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The influence of the ligand structures of hafnocene polymerization catalysts on ethene insertion and
chain propagation was systematically studied by quantum chemical methods. Altogether 54 hafnocenes
were studied as a function of the ligand structures. Two consecutive ethene insertions and chain
propagations were performed for the catalysts, giving rise to 15 intermediate structures along the reaction
pathway. The behavior of the catalysts was analyzed as a function of ancillary ligands, ligand substituents,
and bridging units. The differences along the reaction pathway are dominated by the changes in relative
stabilities of the catalytic intermediate products. Large aromatic ancillary ligands and electron-donating
ligand substituents strongly stabilize the catalyst cations. Steric effects introduced by the ligand framework
mostly affect the feasibility of ethene sr-coordination and the activation energy for chain propagation.
The dominant effect of the relative stabilities of the catalyst intermediates sheds light on the catalytic

performance of metallocenes, which may turn out to be useful in further catalyst development.

1. Introduction

Group 4 metallocenes are excellent catalysts for the polym-
erization of olefins. The single-site nature of the metallocene
catalysts basically enables tailoring of the polymer properties,
and hence detailed understanding of the polymerization mech-
anism is of great interest. While no mechanism has been
explicitly proved correct, the Cossee—Arlman mechanism," and
its modifications to include agostic interactions,” is most widely
accepted. Here, the inserted olefin monomer first forms a
m-complex, followed by formation of a four-membered cyclic
transition state. The resulting product with a propagated chain
has a new coordination site available for the insertion of the
next monomer.

The majority of the experimental and theoretical work on
metallocene polymerization catalysts has focused on zir-
conocenes.> Recently, hafnocenes have attained increasing
interest due to their bonding characteristics different from the
zirconocenes.* On the other hand, the zirconocenes and
hafnocenes are nearly isostructural, because of practically the
same atomic radii of Zr and Hf.” There is plenty of polymer-
ization data available for zirconocenes, but much less for
hafnocenes. Nevertheless, the available data suggest that
hafnocenes produce higher molecular weight polymers than
zirconocenes.”
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The previous theoretical studies on titanocenes and particu-
larly on zirconocenes® provide useful guidelines for the study
of hafnocenes. Due to the complexity of the polymerization
system, not all influential factors can be included in the
theoretical studies. In addition to the molecular structure of the
catalyst itself, factors such as the cocatalyst, solvent, impurities,
and reaction conditions have a pronounced effect on the
polymerization process. The effect of the cocatalyst is particu-
larly important, as it activates the catalyst precursor, and may
have a role during the chain propagation and termination steps.
Unfortunately, the structure of the most common cocatalyst,
methylaluminoxane (MAQO), has remained unsolved notwith-
standing significant experimental and theoretical efforts.” The
unknown structure of MAO has seriously handicapped the un-
derstanding of the polymerization process. To enlighten the
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situation, a few theoretical studies of chain propagation mech-
anisms for zirconocenes in the presence of proposed model
structures of MAO have been reported.® Alternatively, other
activators, such as the well-defined boron-based cocatalysts, can
be used.”® Unlike MAO, the boron-based cocatalysts can also
be employed in theoretical studies.'”

Due to the complexity of the polymerization system, not all
influential factors can be conveniently included in the theoretical
studies at this time. The theoretical studies are currently most
useful for obtaining qualitative trends, which can be helpful in
catalyst development. With this in mind, we focus here on the
effect of ligand structures of hafnocenes on insertion and chain
propagation of ethene. The energetics of two consecutive ethene
insertions and chain propagations are studied and analyzed as
a function of the ligand structure, including various ancillary
ligands, ligand substituents, and bridging units.

2. Computational Methods

All calculations were performed by the hybrid density functional
B3LYP method.!" For hafnium, Los Alamos ECP'? (LANL2DZ)
was employed, and the standard 6-31G* basis set for all other
elements. The BALYP/LANL2DZ 6-31G* level of theory has been
previously demonstrated to produce reliable structures for
hafnocenes.'® All hafnocenes were fully optimized without any
constraints. The true character of the transition states was confirmed
by calculating harmonic frequencies,'* showing exactly one
imaginary frequency for each TS. The calculations were carried
out with the Gaussian 03 program package."”

