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To elucidate the role of electronic and steric effects on catalytic activities and to gain some
guidance for the design of catalysts, we applied the hybrid density functional B3LYP and
integrated molecular orbital + molecular mechanics (IMOMM) methods to study the
mechanism of the chain initiation/propagation reaction of L,ZrMe"-catalyzed ethylene
polymerization for several bidentate non-cyclopentadienyl ligands [L = —O—CH=CH-CH=
NH— (1 (trans), 2 (cis)), HCO, (3), HC(NH), (4), HC(O)(NH) (5 (cis), 6 (trans)), —O—CH=
CH—N(CH,) (7], 'Bu-4 [L = HC(N'Bu);], and '‘Bu-5 [L = HCO(N!Bu)]. It was shown that for
model catalysts 1—7 the barrier for chain initiation reaction is 11—21 kcal/mol. Reactant,
m-complex, and product have either eclipsed or nearly untwisted ligands L, depending on
the size of L—Zr ring, whereas the insertion transition state has the planes of the two ligands
L twisted with respect to each other. Bulky substituents in catalysts '‘Bu-4 and ‘Bu-5 lead
to a significant twisting of the ligands L in the reactant and z-complex while retaining the
structure of the transition state. As a result, the z-complex is destabilized, and the insertion
barrier is lowered by several kcal/mol. Among all catalysts studied, 'Bu-5 is expected to be
best. It was also shown that polymerization catalyzed by these catalysts is likely to produce
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linear polyethylene.

Introduction
Polymerization of olefin catalyzed by soluble, single-
site homogeneous catalysts has been a focus of studies
in the last several decades because of its industrial
importance.’~2 Currently, there are two distinct trends
in olefin polymerization studies. The first of them is the
adjustment of ligand, cocatalyst, solvent, and metal for
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existing metallocene-based catalysts in an effort to
improve their catalytic activity and polymer properties.
The second is the search for new and more active
alternative catalysts. Recently, several effective alterna-
tive catalysts have been discovered. Among them are
diimine-M(I1) (M = Ni, Pd),5 2,6-bis(imino)pyridyl-M(11)
(where M = Fe and Co),® Ti- and Zr-alkoxide,” Ti- and
Zr-diamido,® and Al-based?® catalysts.

Numerous studies have demonstrated the complexity
of the catalyzed olefin polymerization, which is believed
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to be a multistep process and to involve the following
elementary reactions:

1. Catalyst activation by cocatalysts such as methyl-
alumoxane (MAO) or B(CgFs)s.

L,M(CH,), + MAO — L ,M(CH,) " (MAO)~ (1)

2. Polymer chain initiation, which is believed to
proceed via the Cossée—Arlman mechanism:10
L,M(CH,)" + C,H, —

m-complex, L,M(CH.)(C,H,)" —
transition state (TS) for insertion —
y-agostic L,M(C,H,CH.)" — TS for rotation —
B-agostic L,M(C,H,CH.)" (2)

3. Polymer chain propagation reaction that includes
the following:

a. back-side (trans to the f-agostic H) attack of the
substrate to the transition metal center of 3-L,M(CzH,-
Me)*, proceeding via the Cossée—Arlman mechanism
to yield linear polyethylene:
ﬂ'l—nM(C2H4CH3)+ +CH,—

back-side 7-complex, L,M(C,H,CH,)(C,H,)" —
TS — B-L,M(C,H,)(C,H,CH,)" (3)

b. front-side (cis to S-agostic H) attack of the substrate
to transition metal center of 3-L,M(C,H4CH3)" to yield
linear polyethylene:
ﬁ"—nM(CsztCH3)+ +CH,—

front-side z-complex, L,M(C,H,CH,)(C,H,)" —
TS —back-side z-complex, L,M(C,H,CH,)(C,H,)" —

TS — -L,M(C;HsCHy)" (4)

c. p-agostic C—H bond activation to form the metal
hydrido-olefin complex LnM(H)(C2H3CHz)™ with subse-
quent olefin rotation and reinsertion into the M—H
bond, followed by substrate coordination to vyield
branched polyethylene:
ﬂ"—nM((:2H4CH3)+ —

