
DOI: 10.1002/chem.200500765

The Versatility of Pentalene Coordination to Transition Metals:
A Density Functional Theory Investigation

Sa'da Bendjaballah, Samia Kahlal, Karine Costuas, Emile B.villon, and
Jean-Yves Saillard*[a]

Introduction

Neutral pentalene (C8H6, Scheme 1) has been known for a
long time to be a rather unstable molecule.[1] It can be stabi-
lized in its aromatic 10-p-electron dianionic form
(Scheme 1)[2] or by complexation to transition- or rare-earth
metals.[3] In the second case, pentalene is generally consid-
ered to formally be a C8H6

2� complexed dianion. Therefore,
complexation is believed to provide additional stabilization
to the aromatic dianion in the same way as it does for the
aromatic cyclopentadienyl monoanion. Although transition-
metal complexes of pentalene[4–6] have been known for a

very long time since the pioneering work of Katz and co-
workers,[4] recent years have seen the characterization of
new compounds, most of them by the groups of Manri-
quez,[7] Jonas,[8] Cloke,[9] and O6Hare.[10] The structural
chemistry of transition-metal pentalene compounds is partic-
ularly rich. Pentalene has been shown to bind to one, two,[3]

and even three[10c] metal centers with a coordination mode
that varies from h8 to h3. Although theoretical studies on
some pentalene transition-metal complexes have been pub-
lished in the past,[7a,8d,9d,e,g,11–15] no complete rationalization
of the bonding in pentalene complexes with respect to their
electron count and to the nature of the metals and other li-
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Scheme 1. Neutral pentalene (C8H6; top) and its stabilized aromatic 10-p-
electron dianionic form (C8H6)

2� (bottom).
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gands has been provided so far. In this paper we analyze by
means of DFT calculations at the generalized gradient ap-
proximation level the bonding of pentalene in a series of
real and hypothetical compounds of the type [CpM(C8H6)],
[(CO)3M(C8H6)], [M(C8H6)2], [(CpM)2(C8H6)], [{(CO)3M}2-
(C8H6)], and [M2(C8H6)2] (M= transition metal). Unless
specified in the text, all the computed compounds have
been characterized as minima on the potential energy hyper-
surface by vibrational frequency calculations (see Computa-
tional Details).

Results and Discussion

Electron counting formalism : The pentalene ligand is a po-
tential 10-electron donor and is formally considered to be a
dianion. However, the actual number of electrons given to a
metal depends on the hapticity of pentalene and thus it is
often lower than 10. Such a situation can also sometimes
occur with the cyclopentadienyl monoanion, a potential six-
electron donor. Thus, we will define two different electron
counts for the studied compounds. 1) The total number of
electrons (TNE), which is the sum of all the p electrons that
can potentially be donated by the pentalene and/or cyclo-
pentadiene anions, the metal valence electrons, and the ter-
minal ligand electrons. For example, in the case of a
[(CO)3M(C8H6)] system, TNE=10+n+3N2, where 10 is
the total number of p electrons in the pentalene dianion
and n is the number of valence electrons in MII. Similarly,
for a [CpM(C8H6)] complex, TNE=10+n’+6, where n’ is
the number of valence electrons in MIII. 2) The number of
metal valence electrons (MVE), which corresponds to the
number of electrons really belonging to the metallic sphere.
This number depends on the hapticity of the pentalene and
cyclopentadienyl ligands. It is clearly often equal or close to
18 and MVE is always less than or equal to TNE.

Free pentalene and the pentalene dianion : The molecular
and electronic structures of pentalene and its dianion are
well known.[1,2] Nevertheless we have optimized their geo-
metries in order to compare their computed data with those
of complexed pentalene species. They have C2h and D2h sym-
metry, respectively. Their optimized structures are shown in
Figure 1 and the p-type MO diagram of C8H6

2� is shown in
Figure 2. The 10 p electrons lie in four bonding and one
nonbonding MO. The latter is the HOMO p5 which is locat-
ed on the more electron-rich carbon atoms. Thus, these four
atoms are privileged sites for metal complexation. The exis-
tence of three vacant antibonding MOs allows the possibility
of p back-donation.

[CpM(pentalene)] and [(CO)3M(pentalene)] complexes :
18 and 16 TNEs: We start our analysis with [CpV(h8-C8H6)]
(TNE=18), which was synthesized and structurally char-
acterized by Jonas et al.[8a] and which we will use as a
benchmark for our calculations. In this compound, all the
pentalene carbon atoms are bonded to the metal. This sug-

gests that pentalene donates all its p electrons to the metal,
thus MVE=TNE=18. The major computed data are given
in Table 1 and the optimized structure and MO diagrams
are shown in Figure 3 and Figure 4, respectively. The mole-
cule has Cs symmetry. Taking into account the fact that this
type of calculation usually overestimates the metal�ligand
bond lengths by 2–5% there is a good agreement between
the optimized and experimental structures. In particular, the
angle made by the two C5 rings of the pentalene ligand is
almost the same in both structures. The fragment analysis,
which can be performed with the ADF program (see Com-
putational Details),[16] allows the occupation of the p orbi-
tals of the pentalene dianion after interaction with the
CpV2+ moiety to be calculated. These values vary between

Figure 1. Optimized structures of neutral and dianionic pentalene. Intera-
tomic distances are given in P.

Figure 2. The p MO diagram of C8H6
2�.
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1.81 (for p1) and 1.25 (for p5), indicating significant donation
of all the occupied p orbitals to the metal. There is also sig-
nificant back-donation to the vacant p*7 orbital (occupation
0.26) which participates in a bonding way to the metallic
HOMO. These data are fully consistent with the description
of [CpV(h8-C8H6)] as an 18-MVE VIII (d2) complex.

The [CpV(h8-C8H6)] HOMO is isolated in the middle of a
large energy gap (Figure 4). This suggests the possibility of
lower electron counts for the same structure type. Indeed,
the 17-MVE [CpTi(h8-C8H6)] complex has also been isolat-
ed[8] and related 16-NVE species are known, namely
Cl3Ta[h8-C8H4(SiMe3)2-1,4][9a] and [Cp*U[h8-C8H4(SiiPr3)2-
1,4] (Cp*=C5Me5).

[9f] Consistent with this, optimization of
the 16-TNE [CpSc(C8H6)] model leads to a similar structure

(Figure 3) with a large HOMO–LUMO gap (Table 1). In
this compound, the pentalene ligand is less folded than in
the vanadium derivative as a result of the depopulation of
the bonding Sc�C2,5 HOMO on going from V to Sc (see
above). The folding angle of [CpSc(h8-C8H6)] (1498) is close
to that found experimentally for the isoelectronic complex
Cl3Ta[h8-C8H4(SiMe3)2-1,4] (1458). It is likely that such 16-
TNE/16-MVE species are more stable with heavier metals,
the size of which allows a smaller relative difference be-
tween the longer Sc�C2,5 bonds and the shorter Sc�C7,8
ones.

20 TNEs : The h8 coordination mode of pentalene cannot
hold more than 18 TNE. In the optimized 20-TNE [CpFe-
(C8H6)]

+ model, the metal is shifted to a quite symmetrical

Table 1. Computed data for 16- 18- and 20-TNE [CpM(C8H5R)] (R=H, ferrocenyl) and [(CO)3M(C8H6)] model complexes. Averaged available experi-
mental values[8a,18] are given in parentheses.

[CpSc(C8H6)] [CpV(C8H6)] [CpMn(C8H6)] [CpFe(C8H6)]
+ [CpFe(C8H4Fc2)]

+ [(CO)3Cr(C8H6)]
Cs Cs Cs (S=1) Cs Cs Cs

TNE 16 18 20 20 20 20
HOMO–LUMO gap [eV] 2.25 1.38 N/A 0.68 0.79 0.92
M�C7 [P] 2.241 2.094 (2.051) 2.244 2.084 2.086 (2.026) 2.232
M�C1 [P] 2.485 2.258 (2.209) 2.104 2.101 2.082 (2.036) 2.207
M�C2 [P] 2.631 2.355 (2.312) 2.072 2.111 2.081(2.026) 2.223
M�C4 [P] 2.485 2.274 (2.212)
M�C5 [P] 2.631 2.382 (2.308)
d [%][a] �15 �11 (�11) 8 �1 0 (0) 0
M�C(Cp) or M�C(CO)
average [P] 2.529 2.272 (2.224) 2.210 2.130 2.115 (2.046) 1.883
range [P] 2.515–2.545 2.210–2.315 2.171–2.238 2.105–2.150 2.103–2.125 1.863–1.924

(2.216–2.233) (2.022–2.076)
C�C(pentalene)
average [P] 1.435 1.439 (1.413) 1.436 1.433 1.439 (1.430) 1.430
C1�C7 [P] 1.443 1.445 (1.431) 1.442 1.440 1.438 (1.427) 1.434
C1�C2 [P] 1.420 1.429 (1.394) 1.448 1.434 1.437 (1.416) 1.433
C6�C7 [P] 1.443 1.445 (1.424) 1.419 1.440 1.465 (1.461) 1.434
C5�C6 1.420 1.427 (1.383) 1.416 1.409 1.414 (1.409) 1.410
C7�C8 1.465 1.463 (1.453) 1.473 1.449 1.443 (1.441) 1.449
C3-C8-C7-C6 [8] 149 137 (135) 175 177 179 (177) 178

[a] d= [(M�C7)�(M�C2)]/(M�C2).

