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ABSTRACT: The mechanisms of stereoselectivity and chemoselectivity in the Ziegler-Natta polymeriza-
tions of conjugated dienes have been investigated by density functional methods, in the framework of
the widely accepted polymerization scheme involving anti-allyl coordination of the growing chain. Most
insertions would occur through intermediates with the diene monomer s-cis η4 coordinated to the metal
and with the monomer concavity oriented toward the terminal allyl group of the growing chain. Monomer
coordinated intermediates presenting a backbiting of the anti-allyl coordinated growing chain (η3η2) would
essentially lead to 1,4-unlike insertions only, while monomer coordinated intermediates simply presenting
an anti-allyl coordination of the growing chain would lead to 1,4-like and/or 1,2-unlike insertions. These
models are able to rationalize several experimental data relative to stereoselectivity and chemoselectivity
in Ziegler-Natta polymerizations of conjugated dienes.

Introduction

The polymerization of conjugated dienes with transi-
tion-metal catalytic systems is an insertion polymeri-
zation as is that of monoalkenes with the same systems.
Moreover, it is nearly generally accepted that for diene
polymerization the monomer insertion reaction occurs
in the same two steps established for olefin polymeri-
zation by transition-metal catalytic systems: (i) coor-
dination of the monomer to the metal, (ii) monomer
insertion into a metal-carbon bond. However, the
polymerization of dienes presents several peculiar as-
pects mainly related to the nature of the bond between
the transition metal of the catalytic system and the
growing chain, which is of σ type for the monoalkene
polymerizations, while it is of the allylic type in the
conjugated diene polymerizations.1-10

Several experimental facts have been rationalized in
terms of different π-allyl insertion mechanisms, depend-
ing on the nature of the catalytic systems and of the
diene monomer, mainly by the extensive work of Porri
and co-workers, as reviewed in refs 8 and 9, and Taube
and co-workers, as reviewed in ref 10. A widely accepted
scheme for cis-1,4 and 1,2 polymerizations of conjugated
dienes is reported in Scheme 1.8-10 In particular, it has
been suggested that 1,2 units and cis-1,4 units can
derive from an intermediate including a s-cis-η4 coor-
dinated diene monomer as well as a η3 coordinated allyl
terminal of the growing chain presenting an anti
structure.7-9 This kind of arrangement of the ligands
would give rise to cis-1,4 or to 1,2 units, depending on
whether the incoming monomer reacts at the terminal
C4′ or internal C2′ allyl carbon, respectively. The labels
for the carbon atoms presented in Scheme 1 and used
in the rest of the paper should help to visualize 1,4 and
1,2 enchainments.

While in olefins polymerization the monomer free
intermediates could be only stabilized by weak hydrogen
agostic interactions (γ or â),11 in dienes polymerization
the monomer free intermediates could be stabilized by
the higher coordination energies connected with the
backbiting of double bonds present along the growing
chain10-14 (as sketched for the monomer free intermedi-
ates of Scheme 1). The existence of complexes with
polydienyl chains coordinated to a transition metal
through the terminal allyl group as well as by one or
two double bonds along the chain (backbiting coordina-
tion) has been proved by NMR and X-ray diffraction
studies.15-19 Moreover, it is well-known that, also in the
absence of cocatalysts, complexes containing backbiting
π-allyl ligands can be active in the polymerization of
conjugated dienes.8,16,19

According to the polymerization scheme proposed by
Porri and co-workers,8 the iso and syndiotactic isomer-
ism in the insertion polymerization of dienes (for 1,2
polymerization of generic dienes and for cis-1,4 polym-
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erization of 4 monosubstituted or of 1,4 disubstituted
monomers) would be determined by the relative orien-
tations of the two ligands (diene monomer and allyl
terminal of the growing chain) in the preinsertion
catalytic intermediates. Instead, according to a molec-
ular mechanics study relative to the CpTiCl3-MAO
system reported by some of us, this isomerism could be
related to the energy differences between monomer free
intermediates.13 Moreover, according to a recent density
functional study, the rate-determining step would be the
monomer coordination, associated with the removal of
the backbiting of the growing chain,14 rather than mono-
mer insertion. This clearly indicates that both monomer
coordination and monomer insertion reactions should
be considered to rationalize the chemoselectivity and
stereoselectivity in conjugated dienes polymerization.