3. Results and Discussion

3.1. Choice of the Hafnocenes. The base for the studied set
of hafnocenes is formed by experimentally characterized
hafnocenes found from the Cambridge Structural Database. The
hafnocenes were selected from the database with the following
prerequisites: (a) exactly one Hf atom, (b) two cyclopentadienyl
rings, (c) two chlorines as leaving groups, and (d) no transition
metals other than Hf. The crystallographically characterized
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hafnocenes (C1—C39 in Figure 1) were supplemented with
additional structures (H1—HI15 in Figure 1) to enable direct
comparison of the influence of a greater variety of structural
modifications. Conformational analysis was carried out for the
hafnocenes H1—H15 to locate the global minimum conforma-
tions. Altogether 54 hafnocenes were taken into the study, which
is now referred as “the Hf-set”. The same selection of “the Hf-
set” was used in a preceding publication focusing on the
activation step.'®

3.2. Catalytic Intermediates along the Chain Propaga-
tion Pathway. The catalyst—ethene complex has a lot of
structural freedom and can exist in several conformations.
Hence, various polymerization routes, containing many different
conformations, have been suggested for the metallocene-
catalyzed ethene polymerization process. These reaction routes
have been studied throughout for zirconocenes, but not for
hafnocenes, and it is possible that there are differences in some
cases. Using previous literature on zirconocenes as a guideline,
we go through the intermediate structures of the polymerization
routes for “the Hf-set”.

The insertion of ethene can take place either from the front
or back of the growing chain. Ziegler and co-workers recently
concluded a back-side mechanism, where the chain does not
rotate between the vacant sites, as the preferred mechanism for
zirconocenes.® Here we apply the back-side mechanism for a
selected set of hafnocenes, but also take the conformations of
the front-side insertion into account. Hence, the approach covers
all the key structures of previously studied mechanisms. The
studied catalytic intermediates, altogether 14, are illustrated in
Figure 2 for a hafnocene with unsubstituted Cp ligands.

The results of all calculations are listed in Table 1. Relative
energies (AE) reported in the tables and discussed in the text
represent energy differences from the catalytic intermediates
to the sum of the energies of the free cationic monomethyl
forms and free ethene molecules. In this context, the cationic
monomethyl form of hafnocene C1 is set as a reference
structure (AE = 0) for the other ligand structures to be
compared with. Based on the results reported in Table 1, a
summary of the ethene insertion and propagation pathways
is given in the following. The main features along the
pathway are summarized in Table 2.

Activation of the catalyst precursor produces the cationic
monomethyl form, with a coordination site available for the
ethene monomer. The study of the mechanism of the first ethene
insertion is straightforward due to the absence of agostic
interactions from the methyl group to the metal center.®* P
In terms of total energy, the ethene insertion is exothermic on
average by 63 kJ/mol. Of the two m-complexes in the insertion
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Figure 1. Schematic ligand structures of the studied hafnocenes.
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Figure 2. Front and top views of the studied catalytic intermediates for catalyst C1 (see Figure 1): (a) vertical r-complex, (b) horizontal
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Table 2. Summary of the Ethene Insertion and Chain Propagation Pathways for ‘the Hf-Set*

AEav AEmin AEmz\x
1st insertion: generally exothermic —63.0 —102.6 11.6
1st insertion: vertical s-complex favored over horizontal —2.8 —10.1 12.9
1st insertion: activation energy for chain propagation 33.0 23.1 46.2
1st insertion: formation of y-agostic propyl product exothermic —30.4 —50.2 -9.9
Ist insertion: 3-agostic propyl product favored over y —15.5 —26.3 —6.1
2nd insertion: vertical ;7-complex favored over horizontal” —2.6 —9.0 8.6
2nd insertion: the favored 7--complexes f and h” on average equal in energy —0.1 —11.6 11.0
2nd insertion: 7-complex with straight chain favored over the 5-agostic one® —154 —25.2 —8.5
2nd insertion: a-agostic TS favored over f3-agostic —28.8 —42.0 —11.2
2nd insertion: lowest activation energy for chain propagation 22.3 79 39.1
2nd insertion: formation of y-agostic pentyl product exothermic —80.7 —99.6 —68.0
2nd insertion: 3-agostic propyl product favored over y¢ —123 —30.5 —2.6