Figure 3. Optimized geometries of the 16-, 18-, and 20-TNE model com-
plexes [CpM(C8H6)] (M=Sc, V, Fe), [CpFe(C8H4Fc)2]

+ , and [(CO)3Cr-
(C8H6)].

Figure 4. MO diagrams of [CpV(h5-C8H6)], [CpFe(h5-C8H6)]
+ , and

[CpFe(h5-C8H4Fc2)]
+ .
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h5 coordination (see Table 1, Figure 3, and Figure 4). One
may be tempted to describe this compound as an electron-
deficient 16-MVE d4 sandwich complex. Consistent with this
view, it exhibits a low-lying LUMO with a rather small
HOMO–LUMO gap of 0.68 eV (Figure 4) and its triplet
state is computed to be less stable than the singlet ground
state by only 0.24 eV. However, analysis of this LUMO re-
veals that this orbital, which should be largely metallic in
character if [CpFe(h5-C8H6)]

+ is a real 16-MVE complex
(i.e. a member of the so-called “t2g” set) is in fact largely de-
localized on the C1 and C3 atoms. It has a large p5(pen-
talene) character mixed in an out-of-phase way with a “t2g”
d-type AO. In other words, the electron deficiency is shared
between these two carbon atoms and the metal. Consistent
with this, the net charges on the C4 and C6 atoms are rather
high (+0.27 compared with +0.12 and +0.18 for C7 and
C5, respectively). Therefore, the bonding in this complex
can be described by the canonical Lewis formulae shown in
Scheme 2 with larger weights for the carbocationic forms IIa
and IIb. Therefore, the pentalene ligand would be better

considered as formally being neutral and made of an aro-
matic C5 ring linked to an allylic cation (II) rather than as
an aromatic dianion (I). This allylium character should
render the hypothetical [CpFe(h5-C8H6)]

+ complex quite re-
active. This is likely the reason why several complexes of hy-
dropentalene (C8H7), which can formally be described as re-
sulting from an hydride attack on the C4 or C6 atom of a
20-TNE [CpM(h5-C8H6)] complex, are known.[17] However, a
compound related to [CpFe(h5-C8H6)]

+ has been isolated
and structurally characterized, namely [CpFe(h5-C8H4Fc2)]

+

(Fc= ferrocenyl).[18] In this compound the Fc units are
bonded to the C4 and C6 atoms. Calculations revealed a
larger HOMO–LUMO gap for this complex (0.79 eV)
(Table 1, Figure 3, and Figure 4) than for [CpFe(h5-C8H6)]

+

and significant delocalization of the LUMO on the Fc sub-
stituents. Although the LUMO plot (Figure 4) seems to sup-
port the authors’ view[18] of through-space stabilization of
the allylium system by the iron atoms of the Fc units, one
should note that the corresponding Fe(Fc)···Cd+ distances
are long (optimized: 3.12 P; experimental: 2.94 P). In fact,
significant through-bond stabilization occurs via the Cp
rings bonded to the Cd+ atoms. Clearly, the Fc units act as
donor substituents which help to stabilize the allylium part
of the molecule. Replacing the Fc units by NH2 groups in
the calculations resulted in a larger HOMO–LUMO gap
(1.37 eV) and similar (25%) and larger (52%) FeCp and
C8H4 LUMO participations, respectively.

Calculations on the isoelectronic models [CpMn(h5-C8H6)]
and [(CO)3Cr(h5-C8H6)] (Table 1 and Figure 3) yielded dif-
ferent results. The latter has a similar electronic structure to
[CpFe(h5-C8H6)]

+ with a larger HOMO–LUMO gap and
LUMO participations of 31 and 52% for chromium and
C8H4, respectively. The former was found to have a triplet
ground state, the singlet state being 0.20 eV higher in
energy. The instability of this singlet state originates from
the large metal character (55%) of its low-lying LUMO.

These results indicate that 20-TNE complexes of the type
[L3M(h5-pentalene)] are sufficiently stable to be isolated
providing that 1) the L3M group is sufficiently electron-with-
drawing to induce significant allylium character into the un-
complexed side of pentalene and 2) this allylium moiety is
electronically stabilized by electron-donating substituents on
the C4 and C6 atoms.

22 TNEs : The addition of two electrons to [CpFe(C8H6)]
+

results in the loss of its electron deficiency. [CpFe(C8H6)]
�

has a similar structure to its related cation but with the pro-
jection of iron on the complexed pentalene h5-C5 ring some-
what shifted towards the C2 atom (Table 2, Figure 5). This
shifting can be related to the so-called indenyl effect de-
scribed in related indenyl complexes.[19c] The amount of shift
can be evaluated from the relative difference between the
shorter (Fe�C2) and longer (Fe�C7) bonds, that is, d=

[(Fe�C7)�(Fe�C2)]/(Fe�C2). In the case of [CpFe(C8H6)]
� ,

d=12% (Table 2) compared with �1% for its related
cation (Table 1). The HOMO–LUMO gap is large (1.68 eV)
and the HOMO has a somewhat larger metal character
(46%) and lower pentalene character (43%) than the
LUMO of the cation. The net charges on the C4 and C6
atoms (+0.06 vs. +0.14 and +0.12 for the C7 and C5
atoms, respectively) do not reveal any strong carbanionic
character. Thus, the calculations show that the uncomplexed
part of pentalene does not have a strong allylide character.
[CpFe(C8H6)]

� is a d6 18-MVE sandwich complex, isoelec-
tronic with ferrocene, which should be stable enough to be
isolated.

Geometry optimization of the isoelectronic compounds
[CpCo(C8H6)], [CpNi(C8H6)]

+ , and [(CO)3Fe(C8H6)]
showed a stronger metal shift towards the C2 atom
(Table 2), especially in the two last models (d=18–19%),
which are best described as h3-pentalene complexes. Thus,

Scheme 2. The canonical Lewis formulae that can be used to describe the
bonding in [CpFe(h5-C8H6)]

+ .
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[(CO)3Fe(C8H6)] can be viewed as a d6 16-MVE complex of
the pseudo-C4v ML5 type (Figure 5) in which the metal is
bonded to the allylide part of a dianionic pentalene, the un-

complexed ring of which is aromatic. Consistent with this
description, the LUMO of [(CO)3Fe(C8H6)] is an energy-iso-
lated metal hybrid that points along the pseudo-C4 axis.
Thus, 22-TNE complexes of the type [L3M(C8H6)] can adopt
either structure a or b of Scheme 3, or an intermediate
form. The more electron-withdrawing the L3M moiety, the
more favored is structure b. Such compounds should be
stable enough to be isolated.

24 TNEs : Partial ligand decoordination is anticipated on
going from 22 to 24 TNE. This is what happens to both the
pentalene and cyclopentadienyl ligands in the optimized ge-
ometry of [(h3-Cp)Ni(h3-C8H6)]

� in its singlet state (Table 3
and Figure 5). This model can be described as a d8 16-MVE
square-planar complex. The HOMO–LUMO gap is rather
small (0.54 eV) and, consistent with this, there is a low-lying
triplet state which lies only 0.07 eV above. In this triplet
state the pentalene ligand is also h3-bonded and the coordi-
nation mode of the Cp ligand is intermediate between h5

and h3. Interestingly, the pentalene moieties in the 24-TNE

Table 2. Computed data for 22-TNE [CpM(C8H6)] and [(CO)3M(C8H6)] model
complexes.

[CpFe(C8H6)]
� [CpCo(C8H6)] [CpNi(C8H6)]

+ [(CO)3Fe(C8H6)]
Cs Cs Cs Cs

TNE 22 22 22 22
HOMO–
LUMO gap
[eV]

1.68 1.29 1.03 1.51

M�C7 [P] 2.270 2.286 2.376 2.428
M�C1 [P] 2.072 2.065 2.121 2.165
M�C2 [P] 2.022 1.996 2.002 2.059
d [%][a] 12 15 19 18
M�C(Cp) or
M�C(CO)
average [P] 2.090 2.108 2.154 1.805
range [P] 2.057–2.119 2.086–2.122 2.138–2.167 1.800–1.816
C�C(penta-
lene)
average [P] 1.439 1.434 1.432 1.432
C1�C7 [P] 1.445 1.435 1.422 1.426
C1�C2 [P] 1.450 1.446 1.449 1.448
C6�C7 [P] 1.426 1.412 1.405 1.405
C5�C6 [P] 1.418 1.417 1.420 1.417
C7�C8 [P] 1.470 1.482 1.497 1.499
C3-C8-C7-
C6 [8]

179 180 177 177

[a] d= [(M�C7)�(M�C2)]/(M�C2).

Figure 5. Optimized geometries of 22- and 24-TNE [CpM(C8H6)] and
[(CO)3M(C8H6)] model complexes.

