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A theoretical investigation (DFT) allowed us to single out the most appropriate valence structure for the
[M]Cx]M] unit in a variety of model compounds [{Cp(CO)2M}2(µ-Cx)] (M = Cr, Mn or Fe; x = 2–8) and to
foresee it on the basis of the molecular parameters, such as (i) the chain length, (ii) the nature of the metal and
its oxidation state, (iii) the dn configuration and the metal co-ordination number. The valence structure of the
[M]Cx]M] unit is diagnostic of the metal-to-metal communication. A simple electron-counting scheme has
been developed to predict the valence structure, based on the dn configuration of the MLm fragments and the
number of pπ electrons of the linear Cx unit.

Several organometallic complexes in which two transition-
metal atoms are bridged by linear unsaturated carbon chains,
LmMCxMLm, have attracted much interest.1–5 Although the
most common examples are those with x = 2 6–18 higher homo-
logues have been recently synthesized with x = 4–20.19–39 Such
complexes constitute a first step in the synthesis of elemental
carbon fragments or allotropes stabilized by transition-metal
complexes.3 Moreover, they exhibit potentially useful material
properties and have considerable theoretical importance. On
increasing the length of the Cx chain, analogies with polyacetyl-
ene and the possibility of long-range interactions between the
two metals become apparent and make these systems interest-
ing examples of one-dimensional molecular wires.

All of the synthesized Cx bridged complexes have a number
of common features: (i) the metal fragments spanning the
bridge are constituted by mid to late transition metals in rather
low oxidation state with π-acceptor ligands; (ii) particularly
widespread are fragments like CpMLL9 (L,L9 = CO, NO or
PR3; M = Mn, Re or Fe) with co-ordination number five; (iii)
the metal configurations of these fragments are d6 and d7 with
very few d5 exceptions.

Among the Cx bridged dinuclear complexes which have been
synthesized, structural and synthetic reasons suggest that one
can distinguish between compounds with an even number
of carbon atoms (C2x) and those with an odd number of
carbon atoms (C2x 1 1). This difference is already evident in
the simple HCxH series (known only for even x) 40 and arises
from the different nature of the ground states for compounds
with an even and an odd number of carbon atoms; a stable
closed shell singlet in the former case and an unstable open
shell triplet in the latter case.41 Bridged dinuclear compounds
with an even Cx bridge are by far more common. Several four-
carbon bridged complexes are known with structures similar to
those of butadiyne, described as alternating single and triple
bonds.19–27,29,32,33 Typical examples are [{Cp*Re(PPh3)(NO)}2-
(µ-C4)] 1

19,20 and [{Cp*Fe(dppe)}2(µ-C4)] 2
32,33 which have been

isolated for different oxidation states of the metal. Depending
on the dn configuration, the C4 chain displays either a polyynic
(reduced) form or a cumulenic (oxidized) structure (Scheme 1)
as is the case for the C6 and C8 bridges in complexes [{Cp*Re-
(PPh3)(NO)}2(µ-C6)] 3 and [{Cp*Re(PPh3)(NO)}2(µ-C8)] 4 28

† Non-SI unit employed: eV ≈ 1.60 × 10219 J.

which undergo two reversible one-electron oxidations (see
Scheme 2).

A recent synthetic and electrochemical study by Gladysz and
co-workers 30,31 on [{Cp*Re(PPh3)(NO)}2(µ-Cx)] compounds
containing longer chains (x = 12–20) led to a relationship
between the Cx chain length and the metal-to-metal communi-
cation as a function of the chain length.

The communication between the two metals can be expressed
by the three valence structures (A, B and C in Scheme 3) related
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to the Cx (x even) chains. The three valence structures are
formally related by two-electron oxidations as shown in Scheme
3.27

In the same context, we should mention that an important
complementary series of bimetallic chain bridged complexes is
[{Cp*Fe(dppe)}2(µ-Cx)], x = 2–8, developed by Lapinte and co-
workers.32–34

Very few compounds have been synthesized with an odd
number of carbons in the Cx bridge 35–39 containing C3 and C5

chains, only one three-carbon bridged complex has been struc-
turally characterized, [{Cp*Re(PPh3)(NO)}(µ-C3){CpMn-
(CO)2}]1.37 For each of these C3 and C5 chains we can draw two
possible valence structures (Scheme 4) and all the spectroscopic
and structural informations indicate that the resonance cumu-
lenic forms 6 and 7 dominate over the polyynic ones, 5 and 8.37,38

Few theoretical investigations have been performed on C2

bridged dinuclear complexes,6,7,10 and only one has been carried
out on longer carbon bridges, i.e. a [{Cp*Re(PPh3)(NO)}2-
(µ-C4)] species.29 In two recent papers,42,43 we carried out DFT
calculations on a wide class of C2 dinuclear complexes of tran-
sition metals giving a qualitative interpretation of the bonding
that occurs between the two metal atoms and the bridging C2

ligand in terms of a simple molecular orbital scheme for four-
center M]C]C]M π and δ interactions and developing a simple
qualitative model which enables one to forecast the valence
bond structure on the basis of the characteristics of the two
transition-metal fragments, MLm.

Herein, we address a general theoretical study on the even Cx

bridged complexes mentioned above. A study of odd chain
complexes will be presented in a forthcoming paper. We have
performed LCAO density functional calculations on the
[{CpM(CO)2}2(µ-Cx)] (M = Cr, Mn or Fe; x = 4 or 6 and x = 2
or 8 only for M = Fe) series (see Fig. 1) as models of the even Cx

bridged complexes where the metal is bound to π-acceptor lig-
ands in a pseudo-octahedral co-ordination. The move from Cr
to Fe allowed us to study the dependence on the nature of the
metal, its oxidation state and d configurations.

Some model compounds have been chosen as close as pos-
sible to the experimental ones in order to compare selected
excitation and ionization energies and eventually to determine
a correlation with the chain length. Such calculations have
allowed us: (i) to clarify the electronic structure of these com-
plexes; (ii) to point out the factors which determine the geo-
metric structure, i.e. cumulenic vs. alternating single and triple
bonds; (iii) to investigate the effect of lengthening the carbon
chain; (iv) to study the electron delocalization across the wire-
like Cx bridges and the metal–metal interaction between them.

Among the main results, we have found optimized structures
consistent with the experimentally characterized geometries,

Scheme 2

giving a rationale for their occurrence in terms of the electron
count on the metal fragments.

Computational and Methodological Details
The calculations reported in this paper are based on the ADF
(Amsterdam density functional) program package described
elsewhere.44–46 Its main characteristics are the use of a density
fitting procedure to obtain accurate Coulomb and exchange
potentials in each SCF cycle, the accurate and efficient numer-
ical integration of the effective one-electron Hamiltonian
matrix elements and the possibility to freeze core orbitals. The
molecular orbitals were expanded in an uncontracted double-ζ
STO basis set for all atoms with the exception of the transition-
metal orbitals for which we used a double-ζ STO basis set for 3s
and 3p and a triple-ζ STO basis set for 3d and 4s. As polariz-
ation functions, one 4p, one 3d and one 2p STO were used for
transition metals, O and C, and H, respectively. The cores (Cr,
Mn, Fe: 1s–2p; C, O: 1s) have been kept frozen.