“ Twenty-seven structures included in comparison. ” See Figure 1. © Eight structures included in comparison. ¢ The d-agostic pentyl product is always

unfavored. ¢ Relative energies are given in kJ/mol.

of the first ethene, the vertical conformer (see Figure 2a) is
favored in energy, on average by 2.8 kJ/mol. In this regard,
zirconocenes appear to show a different behavior. The zir-
conocene analogue of C1 (see Figure 1) has been previously
shown to favor the horizontal conformer,’® whereas the C1
hafnocene reported here favors the vertical conformer. It is
notable that the horizontal s-complex is necessary for the
reaction to continue toward the four-centered transition state,
and the general preference of the vertical s-complex in
hafnocenes could slow the polymerization reaction. The four-
centered transition states show a-agostic interactions (Figure
2c¢), from which the reaction continues to produce first the
y-agostic propyl product (Figure 2d) and, after rotation of the
chain, the 3-agostic propyl product (Figure 2e). The -agostic
propyl product is always favored in energy over the y-agostic
one, which has also been reported for zirconocenes. k4

Insertion of the second ethene monomer is more complex
due to the various conformations of the propyl chain during
the formation of the s-complex and the transition state. The
conformational freedom of the propyl chain, together with the
possibility of forming both vertical and horizontal ;T-complexes,
was taken into account. As a preliminary study, all four resulting
m-complexes were studied for eight hafnocenes, based on which
two energetically favored conformers were applied for the rest
of the hafnocenes. The two favored z-complexes are on average
equal in energy, and they are illustrated in Figure 2 (f and h).
The one with a straight propyl chain without agostic interactions
and a vertical st-complex (f) has been previously described for
zirconocenes by Petitjean et al. in a stepwise back-side
mechanism® and also for zirconcenes by Jensen et al. in a front-
side mechanism.®* Here, for hafnocenes, it is produced by the
back-side mechanism, suggesting that the process may be easier
for hafnocenes than for zirconocenes. The other energetically
favored sr-complex (h) usually leads to a transition state with
an o-agostic interaction from the propyl chain to the metal and
a vertical st-complex, which usually form from the front-side
insertion, but has also been suggested to form from back-side
insertion.® While the two 77-complexes are on average equal in
energy, the latter with the o-agostic interaction is typically
favored for catalysts with steric bulk.

Concerning the four-centered transition states after the
insertion of the second ethene, two possibilities were taken into
account. The f-agostic transition state (Figure 2j) is generally
considered to be produced by the back-side mechanism, while
the o-agostic transition state (Figure 2k) is mainly produced
by the front-side mechanism.® The o-agostic transition state is
always energetically favored over the 3-agostic one, as has been
reported also for zirconocenes.*™"™* Following the transition
states, there are three possibilities for the pentyl products: o-,

y-, and fB-agostic (Figure 2, I—n). The d-agostic pentyl product
is produced from the -agostic transition state, and the y-agostic
product from the a-agostic transition state. The -agostic pentyl
product is formed after rotation of the chain and is energetically
favored in all cases.

3.3. Comparison of the Hafnocenes. “The Hf-set” (see
Figure 1) enables systematic analysis of the effects of ligand
modification to the ethene insertion and propagation pathways.
It should be noted that all calculations are performed without
the presence of cocatalyst, thus representing the case of an ideal
noncoordinating cocatalyst anion. As an example for the
comparison of the ligand structure, the relative energies of the
preferred catalytic intermediates along the ethene insertion and
propagation pathways are shown in Figure 3 for four hafnocenes.
These are C1, H14, C4, and C6 (see Figure 1), which enable
direct comparison of changing the ancillary cyclopentadienyl
(Cp) ligand to indenyl (Ind) (C1 vs H14), adding an alkyl
substituent to the Cp ligand (C1 vs C4), and adding a SiMe,
bridge (C1 vs C6).

