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Abstract Bent metallocenes are a class of organometallic
compounds that are widely used as catalysts in olefin poly-
merization procedures. We found a linear relation between the
relative stability of bent titanocenes and the average delocal-
ization index (DI) for Ti–C (from the cyclopentadienyl ring)
atomic pairs within the evaluated compounds. As a conse-
quence, the stability of the bent titanocenes can be estimated
from their topologies. However, secondary interactions
between the ligands of some of the bent titanocenes
reduce the coefficient of determination for the average
DI–stability relation.
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Introduction

Metallocenes are organometallic coordination compounds in
which a transition metal is bonded to two η5-cyclopentadienyl
(Cp) anions that lie in parallel planes [1, 2]. In 1951, the first
metallocene was synthesized—ferrocene, Fe(C5H5)2 [3].
Soon afterwards, a group of metallocene derivatives (such as
Cp2TiCl2 and Cp2ZrCl2) containing a metal ion capable of
binding up to three ligands in addition to both Cp groups were
discovered by Wilkinson and Birmingham [4]. These com-
pounds were called “bent metallocenes” because the Cp
groups bend away from the additional ligands [5].

The first generation of Ziegler–Natta catalysts were used in
the synthesis of crystalline and amorphous polyolefins [6]. By
1957, Natta had used Cp2TiCl2 (along with trimethyl alumi-
num, a co-catalyst in olefin polymerization) to obtain poly-
ethylene [7]. Thereafter, a second generation of Ziegler–Natta
catalysts consisting of group 4 bent metallocenes were utilized
for olefin polymerization [8]. These are usually activated by a
co-catalyst, methylaluminoxane (MAO), in a reaction that
generates aluminoxane anions and metallocene cations, which
are the actual active species during polymerization [9–12].
Bent metallocenes have two types of ligands: two π-ligands
(usually substituted or unsubstituted cyclopentadienyl groups)
and two σ-ligands (usually chlorine or methyl groups), giving
them a pseudotetrahedral geometry [13–16]. In these cata-
lysts, the π-bonded ligands strongly influence the stereo-
and regioregularity of the polymers produced [17–21], and
voluminous (or large) σ-bonded alcoholato ligands affect
either the molecular weight or the regioregularity of the
resulting polypropylenes [22–25].

Among the π-ligands usually studied in metallocene chem-
istry, cyclopentadienyl (Cp), indenyl (Ind), fluorenyl (Flu),
tetrahydroindenyl (Thind), and arylindenyl (ArInd) are the
most common. They can also be connected to one another
by a bridge, forming a stereorigid metallocene or ansa-
metallocene, or they can undergo free rotation along the metal
center, forming a nonrigid metallocene [9]. The main types of
bridges are: isopropylidene (Me2C<), ethylene (−C2H4−), and
dimethylsilane (Me2Si<) groups. Synthesis of ansa-
metallocenes with certain π-ligands (e.g., indenyl or
tetrahydroindenyl) yields three isomeric forms: one meso
and two racemic [26].

Molecular orbital (MO) and experimental studies of bent
metallocenes have been done by different research groups
[27–31]. The quantum theory of atoms in molecules
(QTAIM) has been used to study coordination compounds,
including metallocenes [30–33]. In a recent work, we studied
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the topological nature of titanocenes with a wide range of
point group symmetries (Cp2Ti, Cp2Fe, Cp2TiCl2, and
Ind2TiCl2) in order to evaluate the chemical interactions be-
tween the metal center and its ligands. In addition, we
established a direct relation between titanocene stability and
the number of bond paths between the metal and π-ligand
[34]. In this work, we extended the QTAIM and DFT study to
a series of bent titanocenes with π-ligands larger than
cyclopentadienyl whose point group symmetries are similar
or very close to each other. In this case, the relation between
topology and stability turned out to be different from that
found in the previous work.

Methodology

The geometries of the studied species were optimized
according to the Berny algorithm using energy-represented
DIIS in redundant internal coordinates [35, 36]. Vibrational
analysis of the optimized geometries of selected points on the
potential energy surface was carried out in order to determine
whether the resulting geometries are true minima or transition
states by checking for the existence of imaginary frequencies.
The calculations were performed at the B3LYP/6-311++
G(2d,2p) level [37, 38] using the Gaussian 09 package [39].
Energy values are given in terms of the electronic energy,
which was obtained from self-consistent field calculations of
the molecular system. The difference between the electronic
energies of the products and reagents in the synthesis of each
metallocene is the electronic energy of the corresponding
formation reaction.

