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CONS P EC TU S

T ransition metal complexes containing unsaturated carbenes
have enjoyed a recent surge in research interest. In addition

to showing potential as molecular wires and as components of
opto-electronic materials, they provide multifaceted reactive sites
for organic synthesis. In this Account, we describe results of recent
theoretical studies that delineate the main features of electronic
structure and bonding in allenylidenes and higher cumulenylidene complexes, [LmM]dC(dC)ndCR1R2 (where L represents the
ligand, M the metal, and n g 1).

Although free cumulenylidene ligands, :C(dC)ndCR1R2, are extremely unstable and reactive species, they can be stabilized by
coordination to a transition metal. The σ-donation of the electron lone pair on the terminal carbon atom to an empty metal
d-orbital, together with the simultaneous π back-donation from filled metal dπ-orbitals to empty cumulene π* system orbitals,
leads to the formation of a strong MdC bond with multiple character. Density functional theory studies on the model systems
[(CO)5Cr(dC)nCH2] and [trans-Cl(PH3)4Ru(dC)nCH2]

þ (where n = 1�9) have been useful in interpreting the structural and
spectroscopic properties and the reactivity of this class of complexes.

Geometry optimizations significantly contributed to the generalization of the sparse structural data available for allenylidene,
butatrienylidene, and pentatetraenylidene complexes to higher cumulenylidene complexes (with up to eight carbon atoms in the
chain), which show a clear structural trend. In particular, the geometries of all even-chain cumulenes are consistent with an almost
purely cumulenic structure, whereas the geometries of odd-chain cumulenes present a significant polyyne-like carbon�carbon
bond length alternation.

The calculated bond dissociation energies (BDEs) of the cumulenylidene ligand remain almost constant on lengthening the
cumulene chain. These BDEs indicate that there is no thermodynamic upper limit to the cumulene chain length and suggest that
the synthetic difficulties in preparing higher cumulenylidenes are due to an increase in reactivity. The calculated charges on the
carbon atoms show no significant polarization along the cumulene chain, indicating that charge distribution is not important in
determining the regioselectivity of either electrophilic or nucleophilic attack, which is instead determined by frontier orbital
factors.

The breakdown of the contributions from the metal and the carbon atoms along the chain to the HOMO and LUMO shows that
the HOMO has contributions mainly from the metal and the carbon atoms in even positions along the chain (C2, C4, C6, and higher).
In contrast, the LUMO has contributions mainly from the carbon atoms in odd positions along the chain (C1, C3, C5, and higher), thus
explaining the experimentally observed regioselectivity of electrophilic and nucleophilic attacks, which are directed, respectively,
to even and odd positions of the cumulenylidene chain.

The study of the electronic structure of cumulenylidenes has allowed us not only to give a consistent rationale for the main
structural and spectroscopic properties and for the reactivity of this emerging class of compounds but also to predict the effect of
ancillary ligands on themetal center or substituents on the carbon end. The result is a useful guide to new developments in the still-
underexplored fields of this fascinating class of compounds.
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1. Introduction
The chemistry of transition metal complexes containing a

highly unsaturated carbon chain is a field of intense current

activity inorganometallic chemistry.Among them, theunsatu-

rated carbene complexes [LmM]dC(dC)ndCR1R2 with n g 1

have recently received much attention,1�8 because they can

be of potential interest in the field of molecular wires and

novel opto-electronic materials9 and can also provide multi-

faceted reactive sites of interest in organic synthesis.10,11

These cumulenylidene metal complexes can be formally

considered as derived from organic cumulenes R3R4CdC-

(dC)ndCR1R2 where a terminal carbon moiety, dCR3R4, is

replacedbyadouble-bonded transitionmetal fragment [LmM].

Most of these cumulenylidene complexes are based on

octahedral (A), half-sandwich (B), or square planar (C) metal

fragments of group 6, 7, 8, and 9 with d6 and d8 electron

counts,1�8 see Scheme 1.