The LDA exchange correlation potential and energy were
used, together with the Vosko–Wilk–Nusair parametrization 47

for homogeneous electron–gas correlation, including Becke’s
non-local correction 48 to the local exchange expression and
Perdew’s non-local correction 49 to the local expression of
correlation energy (NLDA). Molecular structures were opti-
mized by the NLDA method in C2h (or Cs) symmetry.

Fig. 1 Geometrical structures of the considered model complexes

Scheme 4
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To study the electronic structure of the mixed-valence
[{Cp(CO)2Fe}2(µ-Cx)]1 (x = 4–8) complexes we used the broken
symmetry spin unrestricted approach. This technique,
developed by Noodleman and Norman,50 avoids the problem
of a constrained equal amplitude of molecular orbitals over the
two metal centres and allows the unpaired electron to localize
on one center if such an arrangement is energetically favour-
able. To reach this goal, we removed the inversion center
through the bridging chain lowering the symmetry from the C2h

geometrical symmetry to Cs.
In order to analyze the [Cp(CO)2M]]Cx interaction energies,

we use a method that is an extension of the well known decom-
position scheme of Morokuma.51 The bonding energy is
decomposed into a number of terms. The first term, ∆Eo, which
is called the steric repulsion, consists of two components. The
first is the electrostatic interaction ∆Eelstat of the nuclear charges
and unmodified electronic charge density of one fragment with
those of the other fragment, both fragments being at their final
positions. The second component is the so-called Pauli repul-
sion ∆EPauli, which is essentially due to the antisymmetry
requirement on the total wavefunction. In addition to the steric
repulsion term ∆Eo there are the attractive orbital interactions
which give rise to an energy lowering, the orbital interaction
energy ∆Eoi. This term may be broken up into contributions
from the orbital interactions within the various irreducible
representations Γ of the overall symmetry group of the system,
according to the decomposition scheme proposed by Ziegler
and Rauk.52

Results and Discussion
A qualitative Hückel-type model

We propose here a simple molecular orbital scheme for (x 1 2)-
center M]Cx]M π and δ interactions which is an extension of
that proposed to explain bonding in dinitrogen-bridged 53 and
µ-C2 bridged transition-metal dimers and employed to inter-
pret the results of some theoretical calculations on these
complexes.42,54–57 The assumptions on which this model is based
will be justified in the next paragraph on the basis of the accur-
ate DFT calculations. In such a model, we assume that the
energy order of the bridging orbitals, classified on the basis of
their symmetry with respect to the M]Cx]M axis (assumed to
be the z axis), is σ ! π < δ< δ* < π* ! σ*. This implies that
the metal dz2 orbitals strongly interact with the sp hybrids of the
terminal carbon atoms forming two M]C σ bonds, while the
other carbon sp hybrids form (x 2 1) C]C σ bond MOs at an
even lower energy. The uppermost frontier orbitals involved in
the bonding of the Cx bridge are therefore those originating
from the interactions of the carbon π with the metal dπ orbitals
and can be built within a simple Hückel-type approach. Assum-
ing comparable energies for the C pπ and the M dπ orbitals, the
π-system is constituted by the (x 1 2)-center molecular orbitals
qualitatively illustrated in Scheme 5 for x = 4.

Two sets of these (x 1 2)-center molecular orbitals are actu-
ally obtained by linear combinations of M dxz, C px or M dyz, C
py orbitals. Depending on the overall molecular symmetry, the
energy diagram is therefore made up by (x 1 2) doubly
degenerate levels (D2d symmetry or higher) or by (x 1 2) closely
spaced couples of levels (C2h symmetry or lower) whose ener-
gies increase with increasing nodal planes and which are desig-
nated as 1π–(x 1 2)π. The overall scheme is completed by the
orbitals of δ symmetry built by the bonding and antibonding
combinations of the dxy, and eventually also the dx2 2 y2,
orbitals depending on the co-ordination geometry of the LmM
fragment. These orbitals do not interact with any Cx orbital and
give no contribution to the bonding; they should lie between 1π
and (x 1 2)π and will be designated as 1δ–4δ. The nature of the
metals and of the ligands and the co-ordination geometry in the
metal fragments determine the energy of the metal d orbitals

and, therefore, both the metal character of the 1π–(x 1 2)π
orbitals and the relative position of the 1δ–4δ levels.

If the σ M]Cx]M skeleton is regarded as mainly constant,
the variation in the M]C and C]C bond character can be
attributed to changes in the nature and in the occupancy of the
π frontier orbitals. When the occupancy of these levels is taken
into account, we found it convenient to perform the electron
count by considering a neutral Cx molecule bracketed by the
two metal MLm fragments. Therefore, the dn configuration
attributed to the MLm fragment is at least one unit higher than
that attributable to the metal in the whole complex on the basis
of the conventional oxidation state assignment. If each LmM
fragment has a dn configuration, a total of 2(n 2 1) 1 2x elec-
trons are left to occupy these π and δ frontier orbitals; 2x com-
ing from the Cx unit and n 2 1 from each metal fragment (one is
employed in the M]C σ bond). A relevant difference between
systems with an even bridge and those with an odd one arises
when these electrons are distributed on the π orbitals.

Let us first consider an even bridging chain taking as an
example a LmMC4MLm complex with the metal in a pseudo-
octahedral co-ordination. The energy level diagram foreseen for
the π–δ system of this complex is illustrated in Scheme 5. To
distinguish the carbon atoms along the chain, we will use
greek letters beginning from the first carbon atom on the left,
i.e. M]Cα]Cβ]Cγ]. . .]M. Note that for the pseudo-octahedral
co-ordination of the metal fragment the dx2 2 y2 levels are
destabilized by σ interactions with the ligands, leaving only two
δ levels at energies close to that of the 3π orbital (see Scheme 5).
For metal fragments with a d7 configuration, these orbitals
should be filled with 20 electrons and the HOMO is the 4π one.
The molecular geometry is mainly determined by the nodal
pattern of such a HOMO which shows three nodal planes, two
between each metal atom and the outer Cα and Cδ carbons, and
one between the two central Cβ and Cγ carbons. These nodes
weaken the π bond contribution built up by the occupied 1π–3π
orbitals and strongly support a polyyne-like structure A (see
Scheme 3). For metal fragments with a d6 configuration, like
[Mn(CO)2Cp], the HOMO is only half filled so that the geom-
etry is expected to change toward a cumulene-like structure B.
Moreover, a triplet ground state is expected, at least if the sys-
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tem has a high enough symmetry.58,59 For a metal fragment with
a d5 configuration the 4π orbital is empty, the HOMO is the 3π
orbital with nodal planes between Cα]Cβ and Cγ]Cδ, so that a
polyyne-like structure C is expected. Analogous arguments
apply to larger even carbon chains making use of the topology
of Hückel orbitals. For a LmMCxMLm complex based on metal
fragments with a d7 configuration, the HOMO is the (x–

2 1 2)π
orbital which has x–

2 1 1 nodes. Taking into account that (i) this
orbital is symmetric (S) or antisymmetric (A) with respect to
the bisecting plane depending on the value of (x 1 2) mod 4, S
if (x 1 2) mod 4 is 0, A if (x 1 2) mod 4 is 2;58,59 (ii) the nodes
must be as distributed as possible, we can predict the nodal
pattern illustrated in Scheme 6. The arithmetic operation mod 4
stands for the subtraction from x 1 2 of the maximum multiple
of four, e.g. for a C4 bridge we have x 1 2 mod 4 = 6 mod 4 = 2
so that the 4π HOMO is antisymmetric, while for a C6 bridge
we have x 1 2 mod 4 = 8 mod 4 = 0 so that the 5π HOMO is
symmetric and so on (see Scheme 6). This pattern suggests a
polyyne-like structure A. For a d5 metal fragment the HOMO is
the (x–

2 1 1)π orbital which has x–
2 nodes shifted by one place with

respect to those of the (x–
2 1 2)π, so that a polyyne-like structure

C is foreseen. An intermediate cumulene-like structure B is
expected for a d6 metal fragment for which the (x–

2 1 2)π orbital is
only half filled.

