [Mn(CO)2Cp] group form the
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Scheme 16. Synthesis of �-vinylidene complexes from Cp(CO)2Mn C C(H)COOMe (13): (34) and (35) THF, 40–60 ◦C, 1 h; (36) hexane, 40 ◦C.
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Scheme 17. Formation of the TMM type comple

nusual organometallic ligand {C[Mn(CO)2Cp](CO)CHPh},

4-coordinated to the Fe atom.

Complex 51 is the first heterometallic analogue of
rimethylenemethane transition metal complexes. Structure

ig. 7. Molecular structure of �4-{C[Mn(CO)2Cp](CO)CHPh}Fe(CO)3 (51).
he H atom at C2 was not located [90].

(
�
e
o
[
b

rom Cp(CO)2Mn C CHPh (1) and Fe2(CO)9.

1 [90] is similar to that of classical trimethylenemethane
TMM) complexes �4-[C(CH2)3]Fe(CO)3 (72) [108a] and
4-[C(CH2)2(CHPh)]Fe(CO)3 (73) [108b]. The “trimethylen-
methane” system in 51 is created by isolobal replacement of
ne of the [CH2] groups by [C3 O3], the second [CH2]—by the
Mn(CO)2Cp] group, the third substituent at the central C1 atom
eing phenylmethylene [CHPh].
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The [C1(Mn)(C3O)C2HPh] fragment in 51 is an almost pla-
ar conjugated system, and the central C1 atom is displaced from
he MnC2C3 plane by 0.10 Å opposite to the Fe atom [90]. In 72
nd 73 such displacement is 0.3 Å [108]. The methylene groups
n 72 and 73 are in a staggered conformation in relation to the CO
roups. The Fe(CO)3 and C1MnC2C3 fragments in 51 are also
utually staggered (see Fig. 7). In all three compounds, the axis

f the Fe(CO)3 group, having the C3v local symmetry, coincides
ith the Fe–C1 bond. The bond angles and interatomic distances

n the triangular fragments FeC1C2 and FeC1C3 of complexes
1 and 73 are similar.

The 1H NMR spectra of complexes 73 and 51 show res-
nances of the C2H protons at δ 4.28 [108b] and 4.10 ppm,
espectively. The IR spectrum of 51 contains, along with the
(CO) bands between 2085 and 1927 cm−1, the ν(C O) band
t 1857 cm−1 due to the ketene C3 O3 group. Some addi-
ional strong ν(CO) bands appear in the spectrum after the
rystals have been kept in solution [82]. Additional signals due
o �-C CHPh and Cp groups are also observed in the 1H and
3C NMR spectra. This suggests that two isomeric forms, viz.
trimethylenemethane” (51) and �-vinylidene (51a), may exist
n solution (Scheme 17).

A similar dynamic process (38) was described for 74, whose
rystal structure corresponds to the “TMM type”, but which
n solution is in equilibrium with the �-vinylidene isomer 74a
109].

Usually, the [Fe(CO)4] unit adds to the M C1 bond (M = Mn,
e, Rh) of mononuclear vinylidene or allenylidene complexes

o form the MFe(�-C1) system, but does not participate in
ny other interactions with an organic part of a molecule. The
ynthesis of stable Cp(CO)2MnFe[�-C C(H)COOMe](CO)4
71) [21a], Cp(i-Pr3P)RhFe(�-C CHR)(�-CO)(CO)3 (75) and
i-Pr3P)RhFe2(�3-C CHR)(�-CO)2(CO)4Cp (76) (R = H, Me,
h) [25] serve as examples. Substitution of CO by PMe3 in 75
id not cause any changes in the RhFe(�-C CHR) system (reac-
ion (39)) [25].

In contrast, the substitution of CO by PPh3 in 78 (reaction
40)) resulted in C3O migration from Pt to the vinylidene C1

tom, the Pt Pt bond splitting and formation of the unusual

omplex 79 [110]. According to the X-ray study, the ben-
ylideneketene [PhC2H C1 C3 O] ligand in 79 serves as an
3-allylic ligand on one of the Pt atoms, and forms a C1 Pt
-bond with the second Pt.

(

c
t

y Reviews 251 (2007) 1521–1560

The cause of instability of �-vinylidene complexes 51a and
4a and the reason why they are stabilized by CO addition to
he vinylidene �-C1 atom are unclear. The vinylidene carbony-
ation reactions do not have common features. At the same time,
arbonylation of carbene and carbyne (intra- and intermolecu-
ar) resulting in the formation of free ketenes, �2-ketene, �1-
nd �2-ketenyl ligands, is well-known and has been intensively
nvestigated [5b,110–112]. Organometallic compounds partici-
ating in similar reactions are considered as models of probable
ntermediates in the Fischer-Tropsch process [41a,113].

. Formation of heteronuclear �3-vinylidene complexes

Most known �3-vinylidene complexes were prepared by
hermal transformations of acetylide, vinyl, carbyne and other
igands on the preformed trinuclear M3 or M2M′ cores [1–4].

series of �3-vinylidene clusters with RuCo2 and MCoM′
M = Fe, Ru; M′ = Mo, W, Fe, Ni) cores was obtained by means
f AVR of �3-acetylene isomers or by exchange of the Co atom
n the �3-vinylidene FeCo2 or RuCo2 clusters for M′ = Mo, W,
e, Ni [61].

A different approach to the synthesis of heterometallic clus-
ers C and D would be by gradual building of the metal core with
inylidene complexes A and B being used as building blocks
Scheme 18).

Similarities in the geometries and electronic structures of the

[114] and [77] systems, which are
he central fragments of dinuclear �-vinylidene complexes B and
rganic methylenecyclopropanes (MCP), respectively, allowed
s to extend the isolobality concept [31] over these classes of
ompounds [2,32] (Scheme 19).

Carbenes [:CR′
2] can be added both to the C C bond

f MCP to give spiropentanes (SP) [115] and to the
1 C2 bond of complexes B to give dimetallaspiropentanes

DmSP) [116] (Scheme 19). Thus, photochemical reactions
f [Cp(CO)2Fe]2(�-C CHR)(�-CO) (R = H, Me) with the
iazomethanes N2CHR′ (R′ = H, COOEt) gave complexes

where a bridging cyclic
arbene together with two Fe atoms form the DmSP system
116]. The [M′′L] fragments, isolobal with carbenes [:CR2],

ere reported to be added to the C C bond of MCP to form
2-olefinic complexes (Zo), such as the crystallographically
haracterized 80 (Scheme 26) [117] or �4-trimethylenemethane

TMM) complexes [118].

The [M′′L] fragment is expected to add to the C1 C2 bond of
omplex B to form �2-derivative Z and then �3-vinylidene clus-
er C (Scheme 19). The location of �-system of the C1 C2 bond
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Scheme 18. Development of the trimetallic C and tetrametallic D cluster cores from the vinylidene A and B building blocks.
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cheme 19. The proof of the transformation of the dinuclear �-vinylidene com
rganometallic complexes with the corresponding organic compounds.

f complexes B in the plane perpendicular to the
ycle plane favors the formation of MM′M′′ clusters C in this
ay.
Stone and co-workers were the first to use the unsat-

ration of dinuclear �-vinylidene complexes to synthesize
ixed-metal clusters [119]. They studied the reactions of

Cp(CO)Fe]2(�-C CH2)(�-CO) with Co2(CO)8, Fe2(CO)9
nd Mn3(�-H)3(CO)12, and the only vinylidene cluster
pFeCo3(�4-C CH2)(�-CO)2(CO)7 (81) was isolated in the
rst case, whereas other reactions gave �3-methylcarbyne clus-

ers. The reactions of [Cp(CO)Co]2(�-C CH2) with HMn(CO)5
nd HMo(CO)3Cp also gave �3-methylcarbyne clusters [120].

Our first attempts to prepare the trimetal MnMM′ com-
lexes from Cp(CO)2MnRh(�-C CHPh)(Acac)(CO) (49) or
p(CO)2MnPt(�-C CHPh)(L2) (52, 54, 55, 59) were also
nsuccessful. Thus, reaction (23), Scheme 12 resulted in
eplacement of the [Rh(Acac)(CO)] fragment by [Fe(CO)4]
27]. Reactions (26), Scheme 13 led to the replacement of

at the Pt atom by CO [93]. The action of Fe2(CO)9
n Cp(CO)2MnPt(�-C CHPh)(dppe) (59) gave the tetranu-
lear �4-vinylidene cluster (dppe)PtFe3(�4-C CHPh)(CO)9
82) [34] (see Section 5.2.1). It is likely that the above reactions
ccurred through corresponding trimetal MnFeRh, MnCoPt or

nFePt intermediates (type Z, Scheme 19) [35,93].
The following Sections describe successful syntheses of the

rinuclear MnFePt and MnFe2 �3-vinylidene clusters from var-
ous vinylidene precursors.