The shortest members of this series, transition metal

allenylidenes, [LnM]dCdCdCRR0, were first prepared in

1976,12 but their chemistry developed only in the 1980s

after the discovery of a simple synthetic route through the

activation of suitably substituted propargylic alcohols.13 A

wide range of allenylidene complexes has been synthe-

sized and characterized since then, with a variety of metals,

amongwhich those with Ru(II) constitute themost extended

group.5,6 While a large number of allenylidene complexes

are known,1,2,5,6 only few cumulenylidene complexes have

been reported with four or more carbon atoms.2�4,7,8,15�24

Indeed, their high reactivity makes their synthesis and iso-

lation a difficult task. The first pentatetraenylidene metal

complexes have been prepared and isolated in 1994 by

Dixneuf et al.,15 and a few pentatetraenylidenes have been

synthesized and characterized since then.9,16�19 Higher

cumulenylidene complexes with an even number of carbon

atoms are less stable: for several years butatrienylidene

complexes have been generated in solution without being

isolated or spectroscopically detected, but only trapped with

nucleophiles.14,20 The first butatrienylidene complex was

isolated and structurally characterized in 2000, and since

then very few butatrienylidenes have been prepared and

characterized by X-ray methods.21,22 Any attempt to pre-

pare and isolate hexapentatrienylidene complexes failed so

far, and these species have only been proposed as reactive

intermediates.23 Heptahexaenylidene complexes of chro-

miumand tungsten pentacarbonylwere recently isolated by

Fischer and co-workers and are up to now the longest

known metal cumulenylidene complexes.24

Several comprehensive reviews have already summari-

zed the chemistry of allenylidene and higher cumulenyli-

dene complexes,1�8 and we refer to them for the main

aspects of these systems. In this Account, we will limit to

the description of theoretical studies that provide a sound

basis for the interpretation of their structural and spectro-

scopic properties and of their reactivity. Moreover, we will

focus on the work of our group on the electronic structure,

bonding, and reactivity of higher cumulenylidene com-

plexes, although results obtained by other groups will be

reported and discussed whenever appropriate.

2. Selected Structural, Spectroscopic, and
Electrochemical Aspects of Allenylidene and
Cumulenylidene Complexes
As molecular entities, cumulenylidene ligands, :C(dC)nd

CR1R2, n g 1, are extremely unstable and reactive species

that can be most conveniently generated and detected by

special gas-phase techniques.25 They are, however, stabi-

lized by coordination to a transition metal through the

σ-donation of the electron lone pair on the terminal carbon

atom to an empty metal d orbital and the simultaneous

π back-donation from filled metal dπ orbitals to empty

cumulene π* system orbitals, leading to the formation of

a strong MdC bond with a multiple-bond character. There-

fore, as ligands, allenylidene and cumulenylidene species

exhibit both σ-donor and π-acceptor properties, which, in

addition, can be suitably tuned by varying the substituent

on the terminal C atom. Useful clues on the σ-donating and

SCHEME 1. Most Common Metal Fragments in Allenylidene and Cu-
mulenylidene Complexes
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π-accepting properties of the cumulenylidene ligands and

on the electronic structure of their transition metal com-

plexes can be obtained from structural, spectroscopic, and

electrochemical studies. Geometric and spectroscopic fea-

tures ofmetal cumulenylidene complexes clearly suggest that

cumulenylidene ligands are good π-acceptors.2,4,26 Indeed,

the observed M�C bond lengths fall in the upper range of

metal�carbon double bonds, such as 1.80�1.95 Å for Ru or

1.90�2.00 Å for Cr, indicating a substantial π-bond character.

Electrochemical studies on a set of rhodium complexes of

the general formula trans-[RhCl(PiPr3)2(L)] (L = :Cd(dC)nPh2,

n = 0, 1, 2, or 4, and CO) allowed estimation of the following

relative π-acceptor ability of these unsaturated ligands (a π-

acceptor ligand reduces the interelectron repulsion in the

metal center stabilizing the reduced state, and thus themore

π-acceptor the ligand the higher the oxidation potential):26

: CPh2 < : CdCdCPh2 � : CdCdCdCdCPh2 < : CdCPh2 < CO

consistent with structural trends from several X-ray data

studies.,

The trend of theM�C and C�C distances in the trans-[IrCl-

(PiPr3)2 (L)] (L = :Cd(dC)nPh2, n = 2, 3, or 4) complexes, for

which X-ray structures are available,16,21 suggests very close

π-acceptor abilities in the relative order:
: CdCdCPh2e: CdCdCdCdCPh2e: CdCdCdCPh2

in agreementwith the IR data indicating a decrease of the

C�C stretching frequencies in the same order., Structural

and spectroscopic data available for the series of [(CO)5M-

(dCdC)ndC(NMe2)2] (M = Cr or W; n = 1, 2, or 3)

