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Abstract

The review describes the synthesis of�-donor-substituted carbonyl metallacumulenes [(CO)5M=(C=C=)xC(R1)R2] (x = 1: allenylidene
complexes;x = 2: pentatetraenylidene complexes) of chromium and tungsten. The�-donating properties of the substituents at one end of
the carbon chain have been varied through employing different combinations of R1 (Ph, OR, NR2) and R2 (Ph, OR, NR2). The back-bonding
properties of the metal-ligand fragment at the other end of the chain have been changed by displacing carbonyl ligands by P-, As-, or Sb-donor
ligands. The influence of varying these two parameters on the spectroscopic properties, the bonding within the metallacumulene chain, and
the reactivity is evaluated. The reactivity of these metallacumulenes and the selectivity of reactions with various P-, N- and C-nucleophiles as
well as the selectivity in reactions with ynamines are described. Examples for applying some of these reactions to the synthesis of heterocyclic
ligands are given.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Allenylidene complexes; Metallacumulenes; Pentatetraenylidene complexes; Substitution reactions; Insertion reactions

1. Introduction

The first planned synthesis of transition metal com-
plexes containing a M=C(sp2) double bond was reported
by Fischer and Maasböl in 1964[1]. Since then, tremen-
dous progress has been made in the chemistry of this
class of organometallic compounds (carbene complexes,
alkylidene complexes). Low-valent heteroatom-stabilized
complexes, especially of the chromium triad such as e.g.

∗ Corresponding author. Tel.:+49 7531 882783;
fax: +49 7531 883136.

E-mail address: helmut.fischer@uni-konstanz.de (H. Fischer).

[(CO)5M=C(XR)R′] (Fischer-type carbene complexes), and
low-valent Casey-type complexes ([(CO)5M=C(aryl)R],
R = aryl, H, M = W, Cr [2]) as well as cationic iron
carbene complexes, [Cp(CO)(L)Fe=C(R1)R2]+ [3], have
found wide-spread applications as stoichiometric reagents
in organic chemistry for the synthesis of carbo- and het-
erocycles and other compounds[4]. High-valent molyb-
denum and tungsten alkylidene complexes (Schrock-type
alkylidene complexes)[5], some titanium complexes[6],
and [Cl2{P(C6H11)3}(L)Ru=C(R)H] (L = P(C6H11)3,
N-heterocyclic carbenes: Grubbs catalysts)[7], in turn,
have found wide-spread applications as catalysts in olefin
metathesis[8] and other catalytic transformations[9].

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.05.006
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Many different procedures for the synthesis of carbene
complexes have been developed over the last three decades.
Consequently, a large number of substitution patterns are
now readily available. The influence of these substitution
patterns on the reactivity and on the physico-chemical prop-
erties of these compounds has been studied in considerable
detail.

Metallacumulenes may be regarded as unsaturated car-
bene complexes, e.g. allenylidene complexes being de-
rived from carbene complexes by insertion of a C2 unit
into the metal–carbon double bond. The synthesis of
the first allenylidene complexes was reported simultane-
ously and independently in 1976 by Fischer et al.[10]
[(CO)5M=C=C=C(NMe2)Ph, M = Cr, W] and Berke[11]
[(Cp(CO)2Mn=C=C=C(CMe3)2]. In the last two decades a
considerable number of allenylidene complexes of various
transition metals have been synthesized and the reactiv-
ity as well as the spectroscopic and structural properties
of these compounds have been investigated thoroughly
[12].

Although two of the very first allenylidene complexes
to be synthesized were aminoallenylidene complexes, the
vast majority of allenylidene complexes studied until now
are non-donor-substituted compounds carrying alkyl or aryl
groups at the terminal carbon atom. Complexes of this type
are readily accessible. They are usually prepared either (a) by
reaction of suitable metal complexes with propargyl alcohol
derivatives using a route introduced in 1982 by Selegue[13]
or (b) by reaction of metal carbonyls with dilithio derivatives
of substituted 2-propyn-1-ols followed by treatment with
phosgene[14] or a base[15].

In contrast to heteroatom-substituted carbene complexes,
the chemistry of�-donor-substituted allenylidene com-
plexes is much less well developed, although these com-
plexes are directly related to the classical Fischer-type
d6-metal carbene complexes.

In this account, we will concentrate on the synthesis, the
spectroscopic and structural properties and the reactivity
of �-donor-substituted allenylidene carbonyl complexes
of chromium and tungsten, [(CO)5M=C=C=C(R1)R2] (M
= Cr, W) and on the relationship between these metal-
lacumulenes and the corresponding carbene complexes. In
addition, the chemistry of the higher homologues, pentate-

Scheme 1.

traenylidene complexes [(CO)5M=C=C=C=C=C(R1)R2],
will also be summarized. The synthesis, spectroscopy, and
electron transfer of another family of allenylidene d6-metal
complexes, cationictrans-[Cl(L2)2Ru=C=C=C(R1)R2]+, is
the subject of a second article in this journal.

2. Synthesis of �-donor-substituted allenylidene
chromium and tungsten complexes

The first aminoallenylidene complexes were prepared
by Lewis-acid induced elimination of ethanol from
3-dimethylamino-1-ethoxy-3-phenyl-propenylidene com-
plexes (1) in the presence of a weak base (THF) (Scheme 1).
The pentacarbonyl dimethylamino(phenyl)allenylidene
complexes (2) were isolated in 30% (Cr) and 32% (W)
yield, respectively[10].

The starting carbene complexes1 were obtained by
Michael addition of dimethylamine to the CC triple bond of
the corresponding ethoxy(phenylethinyl)carbene complexes
(seeScheme 2: complex3, R = Ph) at−20◦C [10].

Later, Aumann et al. [16] demonstrated that also
other amino(phenyl)allenylidene chromium complexes are
accessible via this ethanol elimination route. In addi-
tion to dimethylamine, methylphenylamine, ethylphenyl-
amine, and indoline were employed in the reaction
with 1a. Instead of boron trifluoride or the system
triethylaluminum/CH2Cl2/THF, aluminium chloride in
CS2/CH2Cl2 was used.

A. de Meijere et al.[17,18] observed that, in addition to
the Michael adduct, allenylidene complexes are formed as
by-products when alkynyl(ethoxy)carbene chromium com-
plexes having bulky tertiary substituents R at the acetylenic
terminus are employed (Scheme 2).

The ratio4:5 strongly depends on the steric requirement
of R. When alkynylcarbene complexes3 with less bulky
substituents R are employed, allenylidene complexes5 are
not detected and the alkenylcarbene complexes4 are the sole
isolated products.

In addition to dimethylamine, the reaction of3 with sev-
eral other primary or secondary amines likewise affords
aminoallenylidene complexes (in addition to4) [17–19]
(Scheme 2).
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Scheme 2.