The starting point in the comparison is the stability of the
cationic monomethyl form of the catalyst relative to its
dichloride precursor form. This is shown in the leftmost column
of the graph. The relative stability of the cation serves as an
indication of the feasibility of the activation step and thus has
an apparent relation with the concentration of active metal
centers available for the incoming monomers.'®!” After the
cationic monomethyl form, the energetically preferred catalytic
intermediates along the reaction path follow in the order (a)
vertical ;t-complex, (c) a-agostic four-centered transition state,
(d) y-agostic propyl product, (¢) S-agostic propyl product, (f)
vertical z-complex for the second ethene insertion with no
agostic interactions, (k) o-agostic four-centered transition state
for the second ethene insertion, (m) y-agostic pentyl product,
and (n) f-agostic pentyl product.

As is clear from Figure 3, the hafnocenes C1, H14, C4, and
C6 basically behave in a similar way, the polymerization
reaction being energetically favorable. The most significant
difference between the catalysts originates from the relative
stability of the cationic monomethyl form, i.e., from the
feasibility of the activation step. Compared to the plain Cp ligand
(C1), the relative stability of the cation is significantly increased
by the Ind ligand (H14) and by the alkyl substituent (C4), but
not by the SiMe, bridge (C6). The effects of the electron-rich
Ind ligand and the electron-donating alkyl substituent is

(17) (a) Hortmann, K.; Brintzinger, H.-H. New J. Chem. 1992, 16, 51.
(b) Janiak, C.; Lange, K. C. H.; Versteeg, U.; Lentz, D.; Budzelaar, P. H. M.
Chem. Ber. 1996, 129, 1517. (c) Linnolahti, M.; Pakkanen, T. A.
Macromolecules 2000, 33, 9205. (d) Mohring, P. C.; Coville, N. J. Coord.
Chem. Rev. 2006, 250, 18.
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Figure 3. Comparison of ancillary ligand (C1 vs H14), ligand substituent (C1 vs C4), and bridge (C1 vs C6) in the reaction pathway
including the most stable 7z-complex, transition state, and y- and -agostic product.

understandable, as the extra electrons stabilize the cation. On
the other hand, the effect of bridges is mostly steric, thereby
not affecting the stability of the cation.'®'7

Beyond the cationic monomethyl form the differences
between the behaviors of the catalysts become relatively small.
The energy for the formation of the first 7-complex (a) is the
highest for C6 with a SiMe, bridge. This is because the short
bridge opens the Cp—Cp plane,'® making the metal center more
easily accessible for the ethene monomer. On the contrary, the
bulky alkyl substituent of C4 makes the metal center crowded,
thus resulting in the lowest energy for the formation of the first
m-complex. The accessibility of the reaction center has less
importance when proceeding to the transition state (c). This is
due to the orientation of ethene, which in the z7-complex prefers
a vertical arrangement but in the transition state must be
horizontal. The vertical ethene requires more space, making the
steric environment due to the ligand structure more influential.
This has a consequence of increasing the activation energy for
the bridged catalyst (C6), while lowering it for the one with
bulky alkyl groups (C4). In the y- and S-agostic propyl products
(d and e), the relative stabilities of the catalyst intermediates
have returned back to about the situation before the ethene
insertion, i.e., the relative stabilities of the cationic monomethyl
forms (a). The differences in relative stabilities have become
smaller, however. This is apparently due to the cation stabilizing
agostic interactions, which are not present in the cationic
monomethyl form. In other words, the role of electron-rich
ligands and electron-donating substituents in stabilizing the
cation is stronger when agostic interactions are present than
when they are not. Insertion of the second monomer (f—n)
practically reproduces the behavior of the first monomer.