complexes indicate similar π-acceptor abilities for the

dimethyl-substituted allenylidene, pentatetraenylidene,

and heptahexaenylidene ligands.7,9,18,24

UV�vis spectra and electrochemical studies also give use-

ful information on the electronic structure and bonding of

metal�cumulenylidene complexes. UV�vis spectra of these

complexes show absorption bands in the 400�700 nm

region, which are responsible for their intense coloration

and are assigned toHOMO� 1f LUMOandHOMOf LUMO

metal to ligand charge transfer transitions.2�8 As the cumule-

nylidene chain length increases, a bathochromic shift of the

lowest energy band is observed indicating a decrease of the

HOMO�LUMO gap. This is well illustrated in the series of

[(CO)5M(dCdC)ndC(NMe2)2] (M = Cr or W; n = 1, 2, or 3)

complexes forwhich theUV�vis spectra inCH2Cl2 showashift

of the lowest energyband from394nmforn=1 to474nmfor

n=2 and 550nm for n=3 (M=Cr) and from394nm for n=1

to 466 nm for n = 2 and 537 nm for n = 3 (M =W).7,18,24

Complementary information on the HOMO�LUMO gap

can in principle be obtained by electrochemical studies,

which also allow separation of the distinct behavior of

HOMO and LUMO. Indeed, assuming the validity of the

Koopman's theorem, the oxidation potentials can be as-

sumed to reflect the HOMO energies and the reduction

potentials the LUMO energies, and their energy difference,

ΔE = E1/2
ox � E1/2

red , can be taken as a measure of the HOMO

�LUMO gap.6

The few and sparse redox potentials available, mainly

for Ru and Rh allenylidene and pentatetraenylidene com-

plexes,26�28 confirm the decrease of the HOMO�LUMOgap

on lengthening the cumulenylidene chain and indicate that,

while the oxidation potentials are slightly affected, the

reduction potentials significantly decrease, so that the de-

crease of the HOMO�LUMO gap can be almost entirely

attributed to the stabilization of the LUMO.

3. Quantum Chemical Calculations on Allenyli-
dene and Cumulenylidene Complexes
The first theoretical study on allenylidene complexes was

reported by Schilling et al. in 197929 and, although per-

formed with the empirical extended Huckel method, caught

the main aspects of the electronic structure and reactivity of

these compounds, confirmed soon after by semiempirical

calculations30 The first accurate DFT calculations came

much later, mainly on cyclopentadienyl and indenyl half-

sandwich complexes of cationic Ru(II) and Os(II),3,31a adding

quantitative details to the initial results, and were extended

to bis allenylidene complexes.31b The first systematic theo-

retical studies on highermetal cumulenylidenes camemany

years later, from our group and that of Saillard, and focused

on model complexes of the type (CO)5Cr(dC)nH2 and

[Cl(PH3)4Ru(dC)nH2]
þ facing various aspects of the chemistry

of these systems, including geometries, electronic structures,

bonding, reactivity, and, for the latter study, the effects of

oxidation and reduction.32,33

Further studies have been then reported on a few specific

complexes, mainly involving ruthenium, manganese, and

chromium metal fragments, such as trans-[Cl(dppm)2Ru-

(dC)4H2]
þ,14 Cp(PH3)2Mn(dC)4H2),

22 [Cp(PMe3)2Ru(dC)4H2]
þ,34

or [(CO)5Cr(dC)7(NH2)2].
24 In general, these studies con-

firmed the electronic structure and bonding description of

metallacumulenes obtained from our initial studies, show-

ing in some cases complementary results and additional

information, such as the mechanism of formation.34 Here

we will resume and discuss the main insights obtained on
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geometry, electronic structure, bonding, and reactivity of

cumulenylidenes with a critical analysis of the available

experimental data.

3.1. Geometries. Structural parameters are available

from the X-ray diffraction analysis of several metal alleny-

lidene complexes1,2 and are all consistent with a linear

metallacumulene structure with extensive contributions

from metal alkynyl resonance forms:

[MLm]dCdCdCR2T[MLm]
�
;CþdCdCR2T[MLm]

�
;CtC;CþR2

Relatively shortM�C bond lengths are found, with values

in the upper range of metal carbon double bonds (see pre-

vious section), whereas for the allenylidene ligand, the C1�
C2 bond lengths are significantly shorter (1.20�1.27 Å) than

the C2�C3 lengths (1.33�1.41 Å). Only few structural para-

meters are available for higher metal cumulenylidenes,

limited tobutatrienylidenes21,22andpentatetraenylidenes.15�19

Analogous to what was observed for allenylidenes, pente-

traenylidenes showan essentially linear carbon chainwith a

significant short�long�short�long alternation of C�Cbond

lengths, which has been attributed to the extensive contri-

bution ofmetal alkynyl resonance forms, III�IV in Scheme2.