Even galactopyranosylamino-substituted allenylidene
complexes of chromium and tungsten[20] and [(CO)5Cr=
C=C=C(NH2)TMS] [17] are accessible via the route shown
in Scheme 2(R = Ph). Replacement of amines by lithium
amides has turned out to be advantageous. In all reactions
investigated, the yields of the corresponding allenylidene
complexes were higher than with amines[19].

It seems reasonable to assume that the alkenylcarbene
compounds4 are intermediates in the formation of5. How-
ever, in a mechanistic study it was found that neither do
alkenylcarbene complexes4 react with amines to give5 nor
do allenylidene complexes react with ethanol to give4 un-
der the employed conditions[19]. No such conversion was
observed even under more drastic conditions. From a series
of experiments de Meijere et al.[19] concluded that the first
step in the formation of both types of products (4 and5) must
be the addition of the amine to the C� atom of the alkynylcar-
bene complexes3. It was proposed that the resulting zwitter-
ionic adductA is in equilibrium through deprotonation and
protonation with the allenylmetallateB (Scheme 3).

Isomerization ofA gives rise to the formation of alkenyl-
carbene complexes4, ethoxide elimination fromB yields
allenylidene complexes5. A small change in the nature of
the amine and the substitution pattern of the alkynylcarbene
complexes3 may cause a striking difference in the ratio of
addition versus addition/elimination (formation of4 versus
5) [19]. Thus, the sensitivity to the substitution pattern and

Scheme 3.

the reaction conditions somewhat reduce the synthetic util-
ity of these reactions and the predictability of the yields to
be expected.

Both synthetic approaches (Schemes 1 and 2) start
out from alkynylcarbene complexes. This poses an-
other restriction. Since alkynylcarbene complexes with a
�-donor-substituent at C� are in general not accessible,
bis(�-donor)-substituted allenylidene complexes cannot be
prepared by these routes. Therefore, these syntheses have in
general been confined to allenylidene complexes with N/C-
or N/Si-substitution patterns (R= alkyl, aryl, and SiMe3).

Substitution of EtO− for NHMe2 in the reaction
with [(CO)5M=C(OEt)–CC–Ph] (M= Cr, W) yields the
O/C-substituted ethoxy(phenyl)allenylidene complexes
[(CO)5M=C=C=C(OEt)Ph]. The tungsten complex was
isolated in small yield (10%), and the chromium complex
proved to be very unstable and was neither isolated nor
spectroscopically characterized[21].

For the synthesis of bis(�-donor)-substituted allenyli-
dene complexes a different strategy has to be employed.
The most common route to non-donor-substituted allenyli-
dene complexes is to introduce a suitably substituted alkyne
into the coordination sphere of a transition metal. Propar-
gylic alcohols are the most convenient C3 sources and have
extensively been used for the synthesis of these allenyli-
dene complexes[12]. This strategy could successfully be
applied to the synthesis of bis(amino)allenylidene com-
plexes of chromium and tungsten. Reaction of deprotonated
3,3,3-tris(dimethylamino)prop-1-yne with [(CO)5M(THF)]
(M = Cr, W) and subsequent BF3 etherate promoted abstrac-
tion of one dimethylamido group from the alkynyl metallate
intermediate affords the bis(dimethylamino)allenylidene
complexes6 in good yield (Scheme 4) [22].

This method proved suitable for the synthesis ofO,O-
substituted allenylidene complexes (7) (Scheme 5) [22] and
of higher homologues of bis(amino)allenylidene complexes
[23].

The complexes7 turned out to be quite labile and were
not isolated in a pure form but were characterized spectro-
scopically and used as starting compounds for further trans-
formations (see below).

When lithium 3,3,3-tris(dimethylamino)prop-1-ynide
(Scheme 4) is replaced by lithium 5,5,5-tris(dimethylamino)
penta-1,3-diynide in the reaction with [(CO)5M(THF)] the
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Scheme 4.

Scheme 5.

bis(dimethylamino)pentatetraenylidene complexes8 are
obtained[23].

However, this method cannot be applied to the syn-
thesis of allenylidene complexes bearing two different
�-donor-substituents or only one�-donor group at the
terminal carbon atom. Appropriate precursors are hitherto
unknown. Additionally, the final step (abstraction of a
dimethylamide) may be troublesome as amides are known
to add to the�-carbon atom of the allenylidene chain.

In part, these problems can be circumvented by us-
ing propynoic acid amides as the C3 source. Thus, hith-
erto unknown amino(alkoxy)-substituted complexes can
be prepared in a simple fashion. Sequential reaction
of [(CO)5M(THF)] with deprotonated propynoic acid
amides (to give an alkynyl metallate) and a Meerwein
salt ([R3O]BF4) affords allenylidene complexes with an
N/O-substitution pattern (9) in good to excellent yield
(Scheme 6) [24]. In addition to Meerwein salts, other alky-
lating agents can likewise be used for the transformation of
alkynyl metallates into9.

Through choice of the amide employed in the first reac-
tion step, the electron richness (basicity) of the amines at-
tached to the C� atom of the allenylidene complex can be
varied.

Scheme 8.

Scheme 6.

Scheme 7.

The same methodology is also applicable to the syn-
thesis of N/C-substituted allenylidene complexes by using
C-ethynylimines instead of propynoic acid amides as the C3
source (Scheme 7) [24].

These reactions are easy to perform and produce the cor-
responding allenylidene complexes usually in good to ex-
cellent yields. SinceC-ethynylimines are readily accessible,
these routes offer facile access to a broad range of allenyli-
dene complexes thus rendering them superior to those of
Schemes 1 and 2.

Two non-interconverting isomers of10 are formed in case
of R �= Me, however, only one isomer of11 can be de-
tected. When the C=N double bond of the ethynylimine is
part of an aromatic ring system like in 2-ethynyl pyridine
or 2-ethinyl quinoline, allenylidene complexes (12) are ob-
tained in which the terminal carbon atom of the chain is part
of anN-heterocycle (Scheme 8).

O/C-, O/O-, and N/S-substituted allenylidene complexes
can likewise be prepared by these reaction sequences
shown inSchemes 6–8starting from ethynyl ketones [HC≡
C–C(=O)R′], propynoic acid esters [HC≡C–C(=O)OR′],
and propynethioic acid amides [HC≡C–C(=S)NR′

2], re-
spectively[25].
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Thus, sequential reaction of [(CO)5M(THF)] with suit-
able deprotonated alkynes and an alkylating agent is the
method of choice for the synthesis of�-donor-substituted
allenylidene complexes rendering N/C-, O/C-, N/O-, N/S-,
O/O-substitution patterns easily accessible. In addition,
some of these complexes may also be transformed through
substitution or insertion reactions into other allenylidene
complexes (see below).

