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Abstract

The bis(indenyl) derivatives of Fe, Co, and Ni were studied by means of DFT calculations (ADF program). The calculated
structures were compared with the experimental ones and a good agreement was observed. While bis(indenyl)iron is an 18-electron
compound, exhibiting an almost perfect �5 coordination of the indenyl ring, the cobalt complex is a paramagnetic species, owing
to the presence of an extra electron and structural distortions start to be detected. More interesting is the nickel complex, where
the ring exhibits a coordination between �2+�3 and �3, and is definitely slipped and folded. On the other hand, nickelocene
chooses a distorted �5 coordination with long Ni�C bonds and two unpaired electrons. This different behavior is related to the
tendency of the indenyl to slip, compared to cyclopentadienyl. The geometry of the indenyl ring in bis(indenyl)nickel is useful to
compare with that of non-isolable intermediates and transition states. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The indenyl ligand has received much attention,
mainly owing to the ‘indenyl effect’, a term introduced
by Basolo et al., who noticed that when a cyclopentadi-
enyl ring (Cp=C5H5

−) was replaced by an indenyl ring
(Ind=C9H7

−) reaction rates were strongly accelerated
[1]. Much work, both experimental [2] and theoretical
[3], has been devoted to studying and comparing the
behavior of the two (and other related) rings. The
addition of two electrons, either by reduction or ligand
addition, to a �5-coordinated ring easily induces ring
slippage in indenyl and large rings, which become �3-co-
ordinated, while Cp usually exhibits a different behavior
[4]. The change in hapticity is accompanied by structural
modifications, as has been described in detail before for
several systems [5]. The binary bis(indenyl) complexes,
on the other hand, have received less attention. Ind2Fe
is the analogue of ferrocene, and in both compounds �5

rings are observed [6]. The cobalt derivative, having
formally 19 electrons, is paramagnetic and exhibits the
same arrangement as the iron analogues [6]. Nickel gives
rise to the more interesting species in this small family.
In order to accommodate the 20 electrons, nickelocene
becomes paramagnetic (two unpaired electrons), the five
Ni�C bonds being of similar length. On the other hand,
in comparison with Ind2Fe, the bis(indenyl) derivative
experiences a distortion, which leads to some folding
and slippage of the rings, which are staggered in the
X-ray structure, and is diamagnetic [6].

In this work, we performed DFT calculations [7] (ADF

program [8]) in order to explain the structural prefer-
ences of the Fe, Co, and Ni derivatives, and the factors
determining the competition between ring slip-page and
formation of a paramagnetic species. Bonding in these
complexes is explained by the Dewar model initially
introduced for olefin complexes [9], and consists of
electron donation from the rings to the metal accompa-
nied by back donation from metal to rings. The energies
of the optimized structures were also calculated using
the MP2 [10] approach (GAUSSIAN-98 [11]).
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Scheme 1.

ing ring to the �-orbitals of indenyl which are relevant
to the bonding. The extended Hückel [12] molecular
orbital diagram (Scheme 2) shows the main interactions
between iron and the two indenyl rings, which are
essentially donations from the ring to the metal, back-
donation being negligible.

The structure of the permethylated derivative
[(C9Me7)2Fe] has also been determined and the rotation
angle increased to 151.3°, relatively close to a staggered
arrangement of the indenyl rings, but keeping the C5
coordinating rings eclipsed. This result is not too sur-
prising, considering the very small energy difference
calculated for the two forms, and indicates that steric
repulsions between methyl groups are not determining
the structure. The rings are still essentially planar, with
a folding angle of 4.4°. A photoelectron spectroscopy
study [13] combined with extended Hückel calculations
showed the highest occupied molecular orbitals of these
systems to be mainly localized on the metal, as depicted

2. Results and discussion

2.1. Bis(indenyl)iron

Ind2Fe exhibits a typical coordination of the indenyl
ring, closer to a �2+�3 mode, than to a perfect �5

mode (Scheme 1, also showing the atom numbering
scheme of indenyl), as observed in the experimentally
determined structure [6].