Contrary to the case of monoalkene polymeriza-
tion,20,21 only few theoretical studies have been devoted
to conjugated dienes polymerization.12-14,22-25 Never-
theless, density functional studies have been focused on
1,4-butadiene polymerization with Ni(II)-based catalytic
systems and, in particular, on the cis/trans stereose-
lectivity associated with the anti-syn isomerization of
the allyl group of the growing chain.23-25 Ab initio
studies on butadiene and isoprene homopolymerization
and copolymerization rates (and on the role of backbit-
ing in determining reactivity) have been also reported.22

As regards the chemoselectivity and iso/syndio stereo-
selectivity, only the already cited molecular mechanics
study has been reported.13 Hence, a detailed theoretical
study of the mechanisms of chemoselectivity and ste-
reoselectivity in the polymerization of conjugated dienes
is still lacking. In this paper monomer free and mono-
mer coordinated intermediates as well as transition
states for monomer insertions have been investigated
by density functional techniques. In particular, models
that include or do not include an ancillary ligand besides
the monomer and the growing chain are discussed. The
corresponding monomer free species involve one or two
backbiting double bonds, respectively.

It is worth noting that the s-cis η4coordination of the
diene monomer is energetically feasible (it has been
observed in several metal complexes26) for the case of
several dienes like butadiene, isoprene, (E)-pentadiene,
and 2,3-methylbutadiene. This kind of coordination is
instead of much higher energy and has not been ob-
served for stable metal complexes of (Z)-pentadiene and
4-methylpentadiene, due to nonbonded interactions
between the terminal methylenic group and a terminal
methyl group. Moreover, for the latter monomers this
kind of nonbonded repulsive interactions would be
present also in the resulting anti allyl group. As a
consequence, the models and the mechanism considered
in this paper refer only to dienes with low-energy s-cis
η4 coordination. A paper describing a different polym-
erization mechanism for conjugated dienes presenting
high-energy s-cis η4 coordination is in preparation.

Models and Computational Details

Models. The assumed polymerization mechanism
involves two intermediates and two transition states for
each insertion reaction path. A first kind of intermediate
corresponds to a monomer free species where the
growing chain presents the reactive end anti η3 coordi-
nated, as well as one (see Scheme 1) or two double bonds
η2 coordinated. The second kind of intermediate is a
monomer coordinated species presenting a s-cis η4

coordinated diene and an anti η3 coordination of the
growing chain (see Scheme 1). It can be helpful to define
the orientations of the anti η3 coordinated allyl group
and of the cis η4 coordinated diene with respect to a
third ligand L (which can be an ancillary ligand like
cyclopentadienyl or a backbiting double bond) by the
rotation angles around the axes connecting their center
to the metal. In particular, as shown in Scheme 2, we
assume φ ) 0° when the concavity of the group is
oriented in the opposite direction with respect to the L
ligand (endo orientation) and φ ) 180° when the
concavity of the group is oriented in the L ligand
direction (exo orientation).13

The assumption of monomer free and of monomer
coordinated intermediates is widely accepted in the
literature and is based on NMR and X-ray diffraction
characterizations of π-allyl complexes, which show
catalytic activity also in the absence of cocat-
alysts.15-17,19,26,28-31 Moreover, possible isomerization of
the anti allyl terminal of the growing chain toward the
more stable syn allyl terminal, which in the framework
of the π-allyl polymerization scheme could lead to the
formation of 1,4 trans units,10,23-25 has not been con-
sidered.

As in our previous paper,13 the chirality of coordina-
tion of allyl groups and of double bonds is defined
according to ref 27. As regards the chirality of double
bond coordination in intermediates corresponding to 1,4
insertion, it is defined with reference to the carbon atom
which is more distant along the chain with respect to
the allyl group.

Because of the dependence of the results on the direc-
tion of monomer approach as well as to the difficulties
to simulate the environment of the metal complex,
transition states relative to the monomer coordination14

have not been considered in the present paper.
Computational Details. Stationary points on the

potential energy surface were calculated with the Am-
sterdam Density Functional (ADF) program system
developed by Baerends et al.32,33 The electronic configu-
rations of the molecular systems were described by a
triple-ú STO basis set on Ni and Ti for 3s, 3p, 3d, 4s,
and 4p. Double-ú STO basis sets were used for C(2s,2p)
and H(1s). The basis sets on C is augmented with a
single 3d polarization function except for H, where a
2p function was used. The 1s22s22p6 configuration on
nickel and titanium and 1s2 configuration on carbon
were assigned to the core and treated within the frozen
core approximation. Energetics and geometries were
evaluated by using the local exchange-correlation po-
tential by Vosko et al.34 augmented in a self-consistent
manner with Becke’s35 exchange gradient correction and
Perdew’s36 correlation gradient correction. First-order
scalar relativistic corrections were added to the total
energy, since a perturbative relativistic approach is
sufficient for 3d metals. In view of the fact that all Ni-
based systems investigated in this work show a large
HOMO-LUMO gap, a spin-restricted formalism was
used for calculations on this kind of systems. As regards
Ti systems, due to the open-shell character of the

Scheme 2
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systems under study an unrestricted formalism has
been used.