LnM(H)(CHZCHCHg)Jr — rotation and reinsertion —
L,M(CH,CHCH,)" + C,H, — branched polymer (5)
4. Typical polymer chain termination/transfer pro-

cesses, 3-H exchange between monomer and polymer
and f-H elimination process, are as follows:
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Stumpf, R.; Davis, W. M. Organometallics 1999, 18, 3649. (b) Bau-
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a. f-H exchange between monomer and polymer
(BHEXCc) starts by front-side coordination of substrate
to the transition metal center and proceeds via -H
transfer from polymer to monomer:

B-L,M(C,H,CH,)" + C,H, —
front-side z-complex, L,M(C,H,CH,)(C,H,)" —
TS for H-exchange — ﬂ-LnM(CHZCHCHS)(C2H5)+ —
L,M(CH,CHCH,)(C,H,)" + CH,CHCHj, (6)

b. p-Hydride elimination (BHEImM), the first step of
which is activation of the -agostic C—H bond to form a
hydrido-olefin complex L,M(CH,CHCH3)(H)" that can
dissociate into a olefin-terminating polymer and a
hydrido complex L,MH™. The latter can initiate a new
polymer chain:

L,M(CH,CH,CH,)" — L, M(CH,CHCH,)(H)" —
L,MH" 4+ CH,CHCH; (7)

Understanding the mechanism of these elementary
reactions is extremely important and will allow us to
search for new and more effective catalysts for olefin
polymerization and control the structure of the poly-
mers. In our previous papers we have theoretically
studied the detailed mechanism of ethylene polymeri-
zation reactions catalyzed by the diimine-M(l1) (M = Ni,
Pd, and Pt)1%12 and Ti- and Zr-alkoxide,'34 as well as
2,6-bis(imino)pyridyl-Fe(ll) catalysts.1® This paper is a
continuation of our previous studies and deals with the
mechanism of the L,ZrCHs"-catalyzed ethylene polym-
erization, where L is a non-cyclopentadienyl ligand such
as carboxylate, amidinate, ketonate, and di(aza)keto-
nate. Here, our aim is to elucidate the role of electronic
and steric effects and to obtain some guidance for
designing new and more efficient catalysts. For all the
active catalytic species given in Scheme 1, we examined
the chain initiation reaction 2. For catalysts 3 and 4,
we additionally studied (i) the chain propagation leading
to the linear polymer, reaction 3, (ii) chain branching,
the first part of reaction 5, and (iii) BHEIi reaction 7.
To elucidate the role of bulky substituents as ancillary
ligands, we also studied the tert-butyl-substituted spe-
cies of 4 and 5, ‘Bu-4 and 'Bu-5, respectively.

It should be noted that the olefin polymerization
catalyzed by the non-Cp ligated Zr and Ti complexes,
such as Zr{ N,N'-bis(trimethylsilyl)-S-diketiminato} Cls,16
[ArN(CH,)sNArIMR, (M = Zr and Ti, Ar = 2,6-Pr,CeHa,
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K. J. Am. Chem. Soc. 1997, 119, 367. (b) Musaev, D. G.; Froese, R. D.
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K. Organometallics 1998, 17, 1850.
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Scheme 1. Active Catalytic Species Modeled in
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and R = Me and CH,Ph),1” and [17*4-RCsH4C(NSiMes);],-
MCI; (R = H and CH3) (M = Ti and Zr),'8 were the
subject of several experimental studies. It was shown
that these complexes demonstrate modest catalytic
activities.