3. Spectroscopic properties

One of the most powerful tools for the investigation of the
bonding in metal carbonyl complexes is IR spectroscopy. In
allenylidene carbonyl complexes two types of stretching vi-
brations are especially interesting. The vibration of the CCC
fragment offers clues on the bonding within the allenyli-
dene ligand and theν(CO) absorptions give information on
the σ-donor/�-acceptor properties of the allenylidene lig-
and as a whole entity. Both, theν(CCC) and theν(CO)
absorptions, are observed in the range 1850–2100 cm−1.
As a representative exampleFig. 1 shows the spectrum
of [(CO)5Cr=C=C=C(NMe2)Ph]. Compared to carbene and
other pentacarbonyl complexes, the A1 absorption at higher
wave numbers is of an unusually weak intensity indicating
only weak coupling between the twoν(CO)-A1 vibrations.

From the positions of theν(CO) absorptions, it follows
that these allenylidene ligands are strong donors compara-
ble to the corresponding carbene ligands or to phosphanes.
Therefore,�-donor-substituted allenylidene complexes are
best described as hybrids of 1-metallabuta-1,2,3-trienes (I)
and the zwitterionic complexes (II–IV). The zwitterionic
resonance forms considerably contribute to the overall bond-
ing situation.

Fig. 1. IR spectrum of [(CO)5Cr=C=C=C(NMe2)Ph] (2a) in THF in the range 1850–2100 cm−1.

The ν(CCC) absorptions in allenylidene pentacarbonyl
complexes are found in the range 1960–2035 cm−1 the
exact position depending on the substituents at C�. The
cumulenylidene vibration of bis(aryl)-substituted allenyli-
dene complexes (e.g. [(CO)5Cr=C=C=C(C6H4NMe2)2]:
1963 cm−1 in THF) appears at wave numbers similar to
those of organic allenes (≈1950 cm−1 [26]). Obviously, the
metallabutatriene resonance formI dominates and the zwit-
terionic alkynyl structures (II–IV) are of only minor impor-
tance. Increasing the donor capacity of the substituents XR
and YR′ leads to a shift of theν(CCC) absorption towards
higher energy. Finally, the position of theν(CCC) band
of bis(amino)allenylidene complexes such as e. g.6a (ν
(CCC)= 2014 cm−1 in THF) or 13 (ν(CCC)= 2024 cm−1

in THF) is comparable to theν(C≡C) vibration in alkynyl
metallates (Li[(CO)5Cr–C≡C–C(NMe2)2Ph]: 2037 cm−1

[27]; [H2NMe2]+[(CO)5Cr–C≡C–C(=NMe)Ph]−: 2020
cm−1 [25]).

With these complexes the polar resonance formsII–IV
predominate.

In between these two extreme substitution patterns, there
is a rather smooth transition between allenylidene and
dipolar resonance forms. Theν(CCC) absorptions correlate
rather well with the sum of the Hammett constantσp [28]
of the substituents bonded to C� (seeFig. 2).

The deviation observed for the bis(dimethylamino)alleny-
lidene complex 6a is presumably due to unfavorable
steric interaction between the NMe2 groups which pre-
vents coplanarity and thus optimal overlap of bothN-lone
pairs with the carbon chain. This assumption is con-
firmed by a shift of 10 cm−1 to higher energy when the
amino substituents are incorporated into a five-membered
ring system (6a → 13) thereby enforcing coplanarity
(Scheme 9).
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Fig. 2. Correlation betweenν(CCC) and the sum of the Hammett constantσp of the C�-bonded substituents for various chromium complexes
[(CO)5Cr=C=C=C(R1)R2].

Insertion of another C=C fragment into the M=C bond of
allenylidene complexes (e.g.6 → 8) affords pentatetraenyli-
dene complexes. Theν(CO) absorptions are comparable in
position to those of the related allenylidene complexes. In
contrast to allenylidene complexes the A1 absorption at high-
est energy is of medium intensity and, instead of one, two
ν(CCC) absorptions are observed. From theν(CO) spectra,
it follows that a pentatetraenylidene C5(NMe2)2 ligand is a
slightly better donor than the allenylidene C3(NMe2)2 lig-
and. This is easily rationalized by an increase in the number
of dipolar resonance forms and thus an enhanced electron
transfer to the (CO)5M fragment (seeScheme 10).

The NMR spectra support the conclusions drawn from
the IR spectra. The1H- and 13C-NMR spectra of mono-
(amino)allenylidene complexes, [(CO)5M=C=C=C(NR1

R2)R′] (R′ = aryl, OR, SR), show two sets of resonances
for the N-alkyl substituents (R1 = R2) confirming the dou-
ble bond character of the C�–N bond as shown inScheme 9
(resonance formIII). In case of R1 �= R2 this gives rise

Scheme 9.

to E/Z regioisomers (Scheme 11). The E/Z ratio depends
on the size of the substituents. In general, theZ-conformer
with the sterically more demanding group oriented towards
the metal moiety is preferred thus avoiding unfavorable
steric interactions with the substituent R′ (Scheme 11) [24].

Scheme 10.

Scheme 11.
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Upon warming solutions of mono(amino)allenylidene
complexes to 120◦C, no coalescence of the signals
of the N-bound groups is observed revealing a rather
high barrier for the rotation around the C�–N bond
(�G�= > 19 kcal mol−1) [24]. So far, there has been
only one report of an experimentally determined rota-
tional barrier in a d6 mono(amino)allenylidene complex.
The activation energy for theE → Z isomerization of
[(dppm)2ClRu=C=C=C(N{Me}t-Bu)Me]+ was determined
to be 86.4 kJ mol−1 and that for theZ → E isomerization
to be 84.1 kJ mol−1, respectively[29].

In contrast tomono(amino)allenylidene complexes, the
NMR spectra of thebis(amino)allenylidene complex6a and
6b exhibit only one N–Me resonance. The signal neither
broadens nor splits on cooling solutions down to−90◦C.
This reveals a rather low rotational barrier (�G �= <

9 kcal mol−1) [23]. Comparable results have been found for
the rotation around the partial C–N double bond in amides
and related compounds. The activation energy for the rota-
tion in tetramethyl urea (O=C(NMe2)2: 6.3 kcal mol−1 [30])
is markedly lower than in dimethyl carbamic acid methyl
ester (O=C(NMe2)OMe: 14.8 kcal mol−1) or dimethyl ben-
zamide (O=C(NMe2)Ph: 15.0 kcal mol−1) [30,31]). This
was explained by steric interactions of the two dimethy-
lamino groups which prevent a coplanar arrangement of the
amino group with the�-system.