(
C
T
w

into the trinuclear �3-vinylidene cluster C based on the isolobal nature of the

.1. MnFePt μ3-vinylidene clusters

Unlike Cp(CO)2MnRh(�-C CHPh)(Acac)(CO) (49)
nd [Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2 (67), complexes
p(CO)2MnPt(�-C CHPh)(L)2 containing ligands L = PPh3
r P(OR)3 on Pt do not undergo transmetalation with Fe2(CO)9.
omplexes 37 and 55 react smoothly to add an iron carbonyl

ragment forming air-stable dark green �3-vinylidene clusters
f two kinds, namely CpMnFePt(�3-C CHPh)(L)(CO)6 (83,
4, 45%) and CpMnFePt(�3-C CHPh)(L)2(CO)5 (85, 86,
0%) (reaction (41), Scheme 20) [32].

Only CpMnFePt(�3-C CHPh)(PPh3)(CO)6 (87) was
ormed from Fe2(CO)9 and Cp(CO)2MnPt(�-C CHPh)(PPh3)2
52) (reaction (42)) or Cp(CO)2MnPt(�-C CHPh)(PPh3)(CO)
56) in quantitative yield. Complexes 85 and 86 can be prepared
rom 83 and 84 by the substitution of the CO group at the Pt
tom by the appropriate phosphite P(OR)3 (benzene, 40–50 ◦C).
owever, the CO group in 87 is not substituted by the more
ulky PPh3 [100c] even in boiling benzene [32] (Scheme 20).

From the reaction (43) between Cp(CO)2MnPt(�-
CHPh)(dppm) (58) and Fe2(CO)9, three types

f complexes, viz. the trinuclear �3-vinylidenes
pMnFePt(�3-C CHPh)(�-dppm)(CO)5 (88, 46%) and
pMnFePt(�3-C CHPh)(CO)6[�1-Ph2PCH2P( O)Ph2]
89, 2%) and tetranuclear �4-vinylidene (dppm)PtFe3(�4-
CHPh)(CO)9 (90, 4%) have been isolated [33] (Scheme 20).

he yield of 90 reached 40% when six equivalents of Fe2(CO)9
ere used [99].
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Complex 89 (Fig. 8) represents the first structurally charac-
erized organometallic compound with an MnFePt framework
nd the first example of vinylidene complex with a core in
he form of a chain of three different metal atoms [33]. It is

derivative of the triangular MnFePt cluster 88 and it results
rom cleavage of the Mn–Pt and Fe–P bonds and oxidation
f the uncoordinated P atom. A small amount of 89 was

btained by chromatography of 88 on an alumina [99]. Sim-
larly, Cp(CO)2Mn[�1-Ph2PCH2CH2P( O)Ph2] was obtained
y chromatography of Cp(CO)2Mn(�1-dppe) [121].

ig. 8. Molecular structure of CpMnFePt(�3-C CHPh)[�1-
h2PCH2P( O)Ph2](CO)6 (89). The H atom at C2 was not localized
33].
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zene, 20 ◦C, 1–3 h.

The Pt· · ·Mn distance is 3.512(3) and 3.718(3) Å in two inde-
endent molecules 89 [33]. The MnFePt angle is 83.14(9)◦ and
8.57(9)◦.

The �3-C1 C2HPh ligand is �1-coordinated to Mn and
e and �2-coordinated to the Pt atom. The C1 C2 bond in
9 (1.42(2) Å) is longer than that of triangular clusters, such
s CpMnFe2(�3-C CHPh)(CO)8 (91) (av. 1.31 Å) [37] and
e3(�3-C CHPh)(�-CO)(CO)9 (92) (1.38 Å) [122]. The C1 and
2 atoms in 89 are almost equally distant from the Pt atom

Pt–C1 2.24(1), 2.23(1) Å; Pt–C2 2.24(1), 2.18(1) Å). The Pt
tom has a strictly square-planar configuration in one of two
ndependent molecules 89 [33,99]. Its coordination plane con-
ists of the Fe, C5, P1 atoms and a middle of the C1 C2 bond.
n the second molecule 89, the Fe atom is inclined to this plane
y ∼10◦.

Similar features were observed for (i-Pr3P)RhFe2(�3-
1 C2H2)(�-CO)2(CO)4Cp (76) with a core as the Rh–Fe–Fe
hain, where the RhFeFe angle is 85.6◦, the Rh–C1 (2.18 Å)
nd Rh–C2 (2.22 Å) bonds differ from each other a little and
he configuration of the Rh atom is close to square-planar [25].
he above data are consistent with 89 [33] and 76 [25] being

solobal with �2-olefinic derivatives of platinum and rhodium,
espectively.

The 13C NMR spectra of 84–88 show the C1 and C2 signals at
297–312 and 93–94 ppm. The C2H proton of 83–89 resonates
etween δ 6 and 8 ppm.

According to the 1H, 13C and 31P NMR spectra, two iso-
ers, (a) and (b), with identical central [MnFePt(�3-C CHPh)]

ragments, are present in solutions of each of complexes 83–88
32,33,99].
The isomerism of 83–87 with terminal ligands L,
′ = P(OR)3, PPh3, CO at the Pt atom may be caused by a site
xchange of the Ph and H substituents at the vinylidene C2 atom,
r by a change in the position of the L and L′ ligands relative
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o the MnFePt plane [32]. Such isomerism does not show up in
he ν(CO) region of the IR spectra, since the mutual orientation
f the CO groups at the Mn and Fe atoms is the same in both
somers. Thus, the spectra of pentacarbonyl complexes 85 and
6 contain five ν(CO) bands [32].

In contrast, the presence of nine ν(CO) bands in the spectrum
f pentacarbonyl CpMnFePt(�3-C CHPh)(�-dppm)(CO)5 (88)
an be explained by a different orientation of the CO groups at
he Pt, Fe and Mn atoms in isomers 88a and 88b with respect
o vinylidene and �-dppm. According to the 31P NMR spec-
rum, dppm bridges the Fe-Pt bond in both isomers 88 [33,99].
robably, the 88a and 88b isomers differ by the arrangement of
-dppm with respect to the MnFePt triangular plane (coplanar
r perpendicular to it) and being either cis or trans with respect
o the vinylidene ligand.

A similar isomerism caused by cis or trans position of �-
ppm in relation to a bridging organic ligand was reported by
nox et al. for complexes Fe2[�-C(O)CRCR′](�-dppm)(CO)5

93) [123].

.2. MnFe2 μ3-vinylidene cluster

Trinuclear cluster CpMnFe2(�3-C CHPh)(CO)8 (91)
as obtained in two ways, viz. the transmetalation of
p(CO)2MnPd(�-C CHPh)(�2-P–P) (64, 65) with Fe2(CO)9

29,36,37] and, in low yield, by addition of two Fe-carbonyl
roups to Cp(CO)2Mn C CHPh (1) [37] (Scheme 21).
Treatment of 1 with Fe2(CO)9 at 20–90 ◦C affords �4-
Cp(CO)2MnC(CO)CHPh]Fe(CO)3 (51) solely (Section 3.3)
37,90]. The sharp contrast between the conditions required for
he formation of 91 from 1 (98 ◦C, 10%) and from 64 (20 ◦C,

f
i
s
1

Scheme 21. (44) Benzene; P–P = dppe, 20 ◦C, 3 h, 71%; P–P = d
y Reviews 251 (2007) 1521–1560 1547

1%) suggests a specific role of palladium in the easy formation
f 91 in reaction (44).

The 13C NMR spectrum of 91 exhibited signals for C1 at δ

06.18 ppm and C2 at δ 97.01 ppm. The C2H proton resonates
t δ 7.85 ppm. A molecular ion in the mass spectrum of 91 elim-
nated sequentially eight CO groups, and then the Mn and Fe
toms [37].

Complex 91 was studied both by powder [78b] and single-
rystal XRD [37].