DFT calculations on the [{CpM(CO)2}2(ì-Cx)] series

The ground states and configurations of the considered com-
plexes with C4 and C6 chains are reported in Table 1. For the
considered complexes with an even chain, the ground state is a
singlet, 1Ag, or a triplet, 3Bg, depending only on the metal
fragment. We have found a singlet ground state for the Cr (d5

fragment configuration) and Fe (d7) complexes and for the Fe
dicationic species (d6) and a triplet ground state for Mn (d6)
complexes. Table 2 illustrates the optimized geometries in the
[{Cp(CO)2M}2(µ-Cx)] (M = Cr, Mn or Fe; x = 4,6) series of
complexes, including the dicationic iron species. The main geo-
metrical parameters of the [{Cp(CO)2Fe}2(µ-Cx)] and [(CH3)2-
(µ-Cx)], x = 2, 4, 6 or 8 species and the corresponding HOMO–
LUMO gaps are compared in Table 3. The species [{Cp-
(CO)2Fe}2(µ-C4)] 9 and [{Cp(CO)2Fe}2(µ-C6)] 10 are stable
closed shell singlets and show the highest HOMO–LUMO gaps
in the two [{Cp(CO)2M}2(µ-C4)] and [{Cp(CO)2M}2(µ-C6)]
series and their MO diagrams will serve as a basis for the dis-
cussion of all other complexes. The computed valence energy
levels of these latter iron dimers, labeled according to C2h sym-
metry, are reported in Tables 4 and 5. The orbitals of main
metal or Cx character are classified on the basis of their sym-
metry with respect to the M]Cx]M axis (the y axis) in σ, π, δ,
σ*, π* and δ*.

The electronic interaction between the even Cx unit and the
metal fragments will be discussed by considering a fragment
approach in which the two [Cp(CO)2M] fragments interact with
a Cx species, and therefore by employing the same electron count
used in the Hückel-like model. The main valence orbitals of the
[Cp(CO)2M] (M = Cr, Mn or Fe) fragments (Cs symmetry) are
reported in Fig. 2. The frontier d orbitals split into a lower
set of three t2g-like orbitals, labeled as 17a9(dz2), 12a0(dyz) and

Scheme 6

18a9(dxy) in the Cs point group, and a higher set of eg-like
orbitals, labeled as 19a9(dx2 2 y2) and 13a0(dxz). One of the two
dδ orbitals (17a9) lies at lower energy because it is stabilized by
the back bonding to the CO π*, while the other one (13a0) lies at
higher energy due to the interactions with the CO 5σ. The dπ

orbitals, 18a9 and 12a0, are almost degenerate and are stabilized
by the back bonding to the CO π*. The 19a9 is a dσ orbital (dsp
hybrid) and is singly occupied in the iron fragment. The Cx

molecules (x = 2, 4, 6 or 8) have been considered in the 3Σu
1

triplet state, corresponding to the valence state prepared to
interact with the metal σ orbitals, with bond distances equal to
those found in the corresponding dinuclear complexes. Their
main valence orbitals are reported on the right in Figs. 3 and 4
for C4 and C6, respectively. In each case the singly occupied
orbitals (2σu and 3σg for C4, and 3σu and 4σg for C6 in D∞h

symmetry) correspond to the in-phase and out-of-phase com-
binations of the terminal carbon sp hybrids and are of the right
symmetry to interact with the metal dσ orbitals. The HOMO
1πg for C4, and 2πu for C6 correspond to the two highest
orthogonal π orbitals while the LUMO 2πu for C4, 2πg for C6

correspond to the two lowest π* orbitals. Figs. 3 and 4 show the

Table 1 Metal dn configurations, complex configurations, electronic
states and energies (with respect to atoms) for the chromium, manga-
nese, iron, monocationic and dicationic iron complexes

Complex

[{Cp(CO)2Cr}2(µ-C4)]
[{Cp(CO)2Mn}2(µ-C4)]
[{Cp(CO)2Fe}2(µ-C4)]
[{Cp(CO)2Fe}2(µ-C4)]

1

[{Cp(CO)2Fe}2(µ-C4)]
21

[{Cp(CO)2Cr}2(µ-C6)]
[{Cp(CO)2Mn}2(µ-C6)]
[{Cp(CO)2Fe}2(µ-C6)]
[{Cp(CO)2Fe}2(µ-C6)]

1

[{Cp(CO)2Fe}2(µ-C6)]
21

Metal d
configur-
ation

d5

d6

d7

d6/d7

d6

d5

d6

d7

d6/d7

d6

Complex
configuration

(21ag)
2

(22ag)
1(13bg)

1

(22ag)
2(13bg)

2

(22ag)
2(13bg)

1

(22ag)
2(13bg)

0

(23ag)
2

(14au)1(23bu)1

(14au)2(23bu)2

(14au)1(23bu)2

(14au)0(23bu)2

State
1Ag
3Bg
1Ag
2Bg
1Ag

1Ag
3Bg
1Ag
2Bg
1Ag

Energy/
eV

2235.51
2235.91
2234.65
2227.99
2217.79

2251.46
2252.02
2250.75
2244.16
2234.26

Table 2 Main optimized geometrical parameters of [{Cp(CO)2M}2-
(µ-Cx)] complexes, M = Cr, Mn or Fe; x = 4 or 6

Complex

[{Cp(CO)2Cr}2(µ-C4)]

[{Cp(CO)2Mn}2(µ-C4)]

[{Cp(CO)2Fe}2(µ-C4)]

[{Cp(CO)2Fe}2(µ-C4)]
21

[{Cp(CO)2Cr}2(µ-C6)]

[{Cp(CO)2Mn}2(µ-C6)]

[{Cp(CO)2Fe}2(µ-C6)]

[{Cp(CO)2Fe}2(µ-C6)]
21

Parameter

Cr]C (C4)
Cα]Cβ

Cβ]Cγ

Mn]C (C4)
Cα]Cβ

Cβ]Cγ

Fe]C (C4)
Cα]Cβ

Cβ]Cγ

Fe]C (C4)
Cα]Cβ

Cβ]Cγ

Cr]C (C6)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Mn]C (C6)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Fe]C (C6)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Fe]C (C6)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