Analogously to theν(CCC) absorptions, the resonance
of the metal bound C� atom depends on the substituents
at C�. With increasing donor ability of the substituents the
resonance of the C� atom shifts towards higher field in ac-
cord with an increasing contribution of the resonance forms
III and IV to the overall bonding. Like the�(CCC) ab-

Fig. 3. UV–vis spectrum of [(CO)5Cr=C=C=C(NMe2)Ph] in different solvents.

sorptions, the C� resonances correlate reasonably well with
the sum of the Hammett constantσp [28] of the C� sub-
stituents. Insertion of a C=C unit into the metal–carbon bond
in [(CO)5M=(C=C=)xC(R1)R2] (x = 0, 1, 2: carbene→ al-
lenylidene→ pentatetraenylidene complexes) causes a con-
siderable high-field shift of the C� resonance. The effect
is even more pronounced than by variation of the C� sub-
stituents.

Like C�, the C� resonance is also substituent-dependent,
however, only to a minor degree whereas the position
of the C� resonance seems to be almost independent
of the substitution pattern. These data again confirm
the delocalization of the lone pair at nitrogen towards
the metal center which considerably contributes to the
stabilization of �-donor-substituted allenylidene com-
plexes.

All donor-substituted allenylidene complexes as well as
the pentatetraenylidene complexes exhibit a pronounced
negative solvatochromic effect. The UV–vis absorption
at lowest energy, which is assigned to a MLCT ab-
sorption, shifts towards shorter wavelengths when un-
polar or weakly polar solvents are replaced by more
polar ones. As an exampleFig. 3 shows the UV–vis
spectrum of [(CO)5Cr=C=C=C(NMe2)Ph] in different
solvents.

Increasing the donor capacity of the C� substituents
increases: (a) the electron density at the metal cen-
ter and concomitantly the energy of the predominantly
metal-localized HOMO; and (b) simultaneously the energy
of the mainly cumulenylidene ligand-localized LUMO.
The influence on the LUMO is more pronounced than
that on the HOMO. Therefore, the overall effect is an in-
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Fig. 4. Structure of [(CO)5W=C=C=C(NMe2)OMe] in the crystal.

crease of the HOMO-LUMO gap. This causes a shift of
the MLCT transition towards shorter wavelengths (e.g.
λmax of [(CO)5Cr=C=C=C(NMe2)R] in CH2Cl2: 478 nm
(R = Ph), 400 nm (R= OMe), 394 nm (R= NMe2)). Con-
versely, insertion of a C=C fragment into the M=C bond
(6 → 8) leads to a considerable bathochromic shift of
the MLCT absorption (λmax = 394 nm (6), 474 nm (8),
in CH2Cl2).

As expected on the basis of the dipolar character of these
metallacumulenes, donor-substituted allenylidene and pen-
tatetraenylidene complexes exhibit a pronounced non-linear
optical response. The molar first hyperpolarizabilityβ of 6
in DMF as determined by hyper-Rayleigh scattering exper-
iments is in the range (20–25)× 10−30 esu and quadruples
on insertion of a cumulated C2 unit into the metallacumu-
lene (6 → 8). Substitution of tungsten for chromium has
only a minor effect onβ [32].

The solid state structures of several aminoallenylidene
and aminopentatetraenylidene complexes were determined.
The structures of [(CO)5W=C=C=C(NMe2)OMe] [33],
[(CO)5W=C=C=C(NMe2)2] (6b) [23], and [(CO)5W=C=C=
C=C=C(NMe2)2] [8b] [23] are shown as representative
examples inFigs. 4–6.

The results from the X-ray structural analyses confirm the
conclusions drawn from the spectroscopic data. The MCx

(x = 3, 5) fragment is linear. The individual CC distances
within the MCx fragment differ markedly. The C�=C�

bond in all complexes is considerably shorter than ex-
pected for a C(sp)=C(sp) bond and resembles an elongated
carbon-carbon triple bond. Conversely, the C�=C� bond
in allenylidene complexes (C�=Cε bond in pentatetraenyli-
dene complex8b) is rather long compared to a standard
C(sp)=C(sp2) distance. As in donor-substituted allenyli-
dene complexes, the C=C distances in the pentatetraenyli-
dene complex8b strongly alternate (short/long/short/long).
As expected on the basis of the spectroscopic data, the
bond length alternation in these allenylidene complexes is

Fig. 5. Structure of [(CO)5W=C=C=C(NMe2)2] (6b) in the crystal.

slightly more pronounced than in [(CO)5Cr=C=C=C(Ph)2]
[15].

The amino nitrogen atoms are planar coordinated. The
C�–N bonds (Cε–N bonds in8) are short and compare well
with those usually observed for C(sp2)–N(sp2) bonds in
push-pull systems confirming some double bond character
of these C–N bonds (Schemes 9 and 10: resonance forms
III/IV andIX/X, respectively).

Allenylidene as well as pentatetraenylidene ligands L ex-
ert a significanttrans influence. The M–C(trans) bond in
[(CO)5M–L] complexes is shorter than the mean of the
M–C(cis) bonds. As expected, this effect is most pronounced
in bis(amino)-substituted complexes.

In addition to the spectroscopic studies, density func-
tional calculations have been carried out on two series of
metallacumulenes, [(CO)5Cr(=C)nCH2] (n = 1–8)[34] and
[(CO)5Cr(=C)nCX2] (n = 1–7; X = F, SiH3, CH=CH2,
NH2, NO2) [35], and on a series of donor-substituted al-
lenylidene complexes, [(CO)5Cr=C=C=C(R1)R2] (R1 = Ph,
R2 = Ph, OMe, NMe2; R1 = OMe, R2 = OMe, NMe2; R1

= NMe2, R2 = NMe2) [36]. The calculated optimized ge-
ometries were found to be in good agreement with data de-
termined by X-ray structural analyses. For the various al-
lenylidene complexes the bond-length alternation was cal-
culated to be more pronounced with complexes bearing sub-
stituents with high donor capacity.

Fig. 6. Structure of [(CO)5W=C=C=C=C=C(NMe2)2] (8b) in the crystal.
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The most important results can be summarized as follows:

(a) In metallacumulenes with an odd number of carbon
atoms, the LUMO is predominantly localized at the
odd-numbered carbon atom (numbering starting at the
metal: C� and C� in allenylidene complexes, C�, C�,
and Cε in pentatetraenylidene complexes). In turn, the
metal and the even-numbered carbon atoms contribute
most to the HOMO[34,35].

(b) Analysis of the electronic structure in terms of the syn-
ergistic σ donor � back-donation model reveals that
the contribution from� back-donation is slightly higher
than that fromσ donation. The contribution from�
back-donation was found to be much more sensitive to
the nature of the substituents[34,35].