All the structures that will follow are stationary
points on the potential energy surface. Geometry opti-
mizations were terminated if the largest component of
the Cartesian gradient was smaller than 0.002 au.
Transition-state geometries were approached by a linear-
transit procedure, using the distance between the C(di-
ene) and C(allyl) atoms which are going to form the new
C-C bond as reaction coordinate, while optimizing all
other degrees of freedom. Full transition-state searches
were started from geometries corresponding to maxima
along the linear-transit curves.

A considerable amount of related computational stud-
ies have contributed to the comprehension of fine details
of olefins polymerizations with both early and late
transition metals,37 of styrene polymerization with Cp-
based titanium catalysts,38 and of butadiene polymer-
ization with Ni(II)-based catalysts.12,23-25

A comparative computational study has shown that
the DFT functional we have chosen is in excellent
agreement with one of the best wave function-based
methods available today to investigate polymerization
reactions with Ziegler-Natta catalysts.39 Further sup-
port to the reliability of the computational methodology
comes out by the results of test calculations on the
neutral complexes Cp2Ti(C5H9)40 and CpZr(C3H5)-
(C4H6).26 The most stable structures we calculated are
very similar to those characterized by X-ray diffraction
with maximum difference for the Mt-C distances of 0.1
Å. Experimental and calculated orthogonal coordinates
can be found in the Supporting Information. As for the
zirconium complex, the calculated energies of the di-
ene-allyl exo-exo, endo-endo, endo-exo, and exo-endo
geometries are 0.0, 0.5, 4.2, and 4.3 kcal/mol, respec-
tively. The only slightly larger energy of the endo-endo
complex is in good agreement with its formation by
photolysis at -40 °C, as pointed out by NMR measure-
ments.26

Results
Models Including an Ancillary Ligand (Mecha-

nisms Involving One Backbiting Double Bond).
Monomer Free Species. A full analysis of the conforma-
tions of diastereomeric monomer free intermediates has
shown that the conformational requirements for the
backbiting of an anti π-allyl chain are very strict.13,18

As for titanium complexes presenting as ancillary
ligand a Cp group, the minimum-energy geometries of
the diastereoisomeric monomer free intermediates are
shown in Figure 1. The chiralities of coordination of the
allyl groups (assumed to be si) and of the double bonds
(si or re) are also indicated in Figure 1 to easily visualize
the possible stereoregularity (iso or syndio) of the model
chains. In fact, like and unlike chiralities would possibly
lead to isotactic and syndiotactic enchainments, respec-
tively. In particular, isotactic and syndiotactic stereo-
regularity could occur for all diene monomers in the case
of 1,2 polymerization, while it would occur only for
4-alkyl-substituted and 1,4-alkyl-disubstituted dienes in
the case of 1,4 polymerization. Incidentally, the models
of the monomer free intermediates of Figure 1 present
geometries as well as energy differences similar to those
obtained by simple molecular mechanics calculations
and shown in Figure 4C (1,4-like), 5C (1,2-unlike), 4B
(1,4-unlike), and 5B (1,2-like) of ref 13.

Lower and similar energies correspond to the 1,4-like
(1a) and 1,2-unlike (1b) intermediates. The higher

energy of the 1,4-unlike (1c) and 1,2-like (1d) intermedi-
ates is associated with the orientation of the η2 backbit-
ing double bond, which is roughly orthogonal with
respect to the allyl plane. In fact, similar calculations
on a simplified model presenting coordination of an
ethylene molecule, a Cp ring, and an allyl group have
shown that an ethylene orientation nearly parallel to
the allyl plane (similar to that one shown by the 1,4-
like and 1,2-unlike intermediates 1a and 1b) is favored
of about 5 kcal/mol with respect to geometries in which
the ethylene was fixed nearly orthogonal with respect
to the allyl plane (similar to that one shown by 1,4-
unlike and 1,2-like intermediates 1c and 1d). The origin
of this conformational preference is mainly electronic
in nature, since no short distances between the different
ligands were found in the high-energy geometries.
Finally, the 1,2-like monomer free intermediate 1d
presents the highest energy due to the essentially
eclipsed conformation around the central single bond
of the C1′-C2′-C3′-C4′ dihedral, which leads to a short
C1′-C4′ distance (2.99 Å).

With regard to the backbiting η2 coordination of the
double bond, it is generally symmetric. However, for the
case of 1,4-unlike monomer free species 1c, the C2′ atom
is at a larger distance from the metal (C3′-Ti ) 2.54
Å, C2′-Ti ) 2.70 Å), due to steric interactions between
the Cp and C1′ (with its substituents).