NLDA/Å

1.746
1.318
1.260
1.810
1.273
1.305
1.900
1.230
1.356
1.787
1.271
1.298

1.746
1.319
1.258
1.304
1.800
1.273
1.296
1.265
1.891
1.233
1.342
1.232
1.786
1.270
1.292
1.265
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orbital interaction diagrams of 9 and 10 which are represent-
ative of the behavior in the whole [{Cp(CO)2M}2(µ-Cx)] series.
In all of these complexes, the orbitals describing the interaction
between metal atoms and the bridging Cx, x = 4 or 6 moiety can
be divided into four groups: (i) two low-lying orbitals describing
the σ M]C bonds, formed by the in-phase and out-of-phase dσ

orbitals of the [Cp(CO)2M] fragments interacting with the sp
hybrid orbitals of the terminal carbon atoms. Together with
(x 2 1) lower-lying orbitals describing the C]C σ bonds, not
shown in the figures, they constitute the M]Cx]M σ skeleton.
(ii) A group of closely spaced couples of levels originating from
the interactions of the Cx pπ with the metal dπ orbitals. (iii) A few

Table 3 Geometrical parameters, HOMO–LUMO gaps, ∆, HOMO
energies, ε, and HOMO metal character, M (%), for [{Cp(CO)2Fe}2-
(µ-Cx)] and (CH3)2(µ-Cx) x = 2, 4, 6 or 8 compounds

Compound

[{Cp(CO)2Fe}2(µ-C2)]

[{Cp(CO)2Fe}2(µ-C4)]

[{Cp(CO)2Fe}2(µ-C6)]

[{Cp(CO)2Fe}2(µ-C8)]

(CH3)2(µ-C2)

(CH3)2(µ-C4)

(CH3)2(µ-C6)

(CH3)2(µ-C8)

Parameter

Fe]C (C2)
Cα]Cβ

Fe]C (C4)
Cα]Cβ

Cβ]Cγ

Fe]C (C6)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Fe]C (C8)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Cδ]Cε

C (Me)]C (Cα)
Cα]Cβ

C (Me)]C (Cα)
Cα]Cβ

Cβ]Cγ

C (Me)]C (Cα)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

C (Me)]C (Cα)
Cα]Cβ

Cβ]Cγ

Cγ]Cδ

Cδ]Cε

NLDA/
Å

1.924
1.231
1.900
1.230
1.356
1.891
1.233
1.342
1.232
1.887
1.235
1.337
1.235
1.328

1.457
1.211
1.445
1.217
1.355
1.441
1.220
1.343
1.228
1.440
1.222
1.339
1.232
1.330

∆/eV

1.80

1.59

1.51

1.50

6.57

4.56

3.50

2.85

ε/eV

24.58

24.62

24.76

24.92

26.39

26.23

26.21

26.20

M
(%)

32

22

17

14

orbitals of δ symmetry built by the bonding and antibonding
combinations of the dz2 and dxz, strongly mixed with ligand
orbitals. These orbitals do not interact with any Cx pπ orbital
and give no contribution to the bonding. (iv) A group of low-
lying virtual orbitals which are essentially of dδ–π*(CO) and
dδ–π*(Cp) character.

These results show that the calculated frontier orbitals of 9
and 10 correspond closely those of the proposed Hückel-like
model (see above). In particular, the levels originating from the
interactions of the Cx pπ with the metal dπ orbitals show
the same nodal pattern and the same energy order expected on
the basis of such a model, compare for instance Fig. 3 with
the lower levels of Scheme 5. Moreover, a careful analysis of the
composition of these π orbitals (see Tables 4 and 5) shows that
the 1π orbitals have an almost pure 1πu (C4 or C6) character and
only the highest occupied π orbitals have a substantially mixed
metal–carbon character. This justifies the assumption of the
qualitative Hückel model, according to which the occupation of
the highest molecular orbital of π character determines the
valence description of the M]C and C]C bonds.

Geometries

The calculated C]C and M]C bond distances in the [{Cp-
(CO)2M}2(µ-Cx)] series (x = 2–8, M = Cr, Mn or Fe) including
the dicationic iron species for x = 4 or 6 are reported in Tables 2
and 3. Note that all these geometrical parameters match very
well with the model previously proposed, with the d5, d6 and d7

Fig. 2 Energies of the main frontier orbitals for the [Cp(CO)2M] metal
fragments

Table 4 Energies and composition of the [{Cp(CO)2Fe}2(µ-C4)] lowest unoccupied and highest occupied orbitals*

Orbital

23ag

22bu

14bg

14au LUMO
13bg HOMO (4π)
22ag (4π)
13au (3π)
21bu (3π)
21ag

20bu

12bg (2π)
20ag (2π)
19bu (1π)
12au (1π)
11bg

11au

19ag

18bu

18ag (1σ)
17bu (1σ)

ε/eV

22.77
22.81
22.97
23.03
24.62
24.76
26.23
26.33
26.50
26.85
26.95
27.15
27.53
27.78
27.98
27.98
28.16
28.32
29.01
29.24

Fe (%)

31 (3dx2 2 y2) 1 11 (3dxy)
32 (3dx2 2 y2) 1 11 (3dxy)
44 (3dxz)
43 (3dxz)
22 (3dyz)
16 (3dxy)
56 (3dyz)
50 (3dxy)
26 (3dxy) 1 25 (3dz2)
39 (3dz2)
51 (3dyz)
34 (3dz2) 1 17 (3dx2 2 y2) 1 19 (3dxy)
11 (3dz2) 1 12 (3dx2 2 y2) 1 2 (3dxy)
15 (3dyz)
10 (3dyz) 1 11 (3dxz)
12 (3dxz)
17 (3dxy)
17 (3dxy)
26 (3dx2 2 y2)
24 (3dx2 2 y2)

CO (%)

13

13
15

16
10

Cp (%)

17
19
20
28

17

60
60
42
32

C4 (%)

69
76
22
19

15
20
16
74
81

29
38
41

* Only the main contributions to each orbital have been given. The nature of metal contributions is mentioned in parentheses as well as the π nature
of MOs.
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Table 5 Energies and composition of the [{Cp(CO)2Fe}2(µ-C6)] lowest unoccupied and highest occupied orbitals*

Orbital

24ag

24bu

15au

14bg LUMO
14au HOMO (5π)
23bu (5π)
13bg (4π)
23ag (4π)
22bu

22ag

13au (3π)
21bu (3π)
21ag (2π)
12bg (2π)
20bu

12au

11bg

20ag

11au (1π)
19bu (1π)
19ag (1σ)
18bu (1σ)

ε/eV

23.01
23.01
23.19
23.24
24.75
24.86
26.17
26.36
26.70
26.87
26.97
27.29
27.53
27.61
28.15
28.17
28.17
28.40
28.50
28.65
29.42
29.45

Fe (%)

32 (3dx2 2 y2) 1 11 (3dxy)
32 (3dx2 2 y2) 1 11 (3dxy)
44 (3dxz)
43 (3dxz)
17 (3dyz)
11 (3dxy)
42 (3dyz)
43 (3dxy)
30 (3dxy) 1 24 (3dz2)
37 (3dz2)
51 (3dyz)
34 (3dz2) 1 15 (3dx2 2 y2) 1 20 (3dxy)
21 (3dz2) 1 16 (3dx2 2 y2) 1 12 (3dxy)
25 (3dyz)
6 (3dxy) 1 8 (3dx2 2 y2)
11 (3dxz) 1 11 (3dyz)
11 (3dxz) 1 10 (3dyz)
18 (3dxy)
2 (3dyz)
10 (3dxy)
24 (3dx2 2 y2)
24 (3dx2 2 y2)