(c) The Cr=C bond dissociation energy for odd-numbered
unsubstituted metallacumulenes (allenylidene and pen-
tatetraenylidene complexes) is high and nearly indepen-
dent of the chain length, however, decreases on intro-
duction of amino substituents due to a reduction of the
�-acceptor properties of the ligand[34,35].

(d) In unsubstituted metallacumulenes there are no signifi-
cant charge differences among the various carbon atoms
of the cumulene ligand indicating that charge distribu-
tion is not important in determining the regioselectivity
of nucleophilic and electrophilic attack in these com-
plexes[34]. An analysis of the MO energies in these
metallacumulenes shows that the HOMOs are energet-
ically relatively high-lying and the LUMOs low-lying.
The HOMOs are quite isolated in energy from the other
highest occupied MOs and the LUMOs are even bet-
ter isolated from the other lowest unoccupied orbitals
[34]. Therefore, the regioselectivity of nucleophilic and
electrophilic attack is mainly determined by the frontier
orbitals.

(e) The energy of the HOMO is almost independent of
the chain length but increases when the H atoms in
[(CO)5Cr=(C=C)x=CH2] are replaced by NH2 groups
[35]. In donor-substituted allenylidene complexes the
energy of the HOMO rises in the series R1/R2 = Ph/Ph,
Ph/OMe, Ph/NMe2 ≈ OMe/OMe, OMe/NMe2 ≈
NMe2/NMe2 [36].

(f) The energy of the LUMO decreases on lengthen-
ing of the carbon chain and increases on replacing
H by NH2 [35]. In the series of allenylidene com-
plexes, the LUMO energy increases along the series
R1/R2 = Ph/Ph, Ph/OMe, Ph/NMe2 ≈ OMe/OMe,
OMe/NMe2, NMe2/NMe2 [36].

Scheme 12.

(g) The analysis of the charge distribution within the
carbon chain of donor-substituted allenylidene com-
plexes reveals increasing positive charge at C� and,
less pronounced, negative charge accumulation at C�

along the series R1/R2 = Ph/Ph, Ph/NMe2, Ph/OMe,
NMe2/NMe2, OMe/NMe2, OMe/OMe. C� bears almost
no charge independent of the substitution pattern[36].

(h) The contribution of C� and C� or of C�, C�, and
Cε to the LUMO orbital of bis(amino)allenylidene or
bis(amino)pentatetraenylidene complexes are similar,
rendering the prediction of the site of a frontier-orbital
controlled nucleophilic attack difficult[35]. However,
when considering the effect of various substituents on
the charge distribution as summarized in (g) an increas-
ing tendency for C� attack of strong nucleophiles is to
be expected.

4. Reactivity of donor-substituted allenylidene
complexes

4.1. Reactivity towards P-nucleophiles

The carbon chain of allenylidene- and pentatetraenyli-
dene complexes consists of an alternating array of elec-
trophilic and nucleophilic sites. Therefore, electrophiles
should preferably add to the C� atom (or to C� in pentate-
traenylidene complexes) and nucleophiles should add either
to the C� or C� atom (or the Cε atom in pentatetraenylidene
complexes) of the chain. Tertiary phosphanes are frequently
used as nucleophiles to determine the site of attack. There
are examples for the addition to C� as well as to C� of al-
lenylidene complexes[12,37] (Scheme 12). The selectivity
depends on the nucleophilicity and the steric requirements
of the phosphanes, the metal and its co-ligand sphere and
on the substituents at the terminal carbon atom of the chain.

Bis(aryl)-substituted allenylidene pentacarbonyl chromium
complexes like [(CO)5Cr=C=C=C(C6H4NMe2-p)2] as well
as bis(iso-propyl)- and bis(tert-butyl)-substituted allenyli-
dene complexes of chromium and tungsten add phosphanes
to the C� atom giving zwitterionic allenyl phosphane
complexes[37a,38]. When secondary or primary phos-
phanes are employed, phosphane addition to the C� atom
of [(CO)5Cr=C=C=C(C6H4NMe2-p)2] is followed by re-
arrangement to give allenylphosphane complexes or their
dimers (secondary phosphanes) or alkynylphosphane com-
plexes (primary phosphanes)[38].
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Scheme 13.

The reactivity of amino-substituted allenylidene com-
plexes deviates from this reaction pattern. Tertiary phos-
phanes do not add to the allenylidene chain of aminoal-
lenylidene complexes even at elevated temperatures. This
agrees well with the expected lowering of the reactivity on
introduction of�-donor-substituents due to the increase in
the energy of the LUMO. However, upon irradiation the
phosphane displaces one CO ligand to givecis-allenylidene
tetracarbonyl phosphane complexes14 (Scheme 13) [39].

Similar to bis(alkyl)- and bis(aryl)-substituted allenyli-
dene pentacarbonyl complexes but in contrast to aminoal-
lenylidene complexes, Fischer-type alkoxycarbene com-
plexes of chromium and tungsten, [(CO)5M=C(OR)R′] (M
= Cr, W; R = Me, Et; R′ = alkyl, aryl) add secondary and
tertiary phosphanes at low temperature to the metal-bound
carbene carbon atom[40]. The addition is reversible, the
addition-dissociation equilibrium depending on the sol-
vent, the temperature, and strongly on the substituents[41].
The substitution products, carbene tetracarbonyl phosphane
complexes, are irreversibly formed on photolysis at low
temperature or on thermolysis at elevated temperatures of
[(CO)5M=C(OR)R′]/PR3 mixtures[42].

The ligand exchange reactions, as shown inScheme 13,
offer facile access to a series of aminoallenylidene tetracar-
bonyl complexes (15) with different co-ligands of various

Scheme 14.

donor propensity. Thus, it is possible to subtly modify on
purpose the back-bonding properties of the metal-ligand
fragment.

The IR spectra confirm thecis conformation of the com-
plexes. There is no indication for the formation of thetrans
isomer. In contrast, the corresponding carbene phosphane
complexescis-[(CO)4(PR3

′′)M=C(OR)R′] isomerize until
an equilibrium is established[42,43].

Replacing a CO acceptor ligand by a P-, As- or Sb-donor
leads to a shift of theν(CCC) vibration towards lower energy
(1948–1971 cm−1) indicating enhanced contribution of the
metallabutatriene resonance formI (Scheme 9) to the over-
all bond description when compared to the pentacarbonyl
complexes. As expected, the strongest effect is observed for
phosphanes with high donor capacity (P(i-Pr)3).