The electronic density was derived from the Kohn–Sham
orbitals and further used in QTAIM calculations performed
by the AIM2000 software package [40]. The algorithm of
AIM2000 that searches for critical points is based on the
Newton–Raphson method, which relies heavily on the
starting point chosen [41]. Iterations to find critical points
begin with nuclear positions, mean values of maxima pairs,
and mean values of maxima triples, which are followed by
iterations from chosen starting grid points where a critical
point might exist.

Integrations of the atomic basins were performed in natural
coordinates using the default integration options. All integra-
tions yielded orders of magnitude of 10−3 to 10−4 for the
Laplacian of the charge density (∇2ρ) in the calculated atomic
basin. Atomic energies were calculated using the atomic virial
approach. The atomic virial approach [−2T(Ω)=V(Ω), where
Ω is the atomic basin, T is the kinetic energy, and V is the
potential energy] is identical to the virial theorem for a total
system [42]. All calculated bond paths were mirrored by their
corresponding virial paths, except for chlorine–hydrogen
AILs. According to the atomic virial approach, mirroring of
bond paths by virial paths is indicative of bonded interactions.

All of the studied molecular graphs followed the
Poincaré–Hopf rule n� bþ r � c ¼ 1ð Þ , where n is the
number of nuclear attractors, b is the number of bond critical
points, r is the number of ring critical points, and c is the
number of cage critical points [43].

The type of chemical bond or interaction between two
atoms can be classified according to the following topolog-
ical information: (1) the value of the charge density of the
critical point (ρb); (2) the value and the sign of the Laplacian
of the charge density; (3) the ratio |λ1|/λ3, where λ1 and λ3
are eigeinvalues of the Hessian matrix of the charge density;
(4) the ratio Gb/ρb, where Gb is the kinetic energy density;
and (5) the total energy density (Hb) at the bond critical
point. When ∇2ρ>0, ρb is relatively low (ρb<6×10

−2 a.u.),
the ratio |λ1|/λ3<1, the ratio Gb/ρb>1 or close to 1, and Hb

has a positive value that is close to zero, the chemical
interaction is defined as “closed shell” (which applies, for
example, to hydrogen bonds, ionic bonds, and van der
Waals interactions [42]).

The delocalization index (DI) is a measure of the number
of electrons that are shared or exchanged between two atoms
(or basins), and it is derived by integrating the Fermi hole
density [44, 45]. The localization index (LI) is the number of
unshared electrons within each atomic basin [44, 45].

Our previous work that investigated the relation between
DI and formal bond order [46] implicitly showed that the
conventional (Lewis model) number of electrons associated
with one or more traces (or lines) representing chemical bonds
[47] is not correct. According to the Lewis model, single,
double, and triple C–C bonds have two, four, and six electrons
in the valence bonding region, respectively, regardless of the
Coulombic and Fermi repulsions among them. Nonetheless,
DI calculations indicate that there are actually one, two, and
three shared electrons, on average, in single, double, and triple
C–C bonds, respectively [46]. This discrepancy can be under-
stood by noting that QTAIM is based on quantum physics,
while the Lewis model is based on an empirical (though
useful) model which disregards the Coulombic and Fermi
electronic repulsions involved in a chemical bond.

The 16- and 18-electron rule, introduced by Nevil
Sidgwick in 1923, is consistent with a large body of experi-
mental evidence [48], but it is an empirical rule based on the
Lewis model. Therefore, it is to be expected that the 16- and
18-electron rule and the delocalization index between the
transition metal atom and each donor atom from a ligand do
not agree numerically, as we noted in our previous work on
metallocenes [34].

Results and discussion

Bent titanocenes with π-ligands larger than cyclopentadienyl
were studied in this work in order to extend our previous
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Fig. 1 IUPAC names, optimized geometries, selected Ti-C interatomic distances, (in Å) and Ti-Cl bond length, (in Å), of bent titanocenes
1–10
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topological analysis on titanocenes [34]. The optimized ge-
ometries (each corresponding to a local minimum of the
potential energy surface) of the studied bent titanocenes 1–
10, along with some of their geometrical parameters and their
IUPAC names [49], are shown in Fig. 1. The molecular graphs

of 1–10 are shown in Fig. 2, along with the average topolog-
ical values at the bond critical points between the Ti atom and
a C atom from the π-ligand.

Bent titanocenes 5 and 6 are isomers that differ in the position
of the phenyl substituent in the indenyl ligand. In 5, the phenyl
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Fig. 2 Molecular graphs of bent titanocenes 1–10 along with their average topological properties (charge density ρb, Laplacian of charge density ∇2ρb,
ratio |λ1|/λ3, ratio Gb/ρb, and total energy density Hb, in a.u.) at the bond critical points between the Ti atom and a C atom from the π-ligand
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substituent is attached at carbon 4 in the indenyl ligand; in 6, the
phenyl substituent is attached to carbon 2 in the indenyl ligand.

