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We have studied the ethylene polymerization catalyst CsHsNb(butadiene)Cl, + MAO using
primarily density functional theory (DFT). The active species was assumed to be CsHsNb-
(butadiene)R*. Chain initiation and propagation as well as different termination processes
were modeled. The ethene coordination is very weak, and no free energy minimum was found.
Insertion into the metal—alkyl bond has an energy barrier of 4 kcal/mol for R = CH;3; and 6
kcal/mol for R = C,Hs. The ethene insertion transition state is clearly stabilized by agostic
interaction, with metal—hydrogen distances of 2.07—2.16 A. However, in alkyl conformations
these bonds are longer and correspond to only weak agostic interaction. In the absence of
strong agostic interaction the resting state alkyl complexes are floppy and different
conformations interconvert easily. Termination via hydrogen transfer to a coordinated ethene
molecule ejecting a terminal alkene has a high energy barrier of 17 kcal/mol. An alternative
termination process via -elimination and subsequent alkene ejection is also very expensive,
43 kcal/mol. The propagation free energy barrier for the concerted reaction is 21 kcal/mol,
which consists mostly (80%) of ethene coordination. The termination free energy barrier via
hydrogen transfer to coordinated alkene is 30 kcal/mol and that via -elimination is 28 kcal/
mol. The free energies have been determined in a vacuum using the harmonic approximation.
The key intermediates were also optimized using MP2 supplemented with single-point
calculations using CCSD. These methods gave stronger complexation energies, resulting in
lowering the propagation barrier by approximately 3—4 kcal/mol and increasing the
pB-elimination barrier by 6—7 kcal/mol. The BSSEs in MP2 and DFT complexation energies
were estimated to be 15—20 and 1—3 kcal/mol, respectively, using DZ and DVZP bases.

Introduction

Catalysis research is a very active field both in
universities and in industry. Ethylene polymerization
is one of the most important large-scale industry
processes, where a variety of different transition metal
complexes is used to produce high-quality commercial
products.=3 One of the main goals of new catalyst
design is to modify existing catalysts and to develop new
ones to achieve polyethylene with a very narrow poly-
mer size distribution. Typical modern homogeneous
catalysts are of the type L1-,MX; + support/promoter,
where M = group 11l or 1V transition metal, L = CsRs,
diamine, etc., X = halogen. Both experimental and
theoretical research of the mentioned catalysts has been
widely reported in the literature.4=17 It has been
generally accepted that in these systems the active
catalyst species is a neutral or cationic 14-electron d°-
metal complex of the type Cp,MR™.1
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Here our research has been focused on an isoelec-
tronic variant of the well-documented Cp,ZrR* complex,
Cp*Nb(2-Ry,3-R;-butadiene)R™, (Cp* = pentamethyl-
cyclopentadienyl), which has been reported to produce
polyethylene with a very narrow polymer size distribu-
tion (My/M,, = 1.05).181° To our knowledge the mecha-
nism has not been previously studied computationally.
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In contrast to the Zr analogue and the majority of early
transition metal catalysts, the active species is a
formally d2-cationic metal complex. The original concept
behind the preparation of the niobium catalysts was the
equal electron count with respect to the parent Cp,MR(0)
14-electron catalysts. Our goal is to determine the
polymerization mechanism and compare the similarities
and differences with other 14-electron catalysts.

Computational Details

The results and energies presented here have been com-
puted with the Gaussian98 package,?° unless noted otherwise.
Dmol® and Finger?~23 were also used to scan the potential
energy surfaces, some preliminary optimizations, and the
reference. We also performed a few Car—Parrinello®* molecular
dynamics (CPMD) runs using the Finger code. In these
calculations the plane wave basis with an kinetic energy cutoff
of 30 Ry was used. The MD time step was 0.16 fs. Most
Gaussian98 calculations were performed with the double-¢
quality LanL2DZ (basis B1) basis set, which uses an effective
core potential, corrected for scalar relativistic effects replacing
28 electrons on niobium,?*=27 and the Dunning/Huzinaga full
double-¢ on the other atoms.?® Several geometries were also
calculated with a slightly improved basis (basis B2): for all
nonmetal atoms we chose the Dunning/Huzinaga double-¢
valence basis set D95V,?8 where for methyl, ethyl, and ethene
moieties, diffuse and polarization functions were added
(++(d,p)), and for niobium we used the LanL2DZ basis. The
backbone (cyclopentadienyl and butadiene) geometries varied
only slightly in the course of the reaction, which in part
justifies the classification of the complex into an active part
and spectator ligands. This scheme has been previously
utilized in similar calculations.®!1.2°-3! Basis sets of this and
lower level (on the active part) have been successfully applied
to study analogous catalytic processes on Zr-systems.>?3 The
third basis (B3) is the same as B2 augmented with a set of
f-type Gaussians with an exponent o = 0.952%2 on niobium.

Transition states were located by first performing a poten-
tial energy surface scan between previously determined local
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minima corresponding to possible resting states, followed by
either synchronous transit-guided quasi-Newton (STQN) or
Berny optimization implemented in Gaussian98 to find the
actual transition state. Local minimum and transition state
DFT structures have been verified with frequency calculations.
Frequency calculations were not performed for MP2-optimized
structures, as they were similar to the DFT ones. With Finger
the transition states were not confirmed by frequency analysis,
but optimization was considered complete when the forces
were negligible. No symmetry constraints were used in
reported structures. Thermodynamical data were extracted
from frequency calculations assuming harmonic approximation
at 298.15 K and treating 3N — 6 degrees of freedom explicitly
as vibrations without scaling. With large and soft molecules
this may cause significant error.¢

Computational Method

There are some short-hand notations used in this paper. The
energies are labeled as follows: A/B//C/D, where A stands for
the method used for the energy calculation (BP86 if omitted),
B for the basis set in the energy calculation (B1 if omitted), C
for the method used in the geometry optimization (the same
as A if omitted), and D for the optimization basis (the same
as B if omitted). The geometries are denoted by alphanumer-
als, where the number gives the overall geometry, the number
of carbon atoms in the growing polymer chain is given by the
letter (a = CH3, b = C;Hs ...), and alpha and beta refer to a-
and S-agostic geometry of the polymer chain, respectively (see
Figure 3). Electronic energies do not include zero-point energy
and have not been corrected for BSSE unless stated otherwise.
BP86/B1 energies have been used for the figures.