The ethene insertion and chain propagation pathways calcu-
lated for “the Hf-set” enable a similar comparison for a larger
number of structural variables. In the following, the behaviors
of the catalysts are analyzed to single out the effects of various
ancillary Cp ligands, ligand substituents, and bridging units. The
analysis is based on the data given in Table 1. Graphical
illustrations of the pathways, like the one shown in Figure 3,
are given in Appendix 1 for each comparison.

Effect of Cp’ Ligand. The effect of the ancillary Cp’ ligand
(Cp’ = any cyclopentadienyl-based ligand) is compared for
cyclopentadienyl (Cp), indenyl (Ind), tetrahydroindenyl (Thind),

and cyclopentadienylfluorenyl (CpFlu). The effect of changing
Cp to Ind can be figured out by comparing C1 with H14 and
C6 with H15. Changing Cp to the more electron-rich Ind greatly
stabilizes the cationic monomethyl form, the other changes being
marginal compared to that. Concerning the other changes, the
formation of the s7-complex is more exothermic for Cp, because
of the increased steric bulk introduced by Ind. Generally, the
activation energy for the reaction to proceed from the s7-complex
to the y-agostic product is higher for Cp. This is apparently
contributed by the reduced steric requirements in the transition
state, where the orientation of the ethene monomer is always
horizontal. The formations of the y- and [-agostic propyl and
pentyl products are more exothermic for Ind. Nevertheless, the
differences between Cp and Ind have decreased compared to
the initial state of the cationic monomethyl form, which lacks
the cation-stabilizing agostic interactions.

The effect of changing Cp to CpFlu can be seen by comparing
C8 to C34. The behavior of CpFlu with respect to Cp is very
similar to the Cp vs Ind case described above. The cation-
stabilizing influence of CpFlu is practically identical to that of
Ind and is clearly the dominant effect. As with Ind, the formation
of the m-complex is less exothermic for CpFlu. Activation
energies from the sr-complex to the y-agostic product are about
the same, while the formations of y- and -agostic propyl and
pentyl products are more exothermic for CpFlu. The differences
between Cp and CpFlu become smaller for catalyst intermediates
with agostic interactions.

Comparison between C25 and C26 reveals the effect of
changing Ind to Thind. Saturation of the six-membered ring of
the ligand makes Thind a worse electron donor than Ind. As a
consequence, the cationic catalyst intermediates become desta-
bilized, dominating also this comparison. The difference is
highest for the ;7-complex, because of the larger steric hindrance
of Thind. Unlike with the Cp vs Ind and Cp vs CpFlu
comparisons, the differences do not become smaller in the
catalytic intermediates later than the cationic monomethyl form.
Rather, they seem to increase slightly in favor of Ind. This
behavior appears to originate from the agostic interactions being
stronger for Ind.

Effect of Ligand Substituent. The influence of adding a
variable number of methyl groups to the Cp ring of the ancillary
Cp' ligand can be analyzed by comparing C1 to C3, C6 to C22
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Table 3. Summary of the Effects of Ligand Modifications of Hafnocenes on Ethene Insertion and Chain Propagation®

typically increased by typically decreased by max. min.
relative stabilities of the catalytic large aromatic Cp' ligands, electron-withdrawing substituents, short C33 C8
intermediate products electron-donating substituents bridges
feasibility of sr-coordination short bridges bulky substituents C8 H7
activation energy for chain propagation short bridges large number of ligand substituents C23 H7

“ The catalysts representing the maxima and the minima are taken from the second ethene insertion.

and C15, C12 to C18, H6 to H4 and H7, H11 to H9 and H12,
and C34 to C39. Generally, the stabilities of the cationic catalyst
intermediates increase as a function of the electron-donating
methyl substituent. Addition of the methyl groups leads to steric
congestion of the active reaction center. This is best seen in
the ;r-complex formation energies, which decrease as a function
of the number of methyl groups. The effect is stronger for the
second ethene insertion, because of the possibility for two
m-complexes, one with o-agostic interaction and the other
without it. Generally, the complexes with large steric bulk prefer
o-agostic r-complexes. The combination of a phenyl substituent
in the indenyl ligand and methyl substituents in the Cp ligand
(see H4, H6, H7, H9, H11, H12) leads to a particularly strong
effect. As a consequence, addition of methyl groups in these
complexes destabilizes the sz-complexes but stabilizes the
transition state with respect to the w-complex, thereby strongly
lowering the activation energy for the chain propagation.