From Fig. 2, we can see that the topological data for the
bond critical points of Ti–C bond paths involving π-ligands
are characteristic of closed-shell interactions, as also ob-
served in studies of other metallocenes [34].

The bent titanocenes 2, 3, 6, and 8–10 have second-
ary interactions which involve atoms from different π-
ligands (Fig. 2). These secondary interactions are weak-
er than other bonds in titanocene. They are indicated by
F–F bond paths in 2; H–H bond paths in 3; C–H bond
paths in 6 and 8 and one H–Cl bond path in 8; H–O,
O–O and H–Cl bond paths in 9, and an H–C bond path
in 10.

The H(methylenic)–Cl atomic interaction lines (AILs) of 7
and the H(methylic)-Cl AILs of 3 and 8 are not bond paths,
since they do not have corresponding virial paths, except for
one H(methylic)–Cl atomic interaction in 8 (Fig. 3). Indeed,
these interactions are found to be repulsive when the atomic
energies of these hydrogen atoms are compared to those from
equivalent nonparticipating hydrogen atoms. These AILs are
therefore not regarded as bond paths because bond paths must
be mirrored by corresponding virial paths [42], meaning that
there are no secondary interactions involving chlorine and
hydrogen atoms in 3, 7, and 8, with one exception in 8.

Moreover, the virial graphs of 1 and 5 indicate that there are
no secondary interactions in these compounds.

As a consequence, the analysis of the results shown in
Figs. 2 and 3 exemplifies the importance of analyzing the
corresponding virial graph of a particular molecular graph in
order to check whether a bond path exists, as some atomic
interaction lines in the molecular graph may not be bond
paths.

Table 1 shows the formation reactions for bent
titanocenes 1–10, their closest point group symmetries, their
electronic energies of formation, the number of bond paths
between Ti and C atoms, and the average DI value of Ti and
C atomic pairs (averaged over all carbon atoms of the
substituted cyclopentadienyl ring). The difference between
the lowest and highest values of the average DI is 0.058
(Table 1), which represents an overall DI value of 0.29
electrons. The electronic energies of 1–10 in Table 1 are
indicative of their stabilities: the more negative the energy,
the more stable the corresponding bent titanocene.

By analyzing the electronic energies of formation of iso-
mers 5 and 6, we found that isomer 5 is more stable than 6.
The only structural difference between them is the position
of the phenyl substituent in the indenyl ligand, which makes
isomer 5 5–6 kcal mol−1 more stable. However, both iso-
mers have the same number of Ti–C bond paths, which

1 3 5

7 8

Fig. 3 Virial graphs of the titanocenes 1, 3, 5, 7, and 8
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contradicts the direct association of the number of Ti–C/Fe–
C bond paths with titanocene/ferrocene stability that we
found in our previous work [34].

Figure 4a shows that there is no linear relation between
ΔEreaction and the total number of Ti–C bond paths. How-
ever, in our previous work, where the studied ferrocene,
titanocene, and bent titanocenes had very different point
group symmetries [Cp2Fe (D5h), Cp2Ti (C2v), Cp2TiMe2
(C2v) and Ind2TiMe2 (C2)], there was a linear relation be-
tween the number of Ti–C bond paths and their stabilities
[34]. The lack of a linear relation between ΔEreaction and the
total number of Ti–C bond paths can be observed in bent
titanocenes 1, 2, 4, and 8, which have the same number of
Ti–C bond paths but completely different stabilities
(Table 1). A possible reason for the different relations ob-
served in the two studies may be identified from a compar-
ison of the structural differences among the metallocenes
studied in our previous work and those among the
titanocenes investigated in this work. Titanocenes 1–10
have large π-ligands and their point group symmetries are
either very close to each other or are similar (Table 1).
However, as mentioned above, the point group symmetries
of the metallocenes from [34] are very different, and their π-
ligands are relatively small, except for those from
Ind2TiMe2.

On the other hand, we found a linear relation between
ΔEreaction and the averaged DI of Ti–C atomic pairs (aver-
aged over all C atoms of the substituted cyclopentadienyl
ring)—see Fig. 4b—for bent titanocenes 1–10. As the aver-
age Ti–C DI increases, the stability of the bent titanocene
tends to increase. Since the DI indicates the number of
electrons shared by an atomic pair, it means that increasing
the average Ti–C DI strengthens the interaction between the
Ti and π-ligands, which yields a more stable titanocene.