In DFT calculations we used the Becke-88 exchange func-
tional®® and Lee—Yang—Parr3* or Perdew3>3%¢ correlation func-
tionals (BLYP and BP86, respectively) and B3LYP.3” We
performed also ab initio calculations (HF, MP2,38 and CCSD-
(T)%) in BP86 optimized and in self-consistent geometries, for
calibration and reference. Because of the formal d-population
of the model complex and possibility of nondynamical correla-
tion effects due to near degeneracies, we used the most
sophisticated method we could afford (CCSD). The coupled-
cluster calculations were performed by freezing the carbon and
nitrogen 1s core states. The HOMO—-LUMO gap was calcu-
lated to be 1.5—-2.6 eV (DFT) and 7.5—12 eV (all ab initio
calculations), depending on the complex enabling the restricted
spin approximation, which was used in all calculations. Some
complexes were also tested for triplet state, but they were
invariably higher in energy than the singlet state.

Different computational approaches were briefly compared
by calculations of similar complexes. Margl et al. calculated
the ethene coordination to NH(CH;).NHNbCH,CH; to be
exothermic by —54.3 kcal/mol (BP86/TVZP/DVZ)** with ADF,

(33) Becke, A. D. Phys. Rev. A 1988, 38, 3098.

(34) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(35) Perdew, J. P.; Zunger, A. Phys. Rev. B 1981, 23, 5048.

(36) Perdew, J. P. Phys. Rev. B 1986, 33, 8822—8824.

(37) Becke, A. D. J. Chem. Phys. 1993, 98, 5648—5652.

(38) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

(39) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys.
1987, 87, 5968.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on March 6, 2001 on http://pubs.acs.org | doi: 10.1021/om0010924

1336 Organometallics, Vol. 20, No. 7, 2001

* .

-
@ +ethene @

Nb \_NBayy

NI

propagation

[T

1

VoL R

Nb nn\lH

/ \\/ Nb—_ R
\) \ +ethene \» 2
i complexation

— -+
TS
- \
. D
\\\\C R

Y o o, lo—
\)Hzc——CHC: \%Nb " +H/

L 6 . 5 n=0
termination via
¢ + beta-hydrogen
@*} abstraction
R

\/Nb ““CH I termination via
\) A /CHQ hydrogen exchange
with coordinated
3b n=2 monomer

Figure 2. Catalytic cycle with propagation, initiation, and
termination. In the name of the structure the number in
boldface denotes the general structure, i.e., 2 for alkyl
complex, the letter denotes the number of carbon atoms in
the growing polymer chain as a =1 = CHgs, b =2 = C;Hs5,
etc., and alpha and beta denote the a- and f-agostic
orientation of the polymer chain. Square brackets indicate
transition state structure.

while we found —39.7 kcal/mol (BLYP/DNP) with the MSI-
code Dmol®. More complexation energies are presented in Table
1 using different levels of theory and basis sets. The DFT
coordination energies are in a range of 10 kcal/mol, and the
major difference comes from the used functional. The effect of
including the noniterative triples correction to the CCSD
energy is small. For further comparison we recalculated the
ethene coordination to Cp,ZrC,Hs" (front side) to be exothermic
by —8.3 (BLYP/B2), —11 (BP86/B1), and —23.1 kcal/mol (MP2/
B1//BP86). The theoretical DFT results in the literature are
in the range —6 to —9.5 kcal/mol 4578

The key intermediates on the polymerization cycle were also
calculated using the different methods; see Table 2. We report
the following results to validate the use of single reference

Sillanpaa and Laasonen
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Figure 3. - and a-agostic alkyl conformations. In 2b-
alpha the H, atoms are equivalent, but the other arrow
designating weak agostic interaction is omitted for clarity.

Table 1. Ethene Coordination Energies in kcal/
mol to NH(CH,);NHNbCH,CH3; Complex®

Basis
method Bl B2 B3
BLYP —-41.0 —40.7 —-41.5
BP86 -50.0 -50.2 —49.5
B3LYP —42.8 —44.0
MP2 —-56.7 —62.9
CCsSD -38.9 —44.9

CCSD(T) -39.9

a Basis sets (B1, B2, and B3) have been described in the text.
Geometries have been determined either at the B1 or B2 level.
The CCSD-calculations used BP86/B2 geometries.

Table 2. Energies of the Key Intermediates of the
Ethene Insertion to Ethyl Complex Calculated
with Various Levels of Theory?2

3b-alphai/2b [4b]P [4b] AE*¢ 5+ethened

BLYP/B1 7.4(9.8)  11.8(14.8) 4.3(5.0) 37.4
BLYP/B2 7.4 10.8 3.5 37.4
BLYP/B3//B2 7.8(9.1)  11.0(12.9) 3.2(2.1) 376
BP86/B1 3.6(5.5) 5.6(84)  1.3(2.1) 45.5(42.4)
BP86/B3//B1 4.6(5.8) 5.3(7.1)  0.7(1.3) 45.1(39.5)
HF 5.1 21.0 15.9 34.6
MP2 -10.1(4.6)  —7.4(12.2) 2.5(7.6) 565
MP2/SDDe -7.7 6.7 0.9 53.7
MP2//BP86 -938 -7.9 2.0 57.3
MP2/B3//B1 -14.00.7) -13.9(4.2)  0.1(3.5) 65.7(49.1)
CCSD/IMP2 2.3 3.4 5.7 46.4
CCSD(T)/IMP2 48.8
CCSD/B3//MP2 53.6

a8 Energies are reported in kcal/mol and the BSSE-corrected
energies, where available, are given in parentheses. The alpha-
numerics are explained, e.g., in Figure 2.° Energies relative
to ethyl alkyl complex 2b-beta and free ethene. ¢ Energies rela-
tive to lower energy a-agostic ethyl n2-ethene complex 3b-
alphal/2, i.e., the insertion barrier after ethene complexation.d -
Elimination product energies relative to 2b-beta. ¢ The Stuttgart/
Dresden basis and relativistic effective core potential for Nb and
Dunning/Huzinaga full double-¢ for other atoms; SDD keyword
in Gaussian98. f The fractioning of the 2b-beta complex for the
BSSE calculations is not straightforward, as it divides the alkyl
group in two, but tentative values are given as the correction is
unavoidable for MP2.