The influence of alkyl substituents larger than methyl can be
analyzed by comparing C1 to C2, C4, C20, and H1, C32 to
C31, H6 to HS, and H11 to H13. Generally, the effects of the
larger alkyl substituents are the same as those of methyl groups,
while somewhat larger: They (1) stabilize the cationic catalyst
intermediates, (2) destabilize the ;z-complexes, (3) stabilize the
transition states, and thereby (4) lower the activation energies
for chain propagation. The effects are stronger for the Ind than
for the Cp ligands.

The influences of aromatic substituents can be figured out
by comparing C1 to C11 and C21, and H14 to C27, C28, HS,
H10, and C33. Aromatic substituents strongly stabilize the
cations. The steric bulk introduced by the substituents destabi-
lizes the sr-complexes and lowers the activation energies. The
effects, however, are dependent on the position of the substitu-
ent, which will be analyzed below. It is notable that the aromatic
ring of the benzyl-substituted C11 interacts with the metal center,
thus providing further stabilization for the cation. This effect
has been previously observed for benzyl-substituted zir-
conocenes.'® Likewise, the chlorine of C5 coordinates to the
metal center, in which case the coordination is so strong that it
prevents any further polymerization reactions.

The effect of the position of the phenyl substituent attached
to the Ind ligand can be seen by comparing H6 to H11, H4 to
H9, H7 to H12, H8 to H13, and C28 to H5 and H10. The relative
stabilities of cationic monomethyl forms mostly increase in the
order 4-phenyl < 3-phenyl < 2-phenyl. The lowest relative
stability obtained with the 4-phenyl substituents is due to the
phenyl substituent being attached to the six-membered ring of
the Ind ligand, where the electronic stabilization of the cation
is weaker than when attached to the five-membered ring. On
the other hand, the 4-phenyl substituent stabilizes the ;r-com-
plexes with respect to the corresponding 3- and 2-phenyl
substituents. Apparently, the steric congestion of the reaction
site is lower for the 4-substituent due to their longer distance
from the reaction center. As noted previously, the steric

(18) Aitola, E.; Surakka, M.; Repo, T.; Linnolahti, M.; Lappalainen,
K.; Kervinen, K.; Klinga, M.; Pakkanen, T.; Leskelae, M. J. Organomet.
Chem. 2005, 690, 773.

congestion is less significant in the transition state, and therefore
the activation barrier is the highest with the 4-benzyl substit-
uents. Overall, the feasibility of the polymerization reactions
appears to increase in the order 3-phenyl < 4-phenyl <
2-phenyl.

The effects of electron-withdrawing fluorine substituents are
seen by comparing C28 to C29. As expected, the electron-
withdrawing substituents strongly destabilize the cationic cata-
lytic intermediates. This is clearly the dominant effect of the
substituent, the chain propagation pathway showing only small
differences between the two catalysts.

Effect of Bridge. The influence of adding bridges between
the ancillary Cp' ligands can be clarified by comparing C1 to
Co6, C7, C8, C10, C13, C14, C19, C23, and C24, H14 to H15,
C25, and C32, H1 to H2, and H6 to H3. The most influential
structural feature of the bridge is its size. Short bridges, in
particular one-atom bridges, usually destabilize the cationic
monomethyl form. The formation of the 7z-complexes is the most
exothermic with short bridges, which strongly open the Cp'—Cp'
plane angles, thereby making the coordination site more
accessible for the incoming monomer. The effects of long
bridges are typically the reverse of the effects of short bridges.
They stabilize the cations but make the coordination site less
accessible due to small Cp'—Cp angles.'® The highest relative
stability among the bridges is obtained by C13, but it is due to
coordination between the metal center and the oxygen atom of
the bridge. Nevertheless, the overall effects of the bridges are
small if compared to the effects of aromatic substituents, for
instance. It is notable that the behaviors of the two very common
bridges Si(CHs), and (CH,), are practically equal all the way
along the reaction pathway (see H15 vs C25).