Replacement of two carbonyl ligands in aminoallenyli-
dene pentacarbonyl complexes by two rather electron-poor
P-donor ligands such as P(OMe)3, P(C6H4F-p)3 or
P(C6H4Cl-p)3 is possible through photolysis of the com-
plexes in the presence of a three-fold excess of PR3. In the
resulting mer-allenylidene tricarbonyl bisphosphane com-
plexes16 (Scheme 14) the ν(CCC) absorption appears in
the range 1921–1935 cm−1. Its position is at even lower
energy than in bis(aryl)-substituted allenylidene pentacar-
bonyl complexes and is comparable to that in allenes (e.g.
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Fig. 7. 13C� resonance vs.ν(CCC) absorption for various chromium complexes [(ER3)x(CO)5−xCr=C=C=C(NMe2)Ph] (x = 0–2): ER3 = P(i-Pr)3 (a),
PMe3 (b), P(C6H4R′-p)3 (R′ = OMe (c), Me (d), H (e), F (f), Cl (g), CN (h)), P(OMe)3 (i), SbPh3 (j), AsPh3 (k)).

H2C=C=CD2: ν(CCC) = 1941 cm−1 [44], H2C=C=CPh2:
ν(CCC)= 1934 cm−1 [45]). A CO/PR3 exchange gives rise
to a shift of theν(CCC) absorption of about 28–37 cm−1

and the effect seems to be cumulative.
The influence of the various ligands on the electron dis-

tribution within the allenylidene chain also shows up in the
13C-NMR resonance of the metal bound C� atom. Increas-
ing the back-bonding capacity of the metal-ligand fragment
by CO/PR3 exchange induces a shift towards lower field.
The low-field shift correlates well with that of theν(CCC)
absorption to lower energy. Conversely, increasing the donor
properties of the substituents at the terminal carbon atom
of the chain causes a high-field shift of the C� resonance
and a shift towards higher energy of theν(CCC) absorption
(Fig. 7).

The diminishing importance of dipolar structures in the
series of allenylidene penta-, tetra-, and tricarbonyl com-
plexes is also evident in the resonances of the N–Me groups.
In accord with a pronounced double bond character of the
C�–N bond the penta- and tetracarbonyl amino allenylidene
complexes exhibit two N–Me resonances in the1H- and
13C-NMR spectra whereas only one signal is observed for
the tricarbonyl complexes indicating a rather low rotational
barrier.

Thus, through choice of the substituents and the ligand
sphere, the polarity of the bonding in allenylidene complexes
can easily be enhanced or reduced.

4.2. Reactivity towards N-nucleophiles

There is only one report about an addition of an amine
to the C� atom, namely that of ammonia to the rhenium

allenylidene complex [(triphos)(CO)2Re=C=C=C(Ph)2]+
[46]. Usually, allenylidene complexes add amines to the C�

atom.
Analogous to bis(aryl)-substituted allenylidene pen-

tacarbonyl complexes, [(CO)5M=C=C=C(aryl)2] [47],
mono(amino)allenylidene complexes of chromium (5a)
and tungsten (5b) add amines across the C�–C� bond to
give alkenyl(amino)carbene complexes (17a, 17b) [19,25]
(Scheme 15).

Since aminoallenylidene complexes are less reactive
than bis(aryl)allenylidene complexes the additions pro-
ceed more slowly when analogous conditions (equimolar
amounts, temperature, solvent, concentration) are applied
(Schemes 16–21).

Addition of dimethylamine in large excess gives rise to
the formation of the demethylated allenylidene complex
[(CO)5Cr=C=C=C{N(H)Me}Ph] (11a) (Scheme 16) (the
mechanism of the formation will be discussed later, see
Scheme 22).

In case of NR′2 = N(R*)H (R* = 2-galactopyranosyl),
the reaction with NEt3 did not give a C� adduct but rather a
stable isolable iminoalkynyl derivative by reversible depro-

Scheme 15.
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Scheme 16.

Scheme 17.

Scheme 18.

tonation of the amino substituent. Reprotonation is achieved
by water [20]. Other monoalkylamino(phenyl)allenylidene
complexes are also readily deprotonated with bases and may
subsequently be reprotonated or alkylated (seeScheme 7)
[34].

When solutions of the alkoxy-substituted complex
[(CO)5Cr=C=C=C(OMe)Ph] (18a) are treated with one
equivalent of dimethylamine, likewise a C�–C� adduct is not
obtained. Instead, complex2a constitutes the major reaction
product formed by substitution of the methoxy group[48].
Obviously, substitution is much faster than C�–C� addition.

The substitution reaction presumably proceeds by ad-
dition of dimethylamine to the C� atom followed by

Scheme 19.

elimination of methanol and is the “allenylidene version”
of the aminolysis of alkoxycarbene complexes[49].
Ammonia, primary and secondary amines readily re-
act with alkoxy(organyl)carbene complexes to yield
amino(organyl)carbene complexes and the corresponding
alcohol [4,49]. The mechanism of this reaction has been
studied in great detail. In decane, the reaction follows a
fourth order rate law, first order in the concentration of the
complex and third order in the concentration of the amine
[50]. This aminolysis is characterized by a negative Arrhe-
nius activation energy, i.e. the reaction rate increases with
decreasing temperature. A step-wise mechanism has been
proposed. At present it is unknown whether the “aminolysis”
of alkoxy(organyl)allenylidene complexes follows the same
step-wise mechanism or not.

In addition to2a, small amounts of the alkenyl(amino)-
carbene complex [(CO)5Cr=C(NMe2)CH=C(NMe2)Ph]
(19a) are formed by C�–C� addition of another molecule of
dimethylamine to2a. Complex19a constitutes the exclu-
sive product when excess dimethylamine is used. A large
excess of dimethyl amine finally leads to the formation of
[(CO)5Cr=C=C=C{N(H)Me}Ph] (11a, see alsoScheme 16)
[48] very likely by a sequence related to that shown in
Scheme 22(see below).

Bis(alkoxy)allenylidene complexes [(CO)5M=C=C=
C(OR)2] (M = Cr, W; R = Me, Et) such as20 likewise
exhibit a C� preference in the reaction withN-nucleophiles.
With dimethylamine alkoxy(dimethylamino)allenylidene
complexes [(CO)5M=C=C=C(NMe2)OR] are formed by an
addition/elimination sequence. These complexes add ex-
cess dimethylamine to finally give bis(amino)allenylidene
complexes6 in small yields (Scheme 19) [51]. Neither

Scheme 20.
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Scheme 21.

in the starting bis(alkoxy)allenylidene nor in the product
alkoxy(dimethylamino)allenyli-
dene and bis(amino)allenylidene complexes can the forma-
tion of C�–C� adducts (alkenyl(amino)carbene complexes)
be observed[48].

If N,N′-dimethyl ethylene diamine is used instead of
dimethylamine in the reaction with [(CO)5Cr=C=C=C(OMe)2]
(20a) a metallacumulene with a terminating bis-N-heterocycle
(13) is formed[48].