Scheme 3. Two possible limiting structures (a,b) that can be adopted by
22-TNE complexes of the type [L3M(C8H6)].

Table 3. Computed data for 24-TNE [CpM(C8H6)] and [(CO)3M(C8H6)]
model complexes.

[CpNi(C8H6)]
� [(CO)3Co(C8H6)]

� [(CO)3Ni(C8H6)]
Cs
(S=0)

Cs
(S=1)

C1 C1

TNE 24 24 24 24
HOMO–
LUMO gap
[eV]

0.54 – 1.11 1.31

M�C7 [P] 2.754 2.541 3.117 3.147
M�C1 [P] 2.173 2.237 2.191 2.261
M�C2 [P] 1.969 2.068 2.136 2.205
d [%][a] 40 23 – –
M�C(Cp) or
M�C(CO)
average [P] 2.341 2.287 1.794 1.857
range [P] 2.070–

2.595
2.230–
2.329

1.781–1.809 1.847–1.868

C�C(pentalene)
average [P] 1.435 1.436 1.433 1.431
C1�C7 [P] 1.452 1.437 1.476 1.472
C1�C2 [P] 1.446 1.445 1.425 1.403
C6�C7 [P] 1.419 1.422 1.376 1.366
C5�C6 [P] 1.425 1.422 1.472 1.485
C7�C8 [P] 1.434 1.470 1.461 1.458
C2�C3 [P] 1.476 1.497
C3�C8 [P] 1.374 1.362
C4�C8 [P] 1.458 1.472
C4�C5 [P] 1.378 1.365
C3-C8-C7-C6 [8] 176 180 178 180

[a] d= [(M�C7)�(M�C2)]/(M�C2).
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species [(CO)3Co(C8H6)]
� and [(CO)3Ni(C8H6)] exhibit an

h2 coordination mode, the coordinating bond being C1�C2.
The resulting unsymmetrical geometry of [(CO)3Ni(C8H6)]
and [(CO)3Co(C8H6)]

� is shown in Figure 5. The significant
HOMO–LUMO gap computed for these species (Table 3) is
at first surprising if one assumes a d8 metal configuration
(i.e. a dianionic pentalene ligand) for such a tetrahedral en-
vironment. It turns out that the p5 orbital of pentalene is
weakly populated in these complexes (0.23 electron in
[(CO)3Ni(C8H6)]), indicating a formal neutral oxidation
state for this ligand. Consistent with this, the pentalene
ligand exhibits C�C bond-length alternation as in free neu-
tral pentalene (see Figure 1 and Table 3). Thus, these com-
plexes should be viewed as d10 18-MVE tetrahedral com-
plexes. Unlike their cyclopentadienyl 24-TNE analogues
they should be stable enough to be isolated.

[M(pentalene)2] complexes :
20 and 18 TNEs : There is no
crystal structure available for
the 20-TNE complex [Ti-
(C8H6)2] made by Jonas
et al. ,[8b] who initially proposed
the D2d geometry shown in
Figure 6. Previous calculations
by our group on this complex
assuming the D2d conformation
showed that this conformation
corresponds to an 18-MVE d0

system.[11b] Indeed, the a2 out-
of-phase combination of the
pentalene p5 orbitals cannot
interact with the metal by sym-
metry (see the left side of
Figure 7). Thus, as a whole the
two pentalene dianions donate
18 electrons of the 20 they
have available. However, more
recent calculations by Jonas
and co-workers[8d] on [M-
(C8H6)2] (M=Zr, Hf) showed
a structure of D2 symmetry, in-
termediate between the D2d

(staggered) and D2h (eclipsed)
conformations (see Figure 6)
and with q�508. In the case of
M=Ti, these authors found a C1 geometry which can be
viewed as a distorted D2 conformation. Calculations on re-
lated [M(h8-C8H6)2] (M=Th, U) complexes by Cloke et al.
also showed a D2-like geometry (q=498),[9d] which is in
agreement with the crystal structure of a silyl-substituted
thallium derivative.[9b] In the work reported here, frequency
calculations showed that the D2d conformation of [Ti(h8-
C8H6)2] is in fact a transition state between two D2 confor-
mations (q=578). The computed barrier is 0.36 eV. Further
calculations revealed that the D2 conformation is not an
energy minimum. This minimum corresponds to a structure

of C2 symmetry which results from a distortion away from
D2 caused by a shift of the metal atom along one of the C2

axes (Figure 6). However, the computed energy difference
between the D2 and C2 conformations is very small
(0.07 eV) indicating a flat potential energy surface around
the minimum. Interestingly, [Zr(h5-C8H6)2] was found to ex-
hibit a D2 conformation with q=558, in agreement with the
work of Jonas and co-workers.[8d] Relevant computed data
concerning [Ti(C8H6)2] and [Zr(C8H6)2] are given in Table 4.

Being intermediate between the D2d and D2h geometries,
the D2 (or near D2) conformation found for these 20-TNE

Figure 6. Structural relationships and relative energies computed for [Ti-
(C8H6)2] with D2d, D2h, D2, and C2 geometries. The D2h conformation is a
triplet state.

Figure 7. Qualitative MO diagram for a d0 [M(h8-C8H6)2] complex in the D2d (left side) and D2h (right side)
conformations.
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species is surprising with respect to electron counting.
Indeed, from symmetry arguments the D2d conformation sat-
isfies the 18-electron rule and therefore is expected to have
the strongest metal–ligand bonds (Figure 7, left). On the
other hand, the same considerations lead to predictions that
the D2h conformation is an unstable 16-electron system with
an expected small HOMO–LUMO gap (Figure 7, right).

Consistent with this, this conformation (right side of
Figure 6) was computed to be a triplet state. The reason for
the D2d!D2 distortion lies in the ligand–ligand through-
space antibonding character of the D2d a2 HOMO. Being an
antibonding combination of two pentalene p5 orbitals, this
MO is localized on the C1,3,4,6 atoms (see Figure 1 labels).
It follows that the interligand repulsion is maximized in the
D2d conformation in which these atoms are eclipsed.[8d] A ro-
tation of q�458 minimizes this repulsion. Thus, the D2 con-
formation adopted by [Zr(C8H6)2] is the result of a compro-
mise between metal�ligand bonding and ligand–ligand re-
pulsion. The fact that [Ti(C8H6)2] is found to be slightly
more stable in the C2 conformation is likely due to the
smaller size of titanium which has difficulty in bonding simi-
larly to 16 carbon atoms at the same time.

In the D2d conformation, the HOMO of [M(C8H6)2] (M=

Ti, Zr) is isolated in the middle of a large energy gap
(Figure 7, left). This suggests the possibility of lower elec-
tron counts for the same structure.[11b] Its depopulation
would not change the MVE count since this orbital is
ligand-based. Moreover in the D2d conformation this depop-

ulation would change the interligand repulsion into an at-
traction. In fact, the [Ti(h8-C8H6)2]

2+ ion was computed to
adopt the D2d conformation. Its major computed data are
given in Table 4. Such d0 18-TNE/18-MVE cations might be
isolable, especially with heavier Group 3 metals.

22, 24, and 26 TNEs : Calculations on the [M(C8H6)2] (M=

Cr, Fe, Ni) models provided results fully consistent with
those obtained for the cyclopentadienyl series (Table 5 and
Figure 8). With M=Cr, the optimized structure is of the
type [(h5-C8H6)M(h8-C8H6)]. This is a 22-TNE/18-MVE
complex of CrIV, isoelectronic with [CpV(h8-C8H6)], with
one pentalene dianion acting as a ten-electron donor and
the other one as a six-electron donor. This latter pentalene
dianion does not exhibit significant allylide character on its
uncomplexed part. Such a compound has not been isolated
so far, but related isoelectronic substituted indenyl com-
plexes of the type [(h5-indenyl)Zr(h9-indenyl)] have been
characterized[20a] and their electronic structure recently in-
vestigated.[20b]

The compound corresponding to M=Fe was isolated[4d]

and structurally characterized[21] a long time ago. This C2-
symmetric molecule has an inter-pentalene bond of
1.568(7) P. Its bonding can formally be described as being
the result of the dimerization of two pentalene radical mon-
oanions and their complexation by a FeII cation, as shown in
Scheme 4. Thus, C2 [Fe(C8H6)2] is a ferrocene derivative (18
MVEs). Two conformations can be proposed, depending on
which side of the allylic radical is involved in the dimeriza-
tion. In agreement with experiment, the C2 isomer was
found to be more stable than the Cs isomer, which is more
constrained (Table 5 and Figure 8). This is exemplified by
the longer inter-pentalene bond in the Cs isomer (1.617
versus 1.592 P). These isomers should be considered as 22-
TNE species since the electron pair associated with the
inter-pentalene bond should not be included in the TNE
count (see Electron counting formalism section). Interest-
ingly, we found another isomer, of C2v symmetry (Figure 8),
which is derived from the Cs isomer by breaking the inter-
pentalene bond and which is less stable by only 0.07 eV
(Table 5). It has a singlet ground state. Surprisingly, it is
0.70 eV more stable in this face-to-face C2v geometry than in
the C2h one in which the uncomplexed rings are not eclipsed.
Such behavior has also been shown to exist in bis-indenyl
complexes.[19] If one assumes that in this [Fe(h5-C8H6)2] C2v

structure the pentalene ligands are formally dianions, one is
left with a 16-MVE electron-deficient structure. Examina-
tion of the LUMO (Figure 9) shows that, as in the case of
[CpFe(h5-C8H6)]

+ , the electron deficiency is shared between
the iron atom and the ligands. In the bis-pentalene complex,
however, this deficiency is delocalized onto both ligands,
that is, onto four carbon atoms. The triplet state is found to
be 0.10 eV higher in energy than the singlet state and
adopts the C2h conformation. Such a 24-TNE species is
likely to be very reactive. This is probably the reason why
only bis-hydropentalenyl complexes have been isolated so
far.[17] However, they might be isolable if they bear protect-

Table 4. Computed data for [Ti(C8H6)2]
2+ , [Ti(C8H6)2], and [Zr(C8H6)2].