methods and the lack of important nondynamical correlation
effects. According to the coupled-cluster theory, the largest
single excitation cluster amplitudes are in the range 0.04—
0.07 (the largest being 0.08 for ethene), and T1 diagnostic
values for these complexes are below the suggested threshold
of 0.02.40

The MP2/B3//B1 ethene complexation energy to the ethyl
complex 2b-beta was 19.2 kcal/mol higher than according to
BP86/B3//B1 (see Table 2.). This seems to be a trend in
organometallic complexation energies.**#> The large difference
is only in the complexation, as the relative energies of the
complexed species do not change so dramatically (note that

(40) Lee, T. J.; Taylor, P. R. Int. 3. Quantum Chem. Symp. 1989,
11, 199.
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we consider an alkyl complex here as an alkene complexed to
a metal hydride). CCSD/B3//MP2/B1 calculations on the
p-elimination reaction components revealed 7 kcal/mol more
correlation energy in the ethyl complex 2b-beta relative to 8.
This means, not surprisingly, that the smallest basis (B1) is
clearly inadequate for CCSD, while even the DZ description
reveals stronger complexation than found with the other
methods. These results will be considered in the discussion at
the end of the paper. The differences in Tables 1 and 2 energies
are, in addition to BSSE, see below, probably due to the extent
of (dynamical) correlation recovered in the calculations. How-
ever, this will not change the mechanistic paths, but merely
affects the relative probabilities between the bimolecular (-
elimination termination and complexation) and unimolecular
(reactions involving complexed monomer) steps.

Improving the basis has relatively little effect on the relative
energies in the DFT calculations, as can be seen in Tables 1
and 2. We therefore excluded the f-functions in DFT calcula-
tions due to small changes in geometries (bonds average(BP86/
B3—BP86/B1) = —0.002 A, rms = 0.009) to decrease the
computational load. The effect of f-polarization functions on
the transition metal centers in organometallic compounds has
been considered unimportant also in other DFT studies,*~48
while their effect is crucial in the correlated ab initio methods.

Basis set superposition error (BSSE) effects were studied
by calculating the counterpoise corrections (“7-point” BSSE
correction formula®®). From Tables 1 and 2 can be seen that
MP2 complexation energies are much larger than any others
unless they are corrected for BSSE. The DFT methods and
MP2 display BSSEs of 1-3 and 15—20 kcal/mol, respectively.
The BSSE diminishes after addition of polarization and diffuse
functions, but the DFT energies do not change substantially
and are, probably, due to cancellation of errors, close to the
uncorrected values obtained with the smallest basis (B1). The
insertion barrier [4b] was also calculated with Finger, a BSSE-
free plane wave code, yielding AE* = 12.3 (BLYP) and 3.6
(BP86) kcal/mol. The large BSSE in the MP2 results, relative
to DFT, is due to configuration set superposition error
(CSSE), as proposed by Duijneveldt et al.*>% According to van
Duijneveldt et al. the magnitude of CSSE should rapidly
decrease when more electron correlation is recovered using
higher correlated methods. However, due to the modest basis
sets used in the CCSD calculations, it is indecisive to estimate
the amount of BSSE or CSSE in those energies. The CCSD
calculations are the best we could afford, and we take those
as a guide for rough calibration; that is, the complexation is
underestimated by the other methods.

According to the level of theory the bond lengths decrease
as follows, MP2 < BP86 < BLYP, although the changes are
small and the general geometries of the potential energy
extrema are similar. Similarly the complexation energies
increase in the opposite order. The largest differences are in
the Nb—Hagostic bonds. The rms bond length deviation between
BP86 and MP2 was 0.019 (and 0.013 with Nb—H bonds
removed).

As there is some variance in energetic and structural results
between the two density functionals, we used both BLYP and
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BP86 to diminish the possibility of functional artifacts. The
results with all methods seem to converge well, apart from
the complexation energy. This holds especially for HF and
(uncorrected) MP2, but the relative energies of the complexed
species agree with all methods, excluding HF (compare the
AE* in Table 2).

We believe that BP86 gives qualitatively correct results with
a significantly reduced computational cost. This is important,
as one of our objectives is also to find a method that is not so
computationally expensive that it can be applied to real
catalysts containing many more atoms than present in the
model complex of this study. Another point in favor of DFT is
the small BSSE, which cannot be neglected in MP2 calcula-
tions.>152 Therefore, DFT is better suited for determination of
the full potential energy surface (PES), as the partitioning of
the supermolecule to perform the counterpoise calculations
becomes an ill-defined mathematical problem* (e.g., in the
backward direction the correction is generally different).
Further, the use of DFT enables us to supplement the static
calculations with CPMD simulations. Previously DFT (espe-
cially BP86) has been reported to give dissociation energies
within 5 kcal/mol of the experimental values in organometallic
systems.#253-55 Qur test calculations fall in this range accord-
ing to the intramolecular barriers, but show a slightly larger
variance in the intermolecular energy differences.

Results

The Catalytic System. The [1°-Cs(R3)s(17*-Cis-2-Ry,3-
R»>-butadiene)NbCl, system (see Figure 1) has been
synthesized and experimentally studied by Mashima et
al.18.1956-58 They have reported this type of catalysts to
produce polyethylene with very narrow polydispersity
(Mw/M,, = 1.05). We have studied the mechanism in
order to understand the interesting performance.

In the system of our interest the active catalyst is
prepared in situ by adding a suitable promoter, e.g.,
methylaluminoxane (MAO), into a toluene solution of
the dichloride precursor (1). MAO is first believed to
replace one chloride ligand with a methyl group and
then to remove the other chloride ligand. The resulting
cationic 14-electron alkyl complex is widely accepted to
be the active species in this type of polymerization
catalysts.1610 Specifically, Mashima et al. reported this
cationic alkyl species as the activated complex respon-
sible for polymerization activity.18195 They also re-
ported notable ligand substituent effects on the polymer
size distribution and catalyst stability.’® However, to
first find out the most essential electronic effects, we
have concentrated in a model system, where Ry = R, =
R3; = H (see Figure 1). The most narrow polymer size
distribution was experimentally achieved by using Rs
= CHgs, e.g.,, Cp* (pentamethylcyclopentadienyl, Cs-
(CH3)s). The Cp catalyst system (R3 = H, Ry = R, = CHy)
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also displayed catalytic activity, but the polymer had
low monodispersity (My/Mp = 4.4).5°

We have not modeled MAO computationally. We have
assumed that MAO does not have direct influence on
the metal center, but only stabilizes the cation as a
weakly coordinating counterion.* We have not taken
solvent effects into account in the computed energies,
as toluene is a rather inert solvent and the gas phase
assumption is expected to give a qualitatively correct
explanation of the intrinsic electronic phenomena of the
reactions.