For the sake of comparison with the monomer coor-
dinated intermediates of the next section, it is worth
noting that, as a consequence of the backbiting, endo is
the geometry of coordination of the allyl group in all
the monomer free intermediates. That is, the concavity
of the allyl group is oriented in the opposite direction
with respect to the Cp ligand.

Figure 1. Minimum-energy geometries of the monomer free
intermediates comprising an ancillary Cp ligand. The allylic-
type chain end is η3 coordinated to the metal, while the closest
double bond of the chain is η2 coordinated (backbiting) to the
metal. Distances are in Å and energies are in kcal/mol.
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Monomer Coordinated Species. In agreement with
previous molecular mechanics calculations,13 the mini-
mum-energy geometries of the monomer coordinated
intermediates present φdiene and φallyl nearly equal to 0°
or 180°. Hence, four possible minimum-energy inter-
mediates are obtained, whose optimized geometry and
energies are shown in Figure 2: φdiene ≈ φallyl ≈ 0°
(endo-endo), φdiene ≈ 0° and φallyl ≈ 180° (endo-exo),
φdiene ≈ 180° and φallyl ≈ 0° (exo-endo), φdiene ≈ φallyl ≈
180° (exo-exo). Test calculations in which we fixed φdiene
≈ 90° resulted in optimized geometries that are roughly
13 kcal/mol higher in energy with respect to the most
stable endo-endo monomer coordinated intermediate.
The allyl of the growing chain results not symmetrically
coordinated to the metal. In particular, for the four
intermediates the terminal reactive allyl carbon is closer
to the metal than the internal reactive one (2.26 <
Ti-C4′ < 2.36 vs 2.45 < Ti-C2′ < 2.68 Å).

According to the polymerization scheme proposed by
Porri and co-workers,8 and as also indicated in Figure
2, diene insertion starting from the endo-endo 2a and
exo-exo 2a′ intermediates lead to 1,4-like or 1,2-unlike
enchainments through C-C bond formation between
the C1 of butadiene labeled as 1 in Figure 2 and C4′ of
the allyl, and between the C1 of butadiene labeled as 4
and C2′ of the allyl, respectively. On the other hand,
diene insertions starting from the endo-exo 2b or exo-
endo 2b′ intermediates lead to 1,4-unlike or 1,2-like
enchainments, through C-C bond formation between
the C1 of butadiene labeled as 1 and 4 and allyl atoms
C4′ and C2′, respectively. Although the calculated
energy differences are lower than those calculated for
the monomer free species, also for the monomer coor-

dinated species the intermediates which lead to 1,4-like
and 1,2-unlike enchainments (i.e., endo-endo and exo-
exo) are energetically favored with respect to intermedi-
ates which lead to 1,4-unlike and 1,2-like enchainments
(i.e., endo-exo and exo-endo).

The achievement of the minimum-energy monomer
coordinated intermediate 2a from the minimum-energy
monomer free intermediates 1a or 1b implies a reduc-
tion of the energy of nearly 5 kcal/mol, due to the s-cis
η4 diene coordination which largely compensates the
removal of the η2 backbiting. Of course, an increase of
free energy is expected as a consequence of the reduction
of entropy associated with monomer coordination (see
Discussion section). Moreover, the monomer coordinated
species 2a with n-inserted units is nearly 12 kcal/mol
higher in energy with respect to the monomer free
species 1a or 1b with n + 1 inserted units. Correspond-
ingly, the energy differences between monomer free
intermediates with n and n + 1 monomer units, that
is, the energy reduction corresponding to both 1,4 and
1,2 insertions of butadiene into a polydienylic chain, are
nearly 17 kcal/mol, in good agreement with the experi-
mental values of the heats of polymerization (∆H1,4cis
) 18.6 kcal/mol, ∆H1,2 ) 17.4 kcal/mol).41

Transition States for Monomer Insertion. Each of the
four monomer coordinated species of Figure 2 could give
both 1,2 and 1,4 insertion. As a consequence, eight
possible transition states have been considered. As
regards the transition states corresponding to insertion
of exo coordinated dienes (that is, the four transition
states corresponding to the monomer coordinated in-
termediates 2a′ and 2b′), they have been calculated to
be more than 20 kcal/mol higher in energy with respect
to the most stable endo-endo monomer coordinated
species. In fact, in the case of insertion of exo coordinated
dienes large distortions from the preinsertion geometry
are required. For instance, the transition state for
insertion of the exo coordinated monomer into the endo
coordinated allyl requires a diene rotation from φdiene ≈
0° to φdiene ≈ 90° (see Figure 3). It is worthy to note that
situations with φdiene ≈ 90° were calculated to be of high
energy also in the case of the monomer coordinated
intermediates.