Such a bond length alternation depends on the substituent

on the terminal C atom and is particularly pronounced for

π-donor substituents such as �NR2 or �OR, which stabilize

the alkynyl resonance forms with a positive charge on the

cumulenylidene terminal carbon atom, through the further

contribution of mesomers as V�VI in Scheme 2. A diffe-

rent situation is observed for the two structurally resolved

butatrienylidene complexes, which show M�C and C�C

bond lengths consistent with an almost purely metallacu-

mulenic description.

The geometry optimizations carried out at DFT level on

the [(CO)5Cr(dC)nH2] (n=2�9) and [trans-Cl(PH3)4Ru(dC)nH2]
þ

(n = 1�8) series of metal cumulenylidenes gave an impor-

tant contribution to generalize the sparse structural data

available for allenylidene, butatrienylidene, and pentate-

traenylidene to higher cumulenylidene complexes, indicat-

ing a clear structural trend.

Our results for the [(CO)5Cr(dC)nH2] series showed for the

geometries of all odd chain cumulenes a significant polyyne-

like carbon�carbon bond length alternation perturbing an

average cumulenic structurewith two slightly different types

of C�C bond lengths, falling in the ranges 1.26�1.27 and

1.29�1.33 Å, see Figure 1. The geometries of even chain

cumulenes are consistent with a purely cumulenic structure,

the C�C bond lengths ranging from 1.27 to 1.29 Å, except

for the terminal C�C bond, which is markedly longer, 1.32�
1.34 Å, as expected for an sp2 hybridization of the terminal

carbon atom. Relatively short Cr�C distances are calculated,

in the range 1.86�1.90 Å, with significant chromium�
carbon double bond character,32 slightly shorter for even n

chains.

Similar structural trendswere obtained by Saillard and co-

workers in their DFT calculations on the [trans-Cl(PH3)4Ru-

(dC)nCH2]
þ series, with only minor differences in the M�C

and C�C bond lengths due to the different metal fragment.

3.2. Electronic Structure and Bonding. The electronic

structure and bonding in metal cumulenylidene complexes

can be conveniently described by the Chatt�Dewar�
Duncanson model, according to which the bonding in

[LnM(dC)nH2] arises from the σ electron donation from the

CnH2 lone pair on the first carbon atom to an empty dσmetal

orbital and the simultaneous π back-donation from filled dπ
metal orbitals to the lowest empty π* orbitals of CnH2. This

fragment approach was applied to higher cumulenylidene

complexes for the [(CO)5Cr(dC)nH2] series and then to the

[trans-Cl(PH3)4Ru(dC)nH2]
þ species giving similar results.

The results for the [(CO)5Cr(dC)nH2)] series in terms of the

interaction between the [(CO)5Cr] and the CnH2 fragments,

exploiting the C2v symmetry of the complex, exemplify this

approach, and the orbital interaction diagrams for [(CO)5-

Cr(dC)4H2)] and [(CO)5Cr(dC)5H2)] reported in Figures 2 and 3

illustrate the behavior ofmetallacumulenes with n even and

odd, respectively. The [(CO)5Cr] fragment has a pseudo-

octahedral geometry lacking one ligand, and its frontier d

orbitals are made up by a set of three filled t2g-like orbitals,

SCHEME 2. Possible Resonance Structures for Pentatetraenylidene
Complexes
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1a2 (dxy), 1b1 (dxz), and 1b2 (dyz), slightly mixed with the π*

orbitals of the CO ligands, and by two empty eg-like orbitals,

1a1 (dz2, pz hybrid) and the high-lying 2a1 (dx2�y2).

All cumulene carbenes CnH2 have a closed shell ground

statewith a lone pair on the first carbon atom corresponding

to a high-lying doubly occupied orbital of a1 symmetry. They

present a characteristic π system made up of two sets of

orbitals, lying either in the molecular plane (π )) or perpendi-

cular to it (π^). The former set consists of n � 1 in-plane

π ) orbitals (of b2 symmetry), and the latter of n perpendicular

π^ orbitals (of b1 symmetry), and they are occupied by a total

of 2n � 2 electrons. A different occupation pattern is ob-

served depending on whether n is odd or even: CnH2

cumulenylidenes with n even have a π^ HOMO and a

π ) LUMO, while those with n odd have a π ) HOMO and a

π^ LUMO, as illustrated in Scheme 3 for C4H2 and C5H2. The

mainπ accepting properties of these unsaturated ligands are

determined by the LUMO and, to a lesser extent, by the

LUMO þ 1.