[Ti(C8H6)2]
2+ [Ti(C8H6)2] [Zr(C8H6)2]

D2d D2d D2h

(S=1)
D2 C2 D2

TNE 18 20 20 20 20 20
HOMO–
LUMO gap
[eV]

1.84 1.24 – 2.13 2.34 2.58

relative energy
[eV]

– 0.43 1.38 0.07 0.00 –

M�C7 [P] 2.190 2.193 2.259 2.205 2.187 2.353
M�C1 [P] 2.459 2.470 2.527 2.492 2.324 2.601
M�C2 [P] 2.580 2.583 2.697 2.617 2.471 2.731
M�C3 [P] 2.417 2.412 2.559
M�C4 [P] 2.717
M�C5 [P] 2.822
M�C6 [P] 2.460
M�C8 [P] 2.242
C�C(penta-
lene)
average [P] 1.433 1.433 1.433 1.433 1.435 1.434
C1�C7 [P] 1.433 1.433 1.441 1.447 1.444 1.449
C1�C2 [P] 1.426 1.421 1.420 1.405 1.422 1.410
C7�C8 [P] 1.458 1.481 1.450 1.460 1.460 1.460
C2�C3 [P] 1.432 1.422 1.432
C3�C8 [P] 1.435 1.436 1.434
C4�C8 [P] 1.447
C4�C5 [P] 1.395
C5�C6 [P] 1.442
C6�C7 [P] 1.443
C3-C8-C7-C6
[8]

150 151 152 152 155 152
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ing groups, as in the case of the related 20-TNE [CpFe-
(C8H4Fc2)]

+ complex (see above).[18]

With M=Ni, the optimized structure is also a closed-shell
configuration of the type [Ni(h5-C8H6)2] with C2v symmetry.

Table 5. Computed data for 22-, 24-, and 26-TNE [M(C8H6)2] model complexes. Averaged available experimental values[21] are given in parentheses.

[Cr(C8H6)2] [Fe(C8H6)2] [Ni(C8H6)2]
Cs C2v C2h (S=1) Cs C2 C2v

TNE 22 24 24 22[a] 22[a] 26
HOMO–LUMO gap [eV] 1.35 0.72 – 1.93 2.12 0.70
relative energy [eV] – 0.46 0.56 0.39 0.00 0.00
M�C7 [P] 2.054 2.202 2.180 2.146 2.087 (2.049) 2.327
M�C1 [P] 2.247 2.085 2.105 2.169 2.128 (2.082) 2.127
M�C2 [P] 2.330 2.063 2.074 2.106 2.111 (2.066) 2.022
M�C3 [P] 2.202 2.044 2.062 (2.016)
M�C8 [P] 2.036 1.998 2.008 (1.979)
M�C7’ [P] 2.396
M�C1’ [P] 2.174
M�C2’ [P] 2.124
d [%][b] 13 7 5 – – 15
C�C(pentalene)
average [P] 1.440 1.432 1.434 1.454 1.453 (1.439) 1.434
C1�C7 [P] 1.440 1.440 1.438 1.433 1.436 (1.423) 1.427
C1�C2 [P] 1.422 1.438 1.440 1.440 1.441 (1.420) 1.449
C7�C8 [P] 1.471 1.460 1.455 1.442 1.443 (1.414) 1.492
C2�C3 [P] 1.432 1.446 1.446 (1.432)
C3�C8 [P] 1.442 1.436 1.437 (1.423)
C4�C8 [P] 1.425 1.436 1.535 1.537 (1.534) 1.410
C4�C5 [P] 1.413 1.412 1.537 1.524 (1.509) 1.419
C5�C6 [P] 1.358 1.355 (1.326)
C6�C7 [P] 1.457 1.465 (1.469)
C1’�C7’ [P] 1.439
C1’�C2’ [P] 1.444
C7’�C8’ [P] 1.468
C4’�C8’ [P] 1.414
C4’�C5’ [P] 1.417
C4�C4’ [P] 1.617 1.592 (1.568)
C3-C8-C7-C6 [8] 136 180 179 167 178 179

[a] The electron pair associated with the inter-pentalene bond is not included in the TNE count (see text). [b] d= [(M�C7)�(M�C2)]/(M�C2).

Figure 8. Optimized geometries of 22-, 24-, and 26-TNE [M(C8H6)2]
model complexes [the electron pair associated with the inter-pentalene
bond in C2 and Cs [Fe(C8H6)2] is not included in the TNE count (see
text)] .

Scheme 4. The two conformations (C2 and Cs) for the structure of [Fe-
(C8H6)2], which result formally from the dimerization of two pentalene
radical monoanions and their complexation by a FeII cation.

Figure 9. The LUMO of the [Fe(h5-C8H6)2] C2v isomer.
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The C2h conformation is found to be less stable by 0.13 eV.
This is an 18-MVE species isoelectronic with [CpCo(h5-
C8H6)]. Its relatively small HOMO–LUMO gap is consistent
with a low-lying triplet state, computed to be 0.49 eV higher
in energy and which adopts the C2h conformation.

[(CpM)2(pentalene)] and [{(CO)3M}2(pentalene)] com-
plexes : There are more examples of structurally character-
ized pentalene dinuclear complexes than of mononuclear
complexes.[3] When both pentalene rings are complexed, the
metal atoms can lie either on the same side of the ligand
(syn configuration) or on opposite sides (anti configuration).
The syn configuration is sterically more crowded but allows
the possibility of metal–metal bonding (Scheme 5).[10b] We
start our analysis with 34-TNE complexes, of which stable
examples are known[6g,7a, c,10a] and which will serve as a refer-
ence for other electron counts.

34 TNEs : anti-[(Cp*Fe)2(h
5,h5-C8H6)] has been known for a

long time.[7a,c] More recently, the isoelectronic species
[{(CO)3M}2(h

5,h5-C8H6)] (M=Mn, Re) has been characteri-
zed.[10a] While the manganese derivative has been shown to
adopt the anti configuration in the solid state, the rhenium
one crystallizes in both the anti and syn configurations.
There is another example of a syn isomer, namely [{(CO)2-

(GeMe)Ru}2(h
5,h5-C8H6)],

[6g] whose anti counterpart is not
known.

Geometry optimizations have been carried out for
[(CpFe)2(C8H6)] and [{(CO)3M}2(C8H6)] (M=Mn, Re) in
both the anti and syn configurations. They are of C2h and C2v

symmetry, respectively. The major computed data are given
in Table 6. Note that the computed data are in rather good
agreement with the available experimental data. The opti-
mized structures of the syn and anti isomers of [(CpFe)2-
(C8H6)] and [{(CO)3Mn}2(C8H6)] are shown in Figure 10.
The analysis of the anti-[(CpFe)2(C8H6)] MO diagram, based
on the interaction between the frontier orbitals of C8H6

2�

and the (CpFe···FeCp)2+ fragment, has been reported else-

Scheme 5. The anti and syn configurations of pentalene dinuclear com-
plexes.

Table 6. Major computed data for the syn and anti isomers of [(CpFe)2(C8H6)], [{(CO)3Mn}2(C8H6)], and [{(CO)3Re}2(C8H6)]. Averaged available experi-
mental values[7a,c,10a] are given in parentheses.