As regards the four transition states obtained from
the intermediates presenting endo diene coordination,
2a and 2b, their geometries and relative energies are
shown in Figure 4. Of course, 1,4 insertion has been

Figure 2. Minimum-energy geometries of the monomer
coordinated intermediates comprising an ancillary Cp ligand.
The allylic-type chain end is η3 coordinated to the metal, while
the butadiene is s-cis η4-coordinated to the metal. Distances
are in Å and energies are in kcal/mol.

Figure 3. Example of a high-energy transition state obtained
starting from intermediates with exo coordination of the
monomer (2a′ or 2b′). The shown transition state would lead
to the 1,4-unlike enchainment, starting from exo-endo mono-
mer coordinated intermediate 2b′.
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obtained by approaching C1 of butadiene to the terminal
and the internal allyl carbons, respectively. All four
transition states present a distance between the two
reactant carbons close to 2.1 Å.

The four transition states of Figure 4 (4a-4d) lead
to monomer free species equal to those of Figure 1
(1a-1d), but with one additional monomer unit. In fact,
it is already possible to define the chiralities of the
incipient η3 allyl group (C4-C3-C2) and of the η2

backbiting double bond (C2′-C3′). The lowest energy
transition state 4a corresponds to 1,4-like insertion. The
1,2-like and 1,2-unlike transition states 4d and 4b
present only slightly larger energies (≈1 kcal/mol), while
the 1,4-unlike transition state 4c is strongly unfavored
and presents the worse coordination of the incipient
backbiting of the double bond (C2′-Ti ) 2.77 Å;
C3′-Ti ) 2.40 Å). The long Ti-C2′ distance is due to
unfavorable steric interactions between C1′ (and its
substituents) and Cp atoms (shortest distances are 3.2
and 3.35 Å). The energy increases with respect to the
monomer coordinated intermediates 2a and 2b are
small. For instance, the calculated energy barrier for
the 1,4-like insertion is of only 3 kcal/mol.

Discussion

The approximate free energy profiles relative to cis-
1,4- and 1,2-butadiene polymerizations, including the
calculated diastereoisomeric monomer free intermedi-
ates of Figure 1, the monomer coordinated intermedi-
ates of Figure 2, and the insertion transition states of
Figure 4, are shown in Figure 5. For the sake of

simplicity, the two monomer coordinated species with
exo monomer coordination and the corresponding four
insertion transition states of high energy have not been
shown in the scheme. The free energy profiles have been
sketched in the rough assumption that the loss of
entropy associated with monomer coordination is of 10
kcal/mol. It seems reasonable to assume that the -T∆S
contribution to the free energy of diene complexation
to a group 4 metal atom in these catalysts is at least
equal to 10 kcal/mol; that is the value observed42 as well
as calculated43 at 300 K for olefin coordination to Ni and
Pd compounds.

Since detailed calculations on the mechanism of
monomer coordination were not performed, the energy
barriers for monomer coordination have been only
sketched in Figure 5, by showing that all the monomer
free species would preferentially lead to the monomer
coordinated species 2a, which presents an endo allyl
coordination. In fact, the barriers leading to the lower
energy endo-endo intermediate 2a are expected to be
lower, also due to the maintenance of the endo allyl
coordination already present in all the low-energy
monomer free species of Figure 1.

The first thing worthy to note is that an easy reaction
path connects the minimum-energy 1,4-like and 1,2-
unlike intermediates on the left (reactants side) to the
same intermediates on the right (products side). Both
reaction paths evolve through the most stable endo-
endo monomer coordinated intermediate and through
low-energy transition states relative to the insertion
reaction. It is also noteworthy that the most stable
endo-endo monomer coordinated intermediate can be
reached from and leads to the low-energy 1,4-like and
1,2-unlike reactants and products, respectively, without
severe rearrangements of both the allylic chain end and
of the monomer. With regard to the chemoselectivity,
it has to be noted that starting from the endo-endo
monomer coordinated intermediate, the lowest energy
transition state for the insertion reaction corresponds
to the 1,4-like enchainment.

Figure 4. Geometries of the transition states that lead to
butadiene insertion into the Mt-allyl bond in systems com-
prising an ancillary Cp ligand. The transition states 4a and
4b have been obtained using the endo-endo monomer coor-
dinated intermediate 2a as starting point, while the transition
states 4c and 4d have been obtained using the endo-exo
monomer coordinated intermediate 2c as starting point.
Distances are in Å and energies are in kcal/mol.