Figures 2 and 3 show three main orbital interactions

between the [(CO)5Cr] metal fragment and the C4H2 or

C5H2 moiety: (i) the donation from the cumulene lone pair

orbital into the metal dz2 forming the metal�carbon σ bond;

(ii) a stabilizing back-donation from one of the two filled

quasi-degenerate dπ metal orbitals into the empty LUMO of

the cumulene unit; and (iii) an interaction of the remaining

filled dπ orbital with the filled HOMO and, to a minor extent,

with the empty LUMO þ 1 of cumulene corresponding,

respectively, to a destabilizing two-orbital, four-electron in-

teraction or to a further stabilizing π back-donation contribu-

tion. Two different π back bonding interactions, occurring

in two orthogonal planes, can therefore be distinguished:

a major contribution coming from the LUMO (π ) for C4 or π^

for C5) and a minor contribution from the LUMO þ 1 (π^ for

C4 or π ) for C5).

On lengthening the cumulene chain from C2 to C9, the

HOMO�LUMO gap decreases although with a superim-

posed odd/even alternation (Figure 4) in agreement with

the UV/vis spectra of [(CO)5Cr(dCdC)nC(NR2)2] (n = 1, 2, or 3)

showing a bathochromic shift on increasing the chain length

from C3 to C7.
7 The decrease is mainly due to a lowering of

the LUMOenergy consistentwith electrochemical studies on

Rh complexes evidencing a significant decrease of the

reduction potential on increasing the chain length.26

Interesting information on the thermodynamic stability

of metal cumulenylidenes and on its dependence on the

FIGURE 1. Optimized bond lengths (Å) in [(CO)5Cr(dC)nX2] complexes,
n = 3�8 and X = H (black), NH2 (blue), or NO2(red).

FIGURE 2. Orbital interaction diagram for the [(CO)5Cr(dC)4H2]
complex.
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carbon chain length comes from the bond dissociation

energies of the cumulenylidene ligand calculated for the

[(CO)5Cr(dC)nH2)] series of complexes. The results obtained

are given in Table 1 and show relatively high bonding

energies (260�285 kJ mol�1) with slightly larger values

for metal cumulenylidenes with n odd. One of the main

results was that the chromium�cumulene bond dissociation

SCHEME 3. π-System for C4H2 and C5H2 Cumulenes

FIGURE 3. Orbital interaction diagram for the [(CO)5Cr(dC)5H2]
complex.

FIGURE 4. HOMO and LUMO energies for [(CO)5Cr(dC)nH2] complexes,
n = 3�9.
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energies remain almost constant on lengthening the cumu-

lene chain showing only a very slight decrease. This indi-

cates that there is no thermodynamic upper limit to the

cumulene chain length, suggesting that the synthetic diffi-

culties to prepare higher cumulenylidenes are not due to

thermodynamic reasons.

The contributions from σ donation and π back-donation

to the metal�cumulene bond dissociation energy have

been separated into a steric term, Ester, and an orbital inter-

action term, Eorb, which can be further broken up into

contributions from the various irreducible representations

of the overall symmetry group of the system. This decom-

position scheme is particularly useful in the considered

complexes of C2v symmetry because it allows one to sepa-

rate the energy contributions corresponding to σ donation

and to π back-donation taking place, respectively, into the

A1 and the B1 (π^) and B2 (π )) representations.

The results of this energy decomposition are reported in

Table 1 and show that (i) the overall contribution to the

orbital interaction term from π back-donation, EB1
þ EB2

, is

slightly higher than that from σ donation, EA1
, and (ii) on

lengthening the cumulene chain the σ contribution (EA1
)

and the π contribution (EB1
þ EB2

) remain essentially con-

stant, apart for a small odd/even oscillation, which is res-

ponsible for the slightly larger bonding energies for the odd

chains.