[(CpFe)2(C8H6)] [{(CO)3Mn}2(C8H6)] [{(CO)3Re}2(C8H6)]
syn C2v anti C2h syn C2v anti C2h syn C2v anti C2h

TNE 34 34 34 34 34 34
HOMO–LUMO gap [eV] 1.14 1.34 2.88 2.32 3.50 2.83
relative energy [eV] 0.53 0 0.24 0 0.02 0
M�C7 [P] 2.401 2.165 (2.120) 2.503 2.311 (2.222) 2.655 (2.483) 2.488
M�C1 [P] 2.098 2.062 (2.025) 2.200 2.186 (2.137) 2.341 (2.318) 2.335
M�C2 [P] 2.006 2.051 (2.016) 2.104 2.158 (2.119) 2.234 (2.226) 2.290
d [%][a] 20 6 (5) 19 7 (5) 19 (12) 9
M�C(Cp) or M�C(CO)
average [P] 2.088 2.089 (2.058) 1.812 1.813 (1.801) 1.932 (1.915) 1.929
range [P] 2.072–2.116 2.081–2.091 1.783–1.827 1.782–1.794 1.907–1.945 1.906–1.904

(2.019–2.131) (1.782–1.813) (1.889–1.934)
C�C(pentalene)
average [P] 1.445 1.450 (1.428) 1.440 1.442 (1.438) 1.443 (1.431) 1.447
C1�C7 [P] 1.440 1.447 (1.432) 1.440 1.447 (1.443) 1.440 (1.436) 1.453
C1�C2 [P] 1.445 1.443 (1.414) 1.437 1.431 (1.425) 1.442 (1.424) 1.436
C7�C8 [P] 1.463 1.497 (1.463) 1.455 1.446 (1.466) 1.462 (1.453) 1.469
M–M [P] 3.180 – 3.273 – 3.390 (3.230) –
C3-C8-C7-C6 [8] 173 180 (180) 172 180 (180) 173 (172) 180

[a] d= [(M�C7)�(M�C2)]/(M�C2).

Figure 10. Optimized geometries of 34-TNE [(CpM)2(C8H6)] and
[{(CO)3M}2(C8H6)] complexes (h5/3 indicates an hapticity intermediate be-
tween h5 and h3).
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where.[11a] This MO diagram is sketched on the left side of
Figure 11. Let us recall that the five occupied p-type C8H6

2�

orbitals interact in a bonding way with five of the six combi-

nations of the vacant [CpFe]+ hybrids. The sixth hybrid, of
ag symmetry, remains largely nonbonding and lies in the
middle of a large energy gap. The 18-electron rule requires
the occupation of this metallic nonbonding orbital.[19] How-
ever, its occupation is forbidden by its high energy (hybrid
character). As a consequence anti-[(CpFe)2(h

5,h5-C8H6)] is
deficient by two electrons. As the deficiency is equally delo-
calized on both metals, they have to be considered as 18-/16-
MVE (not 17-MVE) centers, as illustrated by the canonical
Lewis formulae shown in Scheme 6. The shift of the iron
atom towards the C2 atom is small (d=6%), indicative of a
quite symmetrical h5 coordination mode for both rings.

The qualitative interaction MO diagram of syn-[(CpFe)2-
(C8H6)] is quite similar to that of its anti counterpart

(Figure 11). However, some differences became apparent
from the calculations. The b1 LUMO has s*(Fe�Fe) charac-
ter and is higher in energy than the ag LUMO of the anti

isomer. More importantly, the
steric repulsion between the
Cp ligands is large such that
the Cp ligands are not parallel
to the pentalene plane and the
iron atoms are significantly
shifted towards the C2 atoms
(d=20%), the pentalene coor-
dination approaching the h3

type. As a result, the syn con-
figuration is less stable than
the anti one by 0.53 eV.

The anti- and syn-
[{(CO)3M}2(C8H6)] (M=Mn,
Re) series are electronically
related to the [(CpFe)2(C8H6)]
species. There are however
some differences. The
[M(CO)3] units are less bulky
and more flexible than the Cp
ligands. In the syn configura-
tions they rotate away from
the “vertical” axes in such a
way that they can avoid each
other. Consequently, in the
case of M=Re, both conform-
ers are almost isoenergetic
(Table 6), in agreement with

the experimental observations.[10a] In the case of M=Mn,
the syn isomer is less stable by 0.24 eV, a value which does
not exclude the possibility of isolating it, although only the
anti species has been isolated so far.[10a] Note that, whereas
the anti species exhibit moderate shifting of M towards the
C2 atom (d=7–9%), the optimized syn isomers exhibit a
strong distortion towards h3 coordination (d=19%). This
distortion is overestimated at least in the M=Re case, for
which dexp=12%. Nevertheless, this tendency for d6 M(CO)3

units to distort towards h3 coordination to yield deficient 16-
MVE ML5-type systems is reminiscent of the 22-TNE
[(CO)3Fe(C8H6)] model complex (see above). Also note that
there is no evidence for metal�metal bonding in the syn spe-
cies from the calculations (Table 6) nor from the X-ray
structure of [{(CO)3Re}2(h

5,h5-C8H6)], where Re–Re=
3.23 P.[10a] The situation is less straightforward for syn-
[{(CO)2(GeMe)Ru}2(h

5,h5-C8H6)]. The X-ray structure of
this complex shows Ru–Ru=3.06 P.[6g] The corresponding
optimized distance for this compound is, as expected, larger
(3.25 P). If any, the metal–metal bonding is weak and likely
to originate from a through-bond interaction by mixing of
the vacant b1 s*(Fe�Fe) MO (Figure 9, right) into occupied
orbitals of the same character.

36, 38, and 40 TNEs : The 36- and 38-TNE anti-[(Cp*M)2-
(C8H6)] (M=Co, Ni) complexes have been isolated and the

Figure 11. Qualitative MO diagram for the anti (left side) and syn (right side) configurations of [(CpFe)2(h
5-

C8H6)].

Scheme 6. The canonical Lewis formulae for anti-[(CpFe)2(h
5,h5-C8H6)].
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X-ray structure of the former is known.[7c] Geometry optimi-
zations have been carried out on the related anti-
[{(CO)3M}2(C8H6)] (M=Co, Ni) models. Their optimized
structures are shown in Figure 12 and relevant computed
data are given in Table 7. Both models were found to have a
singlet ground state, in agreement with the experimental
data reported for related Cp* complexes.[7c] However,
whereas the triplet state lies 0.32 eV above the singlet state
in the case of M=Co, it is found to be only 0.04 eV less
stable than the singlet state of the complex with M=Ni. The
computed data available in the case of M=Co are in satis-
factory agreement with the available experimental data. As
already noted above, the shift towards h3 coordination is
overestimated in the optimized structure of anti-[(CpCo)2-
(C8H6)] (d=19% versus dexp=16%). The shift increases on
going from Co to Ni, the latter clearly being coordinated in
an h3 fashion. Thus, anti-[(CpNi)2(h

3,h3-C8H6)] (38-TNE) is
an 18-/18-MVE species.

The 36- and 38-TNE [{(CO)3M}2(C8H6)] (M=Fe, Co)
models have been calculated in both the syn and anti config-
urations. The anti conformer was found to be more stable
than the syn one by 0.78 and 0.29 eV for M=Fe and Co, re-
spectively. We discuss here only the results corresponding to
the more stable anti conformers for which relevant data and
optimized structures are reported in Table 7 and Figure 12.
anti-[{(CO)3M}2(C8H6)] (M=Fe, Co) species exhibit similar
shifting of the metal towards the C2 atoms as their isoelec-
tronic metal–cyclopentadienyl relatives. [{(CO)3Fe}2(C8H6)]
exhibits a coordination mode intermediate between h5 and
h3 (d=22%) and [{(CO)3Co}2(C8H6)] is clearly h3-coordinat-
ed (d=33%), that is, an 18-/18-MVE species.

In the 40-TNE [{(CO)3Ni}2(C8H6)] model, the metal atoms
were found to be h2-coordinated, both in the syn and anti
configurations (Figure 12). The anti isomer was found to be
more stable than the syn one by only 0.06 eV. Only the data

corresponding to the anti isomer are reported in Table 7. As
in the case of [(CO)3Ni(h2-C8H6)], the bonding in this spe-
cies should be regarded as being a result of the coordination
of neutral pentalene to 18-MVE Ni(0) metal centers.

Figure 12. Optimized geometries of 36- to 40-TNE [(CpM)2(C8H6)] and
[{(CO)3M}2(C8H6)] complexes (h5/3 indicates an hapticity intermediate be-
tween h5 and h3).

Table 7. Major computed data for anti isomers of [(CpCo)2(C8H6)], [(CpNi)2(C8H6)], [{(CO)3Fe}2(C8H6)], [{(CO)3Co}2(C8H6)], and [{(CO)3Ni}2(C8H6)].
Averaged available experimental values[7c] are given in parentheses.