The Fe and Mn atoms in molecule 91 (Fig. 9) form an isosce-
es triangle (Mn–Fe1 2.653(2) Å, Mn Fe2 2.669(2) Å, Fe1 Fe2

.569(2) Å) [37]. The C1 C2HPh ligand is located above the
nFe2 triangle and disordered over two positions with equal

ccupancies. Molecule 91 in the crystal can be considered as
superposition of two molecules. In the first, the vinylidene is
-bonded with the Mn and Fe1 and �-bonded with the Fe2 atom,
hereas in the second molecule it is �-bonded with the Mn and
e2 and �-bonded with the Fe1 atom.

Cluster 91 is characterized by the strongly pronounced asym-
etry of the �-bonding of C1 C2HPh with the Fe atom.

he bonds Fe1 C2′ (2.45(2) Å) and Fe2–C2 (2.35(2) Å) are
ubstantially weaker than Fe1 C1 (1.877(11) Å) and Fe2 C1

1.896(10) Å). The C1 C2 bond lengths are 1.35(2) and
.26(2) Å in two molecules 91. Similar structural features were
ound for Ru3(�3-C1 C2HPh)(�-H)2(CO)9, where a difference
etween the Ru–C1 and Ru–C2 bonds averaged 0.25 Å, and
he C1 C2 distances are 1.36 and 1.19 Å in two independent
olecules [124]. It is likely that 91 is fluxional, the vinyli-

ene ligand showing the common “windscreen-wiper” motion
Scheme 22).

Similar rotatory movement of vinylidene C CR2 was found

or the cation [(CO)9Co3CCHR]+. The calculated difference
n energy between the side-bonded (�3,�2) and the central
ymmetric (�3,�1) configurations of the vinylidene ligand is
0.5 kcal/mol [125].

ppp, 50–70 ◦C, 0.5 h, 53%; (45) heptane, 98 ◦C, 1 h, 10%.
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Fig. 9. Molecular structure of CpMnFe2(�3-C CHPh)(CO)8 (91): (a) overall view
second position of the �3-C CHPh ligand is indicated by empty lines. The H atom a
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cheme 22. The motion of the �3-vinylidene ligand over the MnFe2 triangle in
luster 91.

. Formation of tetranuclear clusters

.1. Transformations of phenylvinylidene on an MnOs3

luster

We have shown for the first time that not only 14- and
6-electron units [MLn] (M = Fe, Mn, Re, Rh, Pd, Pt, Cu),
ut also an unsaturated cluster, such as (�-H)2Os3(CO)10
ay be joined to the Mn C C system. The main prod-

ct of the reaction between Cp(CO)2Mn C CHPh (1)
nd (�-H)2Os3(CO)10 was the dark-red tetranuclear clus-
er CpMnOs3(�-CH CHPh)(�-H)(�-CO)(CO)11 (94, 60%)
126,127]. Simultaneously, the trinuclear clusters Os3(�3-

CHPh)(CO)9 (95), (�-H)2Os3(�3-CH CPh)(CO)9 (96) and
�-H)Os3(�-CH CHPh)(CO)10 (97) were isolated in 5–10%
ields (Scheme 23, reaction (46)).

Cluster 94 (Fig. 10) belongs to a rare structural type of
spiked” cluster as its metal core consists of the Os3 triangle

nd the Mn atom linked to the Os1 atom [127]. The Os1 Os2

2.851(2) Å) and Os2 Os3 (2.889(1) Å) bonds are substantially
horter than Os1 Os3 (3.069(1) Å) bridged by the �-H ligand
δ − 22.2 ppm in the 1H NMR spectrum). The Mn Os1 bond

f
C
p
�

of the molecule and (b) projection onto the plane of the MnFe2 triangle. The
t C2 was not located [37].

2.765(4) Å) is bridged by �-C4O4 (ν(C O) 1790 cm−1) and
-C1H C2HPh, which is �-bonded to the Os1 atom and asym-
etrically �-bonded to the Mn atom (Mn C1 2.08(3) Å, Mn C2

.28(2) Å).
The C1 C2 bond length is 1.46(4) Å. Both bridging

1MnOs1 and C4MnOs1 fragments are practically coplanar
dihedral angle 173◦). Significant strain in the planar bicyclic

nC1Os1C4 system with very small bond angles at the Os1 atom
MnOs1C1 48.1(9)◦, MnOs1C4 42.9(9)◦) causes easy cleavage
f the Mn Os1 bond.

In solution, 94 eliminates CpMn(CO)3 and is converted into
he carbonylhydride Os3 complexes with unsaturated organic
igands, whose nature depends on the temperature (Scheme 23)
126,127]. At 20 ◦C in pentane (reactions (47a) and (47b)), the
3-alkyne complex (�-H)2Os3(�3-CH CPh)(CO)9 (96) (64%)
nd �-vinyl complex (�-H)Os3(�-CH CHPh)(CO)10 (97) (32
) were formed. At 120 ◦C in octane (reactions (48a) and (48b)),

he isomeric �3-alkyne (�-H)2Os3(�3-CH≡CPh)(CO)9 (96)
nd �3-vinylidene (�-H)2Os3(�3-C CHPh)(CO)9 (98) were
ormed in 2:1 ratio.

The synthesis of (�-H)2Os3(�3-C CHPh)(CO)9 (98) from
�-H)Os3(�-CH CHPh)(CO)10 (97) (octane, 120 ◦C, 88%) was
escribed earlier [128]. The reaction (49) in Scheme 23 proved
he intermediate participation of �-vinyl 97 in the formation of

3-vinylidene 98 from cluster 94.
Consequently, the phenylvinylidene underwent a series

f transformations in the course of the formation of clus-
er CpMnOs3(�-CH CHPh)(�-H)(�-CO)(CO)11 (94) and its
ecomposition. �-Hydrogenation of vinylidene by addition of
�-H)2Os3(CO)10 to Cp(CO)2Mn C� C�HPh (1) led to the

ormation of the phenylvinyl �-C�H C�HPh. Isomerization of

CHPh into HC CPh was a result of �-hydrogenation of the
henylvinylidene (46) and following �-dehydrogenation of the
-C�H C�HPh group (47a).
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cheme 23. Transformations of phenylvinylidene on the MnOs3 cluster system
h.

Consecutive �-hydrogenation of the C CHPh ligand (46),
47b) and �-dehydrogenation of C�H C�HPh (49) were con-
luded by transfer of vinylidene from the Mn atom to the Os3
ycle:
(46)−→94
(47b)−→97

(49)−→98

ig. 10. Molecular structure of CpMnOs3(�-CH CHPh)(�-H)(�-CO)(CO)11

94). The H atoms at the C1 and C2 atoms and H atom bridging the Os1 Os3
ond were not located [127].
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) CH2Cl2, 20 ◦C, 6 h; (47) pentane, 20 ◦C, 24 h; (48) and (49) octane, 120 ◦C,

The mechanism of formation of unusual bronze-red cluster
s3(�3-C CHPh)(CO)9 (95) is unclear. Its structure based on

he mass spectrum (m/z 926 [P]+), the IR and NMR data [126]
nd corresponds with its electrochemical behaviour (see Section
).

The formation of clusters 95 and 98 containing the [Os3(�3-
CHPh)] group starting from Cp(CO)2Mn C CHPh (1)

howed for the first time a possibility of transfer of an unsat-
rated carbene from a mononuclear system to trinuclear cluster
126,127].

.2. Formation of the butterfly MFe3 μ4-vinylidene clusters
nd triangular MFe2 clusters (M = Pd, Pt)

The �4-vinylidene clusters D are the least numerous
ype among vinylidene complexes [2,4,76]. The first �4-
inylidene clusters containing platinum [34a] and palladium
36] have been synthesized starting from the dinuclear com-
lexes Cp(CO)2MnM(�-C CHPh)(dppe) (M = Pt, Pd). Below,
he formation, structure and spectroscopic characteristics of
P–P)MFe3(�4-C CHPh)(CO)9 (P–P = dppe, dppp; M = Pt, Pd)
re considered.

.2.1. (P–P)PtFe3(μ4-C CHPh)(CO)9 and
P–P)PtFe2(CO)8 clusters

Interaction of Cp(CO)2MnPt(�-C CHPh)(�2-P–P)
P–P = dppe (59), dppp (60)) with Fe2(CO)9 resulted exclu-
ively in products of cleavage of the Mn Pt bond, namely,

4-vinylidene clusters (P–P)PtFe3(�4-C CHPh)(CO)9

P–P = dppe (82), dppp (101)), non-vinylidene clus-
ers (P–P)PtFe2(CO)8 (P–P = dppe (99), dppp (102))
nd CpMn(CO)3 [34,35] (Scheme 24). No signs of any
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Scheme 24. (50–5

nFePt clusters have been seen in reactions (50) and
51).