Computational Procedure

Geometries and energies of the reactants, intermediates,
transition states, and products for catalysts 1—7 were calcu-
lated using the hybrid density functional B3LYP method®® as
implemented in the Gaussian94 package.?® The standard
valence-double-¢ LANL2DZ basis set?! with the corresponding
effective core potential (for Zr atom) was used for all the
calculations. For tert-butyl-containing '‘Bu-4 and 'Bu-5, we
employed the integrated molecular orbital—molecular mechan-
ics (IMOMM) procedure.?? This method has already been
successfully used for olefin polymerization studies.'>?3 In this
approach,???4 the energy of the system of interest, called “real
system”, is represented by a sum of quantum-chemical (“MO”,
i.e.,, BSLYP/LANL2DZ in our case) energy of a smaller “model
system” and the molecular mechanical (“MM”) energy of the

(17) (a) Scollard, J. D.; McConville, D. H.; Payne, N. C.; Vittal, J. J.
Macromolecules 1996, 5241. (b) Guerin, F.; McConville, D. H.; Vittal,
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Organometallics 1995, 14, 1827.
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Phys. 1993, 98, 5648.
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G. A,; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94, revision D.3; Gaussian, Inc.: Pittsburgh, PA, 1995.
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Am. Chem. Soc. 1997, 119, 6177.
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Int. J. Quantum Chem. 1996, 60, 1101. (c) Froese, R. D. J.; Morokuma,
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real system. From the latter, all interactions accounted for by
MO for the small system are excluded. The MM energy was
calculated with the MM3 force fields. For the Zr atom, the van
der Waals parameters reported by Rappé?® were used. Calcu-
lations were carried out with the IMOMM program,?? which
makes use of the modified MM3(92)?¢ and modified Gaussian
92/DFT?" codes. All structures (both at pure B3LYP and
IMOMM levels) were optimized without symmetry constraints.
4 and 5 were used as the model systems for ‘Bu-4 and '‘Bu-5,
respectively. The N—H distances in the model systems were
fixed at 1.025 A, and the N—C distances in the real systems
were fixed at 1.49 A.

Here one should note the following. (a) The energetics
discussed below does not include zero-point vibrational energy
and entropy corrections nor the solvent effects. Due to the large
size of the systems, we could not perform vibrational analysis.
However, the nature of the calculated transition states was
confirm by “quasi-IRC” calculations. (b) The basis set used,
LANL2DZ, is a standard basis set and was not augmented.
As was shown previously, B3LYP/LANL2DZ approximation
used in this paper describes the absolute barrier heights of
similar systems with about 5—6 kcal/mol error.?¢ Therefore,
we will mainly pay attention to relative rather than absolute
values and discuss qualitative trends.

Results and Discussions

1. Chain Initiation Reaction. As mentioned above,
one of the important elementary reactions involved in
the transition metal-catalyzed ethylene polymerization
process is the polymer chain initiation reaction 2. It
starts with the coordination of the substrate to the
cationic transition metal complex (complex L,Zr(CH3)™
in the present cases) to form an olefin—alkyl z-complex,
followed by insertion of the substrate into the Zr—alkyl
bond via a four-center transition state to form a y-ago-
stic Zr—alkyl complex. The latter rearranges easily to
a more stable product, the 3-agostic alkyl complex. This
mechanism ignores the role of the counterion, (CH3)(co-
catalyst)™, in the polymer chain initiation process, so
we will study it without taking into account the coun-
terion effect. Let us start our discussion with the
geometries of the calculated reactants, transition states,
intermediates, and products of reaction 2.