3.3. Reactivity. Metallacumulenes may undergo both

electrophilic and nucleophilic attack allowing for further

transformations and functionalization. Considerable knowl-

edge has been achieved in the chemistry and the reactivity

of allenylidene metal complexes.1�3,5�8 In particular, their

reactivity is mainly governed by the electron-deficient char-

acter of the C1 and C3 carbon atoms, which are therefore

subject to nucleophilic attack, whereas the electron-rich

character of the C2 carbon atom makes it susceptible to

electrophilic attack.1�3 The preference of nucleophilic addi-

tion for C1 versus C3 depends on the nature of the metal

center and on the steric and electronic properties of the

ancillary ligands and of the C3 substituents and has been

only recently addressed.35

Much less is known on the reactivity of higher metalla-

cumulenes. The data available for the few known butatrie-

nylidene, pentatetraenylidene, hexapentaenylidene, and

heptahexaenylidene complexes give evidence that the cu-

mulenylidene chain consists of alternating arrays of electro-

philic and nucleophilic sites. Nucleophiles preferably add to

the odd carbon atoms of the chain, whereas electrophiles

add to even carbon atoms, although the first and last

positions may be disfavored by the steric protection of

ancillary ligands or of the substituents on the carbon end,

depending also on the nature of the nucleophiles.10

FIGURE 5. Orbital decomposition of HOMO and LUMO for [(CO)5Cr(dC)nH2] complexes, n = 4 and 5.

TABLE 1. Metal�Cumulene Bond Dissociation Energies (kJ mol�1) and
Their Decomposition for the [(CO)5Cr(dC)nCH2] Complexeswith n=3�9

n De Ester Eorb EA1
EB1

EB2
EB1

þ EB2

3 283 113 �407 �197 �157 �54 �211
4 276 130 �415 �196 �75 �147 �222
5 282 116 �410 �196 �148 �68 �216
6 275 137 �423 �197 �86 �145 �231
7 280 122 �414 �197 �145 �77 �222
8 259 150 �421 �196 �90 �140 �230
9 278 125 �418 �197 �143 �850 �228
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The rationalization of the reactivity trends of metal cu-

mulenylidenes has been one of the main goals of all

theoretical studies on these systems. The first semiempirical

studies in the late 1970s and early 1980s already pointed

out the alternating electron-poor/electron-rich character of

the carbon atoms along the allenylidene chain with C1 and

C3 being electrophilic and C2 nucleophilic,
29,30 in agreement

with the observed regioselectivity, and later DFT studies

better quantified these results.31

We have first generalized these results to higher cumu-

lenylideneswithin our study on the [(CO)5Cr(dC)nH2] series.
32

For all the considered metallacumulene complexes, the

calculated Mulliken atomic charges show no significant

polarization of the carbon atoms of the cumulene chain

indicating that charge distribution is not important in deter-

mining the regioselectivity of either electrophilic or nucleo-

philic attack.

The molecular orbital diagrams of all considered cumu-

lenylidenes (see Figures 2 and 3 for n=4 and 5) show ahigh-

lying HOMOand a low-lying LUMO, both quite isolated from

the remaining orbitals, suggesting that the reactivity of these

complexes is determined by frontier orbital factors and that

these two orbitals play the main role in determining the

regioselectivity of, respectively, the electrophilic and nucleo-

philic attack. The breakdown of the contributions from the

metal and the carbon atoms along the chain to the HOMO

and LUMOof all [(CO)5Cr(dC)nH2)] complexes shows that the

HOMO has contributions mainly from the metal and the

carbon atoms in even positions along the chain, that is, C2,

C4, C6, etc., whereas the LUMO has contributions mainly

from the carbon atoms in odd positions along the chain, that

is, C1, C3, C5, etc., thus explaining the experimentally ob-

served regioselectivity of the nucleophilic and electrophilic

attacks, see Figure 5 for the C4H2 and C5H2 complexes. The

LUMOcontribution from the terminal carbon atom is usually

somewhat larger,32,33 suggesting its preferential attack by

nucleophiles, but this can be easily overcome by electronic

and steric effects of substituents.

It is noteworthy that an increase of the chain length

causes a lowering of the LUMO energy, which determines

a higher reactivity toward nucleophilic attacks and is prob-

ably the reason for the difficulties to synthesize and isolate

higher metallacumulenes.

3.4. Effects of Metal Termini and of Substituents on the

Carbon End . 3.4.1. Metal Termini Effects. In the last

20�30 years a large number of allenylidenes and several

cumulenylidenes have been synthesized and characterized

involvingmainly group 6, 7, and 8metals, vide supra. To give

a full rationale of the effect of the metal termini on the

properties of metallacumulenes, we recently investigated

a large series of LnM(dC)nH2 complexes, n = 4 and 5, based

on several MLm metal fragments, including the d6 [(CO)5Cr],

[(CO)5Mo], [(CO)5W], [Cp(CO)2Mn], [Cp(dppe)Fe]þ, [trans-Cl-

(dppe)2Ru]
þ, [Cp(PMe3)2Ru]