Figure 5. Energy profile relative to butadiene insertion into
the Mt-allyl bond in models comprising an ancillary Cp
ligand.
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The relative energies of the diastereoisomeric mono-
mer free intermediates of Figure 1, and the low-energy
reaction paths just described are in qualitative agree-
ment with several experimental facts. In particular,
systems based on CpTiX3 (X ) Cl,44-45 F,45 CH3,45 OR46)
polymerize butadiene to products containing prevail-
ingly 1,4 units (∼85%) and 1,2 units (∼10%), whose ratio
is in qualitative agreement with the energy difference
between the monomer free structures 1a and 1b and
between the insertion transition states 4a and 4b.
Moreover, the small energy difference between inter-
mediates 1a and 1b as well as transition states 4a and
4b, which lead to 1,4 and 1,2 enchainments, respec-
tively, could be responsible of the strong dependence of
chemoselectivity on the kind of diene monomer.44

As for the stereoselectivity, the frequently observed
syndiotacticity, for 1,2 polydienes, and the frequently
observed isotacticity for cis-1,4 polymers (of 4-substitued
dienes) by using catalytic systems based on CpTiX3 (X
) F, Cl, CH3), Cp*TiCl3, Cp*TiCl2, Cp2TiCl2, and
Cp2TiCl,44,47 well agrees with the lower energy of 1,2-
unlike and 1,4-like monomer free intermediates with
respect to 1,2-like and 1,4-unlike intermediates, with the
low-energy of the endo-endo monomer coordinated
intermediate, and with the low-energy barriers required
to have both 1,4-like and 1,2-unlike insertions from the
endo-endo coordinated intermediate.

The very high energies of the transition states cor-
responding to insertion of exo coordinated dienes indi-
cate that direct insertion from the monomer coordinated
intermediates 2a′ and 2b′ is unfeasible. Moreover, since
the monomer free intermediates that are obtained
starting from the endo-endo and endo-exo geometries
2a and 2b are identical to those obtained from the exo-
exo and exo-endo geometries 2a′ and 2b′, respectively,
the latter intermediates can be considered not relevant
for diene polymerization. This kind of result was already
pointed out by simple molecular mechanics calcula-
tions13 and is in good agreement with recent density
functional studies calculations relative to dienes polym-
erization with Ni(II)-based catalytic systems.12

Experimental data on the activation energy of buta-
diene polymerization by these catalytic systems are not
available. However, for the same catalytic systems the
apparent activation energy for styrene polymerization
(much faster than butadiene polymerization) has been
evaluated as 7.6 kcal/mol.48 Hence, the low-energy
barriers for insertion of endo coordinated dienes we have
calculated seem to confirm the previous suggestion that
the transition state for diene polymerization would
generally correspond to that relative to monomer coor-
dination.14

In summary, the results of our calculations on model
sites including a Cp ancillary ligand, schematically
collected in Figure 5, suggest that the stereoselectivity
(1,2-like vs 1,2-unlike as well as 1,4-like vs 1,4-unlike)
could be essentially related to energy differences be-
tween monomer free intermediates, which in the frame-
work of the mechanism depicted in Figure 5 should
correspond to the resting state, while the chemoselec-
tivity could be essentially related to energy differences
between the insertion transition states.

Models Not Including an Ancillary Ligand
(Mechanism Involving Two Backbiting Double
Bonds). Monomer Free Intermediates. The conforma-
tional requirements, for the simultaneous coordination
of the terminal allyl group and the two backbiting

double bonds, are strict and, of course, even more than
those relative to models involving only one backbiting
double bond.

The minimum-energy geometries of the diastereoiso-
meric monomer free intermediates not including an
ancillary ligand, and presenting a double backbiting of
the growing chain, are shown in Figure 6. To locate
these conformations, s-cis coordinated butadiene has
been inserted into polydiene backbiting chains analo-
gous to those of Figure 1. Further attempts to locate
different conformations, satifying the requirement of the
double backbiting coordination for the considered con-
figurations, were unsuccessful. Structures 6a and 6c
correspond to the 1,4-like and unlike enchainments,
while structures 6d and 6b correspond to the 1,2-like
and unlike enchainments, respectively. The 1,2 mono-
mer free intermediates 6b and 6d have energies which
are significantly higher with respect to those relative
to the 1,4 intermediates 6a and 6c. These higher
energies are essentially related to the lower flexibility
of the 1,2 intermediates, for which a lower number of
carbon atoms (4 vs 6) separates the allyl group from the
more distant backbiting double bond.