1.A. Geometries. Reactants. Calculated geometries
of the reactants L,Zr(CH3)™ with various ligands L are
shown in Figures 1—3. Catalyst 1 and 2 contain two (O—
CH=CH—-CH=NH) ligands with trans and cis orienta-
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111; Skiff, W. M. 3. Am. Chem. Soc. 1992, 114, 1.
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Gordon, M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari,
K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D.
J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian 92/DFT, revision
F.2; Gaussian, Inc.: Pittsburgh, PA, 1993.
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Wahlgren, U. J. Chem. Phys. 1995, 102, 872. (c) Ricca, A.; Bauschlicher,
C. W., Jr. J. Phys. Chem. 1994, 98, 12899. (d) Heinemann, C.; Hertwig,
R. H.; Wesendrup, R.; Koch, W.; Schwarz, H. 3. Am. Chem. Soc. 1995,
117, 495. (e) Hertwig, R. H.; Hrusak, J.; Schroder, D.; Koch, W.;
Schwarz, H. Chem. Phys. Lett. 1995, 236, 194. (f) Schroder, D.; Hrusak,
J.; Hertwig, R. H.; Koch, W.; Schwerdtfeger, P.; Schwarz, H. Organo-
metallics 1995, 14, 312. (g) Fiedler, A.; Schroder, D.; Shaik, S.; Schwarz,
H. J. Am. Chem. Soc. 1994, 116, 10734. (h) Fan, L.; Ziegler, T. J. Chem.
Phys. 1991, 95, 7401. (i) Berces, A.; Ziegler, T.; Fan, L. J. Phys. Chem.
1994, 98, 1584. (j) Lyne, P. D.; Mingos, D. M. P.; Ziegler, T.; Downs,
A. J. Inorg. Chem. 1993, 32, 4785. (k) Li, J.; Schreckenbach, G.; Ziegler,
T. J. Am. Chem. Soc. 1995, 117, 486.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on December 9, 2000 on http://pubs.acs.org | doi: 10.1021/0m000705+

312 Organometallics, Vol. 20, No. 2, 2001

B-agostic product

Vyboishchikov et al.

N-O-Y-X=18.1

399
. X Y
................. 3.104... &F 1 0 NH
135 2 MO
e 135
“QC3

transition state

2255 © Y-agostic product

Figure 1. Optimized geometries (in A) of reactant, 7-complexes, transition state, and agostic products of the chain initiation
step for catalysts 1 and 2, with six-membered chelating rings. The perpendicular z-complex was found only for 2.
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Figure 2. Optimized geometries (in A) of reactant, z-complexes, transition state, and agostic products of the chain initiation
step for catalysts 3, 4, 5 (O- and N-side attacks), and 6, with four-membered chelating rings.

tion of the N atoms, respectively. Isomer 2 is calculated
to be energetically 3.1 kcal/mol less stable than isomer
1. As shown in Figure 1, they have a tetragonal-
pyramidal structure with nearly planar six-membered
zirconacycles. The ligands are slightly twisted relative

to each other; the calculated twisting angles are 17.9°
and 16.1° for 1 and 2, respectively. In 1, the bond
distances for Zr—N and Zr—O are calculated to be about
2.217 and 2.045 A, respectively, for both ligands L.
However, for 2, Zr—N distances are 2.252 and 2.237 A,
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transition state

Figure 3. Optimized geometries (in A) of reactant, 7-complexes, transition state, and agostic products of the chain initiation
step for catalyst 7, with five-membered chelating rings. No y-agostic product was found.

and Zr—O distances are 2.038 and 2.024 A. A compari-
son of these numbers indicates that upon going from 1
to 2, the Zr—N bond elongates by 0.04—0.02 A, while
the Zr—0 bond shortens by 0.02 A. This effect can be a
result of the trans influence, indicating that in this case
O is a stronger trans ligand than N.

The calculated geometrical parameters for catalysts
3—6 are given in Figure 2. Catalyst 3, with two formate
(L = HCOy) ligands and four-membered zirconacycles,
has a tetragonal-pyramidal structure with an apical
methyl and overall C; symmetry. The two formate
ligands are not twisted relative to each other. Interest-
ingly, the two Zr—O distances are substantially asym-
metric within one formate; the Zr—O?* bond, 2.237 A, is
0.1 A longer than the Zr—02 bond, 2.138 A. Catalysts 4
and 5 with two amidate, (HN—CH—NH), and amidinate,
(HN—CH-O0), ligands, respectively, also possess Cs
symmetry. In 4, the Zr—N bond lengths within one
ligand are 2.217 and 2.177 A and differ by 0.04 A. In 5,
the Zr—N bonds, which are oriented cis to each other
are 2.250 A, i.e., are longer than those in 4. However,
the Zr—0O bond distances, which are also oriented cis to
each other are 2.114 A, i.e., shorter than those in 3.
Catalyst 6 is the trans isomer of 5 and is only 0.5 kcal/
mol higher in energy than 5. In this case the geometries
of two amidinate ligands are slightly different, with
Zr—0O and Zr—N distances of 2.168, 2.204 and 2.108,
2.249 A, respectively. There is no significant twisting
of the amidinate ligands.