3.4. Summary of Ligand Effects. The main effects of ligand
modifications on ethene insertion and chain propagation, as
analyzed above, are summarized in Table 3. Generally, the
polymerization reactions appear to proceed smoothly, the
differences between the catalysts being dominated by the relative
stabilities of the catalytic intermediate products. The catalytic
intermediates are mostly stabilized by large aromatic Cp' ligands
and electron-donating substituents, possibly resulting in an
increased concentration of active reaction centers in the po-
lymerization systems. The relative stabilities of the catalytic
intermediates of the hafnocenes correlate well with those
reported previously for zirconocenes,'’® suggesting the zir-
conocenes and hafnocenes to show similar polymerization
behavior as a function of ligand structure. For comparison,
aromatic Cp’ ligands and electron-donating substituents typically
provide enhanced polymerization activities for zirconocenes.* '
On the other hand, the effect of electron-withdrawing substit-
uents is the reverse, destabilizing the catalytic intermediate
products. Also short bridges destabilize the cations.

Concerning the other changes along the chain propagation
pathway, the feasibility of ethene 7z-coordination together with
activation energies for chain propagation show clear trends and
seem to be linked to each other. The feasibility of 77-coordination

(19) Moehring, P. C.; Coville, N. J. J. Organomet. Chem. 1994, 479, 1.
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is typically increased with reduced steric crowding around the
reaction center. Hence, stabilities of the st-complexes relative
to the other catalytic intermediates are mostly improved by short
bridges, which open up the Cp'—Cp' plane angles.'® Bulky
substituents usually complicate the formation of the 7z-complex
by introducing steric hindrance for the monomer approaching
the reaction center. A feasible zz-coordination typically indicates
high activation energy for chain propagation. This is because
of reduced impact of steric crowding when proceeding from
the sr-complex to the transition state. The activation energies
for chain propagation are usually increased by short bridges
together with substituents on the 4-position of the indenyl ligand
and decreased by a large number of ligand substituents. It is
notable, however, that the activation energies are low for all
studied hafnocenes, in the range 8—46 kJ/mol at the B3LYP
level of theory.

4. Conclusions

The influence of the ligand framework of hafnocene catalysts
on ethene insertion and chain propagation pathways was
systematically studied for 54 catalyst complexes. The chain
propagation reactions were studied for insertions of the first and
the second monomer, and consequently, the structures of
altogether 15 catalytic intermediates along the reaction pathway
were optimized by the hybrid density functional B3ALYP method.
The preferred polymerization pathways were determined and

Karttunen et al.

analyzed as a function of the ligand structure of the catalysts,
with a particular focus on the effects of various ancillary Cp’
ligands, ligand substituents, and bridging units.

While both the feasibility of the s-coordination and the
activation energies for chain propagation show apparent and
systemic behavior, clearly the dominant difference between the
catalysts is the relative stabilities of their catalytic intermediate
products. This can be rationalized to the relative stability of
the cationic monomethyl form, produced in the activation step,
as the relative stabilities of all other catalytic intermediates
usually follow the same trends. The stability of the cation is
mostly increased by aromatic Cp' ligands together with electron-
donating substituents and mostly decreased by electon-
withdrawing susbtituents. Concerning the other changes along
the reaction pathway, the feasibility of the sr-coordination and
the activation energies for chain propagation are directly linked
to the steric enviroment of the active reaction center. Overall,
the obtained trends are expected to provide insight for the
behavior of hafnocene polymerization catalysts and to be of
use in further catalyst development.

Supporting Information Available: Appendix 1 and coordinates
of all optimized structures. This material is available free of charge
via the Internet at http://pubs.acs.org.
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