The tetranuclear clusters (P–P)PtFe3(�4-C CHPh)(CO)9
P–P = dppm (90), dppe (82), dppp (101)) form black-
reen crystals stable up to 200–230 ◦C. The structure of
dppe)PtFe3(�4-C CHPh)(CO)9 (82) (Fig. 11) [34b] is consid-
red in Section 5.2.2.

The lemon-yellow dinuclear complex (dppp)PtFe(�-
CHPh)(CO)4 (100) was isolated in 13% yield from

eaction (51), along with 101 and 102 [35]. Complex 100
ppeared as a result of transmetalation of 60, originating from
p(CO)2Mn C CHPh (1) (Schemes 10 and 13). Consecutive

ransformations 1 → 60 → 100 resulted in vinylidene transfer
rom Mn onto the dinuclear PtFe system.

Treatment of complex 100 with Fe2(CO)9 afforded clus-
ers 101 (50%) and 102 (2%) (reaction (52) in Scheme 24).
hese observations shed some light on the mechanism of for-
ation of (P–P)PtFe3(�4-C CHPh)(CO)9, where P–P = dppm

90), dppe (82) and dppp (101) (see Section 5.3). We supposed
hat after �2-coordination of the [Fe(CO)4] unit to the C1 C2

ond of the MnPt(�-C1 C2HPh) system to form trimetal inter-
ediate Z (Schemes 19 and 26), similar to complex 80 [117],

xchange of the [Mn(CO)2Cp] group for [Fe(CO)4] occurs to
ive complex 100 [35]. The latter adds two additional iron
arbonyl groups to yield the PtFe3 cluster 101. Intermediate
omplexes [(P–P)PtFe(�-C CHPh)(CO)4] (P–P = dppm, dppe)
ossibly form in reactions (43), Scheme 20 and (50), Scheme 24.
owever, we failed to find them, since they are more reactive

owards Fe2(CO)9 than their dppp analog 100, and transform
apidly into the corresponding PtFe3 clusters 90 and 82.

The bright red clusters (P–P)PtFe2(CO)8 (99, 102) are
pparently formed in reactions (50–52) from intermediates
(P–P)PtFe(�-C1 CHPh)(CO)4] by the cleavage of the Pt–Fe
nd Pt–�-C1 bonds and joining of the fragment [(�2-P–P)Pt]
ith two [Fe(CO)4] units present in a reaction solution [35].
luster (dppe)PtFe2(CO)8 (99) was obtained earlier in 5% yield
rom the reaction between Pt(dppe)2 and Fe2(CO)9 [129a].
he central fragment of 99 is an isosceles PtFe2 triangle

34b]. The dppe ligand chelates the Pt atom (P–Pt–P angle
4.9(8)◦). A semi-bridging interaction of one of the CO groups

T
M
p
f

H6, 20 ◦C, 2–4 h.

n each Fe atom with the Pt atom occurs. The crystallographi-
ally characterized (Ph3P)(CO)PtFe2(CO)8 [129b], and a series
f related complexes L2РtFe2(CO)8 (L2 = (PPh3)2, [P(OR)3]2,
tc.) [129c,d] were also reported.

.2.2. (P–P)PdFe3(μ4-C CHPh)(CO)9 and
P–P)PdFe2(CO)8 clusters

Distinctions between the chemical behaviour of
p(CO)2MnPd(�-C CHPh)(L2) (L2 = (PPh3)2, dppm, dppe,
ppp) and their MnPt analogues revealed by their reactions with
e2(CO)9 [29,36–38,99], are briefly considered in this section.

In contrast to the smooth transformation of
p(CO)2MnPt(�-C CHPh)(PPh3)2 (52) into CpMnFePt(�3-

CHPh)(PPh3)(CO)6 (87) (Scheme 20) [32], only
pMn(CO)3 and (PPh3)Fe(CO)4 were isolated from the

eaction of Cp(CO)2MnPd(�-C CHPh)(PPh3)2 (61) with
e2(CO)9 [99]. Complex Cp(CO)2MnPd(�-C CHPh)(dppm)
63) also decomposed under action of Fe2(CO)9.

The compounds Cp(CO)2MnPd(�-C CHPh)(P–P)
P–P = dppe (64), dppp (65)) showed a new mode of chemical
ehaviour of the dinuclear �-vinylidene complexes B. Two
arallel and competitive transmetalations of the MnPd(�-
1 C2HPh) system were observed in reactions with Fe2(CO)9

Scheme 25) [29,36–38].
In the way (44a), the Pd-vinylidene bond remains intact,

he [Cp(CO)2Mn] fragment being substituted for [Fe(CO)4]
nd the subsequent addition of two further iron carbonyl
roups resulting in the black-green �4-vinylidene clus-
ers (P–P)PdFe3(�4-C CHPh)(CO)9 (P–P = dppe (103), dppp
104), 10–30%). Probably, the initial products of transmetalation
ere the intermediates [(P–P)PdFe(�-C CHPh)(CO)4] analo-
ous to (dppp)PtFe(�-C CHPh)(CO)4 (100) in Scheme 24.

In the prevailing direction (44b), the Mn-vinylidene bond was
etained, the [Pd(P–P)] fragment was replaced by [Fe(CO)4],
nd the final product was the brown �3-vinylidene cluster
pMnFe2(�3-C CHPh)(CO)8 (91) (50–71%) (see Section 4.2).

he formation of 91 does not have an analogy in chemistry of the
nPt �-vinylidene complexes and is specific for the MnPd com-

ounds. The [Pd(P–P)] fragment adds two [Fe(CO)4] groups to
orm the violet clusters (P–P)PdFe2(CO)8 (P–P = dppe (105),
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S rallel directions of transmetalation of the MnPd(�-C CHPh) system in the reactions
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cheme 25. Formation of the PdFe3 and MnFe2 clusters as a result of the two pa
ith Fe2(CO)9.

ppp (106), 2–4%). The ratio between the competitive processes
44a) and (44b) depends on the P–P ligands. The Pd Mn and
d � C bonds in Cp(CO)2MnPd(�-C CHPh)(P–P) (63–65)
ecome stronger as the donor ability of the P–P ligands increases
n the order dppm < dppe < dppp [37,99].

Consecutive conversions of Cp(CO)2Mn C CHPh (1)
nto Cp(CO)2MnM(�-C CHPh)(P–P) (58–60, 64, 65) and
P–P)MFe3(�4-C CHPh)(CO)9 (82, 90, 101, 103, 104) led to
inylidene transfer from Mn to the tetranuclear PtFe3 and PdFe3
ystems.

The structures of (dppe)PtFe3(�4-C CHPh)(CO)9 (82)
Fig. 11) [34b] and (dppp)PdFe3(�4-C CHPh)(CO)9 (104)
Fig. 12) [38] are similar. The MFe cores (M = Pt, Pd) adopt
3
butterfly shape. The Fe1 and M atoms are located at the tips
f the “butterfly wings”. The M atoms are chelated by diphos-
hines (P1–Pt–P2 angle 84.9(8)◦ in 82; P1–Pd–P2 92.69(2)◦ in

ig. 11. Molecular structure of (dppe)PtFe3(�4-C CHPh)(CO)9 (82) [34b].
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ig. 12. Molecular structure of (dppp)PdFe3(�4-C CHPh)(CO)9 (104) [38].

04). The bonds Pd–Fe2 and Pd–Fe3 (av. 2.668 Å) in 104 [38]
re somewhat longer than Pt–Fe2 and Pt–Fe3 (av. 2.655 Å) in 82
34b].

The �4-C1 C2HPh ligands in both clusters are �-bonded
o the M, Fe2 and Fe3 atoms and �-bonded to the Fe1

tom. The Pd � C1 bond (2.134(2) Å) in 104 is also some-
hat longer than Pt � C1 in 82 (2.100(8) Å) [34b] and in

dppe)PtRu3[�4-C C(H)t-Bu](CO)9 (2.120(10) Å) [130]. The
1 C2 bond length is 1.403(3) Å in 104 and 1.422(10) Å in 82.
large asymmetry of �-bonding of the �4-C1 C2HPh ligand

s characteristic of complex 104, where the difference between
he Fe1 C2 (2.182(3) Å) and Fe1 C1 (1.946(2) Å) distances
mounts to 0.236 Å. Similar values are 0.202 Å for 82 [34b] and
.174 Å for (dppe)PtRu3[�4-C CH(t-Bu)](CO)9 [130].