In catalyst 7, with five-membered metallacycles, as
shown Figure 3, the ligands preserve their planarity,
as they do in 1 and 2, while they are twisted with

respect to each other. This result is similar to 1 and 2
and unlike 3—6. The N—N—0O—0 dihedral angle of 25.0°
for 7 is larger than that for 1 and 2. The Zr—N bonds
in 7, 2.403 A, are much longer than those in 1 and 2.
Consequently, its Zr—O bond length of 1.999 A is much
shorter than those in 1 and 2.

In summary, the common features of the studied
reactants are (i) pyramidal geometry with an apical
methyl ligand; (ii) planar ancillary ligand rings; and (iii)
ancillary ligands untwisted in three-membered ligands
(3—6), but slightly twisted with respect to each other
in four- and five-membered ligands (1, 2, and 7).

m-Complexes. The L,ZrMe(n?-C,H4)* m-complex is
the starting point of an important intermediate of the
ethylene polymerization reactions. In general, one may
expect two different z-complexes depending on the
coordination mode of the incoming ethylene molecule:
parallel and perpendicular, corresponding to the parallel
and perpendicular positioning of the ethylene C—C bond
with respect to the Zr—CMe bond. In the case of 1, the
coordination of ethylene to the Zr center gives only a
parallel z-complex; no perpendicular z-complex was
found for this system. As seen in Figure 1, the calculated
Zr—C3H, bond distances are surprisingly long, about 5
A, and the coordination of ethylene to the Zr-center of
1 does not change significantly the geometry of the
reactant, except for slight elongation of the Zr—N and
Zr—0 bond distances, which obviously is a result of the
interplay between L — Zr and C,H4 — Zr donations.
Although the exact values of Zr—C,H, bond distances
may be inaccurate due to a limited performance of the
B3LYP/LANL2DZ calculation at such long distances,
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this result clearly indicates a very weak ethylene
binding to this catalyst. The O—Zr—N bite angle in-
creases only by 3° upon coordination of ethylene, and
no additional twisting of the ligand rings relative to each
other occurs.

The coordination of ethylene to catalyst 2 also gives
only a parallel z-complex with much shorter Zr—C,H,
distances than that in 1, but the distance is still longer
than 3 A, indicating a weak olefin—catalyst interaction.
An important feature of this z-complex is that the
substrate coordination significantly twists ligand rings.
The dihedral N—N—O—0 angle is calculated to be 39.9°
in the w-complex, vs 16.1° in reactant 2. This indicates
a drastic difference in C,H4 interaction for 2 than for 1,
where the small twisting of ligands in the reactant
(17.9°) remained unaltered in the 7-complex (18.1°). The
O—Zr—0 bite angle in 2 (116°) is larger than in 1, and
there is less room for coordination of C,H4, which results
in a deformation and twist of the ligands.