However, secondary interactions in some of the studied
compounds (Fig. 2) reduce the coefficient of determination
of the linear relation between ΔEreaction and the average DI
of Ti–C atomic pairs. These secondary interactions in bent
titanocenes exert some influence over the stability of the
whole molecule because they provide extra stabilization for
the π-ligands (see Table 2) that is not accounted for in the
Ti–C delocalization indices, thus affecting the linear relation
betweenΔEreaction and the average DI. When we remove the
data for bent titanocenes 2 and 9 (with relatively moderate
F–F and O–H interactions, respectively) from the plot, the
coefficient of determination increases (Fig. 4c).

No linear relation was observed between other topologi-
cal data and the stabilities of the studied bent titanocenes.
Neither the average ρb nor the average ∇2ρb of Ti–C bonds
showed any linear relation to the stabilities of compounds
1–10. Even combinations of them that included the number
of Ti–C bond paths failed to show any linear relation with
the stabilities of the bent titanocenes.

One particular aspect of the bent titanocenes studied in
this work is that most of them have secondary interactions
involving the π-ligands (Fig. 2). On the other hand, none of
the compounds studied in our previous work (Cp2Fe, Cp2Ti,
Cp2TiMe2, and Ind2TiMe2) have secondary interactions in-
volving the π-ligands. Probably, secondary interactions do
not occur in the metallocenes studied in our previous work
because their π-ligands are not as voluminous (or large) as
the π-ligands of the bent titanocenes studied in this work.

Table 2 gives the atomic energy values for 2, 3, 6, 8, 9,
and 10, including the secondary interactions (the atomic
energies of the atoms involved in the secondary interactions;
the atomic energies of their equivalent atoms in the corre-
sponding bent titanocene that do not participate in any
secondary interactions; and the difference in atomic energy

Table 1 Formation reactions of bent titanocenes 1–10, their point group symmetries, their electronic energies of reaction (in kcal mol−1), the
number of bond paths for the Ti–C atomic pair, and the average DI value involving Ti and C atoms from the cyclopentadienyl ring

Bent titanocene formation reaction Molecule Point group
symmetry

ΔE
(kcal mol−1)

Average
Ti–C DIa

Number of
bond pathsb

TiCl4+2Li(IndC2H6O2)→(IndC2H6O2)2TiCl2+2LiCl 1 C1 −3.39 0.229 4

TiCl4+2Li(CpF5)→ (CpF5)2TiCl2+2LiCl 2 C1 4.02 0.222 4

TiCl4+2 i(CpC5H15)→(CpC5H15)2TiCl2+2LiCl 3 C1 −9.35 0.248 6

TiCl4+2Li (Ind)→(Ind)2TiCl2+2LiCl 4 C2 4.89 0.226 4

TiCl4+2Li(IndPh)→(IndPh)2TiCl2+2LiCl 5 C1 5.77 0.233 3

TiCl4+2Li(IndPh)→(IndPh)2TiCl2+2LiCl 6 C1 10.35 0.222 3

TiCl4+2Li(CpC4H8)→(CpC4H8)2TiCl2+2LiCl 7 C2 −9.22 0.250 2

TiCl4+2Li(CpPhC2H6)→(CpPhC2H6)2TiCl2+2LiCl 8 C2 −9.73 0.245 4

TiCl4+2Li(Cp(OH)5)→[Cp(OH)5]2TiCl2+2LiCl 9 C2 −45.80 0.261 6

TiCl4+2Li(Ind(NO2)3)→[Ind(NO2)3]2TiCl2+2LiCl 10 C1 29.36 0.203 2

a Involving only C atoms of the substituted cyclopentadienyl ring
b Involving only Ti–C atomic pairs

2960 J Mol Model (2013) 19:2955–2964



between the equivalent participating and nonparticipating
atoms for the same bent titanocene). The atoms listed in
Table 2 that participate in secondary interactions can be
viewed in Fig. 2. The atomic energy differences shown in
Table 2 indicate that the great majority of atoms involved in
secondary interactions have smaller energies than their
equivalent atoms that do not participate in any secondary
interactions; in other words, most of the bond paths associ-
ated with secondary interactions are attractive. In the case of
titanocene 9, the atomic energy of the H1 atom is probably
influenced by the O1–O5′ secondary interaction, where O1
is the oxygen atom bonded to H1. For the bond path involv-
ing H(methylic) and Cl atoms in 8 (Fig. 3), there is no
equivalent nonparticipating methylic hydrogen to the H(me-
thylic) atom that does participate in a secondary interaction,
because the latter is the only H in the methyl group that is
close to a vicinal methylic H atom, which possibly leads to
van der Waals repulsion between them.