þ, and [BzCl(PH3)Ru]
þ, ranging

from electron-poor to electron-rich character, and the d8

[trans-Cl(PH3)2Rh] and [trans-Cl(PH3)2Ir].
36

For all these isolobal d6 and d8 complexes, which include

the vast majority of experimentally characterized cumule-

nylidenes, the optimized bond lengths show the same

qualitative pattern calculated for the [(CO)5Cr(dC)nCH2] ser-

ies with a purely cumulenic structure for even chain cumu-

lenes and a significant polyynyl C�C bond length alterna-

tion for odd chain cumulenes. The nature of the metal

fragment affects only the odd chain cumulenes, and we

found that an increase of the electron richness of d6 metal

fragments causes a decrease of the polyynyl-like bond

length alternation and the same effect is observed for d8

metals. This result is a consequence of the destabilization of

the zwitterionic polyynyl resonance forms where a formal

negative charge is locatedon themetal, see Scheme2, and is

consistent with essentially all the available structural data.

For all d6 and d8 complexes, the qualitative features of the

electronic structure were found to be independent of the

nature of the metal termini and show the same type of

FIGURE 6. Frontier orbital energies for d6 and d8 metal fragments with
increasing electron richness.
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orbital interactions. Thenature of themetal andof its ligands

mainly causes an energy shift of the metal frontier orbitals,

which reflects in the extent of their interactions with the

cumulenylidene orbitals thus affecting the various bonding

components. The direction and the magnitude of these

shifts are in principle predictable on the basis of the metal

configuration and the electron-donating or -withdrawing

nature of the ligands. In particular, an increase of the

electron richness or a shift from a d6 to a d8 configuration

causes a rise of all metal frontier orbitals, see Figure 6. As a

consequence, the dπ orbital rises closer to the cumulenyli-

dene LUMO and π-back-donation increases, whereas the dσ
orbital rises farther from the cumulenylidene lonepair andσ-

donation decreases. These two effects have been quantified

by calculating the bonding energies and their separation in σ

and π components: the increase of π-back-donation prevails

leading to an overall increase of the metal�cumulene bond

energy, which is more evident for d8 configuration. This

increase of the metal�cumulene bonding energy with the

electron richness of the metal fragment reflects the destabi-

lization of the polyynyl resonance forms showing single

M�C bond character, see Scheme 2, and is consistent with

the results of geometry optimization, vide supra.

The effects of the metal termini on the reactivity were

considered through an analysis of the energies of both

HOMO and LUMO and their breakdown into atomic con-

tributions. The results indicate that the energy of the LUMO

significantly increaseswith the electron richness of themetal

termini leading to a reduced reactivity toward the nucleo-

philic attack. This is in agreement with the experimental

data, which show a high stability of allenylidene complexes

with the most electron-rich metal fragments, such as [Ru(η5-

C5Me5)(PR3)2]
þ, and a low stability of complexes with elec-

tron-poor metal fragments, such as [Ru(η6-C6Me6)(PMe3)Cl]

or [M(CO)5] (M = Cr, Mo, orW). The localization of the HOMO

and LUMO on even/odd carbon atoms is essentially unal-

tered by variations in the metal electron count from d6 to d8

or in the electron richness, and therefore, no significant

change in the regioselectivity of electrophilic or nucleophilic

additions is foreseen.

3.4.2. Substituent Effects. Most of the synthesized alle-

nylidene and cumulenylidene complexes bear sterically

hindered alkyl and aryl groups on the terminal carbon atom,

which stabilize these reactive species through steric and

electronic effects. The effect of the substitution of the carbon

end on the physical and chemical properties of allenylidene

and the cumulenylidene complexes has substantially paral-

leled their synthesis and characterization. The attention has

been focused on electron-donating heteroatom substituents

ERn (�OR or �NR2), which were found to stabilize the most

reactive longer chain cumulenylidene complexes, and their

effects have been investigated by X-ray crystallography,

IR, UV�vis, and NMR spectroscopies and electrochemical

techniques.

We carried out a systematic study on the effect of several

terminal substituents on the geometry, electronic structure,

and reactivity of metal cumulenylidenes by performing DFT

calculations on the [(CO)5Cr(dC)nCX2] (n = 2�9; X = F, SiH3,

CHdCH2, NH2, or NO2) series
37 and comparing the results

with those previously obtained for the unsubstituted com-

plexes.32 The optimized bond lengths within the cumulene

unit are significantly affected only by π-donor (�NH2) and

π-acceptor (�NO2) substituents, which lead to different

effects depending on whether the complex has an even or

odd chain, see Figure 1. In particular, for NH2 substituents the

characteristic polyynyl alternation of odd cumulenylidenes

is significantly enhanced, consistent with the stabilization of

zwitterionic polyynyl resonance structures by these π-donor

amino substituents, see Scheme 2, and in agreementwith all

FIGURE 7. HOMO�LUMO gaps (eV) for [(CO)5Cr(dC)nX2] complexes
with n = 3�8 and X = H, NH2, or NO2.