Monomer Coordinated Species. The minimum-energy
intermediates presenting a s-cis η4 coordinated butadi-
ene and an anti η3 and η2 (backbiting) coordinated 1,4
growing chain are shown in Figure 7. Structures 7a and
7b present an exo and endo diene coordination to the
metal and as a consequence of the reaction of C1 (of
diene) with C4′ (of allyl) lead to 1,4-like and 1,4-unlike
enchainments, respectively. Similar minimum-energy
intermediates corresponding to the growing chain ob-
tained by a 1,2 insertion have been also found. However,

Figure 6. Minimum-energy geometries of the monomer free
intermediates not including an ancillary ligand. The allylic-
type chain end is η3 coordinated to the metal, while two double
bonds of the chain are η2 coordinated (double backbiting) to
the metal. Distances are in Å and energies are in kcal/mol.
The gray atoms and bonds are under the metal.
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due to the very high energy of the corresponding free
monomer species 6b and 6d, they are not shown.

The 1,4-like intermediate 7a is more stable of 5.2 kcal/
mol with respect to the 1,4-unlike intermediate 7b. The
higher energy of the latter intermediate is related to
the more hindered diene coordination which is essen-
tially η2 rather than the usual η4 coordination. In fact,
the calculated distances between diene carbons and the
metal for 1,4-unlike monomer coordinated intermediate
are C1-M ) 2.18, C2-M ) 2.15, C3-M ) 2.81, and
C4-M ) 3.43 Å, while for the 1,4-like monomer coor-
dinated intermediate these distances are C1-M ) 2.26,
C2-M ) 2.13, C3-M ) 2.10, and C4-M ) 2.21 Å.

The achievement of the monomer coordinated inter-
mediate 7b from the minimum-energy monomer free
intermediate 6c implies a reduction of energy of nearly
10 kcal/mol, due to the s-cis coordination of the monomer
which compensates the removal of the backbiting.
Moreover, the monomer coordinated species 7b (1,4-
unlike) with n-inserted units is 8.6 kcal/mol higher in
energy with respect to the monomer free species 6c with
n + 1 inserted units. It is worth noting that, for this
Ni(II)-based catalyst, the calculated energy reduction
corresponding to 1,4 insertion in a polydienylic chain,
18.6 kcal/mol, is in very good agreement with the
experimental values of heats of polymerization
(∆H1,4 cis ) 18.6 kcal/mol).41

Transition States for Monomer Insertion. The transi-
tion states corresponding to monomer insertions leading
to 1,4-like and 1,4-unlike enchainments are compared
in Figure 8. As already calculated for the models of the
previous section, high-energy barriers are calculated for
the insertion involving an exo coordinated diene (1,4-
like). In fact, the calculated energy of the transition state
relative to the 1,4-like insertion, 8a, is 17 kcal/mol
higher in energy than the transition state for 1,4-unlike
insertion, 8b. The transition state structure 8b corre-
sponding to the 1,4-unlike insertion is very similar to
the corresponding monomer coordinated intermediate
7b. They mainly differ in distances between C1 and C4′,
which are 2.8 and 2.03 Å in the monomer coordinated
species 7b and in the transition state structure 8b,
respectively.

Discussion
Density functional studies relative to butadiene po-

lymerization with Ni(II)-based catalytic systems have

been already reported by Taube and co-workers.24

Although those studies were mainly focused on the syn-
anti equilibrium of the coordinated allyl group of the
growing chain, some of the calculated intermediates and
transition states can be compared with those modeled
in the previous sections. In particular, the geometry of
the 1,4-like monomer free intermediate 6a is very
similar to the geometry presented by Taube in Figure
4 of ref 24 (2a-SSb(c)). Moreover, the geometry and the
energy relative to the monomer coordinated species 7a
and 7b are very similar to those of the intermediates
shown in Taube’s Figure 5 (4a-SSf and 4aSPb, respec-
tively). Finally, also the geometry and the energies
relative to the transition states 1,4-like 8a, and 1,4-
unlike 8b, are comparable with those presented in
Taube’s Figure 6 (5a-SSf and 5a-SPb, respectively).

The geometry of the diastereoisomeric monomer free
intermediates shown in Figure 6 are not comparable
with the experimental data relative to complexes char-
acterized by X-ray diffraction. In fact, the reported com-
plexes involving two backbiting double bonds always
present a syn (instead of an anti) coordinated allyl
group.28b,30

Approximate free energy profiles relative to 1,4-
butadiene polymerizations, including the calculated
diastereoisomeric monomer free intermediates of Figure
6, the monomer coordinated intermediates of Figure 7,
and the insertion transition states of Figure 8, are
shown in Figure 9. For the sake of simplicity, as for the
free energy profiles relative to 1,2 polymerizations of
butadiene, only the high-energy monomer free inter-
mediates have been shown in Figure 9.