Two structural parameters are commonly used to
describe the indenyl coordination, namely the M�C
distances and the folding angle �, defined as the angle
between the planes of carbons 1, 2, 3 and 1, 3, 4, 9 (also
called the hinge angle) [6]. A perfect �5 coordination is
never observed for indenyl, although Ind2Fe is certainly
the closest approach, with the two distances Fe�C4,9
only slightly longer than the other three and a folding
angle of �2.6° (Fig. 1). The two indenyl rings in the
structure are eclipsed, so that the rotation angle is 0°.
This is the angle between the two planes defined by the
metal M, C2, and the C4�C9 midpoint, in each ligand.
The eclipsed arrangement was calculated to be the most
stable (by 5 kJ mol−1 from DFT calculations, and by
14 kJ mol−1 from MP2 calculations, without any sym-
metry constraints; see Section 4).

The calculated and the observed [6] structures are
depicted in Fig. 1, along with some relevant distances
and angles.

The calculated Fe�C distances, relative to the five-
membered rings (2.036, 2.050, 2.050, 2.119, 2.118 A� in
one ring, and 2.039, 2.053, 2.052, 2.122, and 2.122 A� in
the other), agree extremely well with the experimental
values (2.035, 2.042, 2.054, 2.092, 2.104 A� , and 2.041,
2.048, 2.049, 2.094, 2.100 A� , for each ring, respectively)
[6]. There are some differences, namely, the rings are
perfectly eclipsed in the calculated structure (notice that
no symmetry constraints were introduced) and rotated
13.0° (or 5.2° in the second independent molecule of the
unit cell) away from eclipsed in the crystal structure.
These differences are probably caused by packing ef-
fects. The rings are practically planar, the folding an-
gles being 2.9° (calculated) and 2.6°, 2.7°
(experimental).

Ind2Fe is a typical 18-electron species, analogous to
ferrocene, and therefore no distortions are expected.
The fact that the five Fe�C distances are not exactly
similar can be explained on the basis of the different
contributions of the five carbon atoms in the coordinat-

Fig. 1. Fe�C distances (A� ) and folding angles (°) in the structure of
Ind2Fe in a side view and a top view: (a) DFT calculations and (b)
X-ray structure.

Scheme 2.
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in our molecular orbital in Scheme 2. The related
ansa-derivative [trans-Ph2C2H2�rac-(�5-4,7-Me�C9H4)2-
Fe], where the relative arrangement of the two indenyl
rings is constrained by the C2 bridge, exhibits an almost
eclipsed arrangement [14].

2.2. Bis(indenyl)cobalt

The bis(indenyl)cobalt complex holds one more elec-
tron than Ind2Fe, and is therefore paramagnetic [6,13].
The geometry was fully optimized without symmetry
using DFT calculations (ADF), and the energy differ-
ence between the eclipsed and the staggered arrange-
ment was only 5 kJ mol−1, the staggered form being
the most stable. However, MP2 calculations showed the
eclipsed species to be more stable by 13 kJ mol−1, in
agreement with the results from the X-ray structure
determination (Fig. 2).

The main features as well as the comparison between
optimized and experimental structures resemble what
was discussed for the iron derivative. In the X-ray
structure, the two rings are moved 10.5° away from
eclipsed (only 0.2° in the calculated form), and the
coordination mode of the indenyl can still be classified

as �2+�3. There are significant changes, however. The
range of calculated Co�C distances goes from 2.070
(C2), 2.072 (C1, C3), and 2.235 A� (C4, C9), while the
observed ones range from 2.058 (C2), 2.079, 2.089 (C1,
C3), and 2.182, 2.187 (C4, C9) in one ring to 2.059
(C2), 2.072, 2.085 (C1, C3), and 2.194, 2.197 A� (C4, C9)
in the other. On the other hand, the calculated folding
angle was 7.6° and the observed ones 7.4 and 7.8°. The
calculated structure is more symmetric, despite the ab-
sence of symmetry constraints in the calculations, but
the agreement is very good. Comparing these results
with those relative to Ind2Fe, three aspects can be
noticed: the M�C distances are longer; the range of
M�C distances is wider; and the folding angle is larger.