Likewise, the bis(dimethylamino)allenylidene complex6
is not inert towards addition of secondary amines to the C�

atom although the reaction is slow due to the two strong

Scheme 22.

�-donor-substituents. Displacement of a dimethylamino
group yields mixed bis(amino)allenylidene complexes.

Replacing one dimethylamino by the less basic diphenyl-
amino group already leads to a significantly enhanced
reactivity. In contrast to [(CO)5Cr=C=C=C(NMe2)2]
the initially formed mixed bis(amino)allenylidene com-
plex [(CO)5Cr=C=C=C(NMe2)NPh2] adds dimethylamine
to form an amino[bis(amino)ethenyl)carbene complex,
[(CO)5Cr=C(NMe2)CH=C(NMe2)NPh2] (related to19a in
Scheme 18).

Contrary to dimethylamine (seeScheme 18), neither
ammonia nor primary amines, H2NR, add to the C�–C�
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bond of the mono(dimethylamino)allenylidene complex
[(CO)5Cr=C=C=C(NMe2)Ph] (2a). Instead, the dimethyl-
amino group is replaced by N(H)R (Scheme 20). This sub-
stitution reaction has turned out to be a very efficient method
for the derivatization of allenylidene complexes. A series
of alkyl, aryl, or acyl amines, functionalized amines such
as allyl or propargyl amines, and chiral amines like amino
acids, terpenes or amino sugars can easily be introduced
into the�-position of allenylidene complexes[48].

Dimethylamino(alkoxy)allenylidene complexes (e.g.21b,
Scheme 19) are also excellent starting compounds for the
introduction of various amino groups and functional groups
into the allenylidene ligand. As expected, in reactions with
ammonia and primary amines, the alkoxy group is replaced
first thus giving access to allenylidene complexes with two
different amino substituents (23b) (Scheme 21). When the
amine is used in excess, the NMe2 group is displaced as
well. The reaction of21b with �,�-diamines affords either
allenylidene complexes with a heterocyclic end-group (24b)
or dinuclear bisallenylidene complexes (25b) depending on
the number of CH2 spacers in the diamine (Scheme 21) [48].

These substitution reactions presumably proceed by a se-
quence of steps as shown inScheme 22. The addition of
dimethylamine to the C� atom of the allenylidene complex,
to give a zwitterionic alkynyl complex (C), is followed by
rearrangement ofC into the vinylidene intermediateD. By
subsequent elimination of HNMe2 from D, the iminovinyli-
dene complexE is formed. Proton shift (comparable to
keto-enol tautomerization) finally affords the substitution
product.

Through proper choice of bifunctionalN-nucleophiles,
substitution at C� and addition to the C�–C� bond may be
combined. This opens up a route toN-heterocyclic ligands.
Thus, the reaction of the dimethylamino(phenyl)allenylidene
complex2a with (a) 1,1-dimethyl hydrazine affords the zwit-
terionic N-methylated pyrazolyl complex26a, and with (b)
1,2-dimethyl hydrazine the dimethyl dihydropyrazolidene
complex27a (Scheme 23) [48].

In contrast, bis(aryl)allenylidene complexes add hydrazi-
nes to the C� atom. The resulting alkenyl(hydrazino)carbene
complexes obtained from bis(aryl)allenylidene complexes
and 1,1-dimethyl hydrazine rapidly rearrange to give ni-
trile complexes and dimethylamine[47]. The addition of
1,2-disubstituted hydrazines to bis(aryl)allenylidene com-
plexes yieldsE/Z mixtures of isolable alkenyl(hydrazino)-
carbene complexes. On heating, some of these adducts rear-
range to give acrylamidine complexes. Acid-catalyzed, some
of theE isomers are transformed by intramolecular cycliza-
tion into pyrazolidinylidene complexes[52].

As observed in the previous reactions, the amino group
of benzamidine displaces the dimethylamino substituent
in 2a to form the amino(phenyl)allenylidene complex28a
(Scheme 23). Although the allenylidene ligand in com-
pound28a quickly cyclizes to give the pyrimidine-4-ylidene
complex 29a, intermediate28a can be detected by spec-
troscopic means[48]. The product obtained by substitution

Scheme 23.

of benzamidine for the methoxy group in the dimethyl-
amino(methoxy)allenylidene complex21a in almost quan-
titative yield is an isolable species. Cyclization is catalyzed
by acids[53].

The formation of the pyrazolopyrimidin-7-ylidene com-
plex 30a (Scheme 23) from 2a and dimethyl-(5-methyl-1H-
pyrazol-3-yl)-amine presumably likewise starts with a nu-
cleophilic addition of the heterocycle to the C� atom of2a
followed by substitution of NMe2 and intramolecular cy-
clization [51].

All these reactions are characterized by an initial attack of
theN-nucleophile at the C� atom of the amino- or alkoxyal-
lenylidene complexes whereas, in bis(aryl)allenylidene com-
plexes, N–H compounds usually add to the C�–C� bond giv-
ing alkenyl(amino)carbene complexes. Obviously, replacing
aryl group(s) by�-donor-substituents not only changes the
bonding properties within the allenylidene moiety but also
the regioselectivity of nucleophilic additions.

From DFT calculations, it follows that on extending
the cumulene chain the energy of the LUMO decreases.
Consequently, an increase in the nucleophilicity of the
metallacumulenes is to be expected. The expectation is
confirmed by the experimental results. When consider-
ing the distribution of the orbital coefficients the ad-
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Scheme 24.

Scheme 25.

dition either to C�, C�, or Cε is to be expected. The
orbital coefficients are very similar in extent. Whereas
the bis(dimethylamino)allenylidene complexes6a and
6b do not react with secondary amines, monoamino-
as well as bis(dimethylamino)pentatetraenylidene com-
plexes rapidly add HNR′2 even at low temperature to give
alkenyl(amino)allenylidene complexes (31) (Scheme 24)
[23,27]. Until now, only compounds derived from a nu-
cleophilic attack of the amine at the C� atom have been
detected. Only C�–C� addition products have been isolated.
The reaction is highly stereoselective. When dimethyl-
amino(organyl)pentatetraenylidene complexes are em-
ployed, the formation of only theE isomer of31 is observed
(Scheme 24) [27].

Addition of H2O/HCl to solutions of31 (R′ = Me) affords
the 4-amino-pyran-2-ylidene complexes32 (Scheme 25)
presumably by a sequence involving: (a) protonation of the
C� atom of the chain and formation of a cationic vinylidene
complex; (b) addition of water to the C� atom; (c) dimethyl-
amine elimination; (d) cyclization, and deprotonation[27].

Scheme 26.