If we consider only the secondary interactions that have a
stabilizing effect (i.e., those with negative ΔE values), the
magnitude of the stabilizing interaction for each atom in-
volved in the secondary interaction ranges from −0.0720 a.u.
(47.34 kcal mol−1) to −0.0030 a.u. (1.88 kcal mol−1), except
for one value (−0.0002 a.u.). This implies that the secondary
interactions have a significant influence on the stability of the

studied bent titanocenes by approaching Ti and π-ligands
through interaction between π-ligands. Since these secondary
interactions are not related to the average Ti–C DI, they affect
the linear relation between the DIs and stabilities of the studied
metallocenes, meaning that the corresponding coefficient of
determination becomes smaller than expected.

The direct relation between topology and stability identified in
this work can be used when designing novel bent titanocenes, as
the relation allows the relative stability of the bent titanocene to
be predicted from its average Ti–C delocalization index. For
instance, if we replace the fluorine atoms in 2 with electron-
releasing hydroxyl groups, we find that the average Ti–C DI
of dichloridobis[pentahydroxylcyclopentadienyl]titanium
9 is higher than that of 2. According to their stabilities (see
Table 1), 9 is more stable than 2, according to the expected
tendency. On the other hand, when dichloridobis(indenyl)titani-
um 4 is converted to dichloridobis(4,5,6-trinitroindenyl)titanium
10 by replacing the hydrogen atoms with electron-withdrawing
nitro groups, the average Ti–C DI decreases, so titanocene 10 is
less stable than 4 (Table 1). We also note that the presence of an
electron-releasing group attached to the Cp ring increases the
stability of the bent titanocene, because it increases the interaction
of the π-ligand with the titanium atom (as demonstrated by the
average Ti–CDI), while the presence of an electron-withdrawing
group on the ring decreases its stability by weakening the π-
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Fig. 4 a Plot of the electronic
energies of formation of 1–10,
in kcal mol−1, versus their
total numbers of Ti–C bond
paths. b Plot of the electronic
energies of formation of 1, 3–8,
and 10, in kcal mol−1, versus
their average DIs for Ti–C
atomic pairs. c Plot of the
electronic energies of formation
of 1–10, in kcal mol−1, versus
their average DIs for Ti–C
atomic pairs
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ligand–titanium interaction. Therefore, the average number of
electrons shared between the π-ligand and the titanium atom is a
very important influence on the stability of the titanocene.

Two relations between the topology and relative stability
of metallocenes/bent titanocenes can thus be discerned.
When the species show a wide range of point group sym-
metries, there is a linear relation between the number of Ti–

C bond paths and the relative stability. However, when the
bent titanocenes have rather similar point group symmetries,
there is a linear relation between the average DI for Ti–C
atomic pairs and the relative stability. Moreover, we can use
the plots shown in Fig. 4b or c to estimate the relative
stabilities of bent titanocenes by calculating their average
Ti–C DIs.

Table 2 Atomic energies (in Hartrees) of the atoms participating in
secondary interactions in the bent titanocenes 2, 3, 6, 9, and 10, the
atomic energies of the equivalent atoms without any secondary

interactions in the bent titanocenes, and the difference in atomic energy
between the equivalent participating and nonparticipating atoms for the
same bent titanocene

Bent
titanocene

Secondary
interaction

Atom Energy (Hartrees) Bent
titanocene

Secondary
interaction

Atom Energy (Hartrees)