The extra electron of Ind2Co occupies an antibond-
ing orbital (see Scheme 2), leading to longer M�C
distances. The average Fe�C distances are 2.075, 2.078
(calculated) and 2.065, 2.066 A� (experimental), while
Co�C distances are 2.137 (calculated) and 2.119, 2.123
A� (observed). The other two changes result from the
tendency of indenyl to slip, in order to decrease the
antibonding character of the new singly occupied
HOMO, as will be discussed in more detail in the next
section. For the time being, it is enough to notice that
the folding starts to be significant, while two of the
Co�C bonds are distinctly longer, and the �2+�3

coordination mode is moving towards a pure �3. Per-
methylated species have been prepared, but only the
cationic [(C9Me7)2Co][PF6] was structurally character-
ized. As expected (one less antibonding electron) the
Co�C distances are shorter (analogous to Fe�C in
Ind2Fe, namely an average 2.077 A� ), but the rotation
angle is 89° [15]. These angles appear to be randomly
distributed, reflecting the small energy differences calcu-
lated for the two extreme conformations.

2.3. Bis(indenyl)nickel

The X-ray structure of Ind2Ni exhibits a staggered
arrangement, in opposition to the Fe and Co deriva-
tives. The indenyl rings are also more distorted. Ge-
ometry optimizations (DFT, ADF) performed in the
same conditions, led to a lower energy for the staggered
arrangement relative to the eclipsed one (8 kJ mol−1,
DFT; 3 kJ mol−1, MP2/6-31G*; 24 kJ mol−1, MP2/6-
31G**), which is shown in Fig. 3.

The distortion of the indenyl (folding), which be-
comes apparent in Ind2Co, is now clear, with folding
angles � of 13° (calculated) and 14° (X-ray structure).
The coordination mode is closer to �3 than �2+�3,
since two Ni�C distances in each ring approach 2.5 A� ,
which is a long distance for a Ni�C bond, indicating
weak bonds. The origin of this slippage and folding of
the indenyl can be qualitatively traced to the occupa-
tion by two electrons of a Ni–indenyl antibonding

Fig. 2. Co�C distances (A� ) and folding angles (°) in the structure of
Ind2Co in a side view and a top view: (a) DFT calculations and (b)
X-ray structure.

Fig. 3. Ni�C distances (A� ) and folding angles (°) in the structure of
Ind2Ni in a side view and a top view: (a) DFT calculations and (b)
X-ray structure.
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Fig. 4. Three-dimensional representations of: (a) the HOMO of
Ind2Ni and (b) the LUMO of Ind2Fe.

average of one electron per ring. This same situation is
observed in the calculated (DFT) structure of the para-
magnetic one-electron reduction product of [Mo(�5-
Cp)(�5-Ind){P(OMe)3}2]2+ (�=11°) where the
Mo�C(4,9) distances are 2.788 A� , midway between
those observed in the �5-indenyl ring (2.469, 2.522 A� )
and in the �3-indenyl ring of the doubly reduced com-
plex (3.063 A� ) [3o]. Another example is found in the
calculated transition state (DFT/B3LYP) for the in-
denyl slippage induced by phosphine addition to
[Mn(�5-Ind)(CO)3]. At the transition state, the reaction
is approximately in the middle, and again the
Mn�C(4,9) distances (2.752 and 2.849 A� ) and the fold-
ing angle (�=17°) are intermediate between those of
the parent complex (�=5°, 2.237 A� ) and those of the
final product (�=24°, 3.008 A� ) [3n].

The alternative structure which allowed the complex
to become paramagnetic, with two electrons occupying
the two LUMOs 3b1 and 5a1 (Scheme 2), was also
investigated. The relative energies of the several ar-
rangements studied are given in Table 1, both for
Ind2Ni and for Cp2Ni, to be addressed below. Although
all the optimizations were performed using DFT calcu-
lations, it was found that for these groups of com-
pounds the DFT energies were not reliable. Therefore,
only MP2 energies are given in Table 1.