CO (%)

18
13
17
15

14

10

Cp (%)

10
23
25
15

10

37
59
60
37

C6 (%)

75
81
39
37

11
24
26
27
59
11

98
70
40
40

* Only the main contributions to each orbital have been given. The nature of metal contributions is mentioned in parentheses as well as the π nature
of MOs.

configurations of the [Cp(CO)2M] metal fragments leading,
respectively, to polyynic A, cumulenic B and polyynic C,
valence descriptions (see Scheme 3). The iron Cx bridged
(x = 2–8) complexes show polyynic structures A, with alternat-
ing single and triple bonds, starting with a Fe]C single bond.
Cumulenic structures B have been obtained for the Cx bridged
complexes of manganese and for the dicationic iron complexes
with a slightly alternating short/long pattern which reproduces
that observed for [{Cp*Re(NO)(PPh3)}2(µ-C4)]

21.29 Polyynic
structures C have been calculated for four or six carbon-bridged

Fig. 3 Molecular orbital diagram for the [{Cp(CO)2Fe}2(µ-C4)]
complex depicting the interactions between the frontier orbitals of
[Cp(CO)2Fe] and C4

complexes of chromium, with alternating single and triple
bonds, starting with Cr]C triple bonds. Table 2 clearly illus-
trates that going from Cr to Fe in the [{Cp(CO)2M}2(µ-C4)]
series {i.e. going from a d5 to a d7 configuration of the
[Cp(CO)2M] fragment} there is a lengthening of the M]Cα

bond and simultaneous shortening and lengthening of the
Cα]Cβ and Cβ]Cγ bonds, respectively. An analogous trend is
observed for the [{Cp(CO)2M}2(µ-C6)] series. We must take into
account that to assign the calculated C]C bond lengths to
single, double or triple C]C bonds the right comparison should
be made with single, double, and triple bonds between sp

Fig. 4 Molecular orbital diagram for the [{Cp(CO)2Fe}2(µ-C6)]
complex depicting the interactions between the frontier orbitals of
[Cp(CO)2Fe] and C6
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hybridized carbons. So, for a (MC). . .]C]]]C]. . .(CM) triple
bond the most pertinent comparison can be made with ethyne
(1.212 Å), for a (MC). . .]]C]]C]]. . .(CM) double bond such a
comparison is provided by the central C]C distance in buta-
1,2,3-triene (1.284 Å) and for a (MC). . .]]]C]C]]]. . .(CM) single
bond by the central C]C distance in buta-1,3-diyne (1.384 Å).
Therefore, we assigned carbon–carbon single, double and triple
bonds to C]C distances in the range 1.32–1.34, 1.27–1.30 and
1.23–1.26 Å, respectively. More difficult is the assignment of the
M]C bond orders on the basis of the optimized M]C bond
lengths because of the limited available experimental data.
However, we can say that the Cr]C bond distance of 1.746 Å is
in the range of distances expected for the Cr]C triple bonds,
1.65–1.79 Å, while the Fe]C distance of 1.90 Å is in the range
of single Fe]C bonds, with a sp hybridized carbon (1.90 Å).60

The Mn]C bond distance of 1.80 Å has a value which can be
reasonably assigned to a double bond. The Fe]C bond distance
in the dicationic complexes of 1.79 Å has a value close to
experimentally observed double Fe1]C bonds {e.g. 1.81 Å in
[(CO)2CpFe]]CCl2]

1 61}. Finally, in Table 3 we compare the
optimized geometrical parameters of the [{Cp(CO)2Fe}2(µ-Cx)]
and (CH3)2(µ-Cx) species (x = 2, 4, 6 or 8). We notice that on
lengthening the Cx chain from x = 2 to x = 8 the agreement
between the C]C bond distances in the two series improves, as
expected because of the diminished effect of the terminal metal
fragments.

Metal-chain interactions and bridge length

The orbital interaction diagrams of 9 and 10 in Figs. 3 and 4
illustrate the most relevant interactions between the metal
fragment dπ orbitals and the π system of the C4 and C6 bridging
units. We can distinguish two main interactions: (i) a filled–
filled interaction between the dπ orbitals 18a9 12a0 and the 1πg

(C4) or 2πu (C6) bridge orbitals; and (ii) a filled–empty inter-
action between the same dπ orbitals 18a9 12a0 and the 2πu (C4)
or 2πg (C6) orbitals. The HOMO orbital is composed mainly of
the highest occupied bridge orbitals, 1πg (C4) or 2πu (C6),
strongly mixed (in an antibonding fashion) with the metal dπ

orbitals. The LUMO is composed primarly of the metal dδ

orbital, 13a0(dxz).
Due to the filled–filled interaction, the HOMO in the con-

sidered dinuclear complexes is significantly higher in energy
than the HOMO of the polyyne bridge (see Figs. 3 and 4), this
explains the red shift of the UV maxima in these complexes
from those of the analogous methylated polyynes. An analo-
gous effect has been established by photoelectron spectroscopy
for many alkynyl complexes.62 Moreover, the nature of HOMO
and LUMO suggests for these UV transitions a bridge to
metal charge-transfer character, in agreement with their higher
intensities than in the analogous methylated polyynes.

On lengthening the bridging chain from C4 to C8, several
effects are observed as shown in Table 3: (i) the HOMO–
LUMO gap decreases, in agreement with the experimental UV/
VIS spectra for the [{Cp*Re(PPh3)(NO)}2(µ-Cx)] compounds
which exhibit progressively red-shifted bands.31 The decrease is
less pronounced than for the analogous methylated polyynes
due to the high metal character of the LUMO and, to a lesser
extent, of the HOMO orbitals. (ii) The metal character of the
HOMO orbital decreases thus leading to a more marked bridge
to metal character of the lowest electronic transition, in agree-
ment with the increasing intensities of the UV/VIS bands of the
[{Cp*Re(PPh3)(NO)}2(µ-Cx)] compounds.31 (iii) The HOMO
energies of the considered dinuclear complexes decrease (see
Table 3) in agreement with the experimental evidence that oxid-
ations become thermodynamically less favourable in the [{Cp*-
Re(PPh3)(NO)}2(µ-Cx)] series as the carbon chain increases
from C4 to C20.

30 Although this trend seems at first counter
intuitive (since the HOMO energies of the organic polyynes
increase as conjugation is extended), it can be rationalized on

the basis of the nature of the HOMO in these dinuclear com-
plexes. As discussed above, these HOMOs originate from the
filled–filled interaction between the fragment dπ orbitals and
the polyyne HOMOs and are therefore significantly higher than
the latter bridge orbitals. As the polyyne HOMO energies
increase with the chain length, their filled–filled interaction with
the dπ orbitals diminishes so that the HOMO energies of the
dinuclear complexes (which are the antibonding component of
such an interaction) decrease. This view is supported by the
decrease of the metal character of the HOMOs on lengthening
the bridging chain.