General Mechanism. For the ethene polymerization
with neutral group Il and cationic group 1V complexes,
which are isoelectronic to 2 (see Figure 2), two principal
mechanisms have been considered: Cosseé—Arlman®0-62
and Green—Rooney.53%4 Other mechanisms, such as
Brookhart—Green,55 can be thought of as variants of
these two. For example, a-agostic interaction may be
considered as an intermediate between an alkyl hydro-
gen and a metal hydride and may occur at different
stages in the catalytic cycle.

1. Cosseé—Arlman. Ethene coordinates to the vacant
metal site in »2-fashion, followed by 1,2-insertion to the
alkyl—metal bond via a four-center transition state
structure. Insertion produces a new vacant site for the
next monomer.

2. Green—Rooney. The alkyl complex undergoes an
o-hydrogen abstraction to produce a hydride—alkylidene
complex. Ethene monomer then coordinates in #?-
fashion and subsequently forms a metallacyclobutane.
Hydride migration to the C, reproduces the initial alkyl
geometry with a polymer chain extended with one
monomer.

Mechanisms similar to 1 have been proposed, for
example, for a d°-Cp,ZrR* system®® and several other
dO-catalyst systems.®> Mechanism 2 requires d-electrons
on the metal to make formal oxidative addition possible
and has been proposed, for example, for a Ta complex®6
and Cp,*NbC,Hs.5” Due to the similarities of Ta and
Nb chemistry and because alkylidene®”¢8 intermediates
and hydrides for Nb have been reported, we considered
mechanism 2 as a viable alternative.

Polymerization Reaction. The schematic reaction
cycle is presented in Figure 2, including the key
intermediates of initiation, propagation, and possible
termination steps. The reaction cycle has been divided
into subsections, where each step is studied in detail,
according to the intermediates on the reaction path. In
the next section the methyl complex, resulting from the
catalyst precursor activation, is treated together with
other alkyl intermediates, followed by alkyl »?-ethene
complexes 3. Finally the insertion transition states [4],
alkylidene complexes, and different termination mech-
anisms are discussed.

(60) Arlman, E. J. J. Catal. 1964, 3, 89—98.

(61) Arlman, E. J.; Cossee, P. J. Catal. 1964, 3, 99—104.

(62) Cossee, P. J. Catal. 1964, 3, 80—88.
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Table 3. Energies of Representative Geometries
on the Catalytic Cycled

BP86/B1 BLYP/B2
structure energy relativeto  AE AG AE AG

3a 2a+tethene -1.0 137 42 18.4
2b-alpha 2b-beta 2.3 0.4 04 -10
2c-alpha 2a+ethene -243 —9.1 -206 -51
2c-beta 2a+ethene -273 —-11.0 -215 -58
2d-beta 2b-betatethene —25.2 —-105 —-21.2 -6.5
3b-alphal 2b-beta+ethene 3.7 16.6

3b-alpha2 2b-beta+ethene 42 181 7.4 210
3b-beta 2b-beta+ethene 43 191 8.7 237
[4a] 2a+ethene 36 207 114 274
[4b] 2b-beta+ethene 56 21.3 108 26.7
5 (+ethene)  2b-beta 456 296 374 220
5 (+propene) 2c-beta 420 258 331 176
5 (+butene)  2d-beta 43.1 27.1 337 18.0
[3-elim. TS]® 2c-beta a =28 a 21.4
[6b] 2b-beta+ethene 16,5 301 222 36.5
[7b] 2b-beta 33.2 283 251¢ 22.8°
8b 2b-beta 216 205

9d 2b-beta+ethene —12.2 1.4

[10d] ad 249 26.0

11d 2b-betatethene —10.4 5.8

[12d] 11d 231 227

13d 2b-betatethene —25.5 -10.1

a Potential energy maximum is at infinite separation. ® Propyl
chain as the model for polymer, where the Nb—C, distance is 2.76
A for BP86 and 2.69 for BLYP. ¢ Results calculated with B1 basis.
d Energies are reported in kcal/mol relative to a suitable species
(given in the second column).

Alkyl Resting State. Catalyst activation results in
the alkyl complex 2a. The geometric data of different
alkyl species are shown in Table 4 and thermodynamic
data in Table 3. The butadiene moiety has been previ-
ously shown to prefer supine orientation, and therefore
we did not consider the prone rotamers. (The supine
(exo) coordination mode has been drawn in the Figures.
The prone (endo) configuration results after 180° rota-
tion of the butadiene center—Nb axis.)®®70 A methyl
group occupying the place of the growing polymer after
activation is capable of only a-agostic bonding due to
lack of -hydrogens. Bonding between H, and Nb in
methyl through propyl alkyl complexes is, however, very
weak. Nevertheless, 2b,c-alpha were found only less
than 3 kcal/mol (AG < 1) above p-agostic conformers.
B-Agostic bonding in complexes 2b,c,d-beta is moder-
ate. Typical agostic Nb—Hj bond lengths were between
2.21-2.25 A (BP86) and 2.25—-2.40 A (BLYP). Zr—H
distances in analogous complexes are on the order of
2.05—2.15 A8 All g-agostic structures are similar at the
metal center, and it is therefore justified to use an ethyl
group as a model of the growing polymer chain. At-
tempts to locate minima corresponding to y-agostic alkyl
structures were unsuccessful.

The fluxionality of the propyl chain was studied by
scanning the potential energy surface corresponding to
the rotation around the Nb—C,—Cg—Hjy torsion. The
minimum structures correspond to 5c-beta, only the
hydrogen being responsible for the agostic bond changes.
The low interconversion barrier of 1.8 kcal/mol (BLYP/
B2), weak agostic interactions, and the small energy
difference between different isomers imply that the
propyl chain is very floppy. In a Car—Parrinello molec-

(69) Yasuda, H.; Tatsumi, K.; Okamoto, T.; Mashima, K.; Lee, K.;
Nakamura, A. J. Am. Chem. Soc. 1985, 107, 2410—2422.
(70) Yasuda, H.; Nakamura, A. Angew. Chem. 1987, 99, 745—764.
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Figure 4. Example geometries to illustrate the atom labeling for geometrical data in Table 3. The geometries from the
left are [4b], 2d-beta, 3b-alpha2, and 3b-beta.