E(Ω) ΔE E(Ω) ΔE

2 F1–F1′ F1 −100.22 −0.0300 6 H3–C4′ H3 −0.6092 −0.0083

F5a −100.19 H1c −0.6009

F1′ −100.19 0.0000 C4′ −37.952 −0.0340

F5a −100.19 C7′c −37.918

2 F1–F5′ F1 −100.22 −0.0300 8 H10′–C9 H10′ −0.6197 −0.0061

F5a −100.19 H9′d −0.6136

F5′ −100.21 −0.0200 C9 −37.975 −0.0170

F5a −100.19 C9′d −37.958

2 F2–F5′ F2 −100.20 −0.0100 8 H6–C13’ H6 −0.6195 0.0000

F5a −100.19 H8d −0.6195

F5′ −100.21 −0.0200 C13′ −37.977 −0.0190

F5a −100.19 C9′ −37.958

3 H7–H10′ H7 −0.6331 −0.0089 9 O1′–H1 O1′ −75.644 0.0225

H8b −0.6242 O4′e −75.667

H10′ −0.6253 −0.0030 H1 −0.3514 0.0172

H11′b −0.6223 H5e −0.3686

3 H9–H9′ H9 −0.6298 −0.0079 9 O1–O5′ O1 −75.677 −0.0160

H11b −0.6219 O5e −75.661

H9′ −0.6341 −0.0118 O5′ −75.679 −0.0120

H11′b −0.6223 O4′e −75.667

3 H10–H7′ H10 −0.6347 −0.0128 9 O2–H5′ O2 −75.654 −0.0090

H11b −0.6219 O5e −75.645

H7′ −0.6353 −0.0127 H5′ −0.3577 0.0030

H8′b −0.6226 H4′e −0.3607

3 H12–H6′ H12 −0.6328 −0.0112 9 (H3′–Cl)* H3′ −0.3676 −0.0069
H14b −0.6216

H6′ −0.6287 −0.0061 H4′e −0.3607
H8′b −0.6226

6 H3′–C8 H3′ −0.6071 −0.0051 9 (H2′–Cl)* H2′ −0.3609 −0.0002
H1′c −0.6020

C8 −37.965 −0.0100 H4′e −0.3607
C8′c −37.955

6 H4′–C9 H4′ −0.6149 −0.0042 10 H2–C4′ H2 −0.5956 −0.0121
H7′c −0.6107 H1f −0.5835

C9 −37.960 0.0088 C4′ −37.906 −0.0702
C9′c −37.947 C7′f −37.836

a–d are the nonparticipating atoms equivalent to those participating in secondary interactions in bent titanocenes 2, 3, 6, and 8–10.

* Chlorine atom without an equivalent atom that does not participate in any secondary interaction
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Conclusions

Most of the studied bent titanocenes (which were identified
as local minima on the potential energy surface) have sec-
ondary interactions that link atoms between the π-ligands of
each titanocene. The great majority of these secondary in-
teractions are attractive according to their atomic energy
values. Some chlorine–hydrogen atomic interaction lines
are not bond paths because they are not mirrored by corre-
sponding virial paths, and these chlorine–hydrogen pairs do
not have secondary interactions.

No linear relation between the number of Ti–C bond paths
and the relative stability was found when bent titanocenes
with voluminous π-ligands were considered. This absence of
a linear relation may be due to the rather similar point group
symmetries of the studied bent titanocenes.

On the other hand, we found a linear relation between the
average DI of Ti–C (from the cyclopentadienyl ring) atomic
pairs and relative stability for the studied bent titanocenes.
In another words, we found that the average number of
electrons shared between the π-ligand and titanium atom is
a very important parameter for determining and predicting
the stability—a thermodynamic property—of a titanocene.
However, the secondary interactions that occur in some of
the studied bent titanocenes reduce the coefficient of deter-
mination of the average DI–stability relation, since they
indirectly increase the interaction between the π-ligand
and the titanium atom in a different manner to that
accounted for by the Ti–C delocalization index.

The stabilities of bent titanocenes can be estimated from
their topological data. In addition, we believe that topology
(DI or bond path)–stability relations can also be obtained for
metallocenes with a central metal ion that is not titanium.

Acknowledgments The authors thank FAPERN (Fundação de
Amparo à Pesquisa do Estado do Rio Grande do Norte), CAPES
(Coordenação de Aperfeiçoamento de Pessoal de Nível Superior),
and CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico) for financial support.

References

1. Crabtree RH (2005) The organometallic chemistry of the transition
metals. Wiley, Hoboken

2. Chien JCW (1963) Electronic spectra of some bis-(cyclopentadienyl)-
metal compounds. J Phys Chem 67:2477–2481

3. Kealy TJ, Pauson PL (1951) A new type of organo-iron com-
pound. Nature 168:1039–1040

4. Wilkinson G, Birmingham JM (1954) Bis-cyclopentadienyl com-
pounds of Ti, Zr, V, Nb, and Ta. J Am Chem Soc 76:4281–4284

5. Green JC (1998) Bent metallocenes revisited. Chem Soc Rev
27:263–272

6. Natta G, Pino P, Corradini P, Danusso F, Mantica E, Mazzanti G,
Moraglio G (1955) Crystalline high polymers of oleofins. J Am
Chem Soc 77:1708–1710

7. Natta G, Pino P, Mazzanti G, Giannini U (1957) A crystallizable
organometallic complex containing titanium and aluminum. J Am
Chem Soc 79:2975–2976

8. Erker G, Kehr G, Frohlich R (2006) Group 4 bent metallocenes
and functional groups—finding convenient pathways in a difficult
terrain. Coord Chem Rev 250:36–46

9. Alt HG, Koppl A (2000) Effect of the nature of metallocene com-
plexes of group IV metals on their performance in catalytic ethylene
and propylene polymerization. Chem Rev 100:1205–1221

10. Resconi L, Cavallo L, Fait A, Piemontesi F (2000) Selectivity in
propene polymerization with metallocene catalysts. Chem Rev
100:1253–1345

11. Ewen JA (1984) Mechanisms of stereochemical control in propyl-
ene polymerizations with soluble group 4B metallocene/
methylalumoxane catalysts. J Am Chem Soc 106:6355–6364