With a large bite angle in catalyst 3, its parallel
m-complex is not distorted and has Cs symmetry. This
m-complex has much shorter Zr—Cethylene distances than
those for 1 and 2. The parallel 7-complex for 4 has
longer Zr—Cethylene honds and a shorter C—C bond and
hence is less strongly bound than for 3. In the case of
5, there are two sides (N-side and O-side, labeled as 5-N
and 5-O, respectively) of the reactant available for
coordination of the substrate, leading to two different
m-complexes and, subsequently, to different transition
states and products. For the N-side attack (5-N) of
ethylene, the shortest Hethylene_jamidate distance is only
2.59 A in the m-complex, and the donative interactions
and steric repulsion between the C,H; and amidate
ligands cause a large distortion of the ligands, with the
N—Zr—N bite angle of 91.9° in the reactant becoming
132.3° in the w-complex vs from 117.3° to 131.6° in 3
and from 118.9° to 133.3° in 4. For the O-side attack
(5-0), the Zr—C3H,4 bonds are shorter than for the N-side
attack. Interestingly, the Zr—O (“cis”) distances increase
by 0.07 A upon passing from the reactant to the
m-complex, while the Zr—N (“trans”) bond remains
virtually unaltered. The z-complex of 6 is geometrically
between those of 5-N and 5-O. Similarly to other species
with three-membered rings, it has virtually untwisted
ligand rings. No perpendicular z-complexes were found
for the catalysts 3—6.

For catalyst 7 we found only one w-complex. With the
CMe—Zr—(C—C)ethykene dihedral angle of 45.6°, it could
be properly referred to neither as “parallel” nor as
“perpendicular”. Similar geometrical twist has been
reported earlier for different transition metal com-
plexes.?® The ligands in the z-complex (with the dihedral
N—N—O—0O angle of 35.9°) are twisted more strongly
than in the reactant (25.0°). The larger twisting is
related to the increase in the O—Zr—0 bite angle (from
109.1° in the reactant to 118.4° in the z--complex), which
enables the CH, groups (from the ligand L) to come
closer to each other. In the symmetric configuration with
untwisted ligands (which is not a minimum and is 5.3
kcal/mol less stable than the twisted minimum), the H
atoms of two CH; groups are only 1.996 A apart, but in

(29) See: Albright, T. A.; et al. Orbital Interactions in Chemistry;
John Wiley & Sons: New York, 1997.
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the asymmetric (energy minimum) configuration they
are 3.199 A apart from each other.

To sum up the results for the #-complexes, the Zr—
Cethylene hond lengths vary widely depending on the
ancillary ligand. The mutual twisting of the ancillary
ligands depends crucially on the size of the ring; less
twisting takes place for smaller, three-membered rings,
where a larger bite angle leaves more room for the
incoming ethylene. It increases by 11° for four-mem-
bered ligands in 1 (from 25° in reactant to 35.9° in
s-complex), by 14° for five-membered ligands in 2 (from
16.1° to 39.9°), and by 18° (from 24.3° to 52.5°) for 7.

Transition States. In this section we will discuss the
geometries of the transition states corresponding to
ethylene insertion into the Zr—Me bond from the
parallel 7-complexes. Since the olefin insertion into the
Zr—alkyl bond is found to be one of the rate-determining
steps of many olefin polymerization processes, we
decided to investigate it in more detail.

In general, during the ethylene insertion into a Zr—
Me bond, the metal—Me bond and z-bond of the ethyl-
ene molecule are broken and Me—ethylene(C#—C?) and
metal—C® bonds are formed. As seen from Figures 1—3,
the calculated geometries of the obtained transition
states are consistent with this qualitative picture.
Indeed, the broken Zr—Me(C?) and C*—C# bonds are
elongated by 0.361 and 0.085 A, for 1, 0.128 and 0.075
A for 2, 0.110 and 0.060 A for 3, 0.135 and 0.060 A for
4,0.131 and 0.067 A for 5-0, 0.101 and 0.055 A for 5-N,
0.124 and 0.060 A for 6, and 0.175 and 0.060 A for 7.
On the other hand, the Zr—C® and C#—C bonds to be
formed are shortened and are 2.331 and 2.110 A for 1,
2.323 and 2.126 A for 2, 2.279 and 2.230 A for 3, 2.344
and 2.252 A for 4, 2.290 and 2.192 A for 5-O, 2.340 and
2.302 A for catalyst 5-N, 2.319 and 2.248 A for 6, and
2.279 and 2.319 A for 7. These geometry changes are
typical for olefin insertion transition states.3°