20.0 118.1
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T-=-Oeg_ /
15.0 1 g v
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. o]
Q \
= 42 4.1 CH
50 3.6 . 2b-alphal
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Nb-C,, distance [A]

Figure 5. Energy profiles for 5°-ethene ejection (and
insertion) to ethyl alkyl complex. Dotted and continuous
lines depict free energy and electronic energy difference,
respectively, relative to separated ethene and 2b-beta
plotted against (constrained Cethene) —Nb distance.

Parrinello calculations gave an ejection barrier of 3 kcal/
mol, which is slightly larger than the static values.
According to the ab initio calculations, the ethene
coordination was stronger, and these results will be
discussed at the end of the paper. These results under-
line the difficulty of modeling the weakly coordinating
n?-ethene complex where the dynamical correlation is
important. The BP86 functional predicts endothermic
n?-ethene complexes, while BLYP and B3LYP seem to
disfavor complexation.

Ethene binding in the ethyl precursor complex is less
effective compared to the methyl complex, as can be seen
from higher energies and longer metal—ethene bonds
(see Tables 3 and 4.) The agostic interactions partially
compensate the steric repulsion arising from the poly-
mer chain, which is reflected by the different ethyl 7?2-
ethene complex geometries. A closer ethene approach
can be achieved at the expense of the agostic bond, the
former being energetically more favorable. Also, the Cp
ring is differently oriented with respect to the ligands.
The essential result is that the complexation is weak,
and the ethene is mobile.

The ethene z-orbital has a small overlap with the
metal d-orbitals at HOMO-5 and HOMO-6 binding the
monomer. The z*-orbital of ethene, which would be ideal
for back-donation from the metal, is empty at the
LUMO+1. One might have expected a covalent bond
here, resulting in high complexation energy, according
to the tendency of formally d-populated metals. Instead,
the HOMO has a large contribution of the butadiene
a*-orbital and Nb d-orbitals. As Margl et al.}* have
pointed out, this is the key factor also preventing the

metal lone pairs from occupying the ethene-C, anti-
bonding orbital at the insertion transition state and
thereby increasing the insertion barrier. At the insertion
transition state the antibonding orbitals with respect
to the forming bond are found above the LUMO. Apart
from the HOMO and the Nb(dy,)—Cp(sn)—butadiene(zn)
MO at the HOMO-3 the four next occupied orbitals have
bonding character either between the forming bond or
with the metal. The lack of strong bonding is the
difference between the studied Nb catalyst with respect
to V, Cr, and Mn 1-3 d-electron catalysts, which all
possess a nonnegligible (=10 kcal/mol)”2 insertion bar-
rier from the n2-ethene complex. In that case the barrier
is derived from the distortion of the bonding ethene *-
metal d, interaction at the insertion transition state.

We anticipated that the low z-bonding capability
would also impede toluene coordination to the metal
center. Solvent coordination was investigated by trying
to optimize geometries, where a toluene molecule would
bind to the alkyl resting state. Optimizations were
started from geometries where a toluene ring C—C bond
was in the place of ethene in the template complex 3a.
The methyl complex imposes the least steric congestion
around the metal and, as a first estimate, would be the
easiest of the different alkyl—toluene complexes to
optimize. The actual polymer chain would hinder tolu-
ene coordination even more. Two starting geometries
were tested, where the toluene methyl group was
pointing in opposite directions. At first, to accommodate
the large toluene molecule by rearranging the rest of
the complex, the closest toluene carbon atom distance
to niobium was constrained. Releasing the constraint
after relaxation of other degrees of freedom resulted in
the ejection of the toluene molecule. This suggests that
toluene does not bind to the metal catalyst, as has been
reported for the zirconium analogues.*” We propose this
as a feature to compensate for the low complexation
efficiency caused by the weak coordination of ethene
relative to analogous zirconium catalysts.

Insertion Step. There are several alternatives after
ethene complexation: ethene ejection, ethene insertion
to the metal—alkyl bond, and hydrogen transfer between
the alkyl and ethene moieties. To proceed in the
catalytic cycle, we will discuss the 1,2-migratory inser-
tion pathway from the 7?-ethene complex intermediate.

The 1,2-ethene insertion can, in principle, start from
any alkyl conformation. In the first cycle pS-agostic

(72) Schmid, R.; Ziegler, T. Organometallics 2000, 19, 2756—2765.
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Figure 6. Concerted complexation and insertion steps (to
the right), when the polymer is modeled with an ethyl
moiety, and termination via -hydrogen exchange to the
left from the same precursor. Dotted and continuous lines
depict free energy and electronic energy difference, respec-
tively, relative to separated ethene and 2b-beta.

interaction is not possible due to lack of s-hydrogens.
When the growing polymer was modeled with an ethyl
group, the insertion potential energy scan was started
from the lowest free energy a-agostic conformer, 3b-
alphal, to the transition state [4b]. In the transition
state [4a] the C,,Cp, and C, atoms are nearly in a plane
perpendicular to the butadiene(center)—Nb—Cp(center)
plane. The transition state is clearly stabilized by
agostic interaction. The agostic H,—Nb bonds are 2.16
and 2.07 A in [4a] and [4b], respectively. The first
insertion barrier (the alkyl site is occupied by a methyl
group) from 3a via [4a] to 2c-beta was calculated to
be 4.5 (AG* = 7.0) kcal/mol. The geometrical data are
presented in Table 4 and energies in Table 3, and the
insertion profile is shown in Figure 6.

The ethene coordination reaction step to the ethyl
complex 2b-beta — 3b-alphal was calculated to be
endothermic by 3.6 kcal/mol, and the insertion barrier
3b-alpha — [4b] — 2d-beta was calculated to be only
1.9 kcal/mol. Ethene insertion led directly to a S-agostic
conformation with both modeled starting complexes.