12. Bochmann M (1996) Cationic group 4 metallocene complexes and
their role in polymerisation catalysis: the chemistry of well defined
Ziegler catalysts. J Chem Soc Dalton Trans 255–270

13. Petersen JL, Dahl LF (1975) Synthesis and structural characteriza-
tion by X-ray diffraction and EPR single-crystal techniques of
(dichloro)bis(η5-methylcyclopentadienyl)vanadium and
(dichloro)bis(η5-methylcyclopentadienyl)titanium. Spatial distri-
bution of the unpaired electron in a V(η5-C5H5)2 L2-type complex.
J Am Chem Soc 97:6422–6433

14. Tsai ZT, Brubaker CH (1979) Photolysis of titanocene dichloride. J
Organomet Chem 166:199–210

15. Vitz E, Wagner PJ, Brubaker CH (1976) Photochemical reactions
of bis(η5-cyclopentadienyl)-titanium dichloride. J Organomet
Chem 107:301–306

16. Vitz E, Brubaker CH (1974) Photochemical reactions of di-π-
cyclopentadienyl-titanium dichloride. J Organomet Chem 82:C16–C18

17. Guerra G, Cavallo L, Moscardi G, Vacatello M, Corradini P (1996)
Back-skip of the growing chain at model complexes for the
metallocene polymerization catalysis. Macromolecules 29:4834–4845

18. Guerra G, Cavallo L, Moscardi G, Vacatello M, Corradini P (1994)
Enantioselectivity in the regioirregular placements and regiospecificity
in the isospecific polymerization of propene with homogeneous
Ziegler–Natta catalysts. J Am Chem Soc 116:2988–2995

19. Cavallo L, Guerra G, Vacatello M, Corradini P (1991) A possible
model for the stereospecificity in the syndiospecific polymeriza-
tion of propene with group-4a metallocenes. Macromolecules
24:1784–1790

20. Venditto V, Guerra G, Corradini P, Fusco R (1990) Possible model
for chain end control of stereoregularity in the isospecific homo-
geneous Ziegler–Natta polymerization. Polymer 31:530–537

21. Busico V, Cipullo R, Chadwick JC, Modder JF, Sudmeijer O
(1994) Effects of regiochemical and stereochemical errors on the
course of isotactic propene polyinsertion promoted by homoge-
neous Ziegler–Natta catalysts. Macromolecules 27:7538–7543

22. Grafov AV, Firme CL, Grafova IA, Benetollo F, Dias ML, Abadie
MJM (2005) Olefin polymerisation with hafnocenes: a bridged
alicyclic alcohol as a ligand and as the hafnocene modifier.
Polymer 46:9626–9631

23. Firme CL, Grafov AV, Dias ML (2005) Ethylene and propylene
polymerization with bis(indenyl)zirconium/mao catalytic systems
modified by sterically demanding alcohols. J Polym Sci A Polym
Chem 43:4248–4259

24. Dias ML, Lopes DEB, Grafov AV (2002) Propylene-ethylene co-
polymers by one-monomer metallocene catalyzed polymerization.
J Mol Catal A Chem 185:57–64

25. Lopes DEB, Dias ML, Marques MFV, Grofov AV (2000) Ethylene
polymerization with hafnocene adamantolate/MAO system. Polym
Bull 45:365–372

26. Rheingold AL, Robinson NP, Whelan J, Bosnich B (1992)
Preparation and properties of chiral titanocene and zirconocene
dichloride complexes of a chiral ligand. Organomet 11:1869–76

J Mol Model (2013) 19:2955–2964 2963



27. Zachmanoglou CE, Docrat A, Bridgewater BM, Parkin G,
Brandow CG, Bercaw JE, Jardine CN, Lyall M, Green JC,
Keister JB (2002) The electronic influence of ring substituents
and ansa bridges in zirconocene complexes as probed by infrared
spectroscopic, electrochemical, and computational studies. J Am
Chem Soc 124:9525–9546

28. Wang XJ, Chen L, Endou A, Kubo M, Miyamoto A (2003) A
study on the excitations of ligand-to-metal charge transfer in com-
plexes Cp2MCl2 (Cp=π-C5H5, M=Ti, Zr, Hf) by density function-
al theory. J Organomet Chem 678:156–165

29. Kozimor SA, Yang P, Batista ER, Boland KS, Burns CJ,
Christensen CN, Clark DL, Conradson SD, Hay PJ, Lezama JS,
Martin RL, Schwarz DE, Wilkerson MP, Wolfsberg LE (2008)
Covalency trends in group IV metallocene dichlorides. Chlorine
K-edge X-ray absorption spectroscopy and time dependent-
density functional theory. Inorg Chem 47:5365–5371

30. Freitag MA, Gordon MS (2002) On the electronic structure of
bis(eta(5)-cyclopentadienyl) titanium. J Phys ChemA 106:7921–7926