The 13C NMR spectra of (P–P)PtFe3(�4-C CHPh)(CO)9

82, 90, 101) [33–35] and (P–P)PdFe3(�4-C CHPh)(CO)9
103, 104) [29,37,99] contain signals at δ 316–331 (C1) and
8–93 (C2). The vinylidene proton C2H resonates in the 1H
MR spectra at δ 6.2–6.6 ppm.
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Unlike the extensively studied triangular clusters
2PtFe2(CO)8 (L2 = P–P, (PPh3)(CO), (PPh3)2, [P(OR)3]2,
tc.) [34b,35,129] (see Section 5.2.1), none of the Pd-analogs
2PdFe2(CO)8 were known before our work [29,36,37]. The
nly reported PdFe2 clusters were (�-dppm)2PdFe2(CO)6,
here both dppm ligands bridge the Pd Fe bonds [131],

nd [Me3NCH2Ph+]2[Fe4Pd(CO)16]2− which has a spiro-
tructure consisting of two PdFe2 triangles with a common
d vertex [132]. The structure and mechanism of formation
f (dppe)PdFe2(CO)8 (105) and (dppp)PdFe2(CO)8 (106)
29,37] are obviously similar to those of (dppe)PtFe2(CO)8
99) [34b,35].

An increase in the ν(CO) frequencies is characteristic of pal-
adium compounds, as compared to platinum analogs. This is
ather noticeable for Cp(CO)2MnМ(�-C CHPh)(P–P), where
he electronic effect of atom M = Pt, Pd is transmitted only to
wo CO groups at the Mn atom (Table 5). In contrast, for clusters
P–P)MFe2(CO)8 and (P–P)MFe3(�4-C CHPh)(CO)9, where
he electronic effect of the M atom extends through the M Fe
onds to eight or nine CO groups at the Fe atoms, the increase in
(CO) frequencies when passing from Pt to Pd is hardly notice-
ble. Thus, the IR spectra of (P–P)PdFe3(�4-C CHPh)(CO)9
nd (P–P)PtFe3(�4-C CHPh)(CO)9 in the ν(CO) region are
lmost identical.

.3. Some regularities in heterometallic cluster formation
rom μ-vinylidene precursors
An interest in the synthesis of vinylidene clusters by means
f the addition of new metal atoms to metallvinylidene precur-
ors arose at an early stage of the development of vinylidene
omplexes chemistry [2,4]. For the first time, the synthe-

u
p
[

Scheme 26. The Cp, CO, PR3, P–P
y Reviews 251 (2007) 1521–1560

is of tetranuclear �4-vinylidene cluster D from dinuclear
-vinylidene complex B, i.e. CpFeCo3(�4-C CH2)(�-
O)2(CO)7 (81) from [Cp(CO)Fe]2(�-C CH2)(�-CO),
as realized by Stone and co-workers in 1981–1983 [119].
oon after, reports [133,134] concerning transformations of
3-vinylidene clusters into �4-vinylidenes by addition of

he fourth metal atom appeared, i.e. C → D (Scheme 18).
appa et al. obtained CpNiOs3[�4-C CH(t-Bu)](�-H)(CO)9
rom reaction between (�-H)2Os3[�3-C CH(t-Bu)](CO)9
nd [Cp(CO)Ni]2 [133]. Mathieu and Attali showed that
HFe3(�3-C CHR)(CO)9]− (R = H, Ph) reacted with
RhCl(CO)2]2 in the presence of TlBF4 to form (�-H)Fe3Rh(�4-

CHR)(CO)11 [134]. In the case of R = Ph, addition of the
hodium-containing fragment occurred in almost quantitative
ield.

We were the first to show consecutive assemblage of a
etal framework around the vinylidene C CHR, starting from
ononuclear system (Mn), through dinuclear (MnPt), to trinu-

lear (MnFePt) (Scheme 20, transition A → B → C) [32,33,99].
n addition, transmetalation to give new dinuclear systems MnM′
M′ = Fe) or MM′ (M = Pd, Pt; M′ = Fe) was found to be char-
cteristic of the dinuclear �-vinylidene systems MnM (M = Rh
26,27], Cu [30], Pd [29,36,37] and Pt [34,35]). Further met-
lation of the MM′ (M = Pd, Pt; M′ = Fe) systems led to the
4-vinylidene clusters D [29,34–38]. Two parallel reactions
ere observed for the MnPd complexes, leading to the MnFe2

nd PdFe3 clusters [29,36–38,99]. These results are summarized
n Scheme 26.
Most likely, the first step is �2-coordination of the [Fe(CO)4]
nit to the C C bond of the dinuclear MnM �-vinylidene com-
lex B to form an intermediate [Z] isolobal with complex 80
117].

ligands are omitted for clarity.
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Stabilization of [Z] may be achieved by formation of new
e-metal bonds, which demands vacant coordination sites and
ay be realized in one of the following ways:

(a) by removal of one ligand L/L′ from atom M, subsequent
reorganization of bonds and regrouping of ligand envi-
ronment to give the trimetal clusters C.

b/b′) by replacement of one metal-containing fragment by a
Fe-containing fragment to give B′ (similar to 100) or B′′
(similar to 51a). Further interaction of B′ or B′′ with
an excess of Fe2(CO)9 results in the final polynuclear
products D or C′′, respectively.

A way of stabilization of intermediate [Z] is determined by
he ratio of two factors, viz. the strength of the M L/M L′ bond

nd the strength of the metal-� C bonds in the
ycle. The latter depends on the electronic properties of the
LL′ fragment and comparative dimensions of the M and Mn

toms.

For (a), the strong carbodimetallacycle and eas-
ly displaced ligands L/L′ at atom M in the initial molecule B
re necessary. Thus, the presence of strong Mn–Pt and Mn–�–C
onds and the readily displaced monodentate ligands L, L′ = CO,
Ph3, P(OR)3 in complexes Cp(CO)2MnPt(�-C CHPh)LL′
avors the stabilization of [Z] by (a), with the �3-vinylidene

nFePt clusters (C) as the end-products. In the case of LL
= �2-dppm, the subsequent cleavage of the Mn Pt bond in the

metallocycle results in the formation of the trimetal
n Fe Pt chain (C′).
Otherwise, for (b), stabilization of [Z] by replacement of

fragment, such as [Cp(CO)2Mn] or [MLL′], which is less
trongly connected to vinylidene, by the [Fe(CO)4] group, is
referred.

The lesser stability of the systems , where

= Rh, Cu, Pd, as compared with , can
e explained by a weaker �-donor ability of groups
h(Acac)(CO), CuCl and PdL2, than that of PtL2 (see Sec-

ion 3; Scheme 11). The greater difference in dimensions
f atoms Mn (covalent radius 1.38 Å) and M = Rh (1.46 Å),
d (1.49 Å), Re (1.51 Å) [100] also contributes to weak-
ning of the Mn M bonds. Comparison of properties of
ery stable homodinuclear [Cp(CO)2Mn]2(�-C CHPh) (2)
nd [Cp(CO)2Re]2(�-C CHPh) (7) with their ephemeral het-
rometallic “relative” Cp2(CO)4MnRe(�-C CHPh) (47) [20]
s most indicative in this respect (see Section 3.1.1).

Complexes Cp(CO)2MnPd(�-C CHPh)L2, having no strong
n–Pd bonds, cannot be used for the synthesis of MnFePd

lusters. However, they serve as intermediates in the vinylidene
ransfer from the Mn atom onto the PdFe3 cluster system.
. Vinylidene transfer reactions

While studying the addition of unsaturated units containing
etals M′ and M′′ to Cp(CO)2Mn C CHPh (1) and subsequent

ransformations of heterometallic derivatives, we found for the

(
s
1

y Reviews 251 (2007) 1521–1560 1553

rst time transfer of vinylidene from atom M = Mn to the other
etal M′ = Re [20] and onto polymetallic systems M′M′′ = FePt

35], M′
3 = Os3 [126,127], M′M3

′′ = PdFe3 [29,36–38,99] and
tFe3 [33–35] (Scheme 27).