The electronic barriers after ethene coordination are
comparable to the Zr and Ti analogues. The high free
energies of ethene complexation reflect the lower cata-
lyst activity of niobium. The experimental activity of the
1 + MAGO catalytic system is low, for example, compared
to Cp2ZrCl; + MAO (3.9 x 104 kg/h*mol-[Zr]-atm, T =
343 K, p(CzHy4) = 1.5 atm).” The experimental activity
for the Cp(2,3-dimethylbutadiene)NbCIl, + MAO cata-
lytic system is 6.89 kg/h-mol-[Nb] (p(C2H4) = 1 atm, T
= 293 K), and for Cp*(butadiene)NbCI, + MAO 10.65
kg/h-mol-[Nb] (p(C2H,4) = 1 atm, T = 253 K). The former
catalyst produced polyethylene with low monodispersity
and the latter with 1.05 (My/M;) and exhibited living
polymerization characteristics.®

The energy profile for propagation is essentially the
same when the alkyl part is modeled with a methyl and
an ethyl group. The ethene complexation is only slightly
stronger in the methyl case, due to the less crowded
metal center, but the free energies are close to each
other. The transition state structures [4a] and [4b] with
methyl and ethyl groups as the growing polymer chain,
respectively, are practically similar (see Table 4). The
rate-determining step based on our calculations is the

(73) Chien, A. C.; Ravazi, A. J. Polym. Sci. Part. A: Polym Chem.
1988, 26, 2369.
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Figure 7. Alkylidene formation from the a-agostic alkyl
complex and possible further reactions with ethene. Alpha-
numerics as in Figure 2.

very weak ethene coordination together with the inser-
tion in a concerted fashion.

The insertion transition states exhibit the strongest
agostic bonding detected in this study. It can be verified
by the low CH-stretching frequencies, elongated CH
bonds, small Nb—C,—H, angles, and close H—Nb dis-
tances.%® The H—Nb distances are not quite as small as
reported in analogous Zr or Ti complexes. However, the
shift in the calculated CH-stretching frequencies pro-
vides evidence for the weakening of the H—C bond and
strengthening of the H—Nb bond. The symmetric CH3z
stretching is the lowest CH frequency in 2a (2865 cm™1).
The agostic hydrogen stretching frequencies were cal-
culated to be 2610, 2543, and 2486 cm ' in 2b,c,d-beta,
respectively, and 2643 and 2506 cm~! in [4a] and [4b],
respectively.

Alkylidene Formation. As an alternative reaction
path corresponding to mechanism 2, the formation of
an alkylidene intermediate from the alkyl complexes
was calculated (see Figure 7). The energy profile for
conversion of 2b-alpha2 to an alkylidene hydride was
scanned by increasing the C,—H, bond length. No stable
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Figure 8. Alkylidene formation and subsequent ethene
insertion leading to metallacycles. The coordination of
incoming ethene syn to the methyl group of the methyl allyl
moiety is presented to the left. Dotted and continuous lines
depict free energy and electronic energy difference, respec-

tively, relative to separated ethene and 2b-beta. The upper
values in the graph refer to the free energies.

hydride but a transition state [7b] was found at a C,—
H, distance of 2.362 A, 33.2 (AG = 28.3) kcal/mol above
2b-beta (see Figure 8). Extending the scan beyond the
hydride-TS led eventually to coordination of the former
a-hydrogen to the terminal butadiene carbon, producing
an ethylidene complex 8b, 21.6 (AG = 20.5) kcal/mol
above 2b-beta. The butadiene ligand is able to accom-
modate the hydrogen atom while adopting s-allyl coor-
dination to the metal. This intermediate does not strictly
speaking conform to the Green—Rooney mechanism, but
could be thought of as a modification of it. The allyl
complex might undergo several different reactions.
However, in this paper we investigate only the ethene
uptake necessary for polymerization to proceed.

While trying to optimize 52-ethene complexes of 8b,
ethene adds directly to the carbene bond, forming the
metallacycles syn-9d and anti-11d, depending on the
original position of ethene relative to the methyl—allyl
moiety. This is not surprising considering the high
reactivity of metal carbenes and the more exposed metal
surface relative to (8-agostic) alkyl complexes. The
energy barrier from alkyl to the alkylidene complex is
well above the presented propagation step, but in the
range of termination steps. One of the methyl hydrogens
in methyl—allyl moiety is at 2.402 A (rcy = 1.128 A)
distance from the metal. This already corresponds to a
weak agostic interaction. The energies of the isomers
are practically equal, —9.9 (AG = 6.2) and —10.4 (AG
= 5.8) kcal/mol for 9d and 11d, respectively, relative to
separated 8b and ethene. Hydrogen migration from
methyl—allyl through TS [10d] and [12d] have activa-
tion barriers of 24.9 (AG* = 26.0) from syn-9d and 23.1
(AG* = 22.7) kcal/mol from anti-11d. The hydrogen is
stabilized by the metal during transfer between the
metallacycle and methyl—allyl moieties. According to
the small difference in the previous barriers, there
should be no preference for the linear polymer via this
route.

The continuation of polymerization requires new
monomer incorporation, but the ethene coordination to
the 2-butyl alkyl complex should be extremely difficult
due to steric repulsion at the metal center, suggesting
that the polymerization does not proceed via this route.
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Mashima et al. have also detected a niobium alkyl-
idene species derived from a similar niobocene com-
pound.5” We calculated the dimethyl starting complex
(Cp(butadiene)Nb(CHy3),), which might also result from
methylation of both halogens in 1 and found it to be
metastable by —1.0 (AG = —12.3) kcal/mol with respect
to decomposition into methane and a methylidene
complex. The transition state resembles the resulting
methylidene complex and lies 24.3 (AG* = 24.0) kcal/
mol above the dimethyl complex. The breaking CH bond
at the transition state is 1.52 A, the forming methane
CH bond 1.47 A, and the Nb—H bond 1.89 A. The
exergonic decomposition is in agreement with experi-
mental thermal instability, as reported by Mashima et
al. This complex has also been reported to catalyze
ROMP. However, the methylidene complex is neutral,
does not have the necessary hydride, and therefore does
not conform to reaction mechanism 2. The complexes 9
and 11, on the other hand, could be thought of
as ligand-assisted Green—Rooney mechanism inter-
mediates.