SCHEME 4. Possible Resonance Structures for Nitro-Substituted Buta-
trienylidene Complexes



148 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 139–149 ’ 2012 ’ Vol. 45, No. 2

Metal Complexes Containing Cumulenylidene Ligands Coletti et al.

X-ray structural data. On the other hand, in the presence of

NO2 substituents, the characteristic cumulenic structure of

even chain cumulenylidenes shows a significant carbon�
carbon bond length alternation. However, this alternation

pattern is different from that observed for odd chain cumu-

lenes, involves a shortening of the Cr�C bond rather than its

lengthening, and can be explained by invoking the contri-

bution of zwitterionic resonance structures with an alkyli-

dyne character stabilized by the π-acceptor nitro substituent,

see Scheme 4.

The electronic structure of the cumulenylidene com-

plexes was found essentially independent of the terminal

substituents and shows the same kinds of orbital interac-

tions. The extent of these interactions is affected by the

substituents, in particular by the π-donating (�NH2) and the

π-accepting (�NO2) groups, through a shift of the frontier

orbitals of the cumulenylidene ligands.π-Donor substituents

raise the cumulenylidene LUMO and LUMO þ 1 (π*) orbitals

farther from the metal dπ orbital and cause a decrease of

π-back-donation, whereas π-acceptors stabilize the cumule-

nylidene LUMO and LUMO þ 1 (π*) orbitals closer to the

metal dπ orbital leading to an increase of π-back-donation. A

smaller effect is observed on the lone pair localized on the

initial carbon atom, and the σ interaction is less affected. The

calculated bonding energies and their analysis in terms of

the σ and π components confirm this picture showing

that π-donor groups lead to a decrease of the metal�
cumulenylidene bond energy, which mainly affects odd

chains, agreeing with the increased weight of the polyynyl

resonance forms showing single M�C character, see

Scheme 2, whereas π-acceptor groups lead to an increase

of the dissociation energies, which is more evident for

even chains, consistent with the increased weight of the

polyynyl resonance forms showing triple MtC character,

see Scheme 4.

When reactivity is considered, the results indicate that the

localization of the HOMO and LUMO on even/odd carbon

atoms is essentially unaltered by the terminal substituents

and, therefore, no significant changes in the regioselectivity

of additions are foreseen. However, HOMO and LUMO

energies are strongly affected by the amino and nitro

substituents, which cause a striking oscillation of the HOMO�
LUMO gap. In particular, π-donor amino substituents cause

an increase of the HOMO�LUMO gap for odd-chain and a

decrease for even-chain cumulenes, while π-acceptor nitro

substituents cause an increase of the HOMO�LUMO gap for

even-chain and a decrease for odd-chain cumulenes, see

Figure 7. Moreover, amino groups lead to a destabilization

and nitro groups to a stabilization of LUMO whose en-

ergy determines the reactivity toward nucleophiles. For

π-donor-substituted odd-chain metallacumulenes, these

two effects add suggesting a significant decrease of their

reactivity toward nucleophilic attack, in agreement with

experimental evidence indicating a high stability of ami-

no-substituted allenylidenes and pentatetraenylidenes.7,9

For π-acceptor-substituted even-chain metallacumulenes,

the large increase of the HOMO�LUMO gap and the

increase of M�C bond energy are expected to overcome

the modest decrease of the LUMO energy suggesting a

decrease of their reactivity. Higher even-chain metallacu-

mulenes, whose synthesis is particularly elusive, are

therefore expected to be stabilized by the presence of

π-acceptor substituents such as NO2, CN, COOR, or C6H4-

NO2, a prediction that has not yet been experimentally

investigated.

4. Concluding Remarks
The theoretical understanding of the electronic structure of

allenylidenes and higher cumulenylidenes has reached a

remarkable level. A consistent rationale is now possible for

the main structural, spectroscopic, and reactivity properties

of this growing class of compounds.

DFT calculations have emerged not only as a reliable

interpretative guide to the experimental behavior of known

cumulenylidenes but also as a powerful predicive tool cap-

able of guiding newdevelopments in this still underexplored

field of fascinating compounds, such as higher even-chain

and early transition metal cumulenylidenes.
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