The relative energies of the monomer free intermedi-
ates well account for the high chemoselectivity of
Ni(II)-based catalytic systems. In particular, Ni(II)-
based catalytic systems such as Ni(acac)3-MAO,49

AlEt3-Ni octanoate-BF3 phenolate,50 and AlEt3-Ni
octanoate-BF3 OEt2,51 as well as those including doubly
backbiting C12H19 groups coordinated to the metal,28b,30

polymerize diene monomer to products containing es-
sentially only cis-1,4 units.

With regard to the stereoselectivity, the much lower
energy of the transition states for the achievement of
the 1,4-unlike enchainment with respect to the 1,4-like
one well accounts for the syndiotacticity experimentally
observed for the cis 1,4 polymers of 4-substituted dienes

Figure 7. Minimum-energy geometries of the monomer
coordinated intermediates not including an ancillary ligand.
The allylic-type chain end is η3 coordinated to the metal, while
the closest double bond of the chain is still η2 coordinated
(backbiting) to the metal. The butadiene is s-cis η4-coordinated
(endo or exo) to the metal. Distances are in Å and energies
are in kcal/mol.

Figure 8. Geometries of the transition states that lead to 1,4-
butadiene insertion into the Mt-allyl bond in systems not
including an ancillary ligand. The transition states 8a and 8b
corresponding to 1,4-like and 1,4-unlike intermediates have
been obtained using the monomer coordinated intermediates
7a and 7b as starting points, respectively. Distances are in Å
and energies are in kcal/mol.
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by using catalytic systems as Ni(acac)3-MAO49 and
AlEt3-Ni octanoate-BF3 phenolate.51

Conclusions
The mechanisms of stereoselectivity and chemoselec-

tivity in Ziegler-Natta polymerizations of conjugated
dienes have been investigated by density functional
methods, in the framework of the widely accepted
polymerization scheme involving anti-allyl coordination
of the growing chain.

The monomer coordinated and monomer free inter-
mediates that, according to the present calculations, are
suitable for cis 1,4 and 1,2 polymerizations of butadiene
in the presence of a Cp ancillary ligand, are collected
in Figure 10A. Most insertions would occur starting
from the endo-endo monomer coordinated intermediate,
that is, from s-cis η4 coordinated monomers with their
concavity oriented toward the terminal allyl group of
the growing chain. These insertions would lead, through
least nuclear motions, to both 1,4-like and 1,2-unlike
monomer free intermediates.

Intermediates that, according to the present calcula-
tions, are energetically feasible for diene polymerization
in the framework of a mechanism involving two back-
biting double bonds of the growing chain, as assumed
for Ni(II)-based catalytic systems, are shown in Figure
10B. Most insertions would occur from the endo mono-
mer coordinated intermediate, that is, again from a s-cis
η4 coordinated monomer with its concavity oriented
toward the terminal allyl group of the growing chain.
These insertions would lead, through least nuclear
motions, essentially only to 1,4-unlike monomer free
intermediate.

As discussed in detail in the Discussion sections, these
kinds of models are able to rationalize several experi-
mental data relative to the mechanisms of stereoselec-
tivity and chemoselectivity in Ziegler-Natta polymer-
izations of conjugated dienes.

Since the calculated geometry of the intermediates
and of the transition states as well as the general
pattern of the energy profiles (like those of Figures 5
and 9) are poorly dependent on the nature of the metal
and on the nature of the ancillary ligand, we suggest a
more general working hypothesis. Models including an
ancillary ligand (for which the backbiting of only one
double bond is feasible in the monomer free intermedi-
ates) would lead to both 1,4-like and 1,2-unlike enchain-
ments, while models not including an ancillary ligand
(for which the backbiting of two double bonds is feasible
in the monomer free intermediates) would essentially
lead to 1,4-unlike enchainments only.

Of course, this kind of general mechanism would not
be valid in the presence of syn-allyl coordination of the
growing chain. To achieve a more general mechanism
of stereoselectivity and chemoselectivity in diene poly-
merizations, models presenting the syn-allyl coordina-
tion of the growing chain will be considered in future
studies.
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(26) Erker, G.; Berg, K.; Krüger, C.; Müller, G.; Angermund, K.;

Benn, R.; Schroth, G. Angew. Chem., Int. Ed. Engl. 1984, 23,
455.

(27) Hanson, K. R. J. Am. Chem. Soc. 1966, 88, 2731.
(28) (a) Taube, R.; Gehrke, J.-P.; Böhme, P.; Köttinz, J. J.
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