All processes shown in Scheme 27 proceed in sev-
ral stages. The first stages occur at room temperature.
eterometallic compounds formed in the first stage are sta-
le and may be isolated in good yields (60–95%), except
p2(CO)4MnRe(�-C CHPh) (47) [20] (Section 3.1.1). Sub-

equent stages, as a rule, also proceed under mild conditions
20–50 ◦C). The exception is reaction (48b), which occurs
t 120 ◦C (Section 5.1), and reaction (44a) in the case of
ransformation of Cp(CO)2MnPd(�-C CHPh)(dppp) (65) into
luster (dppp)PdFe3(�4-C CHPh)(CO)9 (104), which goes
ore smoothly at 70 ◦C (Section 5.2.2).
Reactions (15), (21) and (46), (48b) show the possibility

f vinylidene transfer from Mn to Re and to the Os3 triangle.
hese processes are of theoretical interest, but have no practical

mportance since they give Cp(CO)2Re C CHPh (6) and (�-
)2Os3(�3-C CHPh)(CO)9 (98) in small yields. More rational
ays to 6 [16] and 98 [128] are known (Sections 2.1 and 5.1).
Reaction (51) giving (dppp)PtFe(�-C CHPh)(CO)4

100) in 13% yield and reactions (43), (44a) resulting in
dppm)PtFe3(�4-C CHPh)(CO)9 (90), (dppe)PdFe3(�4-

CHPh)(CO)9 (103) and (dppp)PdFe3(�4-C CHPh)(CO)9
104) in 10–40% yields, were used by us for synthetic purposes,
ince other methods of preparation of these compounds are
nknown.

Finally, the reactions (50–52) afford the �4-vinylidene
lusters (dppe)PtFe3(�4-C CHPh)(CO)9 (82) [34b] and
dppp)PtFe3(�4-C CHPh)(CO)9 (101) [35] in almost quanti-
ative yields and may be used as preparative methods for these
eterometallic compounds.

The first example of the parent vinylidene C CH2 transfer is
escribed in [49b]. The reaction between Cp(i-Pr3P)Rh C CH2
nd Ir(Cl)[P(i-Pr3)2] (benzene, 50 ◦C, 2 h) led to an unstable
inuclear RhIr complex, which splits up into mononuclear frag-
ents. Complex (i-Pr3P)2(Cl)Ir C CH2 can be isolated in 77%

ield.

. Electrochemistry of Cp(CO)2Mn C CHPh and
olynuclear complexes

Electrochemical studies of the �2-alkyne, �1-vinylidene
erivatives of cymantrene and complexes B, C and D by means
f classical and switching polarography, controlled-potential
lectrolysis and CV were described in refs. [135–142]. The elec-
rochemical characteristics were obtained with a dropping Hg
lectrode or a stationary Pt electrode, in MeCN containing 0.1 M
Et4N]BF4. The cyclic voltammograms were measured varying
he potential scan rate from 0.01 to 1.00 V/s. Potentials are given
ersus Ag/0.1 M AgNO3 in MeCN; they can be converted to V
ersus SCE by adding 0.337 V.
Polarographic reduction of Cp(CO)2Mn(�2-RC CPh)
R = H (1a), Ph3Ge (1b), Ph3Si (1d), Ph) proceeds in three
tages [135,137]. The first irreversible one-electron wave of
a (E1/2 − 2.38 V) is shifted to higher potential compared with
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cheme 27. Vinylidene transfer from Mn to Re (15; 21) and to FePt (17, 27; 51
R3, P–P ligands are omitted for clarity.

pMn(CO)3 (−2.70, −2.90 V) and with PhC CH (−2.80,
2.93 V). Two subsequent reversible waves (−2.78, −2.90 V)

oincide with those of free PhC CH. Alkyne elimination from
he complex in the first stage is confirmed by the isolation of
hC CPh after the electrolysis of Cp(CO)2Mn(�2-PhC CPh)
t the potential of the first reduction wave [135].

Reversible one-electron reduction of
p(CO)2Mn C1 C2HPh (1) proceeds more easily (−1.99 V)
s compared with Cp(CO)2Mn(�2-HC CPh) (1a) [136,137],
ince the LUMO of 1 is located at lower energy than the
UMO of the isoelectronic 1a. Most probably, the C1 atom
ontributes significantly into the LUMO of 1, whereas such a
learly defined electrophilic center is absent in 1a. The higher
tability of the radical anion [Cp(CO)2Mn C CHPh]•− as
ompared to [CpMn(CO)2(HC CPh)]•− seems to be due to
he delocalization of electron density in the Mn C C system.
Redox chemistry of mononuclear com-
lexes (L)nM C CHR and bis-vinylidenes
L)nM C CRCR C M(L)n (M = Mn, Re, etc.) was reviewed
n detail by Ustynyuk and co-workers [42c]. Mutual redox

[

(
a

(46; 48b), PdFe3 (18, 29, 30; 44a) and PtFe3 (17, 27, 43; 50–52). The Cp, CO,

ransformations of Cp′(L)Mn C CPhCPh C Mn(L)Cp′ (29)
nd [Cp′(L)Mn CCPh CPhC Mn(L)Cp′]2+ (L = dmpe) were
tudied by Berke and co-workers [75]. The electrochemistry of
arbene, vinylidene, allenylidene, carbyne and alkynyl species
as extensively published by Pombeiro [79d,143].
Complex [Cp(CO)2Mn]2(�-C1 CHPh) (2) is reduced in

wo stages: reversible two-electron (−1.81 V) and irreversible
ne-electron (−2.23 V) [136,137]. Keeping in mind that the
UMO in [Cp(CO)2Mn]2(�-CH2) is localized on the Mn–Mn
ond [114b], one can suppose that two electrons come into a
imilar orbital of 2. The addition of one more electron to dian-
on [Cp2(CO)4Mn2(�-C1 CHPh)]2− cleaves the Mn Mn and

n � C1 bonds. A more difficult splitting of the Mn Mn
ond in 2 compared with other dimanganese complexes, such as
n2(CO)10 (−1.60 V), corresponds with the higher strength of

he Mn Mn bond in 2 (2.734 Å) than in Mn2(CO)10 (2.904 Å)

8].

The dimeric complex [Cp(CO)2MnCu(�-C CHPh)(�-Cl)]2
67) (Fig. 6) shows two two-electron reductions (−0.78
nd −2.08 V) and a two-electron oxidation (−0.16 V)
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138]. Both processes are irreversible with the consecutive
leavage of Cu Cl and Mn Cu bonds and formation of
p(CO)2Mn C CHPh (1). Reduction of 67 gives metallic Cu
nd Cl− ions, while oxidation forms Cu2+ and Cl− ions. The for-
ation of 1 was confirmed with controlled-potential electrolysis

f 67 at E1/2 −2.20 V. The polarogram of the solution showed
reduction wave at E1/2 −1.99 V for 1 [136,137] (see above).

n the IR spectrum of this solution, ν(CO) bands at 2008 and
948 cm−1 belonging to 1 [15] were found. Chemical transfor-
ations of 67 also result in the elimination of 1 (Section 3.2.2;
cheme 12) [30].

The one-electron reduction of Cp(CO)2MnM(�-
CHPh)(LL′) (M = Pt [136,137,139], Pd [29,140]) proceeds

n one stage at E1/2 between −2.10 and −2.60 V (Table 5). The
rreversible reduction is typical of complexes Cp(CO)2MnM(�-

CHPh)(LL′) (37, 52–57), where L, L′ = PPh3, P(OR)3, CO.
ore stable Cp(CO)2MnM(�-C CHPh)(P–P) (P–P = dppe,

ppp) (59, 60, 64, 65) are reduced reversibly. The reduction
f Cp(CO)2MnPt(�-C CHPh)(dppm) (58) is quasi-reversible
nd proceeds more easily (−2.37 V) than Cp(CO)2MnPt(�-

CHPh)(P–P) (P–P = dppe (59), dppp (60)) (−2.54 V) [137].
t the same time, the E1/2 values for 58 and Cp(CO)2MnPt(�-

CHPh)(PPh3)2 (52) (−2.37 V) coincide. It is possible that

he four-membered cycle in 58 is cleaved, and
ppm becomes monodentate.

Such splitting of the cycle was observed by
ransformation of 58 into 89 (Scheme 20) [33]. The products
f electrolysis of Cp(CO)2MnM(�-C CHPh)(LL′) (M = Pt, Pd)
re CpMn(CO)3, PhC CH and fragments containing Pt or Pd
140].