[(CpCo)2(C8H6)] [(CpNi)2(C8H6)] [{(CO)3Fe}2(C8H6)] [{(CO)3Co}2(C8H6)] [{(CO)3Ni}2(C8H6)]
C2h C2h C2h C2h Ci

TNE 36 38 36 38 40
HOMO–LUMO gap [eV] 0.82 0.37 1.11 0.58 1.45
M�C7 [P] 2.369 (2.284) 2.558 2.535 2.806 3.148
M�C1 [P] 2.085 (2.048) 2.194 2.194 2.379 2.283
M�C2 [P] 1.989 (1.977) 1.985 2.078 2.106 2.252
d [%][a] 19 (16) 29 22 33 –
M�C(Cp) or M�C(CO)
average [P] 2.128 (2.068) 2.209 1.802 1.826 1.853
range [P] 2.115–2.170 2.193–2.223 1.793–1.820 1.798–1.840 1.847–1.864

(2.039–2.117)
C�C(pentalene)
average [P] 1.444 (1.426) 1.440 1.440 1.434 1.434
C1�C7 [P] 1.443 (1.430) 1.420 1.442 1.410 1.472
C1�C2 [P] 1.446 (1.422) 1.448 1.438 1.443 1.402
C7�C8 [P] 1.443 (1.430) 1.486 1.440 1.496 1.460
C2�C3 [P] 1.486
C3�C8 [P] 1.365
C3-C8-C7-C6 [8] 180 (180) 180 180 180 180

[a] d= [(M�C7)�(M�C2)]/(M�C2).
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32, 30, and 28 TNEs : The re-
moval of electrons from a
stable 34-TNE species
(Figure 11) induces unsatura-
tion which can be released by
the formation of metal–metal
bonds. This can only be ach-
ieved in the syn configuration.
The only example of this type
so far characterized is the 28-
TNE complex syn-
[(CpV)2(h

5,h5-C8H6)], which
exhibits antiferromagnetic be-
havior and in which V–V=

2.54 P.[10b] DFT calculations by
the same authors are consis-
tent with the existence of a
triple bond in the low-spin state.[10b] We have performed cal-
culations on the syn-[(CpM)2(C8H6)] (M=Mn, Cr, V) series
which have 32, 30, and 28 TNEs, respectively. Their opti-
mized structures, of C2v symmetry, are shown in Figure 13.
Relevant computed data are given in Table 8. Starting with
the MO diagram of a syn 34-TNE species (right side of
Figure 11), lowering the electron count corresponds to the
depopulation of some of its d-block orbitals. These d-block
orbitals are composed of in-phase and out-of-phase combi-
nations of the so-called “t2g” orbitals of the MCp units[22]

which have approximate s, p? , and d M–M character, re-
spectively, if one assumes that the MCp C5 axis remains per-
pendicular to the pentalene plane. These six combinations
are sketched in Scheme 7. For simplicity we assume first
that the Cp rings are parallel to the pentalene plane, an ex-
treme situation which neglects steric hindrance. Note that

the C2v symmetry allows s–d and s–d mixing. When TNE
<34, bonds will be created if antibonding combinations are

Figure 13. Optimized geometries of syn-[(CpM)2(C8H6)] (M=Mn, Cr, V) and syn-[{(CO)3M}2(C8H6)] (M=Cr,
V, Ti) in their lowest spin states.

Table 8. Major computed data for syn-[(CpM)2(C8H6)] (M=Mn, Cr, V) and syn-[{(CO)3M}2(C8H6)] (M=Ti, V, Cr). Averaged available experimental
values[10b] are given in parentheses.

[(CpMn)2(C8H6)] [(CpCr)2(C8H6)] [(CpV)2(C8H6)] [{(CO)3Cr}2(C8H6)] [{(CO)3V}2(C8H6)] [{(CO)3Ti}2(C8H6)]
C2v C2v (S=1) C2v (S=1) C2 (S=1) C2 C2

TNE 32 30 28 32 30 28
HOMO–LUMO gap [eV] 0.52 0.99 0.53
M�C7 [P] 2.327 2.318 2.310 (2.305) 2.414 2.385 2.495
M�C1 [P] 2.122 2.185 2.244 (2.221) 2.225 2.240 2.344
M�C2 [P] 2.058 2.180 2.281 (2.236) 2.201 2.284 2.348
M�C3 [P] 2.275 2.338 2.373
M�C8 [P] 2.467 2.427 2.486
d [%][a] 13 6 3 (3)
M�C(Cp) or M�C(O)
average [P] 2.183 2.272 2.340 (2.276) 1.885 1.961 2.098
range [P] 2.133–2.233 2.249–2.296 2.340–2.341 1.890–1.902 1.948–1.971 2.071–2.122

(2.272–2.296)
C�C(pentalene)
average [P] 1.442 1.440 1.443 (1.412) 1.439 1.440 1.439
C1�C7 [P] 1.438 1.442 1.451 (1.423) 1.438 1.446 1.448
C1�C2 [P] 1.440 1.433 1.426 (1.401) 1.439 1.440 1.431
C2�C3 [P] 1.425 1.467 1.425
C3�C8 [P] 1.443 1.447 1.445
C7�C8 [P] 1.465 1.464 1.477 (1.452) 1.458 1.457 1.453
M–M [P] 2.766 2.543 2.514 (2.538) 2.874 2.574 2.639
C3-C8-C7-C6 [8] 176 176 170 (170) 175 173 177

[a] d= [(M�C7)�(M�C2)]/(M�C2).

Scheme 7. The in-phase (left) and out-of-phase (right) combinations of
“t2g” orbitals of the MCp units in syn-[(CpM)2(C8H6)], assuming that the
Cp ligands are parallel to the pentalene plane.
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depopulated. This is what happens in the singlet states of
the syn-[(CpM)2(C8H6)] (M=Mn, Cr, V) series, as illustrat-
ed by the MO diagrams shown in Figure 14. In the case of

the 32-TNE model syn-[(CpMn)2(h
5,h5-C8H6)], the “t2g” con-

figuration can be written as s2p?
2d2s*2d*2p?

0. The existence
of a weak p(Mn�Mn) single bond is consistent with a small
HOMO–LUMO gap and with a singlet state computed to
be only 0.07 eV more stable than the triplet state. Going
from the singlet state of the manganese to the chromium de-
rivative corresponds to the removal of two electrons from a
b1 MO which should be of s*, d*, or mixed s*/d* character
(Scheme 7), but because of the significant tilting of the Cp
ligands due to steric repulsion, it is now of a p?* nature.
This configuration is consistent with a weak p-type double
bond. Owing to the very small HOMO–LUMO gap, the
triplet state is found to be more stable than the singlet state
by 0.16 eV. With two electrons less, the singlet state of syn-
[(CpV)2(h

5,h5-C8H6)] has three vacant M–M antibonding or-
bitals of p?*, p//*, and d* character (Figure 14). This result
agrees with the description of a weak triple bond by Jones
and O6Hare,[10b] although their description is of a s/p/d
rather than of a p?/p///d bond. The optimized V–V distance
in the singlet state (2.366 P) is shorter than the experimen-
tal one (2.538 P).[10b] Nevertheless, the triplet state is com-
puted to be 0.31 eV more stable than the singlet state. This
is in contrast to the fact that the compound is found to be
antiferromagnetic with a singlet–triplet separation of
~0.17 eV.[10b]

Surprisingly, the syn-[{(CO)3M}2(h
5,h5-C8H6)] (M=Ti, V,

Cr) series provided somewhat different results to those of
the related isoelectronic CpM series. First, the geometry op-
timization of the singlet states within the C2v symmetry con-
straint yielded a different “t2g” electron configuration. In the
case of the 32-TNE chromium derivative, the empty “t2g” or-

bital is of b1 symmetry and has a mixed s*/d* dominant
character. It has little p//* character since the (CO)3Cr moi-
eties do no bend like the CpM units. In the case of the 30-

TNE vanadium model, the two
empty orbitals are of a s*/d*
and p?* nature. In the case of
the 28-TNE titanium species,
the three empty orbitals are of
s*/d, p?*, and d*/s* character.
Secondly, the C2v geometry
was found to be significantly
unstable with respect to distor-
tion towards C2 symmetry (see
Figure 13 and Table 8). This
distortion corresponds to a ro-
tation of the M(CO)3 units
around their C3 rotational
axes. Rotation releases the
steric repulsion between the
carbonyl groups and depends
strongly on the M–M distance.
Note that in the case of M=

Mn or Re (34 TNEs; no
metal–metal bond) the undis-
torted C2v structure (Figure 10)
is the energy minimum for the

syn configuration (see above). Thus, in these 28-, 30-, and
32-TNE series, the steric repulsion between (CO)3M units is
released differently to that between CpM units. In the
former case, the metal units rotate around their “vertical”
axis, whereas in the latter case they bend away (Figure 13).
With respect to metal�metal and metal–pentalene bonding,
there is little difference between the C2v and C2 geometries
of the (CO)3M derivatives. With respect to the ground state,
the vanadium derivative is computed to be diamagnetic
while the titanium and chromium species exhibit a small sin-
glet–triplet separation. In the former the triplet is computed
to lie 0.11 eV above the singlet state, whereas in the latter it
is found 0.09 eV below the singlet state.

[M2(pentalene)2] complexes : The first dinuclear bis-penta-
lene sandwich complexes to be observed, namely [Co2-
(C8H6)2] and [Ni2(C8H6)2], were reported in 1972 by Katz
and co-workers.[4c,d] However, their structures were not fully
elucidated. [Ni2(C8H6)2] was said to be of D2h symmetry, at
least over the average of the NMR timescale.[4c] The exis-
tence of [Rh2(C8H6)2] and [Pd2(C8H6)2] has also been briefly
mentioned.[3d] The only example of this type of compound
to be fully structurally characterized so far is [Mo2{h

5,h5-
C8H4(1,4-SiiPr3)2}2].