Termination Step. The principal polymerization
termination mechanisms are via $-hydrogen transfer
either (i) to coordinated alkene or (ii) to the metal. The
former produces an alkyl complex and the latter a metal
hydride after alkene ejection.1#47:1374 Hydrides for nio-
bocenes are known.®7.75> Polymerization may be also
guenched by adding dihydrogen. In this case a metal
hydride and a saturated alkane are formed. This mech-
anism is not considered here, since we are interested
in the competing processes in propagation conditions.

The termination by g-hydrogen transfer to coordi-
nated ethene is presented in Figure 6. We started the
TS optimization from a complex where the breaking and
forming CH bonds were forced to be of equal length.
Then this constraint was scanned for a minimum, thus
presupposing a Cg-symmetric transition state with
respect to the CH bonds. An unconstrained TS search
based on second derivatives from this minimum resulted
in an almost Cs-symmetric transition state with an
energy of 16.5 (18.6 with CCSD/B1//BP86) kcal/mol
above separated reactants and 12.2 kcal/mol above 3b-
beta. The corresponding AG* values are 30.1 and 11.0
kcal/mol, respectively. The ethyl carbon atoms, the
transferring hydrogen, and the metal center were in a
plane between the ligand planes. The frequency calcula-
tion revealed a single imaginary mode corresponding
to a highly localized hydrogen movement between
neighboring carbon atoms participating in the reaction
step, and a series of eigenmode following calculations
along the imaginary mode connected the reactant and
product complexes. Further proof for the TS and reac-
tion path is given by a constrained Car—Parrinello
molecular dynamics run on the same reaction. It was
driven by gradually decreasing the ethene carbon—Hyg
distance, producing an essentially similar, almost Cs-
symmetric, transition state. The newly formed ethene
molecule ejected immediately from the complex after
the TS.

The alternative S-elimination termination mechanism
starts from the alkyl complex (see Figure 2). Previously,

(74) Deng, L.; Margl, P.; Ziegler, T. 3. Am. Chem. Soc. 1997, 119,
1094-1100.

(75) Burger, B. J.; Santarsiero, B. D.; Trimmer, M. S.; Bercaw, J.
B. J. Am. Chem. Soc. 1988, 110, 3134—3146.
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Figure 9. Energy profiles for s-elimination of the propyl
chain starting from 2c-beta producing 5 and free propene.
The energy profile is plotted against Nb—propene double
bond center distance. Dotted and continuous lines depict
free energy and electronic energy difference, respectively,
relative to 2c-beta. The free energy barrier at 3.5 A is 28
kcal/mol; see text for discussion.

it has been shown that modeling the polymer with an
ethyl group overestimates the termination barrier, and
thus we used a propyl group (although the termination
product energy difference is not a straightforward
function of the polymer length, see Table 3).7® Increasing
the agostic Cs—Hg bond to determine the potential
energy profile for hydrogen transfer to metal led to a
structure reminiscent of a metal hydride and #?2
coordinated alkene at a Cs—Hjg separation around 2.7
A. The potential energy scan profile had a plateau at
2.5—2.9 A, but no energy minimum was found, and the
force on the constraint was monotonically negative. The
electronic and free energies at constraint value 2.7 A
were 22.7 and 20.0 kcal/mol above 2c-beta, respectively.
When separated from the Hg, the propyl group adopts
a perpendicular orientation of the double bond relative
to the plane between the ligand planes. To effect the
alkene dissociation from the metal, we scanned the
former Cs—Nb distance starting from the hydride-like
structure with a constraint value of 2.8 A. The termina-
tion energy profile is presented in Figure 9. The
potential energy increases monotonically with distance,
but there might be a maximum on the calculated free
energies at some distance. We used large constraint
values as the C,—Nb distance remained short and
roughly corresponded to Cethene—Nb bonding distances
in y2-complexes in the calculated structures. Coordina-
tion via C, reduced the propene’s rotational and trans-
lational freedom, resulting in a small free energy
barrier. At long distances the propene becomes very
loosely bound and the determination of entropies be-
comes unreliable. Also, in the real conditions the eject-
ing alkene is already interacting with the solvent, and
the gas phase results become irrelevant. We approxi-
mate the gas phase elimination free energy barrier
AG*~ 28 kcal/mol at the double bond—Nb distance 3.5
A (C,—Nb distance 3.1 A), where the energy change
essentially levels off. This is very close to the infinite
separation energy difference and even closer to the free
butene + 5 energy.

A Car—Parrinello constrained dynamic simulation
followed a qualitatively similar pathway with a plateau

(76) Woo, T. K.; Margl, P. M.; Ziegler, T.; Blochl, P. E. Organo-
metallics 1997, 16, 3454—3468.
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after the breakage of the Cg—Hg bond and before
dissociation of the alkene without detectable minimum
energy intermediates. Also in this case the C, remained
coordinated to the metal.

Discussion

The highest level of theory used in this study, the
CCSD method, locates the insertion transition state [4b]
3.4 kcal/mol above separated products and predicts the
p-elimination products to be 54 kcal/mol above the
starting alkyl complex, which is well above the insertion
barrier. In general it can be seen that both CCSD and
MP2 give higher binding energies to the alkyl and
alkenyl groups. Even after correcting for BSSE the MP2
binding energies are 3—9 kcal/mol higher than with
DFT. It is perhaps not safe to use the difference 2b-
beta— (5 + ethene) AE(CCSD/B3—CCSD/B1) to correct
for the basis set improvement for all intermediates, but
the same trend is seen also in the diimine ethene
complexation energies in Table 1. The complexation
energies on the diimine system with BP86 and CCSD
are in better agreement than in the case of niobium
metallocene complexes. This might be due to the ap-
proximate way in which DFT describes electron cor-
relation and leads to the different recovery of the
correlation energy in different systems. To find out the
upper and lower bounds for the energetics, we will
account for the unrecovered correlation energy (which
still is very likely a lower bound for CCSD due to the
modest basis set) by taking the CCSD energies and
calculating the corresponding free energies using the
thermodynamical data extracted from BP86 frequency
calculations. The free energy barrier for propagation can
be estimated by correcting the CCSD value by the BP86/
B1 free energies: adding AA = (AG[4a] — AE[4a]) to
the CCSD insertion barrier, yielding AG* ~ 3.4 + (21.3
— 5.6) ~ 19 kcal/mol. The p-hydrogen transfer barrier
can be approximated in a similar fashion to be AG* ~
18.6 + (30.1 — 16.5) ~ 32 kcal/mol and g-elimination
products AG ~ 53.6 — (45.6 — 29.6) ~ 38 kcal/mol. The
p-elimination free energy barrier can be approximated
in the following way: the difference from the BP86
calculations between (AG[5 + propene] — AG*[B-elim.
TS]) = AA (to account for the effect of binding to the
metal before the translational and rotational degrees
of freedom are fully populated) is added to the termina-
tion product (estimated) free energy calculated with
CCSD/B3, yielding AG*~ 38 + (28.0 — 25.8) ~ 40 kcal/
mol. The approximated barriers thus prefer propagation
over hydrogen transfer by 13 kcal/mol. By making some
more approximations we can look at the effect of these
energies on the polymerization dynamics. If we take the
preexponential factors of the Eyring equation as equal
and assume steady state conditions for the 7?-ethene
complexes, there should be ~10° insertions to one
termination. This agrees with the experimental results
where long polymers with analogous complexes were
obtained. However, one should be careful in applying
vacuum results of the model system to condensed phase
reactions.