For the bis(indenyl) derivatives, the energies do not
differ very significantly, staggered arrangements being
always preferred, both for diamagnetic and for para-
magnetic species. The geometry of the most stable
paramagnetic structure is given in Fig. 5.

The Ni�C distances are all relatively long, which is
not surprising considering the antibonding character of
the two singly occupied HOMOs, the two distances to
C4 and C9 being significantly longer than the other
three (which are much longer than in Ind2Co). On the
other hand, the indenyl is almost perfectly planar, and
the coordination mode a typical �2+�3. The prefer-
ences are not very well defined. We can assign, how-
ever, the choice of the slipped, diamagnetic
arrangement to the easy way in which the indenyl ring
slips and folds. This leads us to the analysis of bis(cy-
clopentadienyl)nickel, a well known paramagnetic 20-
electron compound. The values in Table 1 show that
this is indeed the preferred structure of nickelocene [17],
the paramagnetic species being preferred by ca. 150
kJ mol−1, and the staggered by 5 kJ mol−1 relative to
the eclipsed. The high energy of the diamagnetic form
led to convergence problems when trying to optimize
the geometry and explains why another, more favor-
able, geometry was also used as a starting geometry.
The geometries and most relevant distances are given in
Fig. 6 for the most stable paramagnetic form, the X-ray
structure, and the lowest energy diamagnetic isomer.

The energetic balance between paramagnetic and dia-
magnetic species is very different for the indenyl and

Table 1
Relative energies (kJ mol−1) for Ind2Ni and Cp2Ni complexes, dia-
magnetic and paramagnetic, with eclipsed or staggered arrangements
of the rings

Diamagnetic Paramagnetic

StaggeredEclipsedStaggeredEclipsed

3.0 5.5Ind2Ni a 0.0 0.3
4.5c160.9Cp2Ni b 0.0

139.7 d 132.2 d

a MP2/6-31G*.
b MP2/6-31G**.
c Convergence was not achieved.
d In this calculation, the cyclopentadienyl ring was folded (30°) in

the starting geometry; in all the others, it was planar.

Fig. 5. Ni�C distances (A� ) in the structure of a paramagnetic Ind2Ni
complex in a side view (DFT calculations).

orbital. Slippage releases part of this antibonding char-
acter, as mentioned above for Ind2Co. The HOMO of
Ind2Ni is shown in Fig. 4(a) and compared to the
LUMO of Ind2Fe (Fig. 4(b)). Both were calculated
using the extended Hückel method [12,16].

The observation of the HOMO of Ind2Ni also leads
to the understanding of the preference for a staggered
arrangement of the ring. The metal xz orbital mixes
with z2 in such a way as to minimize the Ni�C anti-
bonding character. The folding of the indenyl also helps
relieve that antibonding character by contributing to an
increased distance between Ni and the carbon atoms of
the junction (C4, C9).

This geometry can be compared with others, assum-
ing that in Ind2Ni each indenyl ring has received an
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the cyclopentadienyl rings, the energy differences being
much wider for the Cp. This different behavior is
related to the so-called ‘indenyl effect’ [1] and can be
traced to the different binding energies of the �5 and �3

rings to a metal [3l]. Cp is a stronger �5 coordinating
ligand than indenyl, but a weaker �3 coordinating
ligand. Indenyl will easily undergo a slippage and fold-
ing distortion as antibonding electrons are added, when
going from the iron metallocenes, to the cobalt, and to
the nickel ones. Cp, very strongly bound as an �5

ligand, will try to avoid losing this coordination.
A spin equilibrium between a diamagnetic and a

paramagnetic species has been described for (C5Me5)-
Ni(acac) [18]. The electronic situation is different, how-
ever, as this is formally an 18-electron complex. The
coordination of a �-donor to the metal, in comparison
to the more ubiquitous, �-acceptor, carbonyl, leads to a
very small HOMO–LUMO gap [19]. The diamagnetic
form with a doubly occupied HOMO is competitive to
the paramagnetic form where both HOMO and LUMO
carry one electron.