Comparison with the experimentally synthesized compounds

The above formal structures, forecast by the proposed Hückel-
like model and obtained by our accurate DFT calculations,
coincide with those which appear in the diagram of represent-
ative redox states (Scheme 3).29 These structures agree with all
the geometries experimentally observed for the several com-
plexes of the [{Cp*Re(PPh3)(NO)}2(µ-Cx)]z1 series,19,20,27–30

although no oxidized form with the C structure, M(]C]]]C])x/2-
M, has been isolated yet. Also the dependence of the HOMO–
LUMO gap and HOMO and LUMO nature and energies on
chain length, calculated for the [{CpFe(CO)2}2(µ-Cx)] com-
plexes, is in agreement with the experimental behaviour
observed for the Gladysz series, as discussed above. This stems
from the similar orbital energies of the isoelectronic [Cp(CO)2-
Fe] and [Cp*Re(PPh3)(NO)] (d7) endgroups, see Fig. 2. More-
over, an explicit DFT calculation has been carried out on the
[{CpRe(NO)(PH3)2}2(µ-C4)] model complex 11 in which the
Cp* and PPh3 ligands of the real complex have been replaced
by a Cp and a PH3 molecule, respectively. A geometry optimiz-
ation of this molecule led to a polyynic structure very close to
that obtained for the bimetallic complex 9 with [CpFe(CO)2]
endgroups and in fairly good agreement with the experi-
mentally determined crystal structure, see Table 6. The com-
puted valence energy levels of 11 are also analogous to those of
9 with a HOMO of 1πg (C4) character significantly mixed in an
antibonding fashion with the metal dπ orbitals (i.e. a 4π in the
Hückel-like model).

A different behaviour is found for the [{Cp*Fe(dppe)}2-
(µ-Cx)]z1 series.32–34 Indeed, although the neutral complexes of
this series show a polyyne-like structure, as expected for a d7

ending group, IR data suggest that the doubly ionized species
still have a polyyne-like structure rather than the expected
cumulene-like one. This anomaly can be rationalized by a slight
generalization of the above electron count scheme which takes
into account the different nature of the metal fragment. Indeed,
while in the [{CpFe(CO)2}2(µ-Cx)] complexes, and presumably
also in the similar [{Cp*Re(PPh3)(NO)}2(µ-Cx)]z1 species, the
HOMO is a (x–

2 1 2)π orbital (i.e. 4π for C4, 5π for C6, etc., see
Tables 4 and 5) with the δ orbitals slightly lower, in the
[{Cp*Fe(dppe)}2(µ-Cx)] complexes, where the iron fragment
is co-ordinated by stronger σ-donor phosphine ligands, the
δ orbitals are destabilized and expected to be the HOMO.
Therefore, double ionization of the latter complex leads to a
depopulation of the δ orbital and does not change the polyynic
structure. This is confirmed by a DFT calculation performed on
the [CpFe(PH3)2] fragment which shows a significant destabil-
ization of the dδ orbitals, see Fig. 2.

Table 6 Comparison between the optimized geometrical parameters
of the [{Cp(CO)2Fe}2(µ-C4)] and (SS,RR)-[{Cp(NO)(PH3)Re}2(µ-C4)]
model complexes with the crystallographic data for (SS,RR)-
[{Cp*(NO)(PPh3)Re}2(µ-C4)]

Complex

[{Cp(CO)2Fe}2(µ-C4)]
(SS,RR)-[{Cp(NO)(PH3)Re}2(µ-C4)]
(SS,RR)-[{Cp*(NO)(PPh3)Re}2(µ-C4)]

M]Cα/Å

1.900
2.033
2.037

Cα]Cβ/Å

1.230
1.234
1.202

Cβ]Cγ/Å

1.356
1.350
1.389
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Such a result supports the diradical 1~Fe]C]]]C]C]]]C]Fe~1

valence structure suggested for the [{CpFe(PH3)2}2(µ-C4)]
21

species.29

Energy decomposition and bond analysis

In the discussion of the bonding in these complexes, it is useful
to point out the relative magnitudes of the main interactions
and the strengths of the bond between the two metal fragments
and the central Cx unit.

A better insight into the electronic factors governing the
relative stability of the [{Cp(CO)2M}2(µ-Cx)] complexes is pro-
vided by the analysis of the orbital interaction energy in terms
of the different symmetries [equation (1)]. An analysis of the

∆Eoi = o
Γ

∆EΓ
(1)

interaction energies in terms of σ and π contributions is not
straightforward as, in the C2h symmetry group, σ and π com-
ponents mix in the Ag and Bu symmetries. Such an analysis is
however quite simple for the series of iron complexes (x = 2, 4, 6
or 8), shown in Table 7, for which no π contribution is expected
and ∆EAg and ∆EBu represent the contributions to ∆Eoi due to
the pure metal–carbon σ interactions. We see that the metal–
carbon interaction energy remains essentially constant on
increasing the chain length. This supports the expectation that
there may be no practical upper limit on chain length 29 based
on the analogy with the recent data for sp carbon chains with
organic endgroups.63

For the chromium and manganese complexes, in addition,
there are substantial contributions due to the back donation
from the metal to the antibonding π* orbitals of Cx and contri-
butions due to the donation from the Cx highest occupied π
orbitals to the empty metal orbitals. However, these effects con-
tribute simultaneously to all four different symmetries of the
C2h group and give therefore less direct information. The results
of this analysis for the [{Cp(CO)2M}2(µ-Cx)] (M = Cr, Mn or
Fe) series of complexes with x = 4 and 6 are reported in Table 8.
We see that for all the complexes a substantial contribution to
thermodynamic stability comes from the π bonding which
varies considerably shifting from Fe to Cr in agreement with the
change of the valence structures from A to C. In particular, the
overall bonding energy increases on going from Fe to Cr in
agreement with the increase of the formal metal–carbon bond
order, but does not change on increasing the chain length from
C4 to C6.

Metal–metal communication

An estimate of the extent of metal–metal interaction through
the carbon bridge can be obtained by electrochemistry.64

Indeed, such LmMCxMLm dinuclear complexes undergo two
separate reversible oxidations, corresponding to two one-
electron processes shown in equation (2) leading to two oxid-

[LmMCxMLm]
2e

[LmMCxMLm]1
2e

[LmMCxMLm]21 (2)

Table 7 Contributions to the total bonding energy (eV) from different
symmetries for the decomposition of iron complexes (C2h symmetry)
into C2, C4, C6 and C8 and the corresponding metal fragments

[{Cp(CO)2Fe}2(µ-Cx)]

∆EAg

∆EBg

∆EAu

∆EBu

∆Eo 1 ∆Eoi

x = 2

210.3
20.4
20.1
28.5
29.1

x = 4

28.7
20.2
20.5

210.8
29.7

x = 6

210.9
20.6
20.3
28.3
29.5

x = 8

28.2
20.3
20.6

210.9
29.4

ation peaks in the cyclic voltammograms.30,33 In the absence of
any electron coupling, the two identical metal centers are
expected to undergo oxidation at the same oxidation potential.
Any communication across the bridge moves the second metal
ion to perceive the additional positive charge and leads to a
difference (∆Eo = Eo

2 2 Eo
1) between the two oxidation potentials.