[9c] This compound of near D2h symmetry
has a short Mo�Mo bond of 2.34 P. Its electronic structure
has been investigated by photoelectron spectroscopy and
the data have been compared with DFT calculations on
[Mo2(C8H6)2].

[9g]

It is possible to build a simplified MO diagram for
[M2(h

5,h5-C8H6)2] of idealized D2h symmetry based on sym-
metry and orbital frontier theory, in the same way as that in

Figure 14. MO diagrams of syn-[(CpM)2(C8H6)] (M=Mn, Cr, V) in the singlet state.
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Figure 11. This MO diagram is shown in Figure 15. The
major bonding interactions are expected to occur between
the 10 occupied pentalenic p-type combinations and 10

metal combinations of the same symmetry. It follows that
eight of the 18 metal combinations should remain nonbond-
ing. Since the metal s and p combinations are expected to
interact preferentially with the ligands, seven of the eight
metal–ligand nonbonding combinations should have a pre-
dominately d character, more or less stabilized by the
p*(pentalene) levels. Only one of them (b3u) should be of an
s and p nature by symmetry. From the resulting MO dia-
gram (Figure 15) one may expect this 34-TNE [M2(h

5,h5-
C8H6)2] D2h structure to have closed-shell stability, which
would correspond to an 18-/16-MVE species, similar to the
34-MVE anti-[(CpFe)2(h

5,h5-C8H6)] complex in Scheme 6.
With more than 34 TNEs, partial pentalene decoordination
is expected. With less than 34 TNEs, depopulation of the
nonbonding d-block is likely to create metal–metal bonding
and/or open shell situations. These d-type orbitals are
sketched in Scheme 8. Three of them have a bonding phase
relationship (s, p? , and d) and another three are their anti-
bonding counterparts (s*, p?*, and d*). One antibonding
combination (p//*) has no d-block bonding counterpart.
Indeed, the metal–metal bonding p// d-type combination
(b1u) is involved in metal–pentalene bonding (Figure 15).
Depopulation of the s*, p?*, and p//* MOs should induce
significant metal–metal bonding, providing that the metal–
pentalene interactions allow the metal atoms to approach
each other. In order to test this qualitative model, geometry

optimizations have been performed on the [M2(C8H6)2]
(M=Cr, Mn, Fe, Co, Ni, Mo, Re, Ru, Rh, Pd) series. Some
of the ground-state optimized structures are shown in
Figure 16 and the major computed data are given in Table 9
and Table 10.

34 TNEs : Geometry optimizations of [M2(C8H8)2] (M=Co,
Rh) complexes with D2h symmetry constraints lead to the
closed-shell electronic structure shown in Figure 15. The
computed HOMO–LUMO gap is 0.79 and 1.40 eV for M=

Co and Rh, respectively. With d=15 and 16%, respectively,
the coordination mode is of the h5 type. Surprisingly, fre-
quency calculations showed that the D2h geometry is a tran-
sition state for both compounds. Further calculations
showed the energy minimum to be of C2h symmetry with
each metal atom bonded in an h5 fashion to one C5 ring
(d=4–5%) and in an h3 fashion (d=25%) to the other ring
(Figure 16, Table 9, and Table 10). The [M2(h

5,h5-C8H8)2] to
[M2(h

5,h3-C8H8)2] distortion does not significantly modify
the general MO diagram shown in Figure 15 (no level cross-
ing). It provides a very small additional stabilization of 0.01

Figure 15. Simplified MO diagram for an [M2(h
5,h5-C8H6)2] species of ide-

alized D2h symmetry.

Scheme 8. The d-type orbitals present in pentalene dinuclear complexes
with less than 34 TNEs.

Figure 16. Optimized geometries of 28- to 36-TNE [M2(C8H6)2] com-
plexes in their lowest spin states.
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and 0.04 eV for M=Co and M=Rh, respectively. This
hardly significant value is indicative of a particularly flat po-
tential energy surface that is associated with the displace-
ment of metal atoms around their equilibrium positions. The
[M2(h

5,h3-C8H8)2] architecture can be described as an 18-/16-
MVE species made of two ML5 units with no significant
metal–metal interaction. This is a favorable closed-shell
electron count, in agreement with the fact that these com-
pounds have already been observed.[4d,3d] They should be
stable enough to be fully structurally characterized.

36 TNEs : Geometry optimization of [Ni2(C8H8)2] showed
the ideal D2h structure to be a minimum with an h3 bonding
mode for each C5 ring (Figure 16 and Table 9). It is thus
tempting to describe this [M2(h

3,h3-C8H8)2] (MII=d8) struc-
ture as consisting of two independent 16-MVE units of the
well-known [M(h3-allyl)2] type. It turns out that this is not
completely the case because the C7�C8 “double bonds” are
not innocent in this matter. Indeed, group theory predicts
that going from the 34-TNE species depicted in Figure 15 to
a 36-TNE species consisting of two noninteracting [M(h3-

Table 9. Major computed data for the ground states of [M2(C8H6)2] (M=Cr, Mn, Fe, Co, Ni).

[Cr2(C8H6)2] [Mn2(C8H6)2] [Fe2(C8H6)2] [Co2(C8H6)2] [Ni2(C8H6)2]
S=1 D2h S=1 C2v S=1 D2h S=0 C2h S=0 D2h

TNE 28 30 32 34 36
HOMO–LUMO gap [eV] 1.05 0.77

Mn1 Mn2

M�C7 [P] 2.288 2.449 2.232 2.268 2.489 2.438
M�C1 [P] 2.196 2.195 2.126 2.105 2.090 2.183
M�C2 [P] 2.220 2.153 2.094 2.079 1.993 2.036
M�C7’ [P] 2.149
M�C1’ [P] 2.099
M�C2’ [P] 2.076
d [%][a] 4 14 7 9 25 (h3), 4 (h5) 20
C�C(pentalene)
average [P] 1.446 1.447 1.449 1.447 1.442
C1�C7 [P] 1.454 1.461 1.453 1.457 1.426
C1�C2 [P] 1.434 1.437 1.442 1.444 1.446
C7�C8 [P] 1.458 1.454 1.459 1.460 1.494
C4�C8 [P] 1.441 1.436
C4�C5 [P] 1.444 1.443
M–M [P] 2.148 2.430 2.357 2.563 2.699
C3-C8-C7-C6 [8] 175 175 175 175 176
metal spin density 0.99 2.75 �0.55 1.12

[a] d= [(M�C7)�(M�C2)]/(M�C2).

Table 10. Major computed data for the ground states of [M2(C8H6)2] (M=Mo, Re, Ru, Rh, Pd). Averaged available experimental values[9c] are given in
parentheses.

[Mo2(C8H6)2] [Re2(C8H6)2] [Ru2(C8H6)2] [Rh2(C8H6)2] [Pd2(C8H6)2]
S=0 D2h S=1 D2h S=1 C2v S=0 C2h S=0 D2h

TNE 28 30 32 34 36
HOMO–LUMO gap [eV] 0.70 1.66 0.94

Ru1 Ru2

M�C7 [P] 2.423 (2.360–2.432) 2.472 2.668 2.324 2.651 2.635
M�C1 [P] 2.295 (2.263–2.298) 2.256 2.267 2.231 2.224 2.364
M�C2 [P] 2.294 (2.258–2.260) 2.190 2.150 2.169 2.118 2.193
M�C7’ [P] 2.323
M�C1’ [P] 2.237
M�C2’ [P] 2.210
d [%][a] 6 13 24 7 25 (h3), 5 (h5) 20
C�C(pentalene)
average [P] 1.453 (1.430–1.464) 1.456 1.448 1.449 1.435
C1�C7 [P] 1.461 (1.445–1.476) 1.456 1.464 1.462 1.421
C1�C2 [P] 1.443 (1.410–1.453) 1.456 1.443 1.448 1.446
C7�C8 [P] 1.461 (1.447–1.458) 1.453 1.453 1.452 1.493
C4�C8 [P] 1.433 1.440
C4�C5 [P] 1.448 1.445
M–M [P] 2.370 (3.340) 2.478 2.741 2.736 2.843
C3-C8-C7-C6 [8] 177 (179–176) 172 176 176 176
metal spin density 0.77 1.54 0.43

[a] d= [(M�C7)�(M�C2)]/(M�C2).
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allyl)2] 16-MVE units would require the b1u supplementary
level to be filled, however, calculations indicate that the
level which is actually filled has b3g symmetry. This “level
crossing” results from p conjugation within the C8H6

2�

ligand which cannot simply be described as being made of
two allyl anions bridged by a double bond. The moderate
computed HOMO–LUMO gap (Table 9) suggests moderate
stability for these species which have been observed, but not
structurally characterized.[4c,3d]

Exploratory calculations indicate that, as for the related
34-MVE species, the potential energy surface of the 36-
MVE [Ni2(C8H8)2] complex is rather flat around its mini-
mum. This feature is even more pronounced for the isoelec-
tronic [Pd2(C8H8)2] complex for which the [Pd(h3-allyl)2] D2h

structure, isoelectronic with [Ni(h3-allyl)2], was found not to
be a minimum. The computed minimum, characterized by
frequency calculations, has a structure of Cs symmetry which
can be averaged to D2h and which is found to be only
0.03 eV more stable than the latter, a hardly significant
value. This result is indicative of a large geometrical flexibil-
ity for this species. Only the results corresponding to the D2h

structure are reported in Table 10.