31. Ignatov SK, Rees NH, Tyrrell BR, Dubberley SR, Razuvaev AG,
Mountford P, Nikonov GI (2004) Nonclassical titanocene silyl
hydrides. Chem Eur J 10:4991–4999

32. Cortés-Guzmán F, Bader RFW (2005) Complementarity of
QTAIM and MO theory in the study of bonding in donor–acceptor
complexes. Coord Chem Rev 249:633–662

33. Vidal I, Melchor S, Dobado JA (2008) Evidence of an unexpect-
edly long C–C bond (> 2.7 Å) in 1,3-metalladiyne complexes
[Cp2MCCR]2 (M=Ti, Zr): QTAIM and ELF analyses. J Phys
Chem A 112:3414–3423

34. Firme CL, Pontes DD, Antunes OAC (2010) Topological study of
bis(cyclopentadienyl) titanium and bent titanocenes. Chem Phys
Lett 499:193–198

35. Li X, Frisch MJ (2006) Energy-represented direct inversion in the
iterative subspace within a hybrid geometry optimization method.
J Chem Theory Comput 2:835–39

36. Pulay P, Fogarasi G (1992) Geometry optimization in redundant
internal coordinates. J Chem Phys 96:2856–2860

37. Becke AD (1993) Density-functional thermochemistry. 3. The role
of exact exchange. J Chem Phys 98:5648–5652

38. Lee C, Yang W, Parr RG (1988) Development of the Colle–Salvetti
correlation-energy formula into a functional of the electron density.
Phys Rev B 37:785–89

39. Gwt MJ, Frisch HB, Schlegel GE, Scuseria MA, Robb JR,
Cheeseman G, Scalmani V, Barone B, Mennucci GA, Petersson
H, Nakatsuji M, Caricato X, Li HP, Hratchian AF, Izmaylov J,
Bloino G, Zheng JL, Sonnenberg M, Hada M, Ehara K, Toyota R,
Fukuda J, Hasegawa M, Ishida T, Nakajima Y, Honda O, Kitao H,
Nakai T, Vreven JA, Montgomery JE Jr, Peralta F, Ogliaro M,
Bearpark JJ, Heyd E, Brothers KN, Kudin VN, Staroverov R,
Kobayashi J, Normand K, Raghavachari A, Rendell JC, Burant
SS, Iyengar J, Tomasi M, Cossi N, Rega JM, Millam M, Klene JE,
Knox JB, Cross V, Bakken C, Adamo J, Jaramillo R, Gomperts
RE, Stratmann O, Yazyev AJ, Austin R, Cammi C, Pomelli JW,
Ochterski RL, Martin K, Morokuma VG, Zakrzewski GA, Voth P,
Salvador JJ, Dannenberg S, Dapprich AD, Daniels Ö, Farkas JB,
Foresman JV, Ortiz JC, Fox DJ (2009) Gaussian 09, revision A.01.
Gaussian Inc., Wallingford

40. Biegler-König F, Schönbohm J (2002) AIM2000, version 2.0,
Bielefeld, Germany

41. Biegler-Konig F, Schonbohm J, Bayles D (2001) Software news
and updates. AIM2000: a program to analyze and visualize atoms
in molecules. J Comp Chem 22:545–59

42. Bader RFW (1994) Atoms in molecules: a quantum theory. Oxford
University Press, Oxford

43. Balanarayan P, Gadre SR (2003) Topography of molecular scalar
fields. I. Algorithm and Poincare–Hopf relation. J Chem Phys
119:5037–5043

44. Bader RFW, Stephens ME (1975) Spatial localization of the elec-
tronic pair and number distributions in molecules. J Am Chem Soc
97:7391–7399

45. Bader RFW, Streitwieser A, Neuhaus A, Laidig KE, Speers P
(1996) Electron delocalization and the Fermi Hole. J Am Chem
Soc 118:4959–4965

46. Firme CL, Antunes OAC, Esteves PM (2009) Relation between
bond order and delocalization index of QTAIM. Chem Phys Lett
468:129–133

47. Lewis GN (1916) The atom and the molecule. J Am Chem Soc
38:762–785

48. Tolman CA (1972) The 16 and 18 electron rule in organometallic
chemistry and homogeneous catalysis. Chem Soc Rev 1:337–353

49. Connelly NG, Damhus T, Harstshorn RM, Hutton AT (2005)
Nomenclature of inorganic chemistry: IUPAC recommendations
2005. RSC, Cambridge

2964 J Mol Model (2013) 19:2955–2964


	Relation between topology and stability of bent titanocenes
	Abstract
	Introduction
	Methodology
	Results and discussion
	Conclusions
	References