The transfer of the alkyl—H, to the butadiene ligand
was an unexpected reaction path revealed by the CPMD
simulations. The propagation of polymerization via this
is nevertheless unlikely: the ethene coordination is
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already the dynamical bottleneck in the terminal alkyl
complexes and the polymer coordination via the 2-
carbon would block the metal from the monomer even
more in the next insertion step. This might still be
an important mechanism inducing polydispersity by
deactivation through hindered reactivity or by causing
some other side reactions.

On the basis of these energy barriers we suggest the
prevailing mechanisms to be propagation and -hydro-
gen transfer to coordinated monomer. The uncertainty
in the ethene coordination does not affect their relative
probablities. Also the reactant concentration depend-
encies are equivalent, as would not be the case if
the unimolecular g-elimination were more facile. The 8
kcal/mol (derived from CCSD energies above) activation
free energy difference in favor of the $-hydrogen transfer
to coordinated monomer relative to S-elimination makes
it intrinsically (the Boltzman factor) 6 orders of mag-
nitude more likely. The energy differences of these
termination steps were negligible by the self-consistent
BP86/B1 approach, thus favoring the unimolecular
p-elimination. The differences in the complexation ener-
gies between various methods decrease their reliability,
and the model may be too simple to account for the
delicate features shaping the polymer size distribu-
tion: basically any of the presented possible termination
mechanisms (including alkylidene formation) may be
operative, and their relative importance would be
decided by the substituents, temperature, counterion,
or solvent. Computational studies on ligand effects and
differences between Nb and Ta as the metal center on
the model system described in this paper are in progress.

Conclusions

We have calculated, using DFT, the primary steps of
the model niobocene polymerization catalyst and com-
pared the key step results to correlated ab initio
calculations. Our results suggest a mechanism where
the a-agostic interaction is crucial only in the insertion
transition state and where the insertion is concerted-
like.

The studied catalyst differs from Cp,ZrR*, and analo-
gous group IlI,1V d°complexes, in two major ways:
Typically, there exists a stable ethene complex before
the insertion step. However, in this case the rate-
determining step (RDS) is clearly the combined coordi-
nation and insertion step without detectable free energy
minima (DFT) between, as the ethene coordination to
the alkyl complex is very weak. Second the strong
agostic interaction in the resting state alkyl complex is
lacking in contrast to group Ill neutral and group IV
cationic isoelectronic analogues.

The largest differences between various computa-
tional methods appear in the active site binding ener-
gies. MP2 and CCSD predict higher complexation
energies than DFT. The high MP2 complexation ener-
gies are reduced almost to the same level with DFT after
correcting for BSSE, which is 12—17 kcal/mol larger for
MP2. The intramolecular energy barriers on the other
hand are in fair agreement. The weak DFT complex-
ation, relative to MP2 and CCSD, probably should be
corrected to decrease the RDS barrier and the possibility
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of f-elimination. DFT still appears as an economic
method, with a small BSSE, to thoroughly explore the
potential energy surface without the unwieldy counter-
poise method.

It is interesting to note that an effective catalyst need
not have strong n2-alkene coordination capability, al-
though this is reflected in the lower activity, but on the
other hand results in high molecular weights and in
certain cases monodisperse polymer. All levels of theory
resulted in positive free energies of complexation. The
BSSE-corrected propagation energy barriers after ethene
coordination are small (AE* = 1.3—3.5 kcal/mol) with
all theories (5.7 with CCSD). However, as the complex-
ation is endothermic, the true barrier should be calcu-
lated relative to separated reactants. In that case the
conversion of rotational and translational degrees of
freedom to vibrations upon coordination increases the
insertion free energy barrier by approximately 16 kcal/
mol, resulting in much higher barriers: AG* = 19-24
kcal/mol (BLYP and HF excluded). The insertion barrier
consists mostly, roughly by 80%, of the coordination of
ethene.

The barrier for hydrogen transfer between the poly-
mer and monomer, leading to terminal alkene ejection
and termination, was calculated to be 16—19 (AG* =
30—32) kcal/mol, relative to separated reactants. This
reaction channel is unlikely due to the high activation
energy. Hg-elimination, followed by alkene ejection
without stable intermediates, was also expensive: AE
= 40—49 kcal/mol (BLYP and HF excluded) for the
products and AG* = 28 kcal/mol (BP86) for the barrier.

The most important free energy barriers calculated
using CCSD energies corrected by entropies from BP86
calculations give the following values: 19 kcal/mol for
propagation, 32 kcal/mol for j-hydrogen transfer to
coordinated monomer, and 40 kcal/mol for S-hydrogen
elimination. Apart from the latter the results are in good
agreement with the BP86 results. The first two are
likely to be upper bounds, as the modest DZ-quality
basis will not be able to recover a sizable amount of the
correlation energy. On the whole one can say that this
niobium metallocene complex is a demanding system
to model theoretically, and it is reasonable to compare
the results between different methods.

For catalysis to take place, first a free coordination
site for the incoming alkene must be available. In our
case the high propagation barrier may be compensated
by the availability of the reactive site as the z-type
complexation capability is weak and also solvent coor-
dination on the active site, which has been suggested
as a factor to diminish catalytic activity on Cp,ZrR™, is
small.
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