Such a difference stabilizes the mixed valence, partially oxidized
species which comproportionates in solution according to the
following equilibrium (3) whose comproportionation constant

[LmMCxMLm] 1 [LmMCxMLm]21 2[LmMCxMLm]1 (3)

is an alternative estimate of the metal–metal interaction.64

Cyclic voltammograms of [{Cp*Re(NO)(PPh3)}2(µ-Cx)]
complexes (x = 4–20) show two chemical reversible one-electron
oxidations for x < 16, and for x = 20 only a single two-electron
oxidation is observed.30 The values of the oxidation potential
differences for this series of complexes are reported in Table 9
and show a decrease from 0.53 V for x = 4 to 0.09 V for x = 16.
An analogous behaviour is observed in the [{Cp*Fe(dppe)}2-
(µ-Cx)] complexes (x = 4–8) for which slightly higher potential
differences are observed, and a remarkably high value is still
observed for the largest synthesized C8 chain (∆Eo = 0.43 V).34

A study of the [{CpFe(CO)2}2(µ-Cx)]1 species can elucidate
the extent of the metal–metal interaction. According to the
electron count assumed in this work, these species have been
considered as constituted by d7 and d6 metal fragments. How-
ever, according to the usual oxidation state formalism, these
molecules are generally considered as FeII–FeIII, d6–d5, mixed-
valence species. Many d6–d5 mixed-valence systems are
known,65,66 specially for ruthenium, and can exhibit localized,
partially delocalized or fully delocalized electronic structures
(class I, II and III according to Robin and Day 67). If the
metal–metal interaction is very strong, the odd electron of the
mixed valence state occupies a molecular orbital completely
delocalized over the metal–bridge–metal system and is evenly
distributed between the two metals (class III). If the metal–
metal interaction is weaker, the odd electron is localized on one
of the metals and an energy barrier is needed for transferring
the electron from the metal in the lower oxidation state to
the other metal (class II).65–68 As an odd electron can be studied

Table 8 Contributions to the total bonding energy (eV) from different
symmetries for the decomposition of chromium, manganese and iron
complexes (C2h symmetry) into C4 and C6 and the corresponding metal
fragments

[{Cp(CO)2M}2(µ-C4)] [{Cp(CO)2M}2(µ-C6)]

∆EAg

∆EBg

∆EAu

∆EBu

∆Eo 1 ∆Eoi

Cr

20.5
3.3

27.7
216.1
212.2

Mn

24.7
4.5

21.2
214.6
210.3

Fe

28.7
20.2
20.5

210.8
29.7

Cr

216.3
28.0

3.4
0.1

212.0

Mn

214.9
21.3

4.5
24.3

210.0

Fe

210.9
20.6
20.3
28.3
29.5

Table 9 Experimental differences between the first (Eo
1) and second (Eo

2)
oxidation potentials, ∆Eo and available effective coupling parameters,
Vab, measured for the synthesized rhenium and iron complexes

[{Cp*Re(NO)(PPh3)}2(µ-C4)]
[{Cp*Re(NO)(PPh3)}2(µ-C6)]
[{Cp*Re(NO)(PPh3)}2(µ-C8)]
[{Cp*Re(NO)(PPh3)}2(µ-C12)]
[{Cp*Re(NO)(PPh3)}2(µ-C16)]
[{Cp*Re(NO)(PPh3)}2(µ-C20)]

[{Cp*Fe(dppe)}2(µ-C4)]
[{Cp*Fe(dppe)}2(µ-C8)]

∆Eo/V

0.53
0.38
0.29
0.19
0.09
0.00

0.72
0.43

Vab/eV

0.70

0.47
0.32
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by magnetic and spectroscopic investigations and its valence
trapping can easily be determined by several spectroscopic
techniques, the study of the mixed valence species is the best
way to determine the efficiency of the bridging ligand in pro-
moting metal–metal interactions. In all cases where a mono-
cationic Cx bridged dinuclear species has been isolated 33,35

(rhenium and iron series), IR, ESR and, for the iron complexes,
Mössbauer spectra showed that the odd electron is fully
delocalized between the two metals (class III).

Our calculations on the [{Cp(CO)2Fe}2(µ-Cx)]1 (x = 4–8) ser-
ies of complexes (see Table 1) are in agreement with these find-
ings as the singly occupied MO is fully delocalized over the
metals and all the carbon atoms of the bridge. That these ions
can be considered as class III mixed-valence species has been
confirmed by broken-symmetry calculations. Geometry opti-
mizations were performed on the [{Cp(CO)2Fe}2(µ-Cx)]1 (x = 4–
8) complexes with a broken symmetry approach, i.e. removing
the inversion center between the two metal fragments and
lowering the symmetry from the C2h molecular symmetry to Cs

(see Computational and Methodological Details section).
These optimizations were started from an asymmetric initial
geometry where the co-ordination sphere on the left metal was
taken from the optimized geometry for neutral [{Cp(CO)2Fe}2-
(µ-Cx)] and that on the right metal was taken from the opti-
mized geometry for the corresponding dicationic species. This
initial geometry would simulate the localization of the positive
charge, and correspond to a localized FeII–FeIII valence struc-
ture. For a localized (class I or class II) mixed-valence com-
pound an asymmetric optimized geometry close to the above
initial geometry would be expected. An essentially symmetric
optimized geometry is instead obtained for all these mono-
cationic species, with M]C and C]C bond lengths intermediate
between those of the neutral and dicationic species; Table 10
illustrates the results for the longest considered chain with
x = 8. This result indicates that the potential energy curve as a
function of the vibrational coordinate Q (representing the
antisymmetric breathing of the co-ordination spheres), con-
ventionally used to describe mixed-valence systems, presents a
minimum in Q = 0 which is the formal condition for class III
compounds.

In order to give a theoretical quantitative estimate of the
metal–metal interaction in the [{Cp(CO)2Fe}2(µ-Cx)] com-
plexes and its dependence on the chain length, we calculated the
difference between the first and second gas-phase ionization
potentials, ∆IP = IP([LmMCxMLm]1) 2 IP([LmMCxMLm]).
This quantity is strictly related to the experimental parameter
usually considered to estimate the extent of metal–metal inter-
action in dinuclear bridged complexes, the difference between
the first and second oxidation potentials ∆Eo, and offers the
advantage of being independent from the complex–solvent
interactions which operate in solution. Indeed, the standard
redox potentials for each of the two successive one-electron
reductions, Eo

1 or Eo
2, can be, in principle, evaluated by adding to

the gas phase ionization potential for the reduced species the
solvation energy differences for the oxidized minus the reduced
state. A known constant potential has to be added to reference
the obtained potential to the considered standard electrode.
The final expressions are given in equations (4) and (5) so that
we can write equation (6).