The reduction of �3-vinylidene
pMnFePt(�3-C CHPh)[P(O-i-Pr)3]2(CO)5 (86),
pMnFePt(�3-C CHPh)(PPh3)(CO)6 (87) and CpMnFePt(�3-

CHPh)(�-dppm)(CO)5 (88) gives rise to three waves: the
rst two-electron (E1/2 −1.84, −1.66, −1.70 V, respectively),

he second (−2.72 V) and the third (−2.92 V) are one-electron
137,139]. As found by CV at a hanging mercury drop at a
otential scan rate v of 1 V/s, the first reduction stages are
uasi-reversible. The splitting of the first waves into two waves
f unequal heights (the ratio ∼2:1) is apparently caused by the
resence of isomers (see Section 4.1).

The polarograms of �4-vinylidene clusters (�2-
–P)MFe3(�4-C CHPh)(CO)9 (M = Pt; P–P = dppm (90),
ppe (82), dppp (101) [136,137,139]; M = Pd; P–P = dppe
103), dppp (104) [29,140]) show two two-electron waves. The
rst stage (between −1.14 and −1.43 V) is reversible in all
ases. A larger number of metal atoms in a molecule facilitates
ts reduction and enhances the stability of the substances
ormed, which is shown in a reversible two-electron reduction
f tri- and tetranuclear clusters.

Triangular clusters (P–P)PtFe2(CO)8 (99, 102) and
P–P)PdFe2(CO)8 (105, 106) (P–P = dppe, dppp) are reduced

n three stages, attaching two electrons at the first reversible
tage; the subsequent processes are one-electron reduc-
ions [29,137,139,140]. The polarography of clusters

C
o
t
�

y Reviews 251 (2007) 1521–1560 1555

L)(L′)PtFe2(CO)8 (L, L′ = PPh3, AsPh3, SbPh3, P(OR)3,
O) was also reported [136,141].

Comparison of the platinum compounds with their palladium
nalogues shows a small decrease of the reduction potentials
29,140]. The distinctions in the electrochemical and IR and
3C NMR spectroscopic data (see Table 5 and Section 5.2.2)
or the appropriate series of complexes with the cores MnM,

Fe2, MFe3 (M = Pd, Pt) are caused by a smaller electron donor
apacity of the Pd atom than that of the Pt atom.

The electrochemical behaviour of the Os3-containing clusters
4–98 (see Scheme 23) is considered in ref. [142]. Reduction of
s3(�3-C CHPh)(CO)9 (95) occurs irreversibly in three stages

−1.20, −1.35, −2.80 V). The anodic shift of the first poten-
ial at 0.55 V relative to E1/2 for Os3(CO)12 indicates that the
ntroduction of vinylidene �3-C CHPh greatly facilitates the
eduction process.

The presence of the �-H ligands in 96–98 is responsible
or more difficult reductions, and therefore the E1/2 values are
hifted by 0.20–0.92 V compared with 95. The isomeric �3-
lkyne 96 and �3-vinylidene 98 clusters are reduced in the
ame way in three irreversible stages. The anodic shift of a
otential of the first wave for 98 (−1.92 V) compared with 96
−2.12 V) is due to the electron-acceptor influence of vinylidene
3-C CHPh. The subsequent reductions involve the addition
f electrons to the [(�-H)2Os3(CO)9]2− dianion and to free
hC CH.

The cluster CpMnOs3(�-CH CHPh)(�-H)(�-CO)(CO)11
94) is reduced in four successive stages at −1.72, −2.15,
2.52 and −2.80 V [142]. The first two-electron stage is

eversible, as found by switching polarography and CV (scan
ate 0.5 V/s: versus Ag/AgNO3). Comparison of the E1/2
alues for clusters 94, (�-H)2Os3(�3-CH CPh)(CO)9 (96)
nd (�-H)Os3(�-CH CHPh)(CO)10 (97) shows that the dian-
on [CpMnOs3(�-CH CHPh)(�-H)(�-CO)(CO)11]2− formed
n the first stage, then decomposes into [CpMn(CO)2]2− and
7, which is then converted into 96. Finally, addition of elec-
rons to cluster 96 takes place. These data are in accordance with
he chemical behaviour of cluster 94 (Section 5.1; Scheme 23)
126,127].

. Structural and spectroscopic features of �1-, �-, �3-
nd �4-vinylidene complexes

In spite of an abundance of publications concerning the
ynthesis and reactivity of vinylidene complexes, not enough
ttention has been paid to their structural and spectroscopic fea-
ures. The X-ray and NMR parameters of vinylidene clusters
ere cited in the reviews [2,4], when the number of such com-
ounds was still rather limited. Comparative studies of the IR
nd NMR spectroscopic data for Ru and Os complexes with the
2-C CH2 and �3-C CH2 ligands were performed [144].

Our systematic research into vinylidene complexes A, B,

and D containing the C CHPh ligand allowed a study

f the changes in structural and spectroscopic characteris-
ics of the C CHPh group as its coordination mode changes
1 → �2 → �3 → �4. The influence of the metal atoms M, M′
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nd M′′ and surrounding ligands on the structural, spectroscopic
nd electrochemical characteristics of complexes was investi-
ated as well. We systematized our own and extensive literature
ata on the IR and NMR spectra and X-ray analysis of �1-
inylidene complexes of manganese and other transition metals
A) and also homo- and heteronuclear complexes with bridging
inylidenes (B, C, D). The results are given in Table 6.

The presence of the vinylidene C1 C2RR′ in complexes of all
ypes is unequivocally proved by the location of the C1 signal in
very low field of the 13C NMR spectra, between δ 230 and 400

2–5]. We noticed that the transition from one structural type to
nother causes changes not only in the C1 and C2 chemical shifts,
ut also in the difference between them �δ = δ(C1) − δ(C2) [2].
s evident from Table 6, the �δ value decreases twice during

he transition from complexes A to B, and begins to grow again
uring further increase in amount of metal atoms around vinyli-
ene (B → C → D) owing to a low-field shift of signal C1 and
imultaneous high-field shift of signal C2. We inferred that a
plitting �δ between chemical shifts of C1 and C2 is most char-
cteristic of each coordination mode of C1 C2RR′, rather than
he 	 regions for C1 and C2.

In the frequent cases, where single crystal XRD is
mpossible, the �δ value coupled with other physico-
hemical parameters may be used to attribute a structural
ype to any complex. For instance, we exactly defined
he structural formulas of Cp(CO)MnPt(�-C CHPh)(�-
O)(dppm) (58) [94], CpMnFe2(�3-C CHPh)(CO)8 (91)

36], (dppe)PdFe3(�4-C CHPh)(CO)9 (103) [36] and
dppp)PdFe3(�4-C CHPh)(CO)9 (104) [37] using the δ(C1),
(C2) and �δ values, coupled with the 1H NMR and IR data.
ater X-ray analyses completely confirmed the structures of 58

Fig. 4) [95], 91 (Fig. 9) [37] and 104 (Fig. 12) [38].
The resonance of the vinylidene proton C CHR in a wide

nterval δ 5.5–9.0 depends on the nature of metals and surround-
ng ligands and is not characteristic.
According to the X-ray data, the C C bond length of vinyli-
ene increases by 0.03 Å on average due to a gradual decrease in
ts multiple character during the transition from mononuclear A
nd dinuclear B to trinuclear C complexes, where vinylidene is

(
t
v
m

able 6
3C NMR, IR spectroscopic and X-ray structural parameters of transition metal comp

ype 13C NMR, δ (ppm) X-ray, d (Å)

C1 C2 �δ C1 C2

(�1) 360–400 95–150 260 1.31–1.35
(�2) 235–295 120–150 130 1.29–1.38
(�3) 250–315 70–135 180 1.25–1.43
(�4) 285–330 60–100 220 1.39–1.48

a Difference between the M–C2 and M–C1 distances �d = |(M–C2)–(M–C1)| for �
y Reviews 251 (2007) 1521–1560

nvolved in �2-coordination and donates four electrons. There is
lso a gradual lowering of the ν(C C) stretching frequencies by
350 cm−1 on going from A to B and then to C complexes. In

etranuclear clusters D, where two electrons of the C1 atom par-
icipate in the formation of �-bonds with three M atoms, there is
pparently a transfer of part of electron density from vinylidene
-orbitals to the orbitals of metal atoms of suitable symmetry,

esulting in an increase of 0.07 Å in C C distance on average,
ompared with complexes of C type.