Heptahexaenylidene complexes, the higher homologues
of pentatetraenylidene complexes, are even more reactive
than pentatetraenylidene or allenylidene complexes. Com-
plex [(CO)5W=C=C=C=C=C=C=C(NMe2)2] could only be
generated in situ but could neither be isolated nor detected
by spectroscopic means. Very likely, this was due to the
rapid addition of dimethylamine, present in the reaction
solution, to the Cε atom. However, the follow-up product,
alkenyl(dimethylamino)pentatetraenylidene complex33,
was isolated in good yield[54].

4.3. Reactivity towards C-nucleophiles

Anionic carbon nucleophiles readily add to the terminal
carbon atom of6 or 8 forming alkynylmetallates and diynyl-
metallates, respectively. These complexes can spectroscopi-
cally be detected. Treatment of the metallates with BF3·OEt2
or SiO2/H2O effects the abstraction of one dimethylamido
group (Scheme 26).

The overall sequence corresponds to the substitution of
an organyl group for NMe2. Such a transformation of an al-
ready existing cumulene ligand offers facile access to a great
variety of N/C-substituted allenylidene as well as pentate-
traenylidene complexes. Thus, also substitution patterns can
be realized that are only difficult to obtain by other synthetic
routes. In addition to aryl and alkyl groups, alkynyl frag-
ments may also be introduced into the terminal position of
the cumulene ligand[27], e.g. the reaction of6 with methyl-
lithium or phenyllithium followed by chromathography on
silica yields dimethylamino(organyl)allenylidene complexes
(Scheme 27).
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Scheme 27.

The analogous reaction sequence starting from bis(dime-
thylamino)pentatetraenylidene chromium and tungsten
(8) and various organyl lithium compounds affords the
mono(amino)pentatetraenylidene complexes34 (Scheme 28).
Until now, there are no other routes available for the syn-
thesis of complexes of type34 [27].

The addition of carbanions to the C� atom (or the C� atom
in pentatetraenylidene complexes) has not been observed.

Fischer type alkoxy(aryl)carbene pentacarbonyl com-
plexes of chromium and tungsten add carbanions to the
carbene carbon atom to give�-alkoxyalkyl or�-alkoxyaryl
derivatives. On subsequent treatment of these metal-
lates with acids or SiO2/H2O, bis(aryl)carbene complexes
are formed by alcohol elimination[55,56]. In contrast,
amino(aryl)carbene complexes do not add carbanions due
to the reduced electrophilicity of the carbene carbon atom.

4.4. Derivatization by insertion of the CC triple bond of
an ynamine into the C�–C� (C�–Cε) bond

Fischer type carbene complexes of chromium and tung-
sten react with diethylaminopropyne by insertion of the CC
triple bond into the metal-carbene bond and redistribution
of the�-electrons to give alkenyl(amino)carbene complexes
[57]. Based on a detailed kinetic study, a mechanism in-
volving initial rate-determining nucleophilic attack of the
ynamine at the carbene carbon atom was proposed[58].

The reaction of bis(aryl)allenylidene complexes with di-
ethylaminopropyne yields two products: cyclobutenylidene

Scheme 28.

Scheme 29.

complexes (35) and alkenyl(amino)allenylidene complexes
(36) (Scheme 29) [59]. The complexes35 are formed by re-
giospecific cycloaddition of the ynamine to the C�–C� bond
of the allenylidene ligand. Cycloaddition of the ynamine
to the C�–C� bond followed by cycloreversion afford the
alkenyl(amino)allenylidene complexes36. The product ratio
strongly depends on the solvent and the substituents R and
R′. The ratio36/35 increases with increasing donor propen-
sity of R.

In contrast to bis(aryl)allenylidene complexes, only
alkenyl(amino)allenylidene complexes are formed in the
reactions of �-donor-substituted allenylidene complexes
with ynamines (Scheme 30). Products derived from ad-
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Scheme 30.

Scheme 31.

dition to the C�–C� or M=C� bond cannot be detected
[48]. This is in accord with the observed shift towards
formation of alkenyl(amino)allenylidene complexes when
the electron-releasing properties of the substituents R in
bis(aryl)allenylidene complexes are enhanced.

Like the reactions of�-donor-substituted allenylidene
complexes with ynamines, those of aminopentatetraenyli-
dene complexes also yield only one product formed via
regioselective [2+2] cycloaddition of the CC triple bond
to the C�–Cε bond of the metallacumulene and subsequent
cycloreversion (see e.g.Scheme 31) [32].

From the IR spectra, it follows that displacing one
dimethylamino substituent in8 by the C(Me)=C(NMe2)2
group in 37 leads to a pentatetraenylidene ligand with
slightly enhanced donor properties. In accord with the con-
clusion the MLCT transition in the UV–vis spectrum of
37 is at higher energy than in8 and the non-linear optical
response increases by about 20%[32].

5. Summary

A broad spectrum of substitution patterns is now available
for allenylidene carbonyl complexes of chromium and tung-
sten. Several strategies for the synthesis of such complexes
have been developed. Through variation of the substituents
at one end of the carbon chain and of the co-ligands of the
metal carbonyl fragment, the bonding within the chain can
be manipulated. Increasing the�-donor properties of the
substituents gives rise to enhanced dipolarity of the com-
plexes and to an increasing contribution of zwitterionic res-
onance forms to the overall bonding. In turn, increasing
the back-bonding properties of the metal-ligand fragment
through displacement of carbonyl ligands by phosphanes or
by other donor ligands reduces the dipolarity and leads to in-
creasing importance of the metallabutatriene resonance form

of allenylidene complexes (or of the metallahexapentaene
form of pentatetraenylidene complexes).

The thermal stability of these metallacumulenes in-
creases with increasing tendency to transfer electron
density to the metal-ligand fragment since the first reac-
tion step in the decomposition of carbonyl complexes is
usually the dissociation of a carbonyl ligand. The ther-
mally most stable complexes are the bis(amino)- and
aminoalkenyl(amino)-substituted metallacumulenes. This is
true despite the results of DFT calculations indicating that
the Cr=C bond dissociation energy decreases on introduc-
tion of amino substituents into [(CO)5Cr=(C=C=)xCH2].

The reactivity of these metallacumulenes decreases with
increasing�-donor propensity of the substituents. The pre-
ferred site of attack in these metallacumulenes is the termi-
nal carbon atom of the chain. Adducts may be obtained with
many C-, N-, and P-nucleophiles. Depending on the nucle-
ophile, follow-up reactions can lead to substitution products
or to the formation of heterocyclic ligands thus considerably
enlarge the scope of metallacumulenes available and the ap-
plicability of metallacumulenes for the synthesis of other
complexes and of heterocyclic compounds.
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