28, 30, and 32 TNEs : We start with a known 28-TNE molyb-
denum derivative[9c] whose electronic structure has been in-
vestigated by performing DFT calculations on the [Mo2-
(C8H6)2] model.[9g] Unsurprisingly, our calculations on [Mo2-
(C8H6)2] revealed a similar optimized [Mo2(h

5,h5-C8H6)2]
structure of D2h symmetry and an ordering of levels similar
to that found by Cloke et al.[9g] The MO diagram of [Mo2-
(C8H6)2] is derived from the general diagram of the 34-MVE
species sketched in Figure 15 by depopulating the three top
MOs of the d-block, namely b1g* (p?*), b2g* (p//*), and b3u*
(s*). The corresponding d-type electron configuration is
(s)2(p?)2(d)2(d*)2(s*)0(p//*)0(p?*)0. Since the bonding coun-
terpart of p//* is not a member of the d-block but is involved
in metal–pentalene bonding (see above), we propose a Mo�
Mo bond order of 2+a (a<1). Incidentally, a bond order
of three would achieve the 18-/16-MVE count which is the
most favored for dinuclear complexes of pentalene. The pro-
posed bond order is consistent with the optimized Mo�Mo
distance (2.37 P), which is close to the experimental value
found for [Mo2{h

5,h5-C8H4(1,4-SiiPr3)2}2] (2.34 P).[9c] The dia-
magnetic behavior reported for this latter compound agrees
with the moderate but significant HOMO–LUMO gap com-
puted for [Mo2(C8H6)2] (0.70 eV). Consistent with this, the
triplet state was found to be 0.45 eV less stable than the sin-
glet state. Changing molybdenum to chromium switches the
order of energy of the singlet and triplet states. In [Cr2-
(C8H6)2], the singlet state lies 0.18 eV above the triplet state
which corresponds to (s)2(p?)2(d)2(d*)1(s*)1(p//*)0(p?*)0.
This is due to a weaker metal–metal overlap which renders
the s* LUMO of the singlet state even less antibonding
than in the molybdenum compound. Considering that the d*
MO is nonbonding for the actual Cr–Cr bond distances
(2.14 and 2.16 P in the singlet and triplet states, respective-
ly), the formal Cr�Cr bond order is 2+a and 1.5+a in the

singlet and triplet states, respectively. Note that an isoelec-
tronic complex was characterized a long time ago by Jonas
et al. , namely [V2(indenyl)2].

[23] Its X-ray structure exhibits a
V–V distance of 2.351 P and the compound is diamagnetic.
It is likely to have the same ground-state configuration as
[Mo2(C8H6)2].

With two more electrons, [Re2(C8H6)2] is found to adopt a
D2h structure (Table 10) and has a triplet ground state com-
puted to be more stable than the singlet state by 0.25 eV.
The triplet configuration is (s)2(p?)2(d)2(d*)2(s*)1(p//*)1-
(p?*)0, which corresponds to a formal Re�Re bond order of
1+a, in agreement with a rather short internuclear distance
(2.478 P). This metal–metal interaction is much weaker in
[Mn2(C8H6)2] which also has a triplet ground state but which
adopts a C2v structure (Figure 16) in which one metal (Mn2

in Table 9) atom is bonded in an h5 symmetrical fashion to
both ligands while the other one (Mn1) is bonded in a more
unsymmetrical h5 fashion, tending slightly towards h3. The
computed triplet–singlet energy difference is 0.24 eV. The
C2v/D2h energy difference in the triplet ground state is
0.10 eV. Interestingly, the 32-TNE [Ru2(C8H6)2] species
adopts the same C2v geometry as [Mn2(C8H6)2], but with a
clearer tendency for Ru1 to be h3-bonded to both ligands
(Figure 16 and Table 10). It also has a triplet ground state
that is more stable than the singlet state by 0.20 eV and
more stable than the D2h triplet ground state by 0.29 eV. On
the other hand, the isoelectronic [Fe2(C8H6)2] model adopts
a D2h symmetry with a triplet ground state corresponding to
the (s)2(p?)2(d)2(d*)2(p//*)2(s*)1(p?*)1 configuration, that is,
an Fe�Fe bond order of 0.5+a/2, in agreement with an in-
ternuclear separation of 2.357 P. The singlet state is com-
puted to be less stable by 0.51 eV.

Conclusion

Herein we have investigated the coordination ability of pen-
talene to bind to one and two transition metal atoms in
compounds of the type [CpM(C8H6)], [(CO)3M(C8H6)], [M-
(C8H6)2], [(CpM)2(C8H6)], [{(CO)3M}2(C8H6)], and [M2-
(C8H6)2] with different electron counts. The bonding in all
the currently known compounds has been rationalized, as
well as in (so far) hypothetical stable complexes. For exam-
ple, diamagnetic compounds of the type (or isoelectronic
with) [(CO)3Fe(pentalene)], [(CO)3Ni(pentalene)], [Cr(pen-
talene)2], [{(CO)3Ni}2(pentalene)], [{(CO)3V}2(pentalene)],
[Rh2(pentalene)2], and [Pd2(pentalene)2] should be stable
enough to be isolated. Depending on the electron count and
the nature of the metal(s), h2 (predicted), h3, h5, h8, or inter-
mediate coordination modes can be adopted. In the case of
mononuclear species, the most favored closed-shell electron
counts are 18 and 16 MVEs. In the case of dinuclear species,
an electron count of 34 MVEs is most favored. However,
other electron counts can be stabilized, especially in the
case of dinuclear complexes. Coordinated pentalene should
most often be considered as formally being a dianion, but
sometimes as a neutral ligand. In the former case it can
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behave as an aromatic species made of two equivalent fused
rings (Scheme 1), as a fivefold aromatic ring connected to
an allylic anion (see one of the canonical formulae of
Scheme 1), or even as two allylic anions bridged by a
C7=C8 double bond. In the latter case, it can behave as a
bond-alternating cyclic polyene (Scheme 1) or as a five-fold
aromatic ring connected to an allylic cation. We are current-
ly exploring the dynamics of some of the compounds stud-
ied, as well as extending this study to real and hypothetical
complexes of related ligands such as anthracene, fluorenyl,
or acepentalene.

Computational Details

Density functional theory (DFT) calculations were carried
out using the Amsterdam density functional (ADF) pro-
gram,[24] developed by Baerends and co-workers.[25] Electron
correlation was treated within the local density approxima-
tion (LDA) within the Vosko–Wilk–Nusair parametriza-
tion.[26] The nonlocal corrections of Becke and Perdew were
incorporated into the exchange and correlation energies, re-
spectively.[27,28]

The numerical integration procedure applied in the calcu-
lations was developed by te Velde et al.[25e] The electronic
configurations of atoms were described by a triple-z Slater-
type orbital (STO) basis set for H 1s, C 2s and 2p, N 2s and
2p, O 2s and 2p, and P 3s and 3p augmented with a 3d
single-z polarization for the C, N, O, and P atoms and with a
2p single-z polarization for the H atoms. A triple-z STO
basis set was used for Ti, V, Cr, Mn, Fe, Co, and Ni 3d and
4s, and for Zr, Mo, Ru, Rh, and Pd 4d and 5s augmented
with a single-z 4p polarization function for metals of the
first row of the periodic table and a single-z 5p polarization
function for the second row. A double-z STO basis set was
used for Re and Os 5s and a triple-z STO basis set was used
for Re and Os 4f, 5p, and 5d augmented with a single-z 6p
polarization function. A frozen-core approximation was
used to treat the core shells up to 1s for C, N and O, 2p for
P, 3p for the metal atoms of the first row, 4p for the second
row, and 4d for Re and Os.[25] For systems containing atoms
for which Z is greater than 41, the scalar relativistic (SR)
ZORA (zero-order regular approximation) was used (with
the associated optimized valence basis set).[29] Full geometry
optimizations were carried out using the analytical gradient
method implemented by Verluis and Ziegler.[30] Spin-unre-
stricted calculations were performed for all the open-shell
systems. Frequency calculations[31] were performed on all
the studied compounds, except for [CpFe(h5-C8H4Fc2)]

+ .
Unless specified in the text or just below, the molecular
structures described correspond to characterized energy
minima. In a few cases, for the sake of simplicity, the struc-
tures described have a higher symmetry and almost the
same energy (within 0.03 eV) as the C1 geometry which was
found to be the minimum. In such cases, both structures
differ by a simple rotation of the M(CO)3 or MCp moiety. It
has been checked that the averaged C1 geometry is not sig-

nificantly different to that described in the paper. These par-
ticular compounds are [(CO)3Cr(C8H6)], syn-[(CpV)2-
(C8H6)], and anti-[(CpM)2(C8H8)] (M=Fe, Co, Ni). The mo-
lecular structures and orbitals were represented using MO-
LEKEL4.1.[32]
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