An important structural characteristic of �3- and �4-
inylidene complexes is the degree of symmetry of �2-bonding
f the C1 C2R2 ligand with the M atom, determined as the
ifference between the M C2 and M C1 bond lengths, �d.

considerably stronger interaction of the �2-coordinated M
tom with the C1 atom as compared with C2 is typical for
3-vinylidene triangular clusters C. An average �d value for

his type of complexes is 0.25 Å (Table 6). Our complex
pMnFe2(�3-C CHPh)(CO)8 (91) (Fig. 9), for two indepen-
ent molecules of which the �d values are 0.58 and 0.45 Å
37], stands out sharply against the statistical average picture.
n the contrary, in �3-vinylidene complexes with a “chain”
etal core, an almost symmetrical �2-bonding of vinylidene
ith the M atom is observed. Thus, the �d values are 0.00

nd 0.05 Å for two independent molecules of CpMnFePt(�3-
CHPh)(CO)6[�1-Ph2PCH2P( O)Ph2] (89) (Fig. 8) [33].

or (i-Pr3P)RhFe2(�3-C CH2)(�-CO)2(CO)4Cp (76) contain-
ng the Fe Fe Rh chain, the �d difference between the Rh C1

nd Rh C2 bond lengths is 0.04 Å [25].
In �4-vinylidene clusters D with “butterfly” and “rhom-

us” frameworks, the �2-bonding of the C1 C2RR′ ligand
s close to symmetrical and �d averages 0.09 Å. The great-
st differences are found in (dppe)PtFe3(�4-C CHPh)(CO)9
82) (Fig. 11) [34b], (dppe)PtRu3[�4-C CH(t-Bu)](CO)9 [130]
nd (dppp)PdFe3(�4-C CHPh)(CO)9 (104) (Fig. 12) [38],
or which �d reaches 0.17–0.24 Å. It is remarkable that

P–P)MM′

3(�4-C CHR)(CO)9 (M = Pd, Pt; M′ = Fe, Ru) con-
aining chelating diphosphine ligands at the M atom trans to
inylidene, have 60 cluster valence electrons (c.v.e.), whereas
ost known �4-vinylidene clusters have 62 or 64 c.v.e.

lexes with �1-, �2-, �3- and �4-C1 C2RR′ ligands

IR, ν (cm−1)

(C1 C2)av. �d(M–C1)a (�d)av. C1 C2

1.33 – – 1680–1570
1.34 – – 1600–1500
1.36 0.19–0.33 0.25 1390–1300
1.43 0.00–0.23 0.09 –

2-coordinated vinylidenes.
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. Conclusions

Rapid progress in the vinylidene complexes chemistry over
he last decades has resulted from the development of convenient

ethods of synthesis from alkynes. The acetylene-vinylidene
earrangement has become a common phenomenon and repre-
ents a key reaction in stoichiometric and catalytic syntheses
f many valuable organic and organometallic products from
lkynes. Nevertheless, this reaction is hindered in some cases
nd demands the presence of a catalyst, e.g. the rearrangement
f Cp(CO)2Mn(�2-HC CPh) into Cp(CO)2Mn C CHPh. The
echanism of AVR is still not clear for many real alkyne

omplexes. It is obvious that the realization of the new the-
retical and experimental studies directed at the search of
onditions, which would facilitate the course of AVR on sim-
le, accessible and reasonably cheap metal systems, is a current
hallenge.

A high degree of unsaturation of the M C1 C2 system and
ts strongly pronounced electrophilic center, at C1, drives the
arious reactions of vinylidene complexes. In our opinion, three
roups of processes with the vinylidene participation will be the
ost promising for studying in the near future:

(i) C–C coupling reactions and further growth of the carbon
chain to give the cycles and other carbon-rich species.

(ii) Inclusion of functional groups and heteroatoms into the
vinylidene ligand with the subsequent isolation of organic
products from the complexes.

iii) Metalation and transmetalation reactions allowing
designed syntheses of dinuclear and cluster compounds
containing several different metal atoms, including the
platinum Group metals.

The processes (i) were reported to be characteristic for such
etals as Ru, Rh, etc. However, for Mn they are still poorly

tudied.
Selective stoichiometric synthesis of styrylphosphonates

hCH CHP(O)(OR)2 allowed us to show the possibility for an
fficient use of the Mn C C system in processes (ii). It should be
xpected that the catalytic syntheses of vinylphosphonates from
lkynes and phosphites would proceed on other metal centers.

At present, the Mn C C system is the most successfully
sed in an initial stage of processes (iii), viz. preparation of
he dinuclear �-vinylidene MnM complexes. However, further

etalation resulting in trimetal clusters is still limited to the
ynthesis of the MnFePt series. It is important to solve the prob-
em of stabilization of the dinuclear MM′ systems in order to
void their further transmetalation, and to search for M′′ frag-
ents which might enter into the trimetal MM′M′′ systems.
horough research into the behaviour of the C CHR ligands
n polynuclear heterometallic centers, which will result in new
pportunities in organic catalysis, is required.
Certainly, new reactions for the M C C systems and their
olynuclear derivatives will soon appear, and new properties
f vinylidene complexes useful for application in fine chemi-
al synthesis, as catalysts of homogeneous and heterogeneous
y Reviews 251 (2007) 1521–1560 1557

rocesses, as precursors of new materials and in other areas of
odern chemical technology will be developed.
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Fraústo da Silva, A.J.L. Pombeiro, Organometallics 24 (2005) 4654.

[144] (a) J. Evans, G.S. McNulty, J. Chem. Soc., Dalton Trans. (1983) 639;
(b) J. Evans, G.S. McNulty, J. Chem. Soc., Dalton Trans. (1984) 79.


	Use of the MnCC system in organometallic and organic synthesis
	Introduction
	Formation and properties of the MnCCRR´ system
	Formation of manganese and rhenium vinylidene complexes from acetylenes
	Mechanism of acetylene-vinylidene rearrangement
	Other methods of formation of the MnCCRR´ system
	Properties, structural and spectroscopic parameters of Cp(CO)2MnCCRR´ and related complexes
	Structures of Cp(L)(L´)MnCCRR´
	Spectroscopic characteristics of Cp(L)(L´)MCCRR´ (M=Mn, Re)
	Mass spectra
	IR and Raman spectra
	NMR spectra


	Reactivity of Cp(CO)2MnCCHR
	Participation of Cp(CO)2MCCHPh (M=Mn, Re) in CC bond formation
	Reactions of Cp(CO)2MnCCHR with phosphines and phosphites
	Synthesis of beta-phenylvinylphosphonic acid esters (styrylphosphonates)


	Formation of complexes with MnM bonds
	Dinuclear Mn-M µ-vinylidene complexes
	Mn-Mn and Mn-Re µ-vinylidene complexes
	Mn-Rh µ-vinylidene complexes
	Mn-Pt µ-vinylidene complexes
	Mn-Pd µ-vinylidene complexes
	Semi-bridging CO ligands

	Other Mn-M µ-vinylidene complexes (M=Pd, Cu, Mo, W, Fe)
	The µ,µ3-bis-vinylidene complex (dppe)PdMn(µ3-CCHPh)PdMn(µ-CCHPh)(CO)4Cp2
	The dimeric complex [Cp(CO)2MnCu(µ-CCHPh)(µ-Cl)]2
	MnMo, MnW and MnFe µ-vinylidene complexes

	The trimethylenemethane-type complex with MnFe bond

	Formation of heteronuclear µ3-vinylidene complexes
	MnFePt µ3-vinylidene clusters
	MnFe2 µ3-vinylidene cluster

	Formation of tetranuclear clusters
	Transformations of phenylvinylidene on an MnOs3 cluster
	Formation of the butterfly MFe3 µ4-vinylidene clusters and triangular MFe2 clusters (M=Pd, Pt)
	(P-P)PtFe3(µ4-CCHPh)(CO)9 and (P-P)PtFe2(CO)8 clusters
	(P-P)PdFe3(µ4-CCHPh)(CO)9 and (P-P)PdFe2(CO)8 clusters

	Some regularities in heterometallic cluster formation from µ-vinylidene precursors

	Vinylidene transfer reactions
	Electrochemistry of Cp(CO)2MnCCHPh and polynuclear complexes
	Structural and spectroscopic features of &eta;1-, µ-, µ3- and µ4-vinylidene complexes
	Conclusions
	Acknowledgements
	References