Eo
1 = IP([LmMCxMLm]) 1 Esolv([LmMCxMLm]) 2

Esolv([LmMCxMLm]1) 1 const (4)

Eo
2 = IP([LmMCxMLm]1) 1 Esolv([LmMCxMLm]21) 2

Esolv([LmMCxMLm]1) 1 const (5)

∆Eo = ∆IP 1 Esolv([LmMCxMLm]21) 2

Esolv([LmMCxMLm]) (6)

The ionization potentials have been obtained via a ∆DFT cal-
culation as the difference in total energy between the reduced
species in the unionized initial state and in the ionized final state
and the results are reported in Table 11. To check the reliability
of these values, we evaluated approximately ∆Eo in dichloro-
methane using a rough estimate of the solvation energies via the
simple electrostatic Born model 69 [equation (7)] where Q is the

Esolv = 2
Q

2Reff

S1 2
1

ε
D (7)

total molecular charge, ε is the solvent relative permittivity and
Reff is the effective molecular radius of the molecule. The term
Reff can be approximated to the radius of the spherical cavity
encompassing the van der Waals envelope around the atoms.
For the C4 complexes (whose electrostatic potential is expected
to be better approximated by a spherical model) we calculate a
solvation energy contribution of ca. 23.4 eV (Reff = 11.4 Å,
ε = 9.1) which would lead to a ∆Eo of 0.7 V, a value remarkably
close to the experimental values of 0.53 V for [{Cp*Re(NO)-
(PPh3)}2(µ-C4)]

19 and 0.72 V for [{Cp*Fe(dppe)}2(µ-C4)].
33

For all the considered systems, the calculated gas phase
values of ∆IP have high positive values while large negative
solvation energy differences are instead expected (compare
23.4 eV approximately calculated for the C4 complex) due to
the much stronger solvation of the more positively charged
species, leading to the small oxidation potentials observed in
solution. Note that the relative decrease of ∆IP on lengthening
the carbon chain is less pronounced than the decrease of the
experimental ∆Eo (see Table 9 and 11) and that the value
calculated for the C8 species is still quite high (3.54 eV) suggest-
ing that a high metal–metal interaction still operates through
the C8 bridge.

The high electronic communication between metal endgroups
in this C8-bridged dinuclear complex is consistent with the
broken symmetry calculations performed on the monocationic
[{Cp(CO)2Fe}2(µ-C8)]

1 species which proves the fully delocal-
ized nature of this mixed-valence compound (see above).

The extent of the metal–metal interaction in a mixed valence
dinuclear complex is often expressed in terms of the effective
coupling parameter Vab. Such a quantity corresponds to the
perturbation Hamiltonian which couples the states related by
electron transfer between the two metals and can be obtained
from the experimental data through the Hush formula.70 For a
strongly delocalized mixed-valence compound (class III), it can
be obtained as half the transition energy of the intervalence
charge transfer (IVCT) band. According to the ‘dimer splitting’
method of ref. 71, we evaluated Vab as half of the energy differ-
ence between the two MOs which correspond to the in-phase
and out-of-phase combinations of the dπ orbitals separated due

Table 10 Optimized geometrical parameters for the [{Cp(CO)2Fe}2-
(µ-C8)]

z1 neutral, monocationic and dicationic species

Complex

[{Cp(CO)2Fe}2(µ-C8)]
[{Cp(CO)2Fe}2(µ-C8)]

1

[{Cp(CO)2Fe}2(µ-C8)]
21

M]Cα/
Å

1.887
1.837
1.794

Cα]Cβ/
Å

1.235
1.249
1.266

Cβ]Cγ/
Å

1.337
1.314
1.295

Cγ]Cδ/
Å

1.235
1.249
1.263

Cδ]Cε/
Å

1.328
1.305
1.288

Table 11 Differences between the first (IP1) and second (IP2) ioniz-
ation energies and effective coupling parameters (Vab) calculated for the
considered iron complexes

[{Cp(CO)2Fe}2(µ-C2)]
[{Cp(CO)2Fe}2(µ-C4)]
[{Cp(CO)2Fe}2(µ-C6)]
[{Cp(CO)2Fe}2(µ-C8)]

∆E = IP2 2 IP1/eV

4.44
4.12
3.82
3.54

Vab/eV

0.85
0.79
0.73
0.64
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to the interaction with the bridge π system. For our polyyne-
bridged complexes, we have two couples of such split MOs
corresponding to the metal–metal interaction through the πx

and πy delocalized systems of the bridge, e.g. 13au–13bg and
21bu–22ag for the C4 complex. Due to the low C2h symmetry,
two slightly different energy separations are obtained of which
we took the average value. The results for the C4, C6 and C8

complexes are reported in Table 11 which shows high Vab

values, greater than 0.5 eV, corresponding to a strong coupling
between the two metals even for the longest considered C8

chain. These values therefore indicate strongly delocalized
mixed-valence behaviour for the monocationic species and are
of the same order of magnitude of the experimental values
for some of the synthesized compounds, e.g. 0.70 eV for
[{Cp*Re(PPh3)(NO)}2(µ-C4)],

29 0.47 eV for [{Cp*Fe(dppe)}2-
(µ-C4)]

33 and 0.32 eV for [{Cp*Fe(dppe)}2(µ-C8)],
34 see Table 9.

These results show a high metal–metal electronic communi-
cation for the considered C4–C8 species suggesting that even
longer Cx chains can act as a molecular wire connecting the two
metal centers.

Conclusion
In the present investigation we have studied the electronic and
geometrical structures of Cx bridged dinuclear complexes.
Compounds with an even Cx bridge are much more common
and three valence formulations are possible, i.e. polyyne-like
M(]C]]]C])x/2M, cumulene-like M(]]C]]C]])x/2M, and polyyne-
like M(]]]C]C]]])x/2M.

Density functional calculations have been performed on a
[{Cp(CO)2Fe}2(µ-Cx)] (M = Cr, Mn or Fe; x = 4–8) series of
even Cx bridged dinuclear complexes close to several experi-
mental compounds. These calculations showed that the geo-
metrical structure is essentially determined by the nodal pattern
of the highest molecular orbitals of dπ–pπ (Cx) character. On
the basis of such results we have developed a simple molecular
orbital model which allows the prediction of the valence formu-
lation in these dinuclear complexes.

As long as dδ orbitals are not too high in energy, the follow-
ing order can be used to forecast the valence formulations on
the basis of the dn configurations of the endgroups: d5

M(]]]C]C]]])x/2M, d6 M(]]C]]C]])x/2M, d7 M(]C]]]C])x/2M, and
these structures are formally related by two-electron oxidations.
When, due to strong σ donating ligands, the dδ orbitals lie much
higher in energy than the dπ orbitals only the following polyyne-
like structures have been calculated: d5 M(]C]]]C])x/2M, d6

?M(]C]]]C])x/2M?, d7 M(]C]]]C])x/2M.
We propose to use the difference between the first and second

gas-phase ionization potentials, ∆IP = IP([LmMCxMLm]1) 2
IP([LmMCxMLm]), as a parameter to estimate the metal–metal
interaction in these dinuclear complexes. This quantity is
strictly related to the experimental parameter usually con-
sidered in estimating the extent of metal–metal interactions in
dinuclear bridged complexes, the difference between the first
and second oxidation potentials ∆Eo, and has the advantage of
being independent from the strong complex–solvent inter-
actions which operate in solution. The calculated gas phase
values of ∆IP have high positive values for all the considered
complexes up to C8. Although a significant decrease of ∆IP on
lengthening is calculated, the value obtained for the C8 species
is still quite high (3.54 eV) suggesting that a significant metal–
metal interaction could operate even for very long bridging
chains.
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