3. Conclusions

The structures of Ind2M (M=Fe, Co, Ni) exhibit a
progressively more distorted coordination of the in-
denyl ring, as one goes from Fe, to Co, and to Ni. The
extra electrons occupy one antibonding orbital which
becomes less antibonding when the indenyl slips and
folds, moving towards an �3 coordination, but not
achieving it in this triad, as there are not enough
electrons (two electrons per ring). On the other hand,
nickelocene exhibits an almost undistorted coordination
of the Cp ring (planar and almost �5), with two elec-
trons with the same spin in antibonding orbitals, in
accordance with its paramagnetic behavior. This alter-
native behavior reflects the different binding capacities
of the two rings in �5 and �3 modes. Eclipsed and
staggered arrangements of the rings differ by very small
amounts for the Fe and Co indenyl complexes, the
staggered arrangement being decidedly preferred for
nickel metallocenes.

4. Computational details

4.1. DFT calculations

Density functional calculations [7] were carried out
with the Amsterdam Density Functional (ADF2000)
program developed by Baerends and coworkers [8]. The
local exchange correlation potential developed by
Vosko et al. [20] was used. Gradient corrected geometry
optimizations [21] were performed using the General-
ized Gradient Approximation (Becke’s exchange [22]
and Perdew’s [23] correlation functionals). Unrestricted
calculations were performed for all the paramagnetic
species studied.

The inner shells of Fe ([1–2]s, 2p), Co ([1–2]s, 2p),
Fe ([1–2]s, 2p), and C (1s) were frozen. An uncon-
tracted triple-� nd, (n+1)s STO basis set was used for
Fe, Co, and Ni, augmented by one (n+1)p function.
The valence shells for C (2s, 2p) was described by an
uncontracted triple-� STO basis set, augmented by two
polarization functions: 3d and 4f. For H an uncon-
tracted triple-� STO basis set (1s) with two polarization
functions, 2p and 3d, was used. Full geometry opti-
mizations were performed without any symmetry con-
straints on models based on the available crystal
structures, as described in the text.

4.2. MP2 calculations

Single point calculations were performed by means of
ab initio calculations with the GAUSSIAN-98 program
[11] at the second-order Møller–Plesset (MP2) level [10]
with a 6-31G** basis set [24] in the case of nicke-
locenes, and 6-31G* [24] for all the indenyl derivatives
of Fe, Co, and Ni. Spin contamination was carefully
monitored in all the unrestricted calculations performed
for the paramagnetic species, and the values of �S2�
indicate minor spin contamination: between 0.75 and
0.79 for the Co complexes and 2.000 for the Ni
complexes.

4.3. Extended Hückel calculations

The extended Hückel calculations [12] were per-
formed using the CACAO program [16] with modified Hij

values [25]. The basis set for the metal atoms consisted
of ns, np and (n−1)d orbitals. The s and p orbitals
were described by single Slater-type wave functions,
and the d orbitals were taken as contracted linear
combinations of two Slater-type wave functions. The
parameters used for the transition metals were the
following (Hii (eV), �): 4s −9.17, 1.900; 4p −5.37,
1.900; 3d −12.70, 5.350, 1.800 (�2), 0.5366 (C1), 0.6678
(C2), for Fe; 4s −9.54, 2.000; 4p −4.51, 2.000; 3d
−12.48, 5.550, 2.100 (�2), 0.5680 (C1), 0.6060 (C2), for
Co, and 4s −9.11, 1.825; 4p −5.15, 1.125; 3d −13.40,

Fig. 6. Ni�C distances (A� ) and folding angles (°) in the structure of
Cp2Ni: (a) DFT calculations, paramagnetic; (b) X-ray structure; and
(c) DFT calculations, diamagnetic.
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5.750, 2.000 (�2), 0.5683 (C1), 0.6292 (C2), for Ni.
Standard parameters were used for other atoms. Calcu-
lations were performed on models based on the crystal
structures with idealized maximum symmetry, and the
following distances (A� ): M�C5(ring centroid) 1.67, C�C
1.40, C�H 1.08; the �3 coordination of indenyl was
modeled by a �=30° folding angle.
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