The ancillary ligands themselves also undergo sig-
nificant changes. In the transition states, they are
twisted so much that they become roughly perpendicu-
lar to each other. The twisting angle is calculated to be
70.3°, 64.0°, 55.5°, 53.3°, 63.8°,41.0°, and 58.5° in 2, 3,
4, 5-N, 5-O, 6, and 7, respectively. The Zr—O and
especially the Zr—N distances become longer, but the
ligand retains its planarity. The spectacular twisting
of the ligands is apparently a result of a changing
bonding environment during the reaction. More pre-
cisely, the Zr—C% bond in the transition state has
already acquired significant o-bond character. Conse-
guently, the transition state system turns to a true six-
coordinated structure, which prefers an octahedral or
nearly octahedral geometry. This causes the ligands to
adopt the twisted configuration. Note that the reactant
L.ZrMe™ and the products L,ZrPr* (vide infra) are
pentacoordinated complexes, while the s-complex should
be better described as a pentacoordinated complex with
an additional weakly bound ethylene ligand. In other
words, during the reaction w-complex — TS — y-com-
plex, the metal center changes its coordination number
from five — six — five, respectively.

Also, it should be noted that the transition states have
a significant agostic bond character due to the methyl
group. Indeed, Figures 1—3 show that one of the C—H

(30) Musaev, D. G.; Morokuma, K. Top. Catal. 1999, 7, 107.
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Figure 4. Potential energy profiles of the chain initiation
step (reaction 2) for all the catalysts.

bonds of the methyl group is elongated as much as 0.04
A because of the interaction with the Zr center.

Products: Agostic Complexes. The product of the
ethylene insertion reaction is the propyl complex L,-
ZrPr*, which can contain either - or y-agostic interac-
tions. The y-agostic product is presumably formed first,
with subsequent rearrangement to yield the -agostic
product. The strength of an agostic interaction can be
roughly estimated on the basis of the Zr—Hagstic and
C—Hagostic distances. In the y-agostic products for 1 and
2, the agostic bond is very weak, with a large Zr—Hagostic
distance, 3.229 and 3.341 A, and a short C—Hagestic hond
1.102 A, respectively. The g-agostic products exhibit a
much shorter Zr—Hagostic distance (2.502 and 2.456 A)
and a longer C—Hagostic hond (1.124 and 1.129 A), respec-
tively, than the y-agostic product. In 3—6, the y- and
pB-agostic bonds in the products are stronger than those
in 1 and 2, which is illustrated by shorter Zr—Hagostic
separations and markedly elongated C—Ha9stic phonds.

Interestingly, in the y- and S-agostic products, ancil-
lary ligands are either nontwisted (which is the case
for 3—6) or twisted very little (which is the case for 1,
2, and 7) relative to each other. Thus, in the reactant
the twisting angle of the ancillary ligands is either zero
(8—6) or small (1, 2, and 7). In the transition state the
twisting angle increases dramatically and then de-
creases again in the f-agostic product to almost the
same value as it was in the reactants.

For 7, we were not able to locate any y-agostic
product, and it is not likely to exist; all optimization
attempts led to the g-agostic product. In the S-agostic
product, the agostic interaction is comparable to that
of the corresponding three-membered ring species, 5-O.

Note that we have not studied the transition state
connecting y- and f-agostic complexes because this
reaction is not considered to be a rate-determining step
or of chemical importance.

1.B. Energetics. As seen in Figure 4, we have
presented the calculated energetics for the intermedi-
ates, transition states, and products of the reaction 2
for various model catalysts 1—7. Of all the calculated
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m-complexes, those associated with 1 and 2 have the
smallest ethylene binding energy of 4.4—4.5 kcal/mol,
which is consistent with extremely long Zr—C,H, bond
distances in these complexes as discussed above. Their
transition states are rather high in energy, 15.1 and
10.0 kcal/mol for 1 and 2 above the corresponding
reactants. This is probably the consequence of the cost
of geometry reorganization (mainly, the twisting of
ligand rings) upon going from the sw-complexes to the
transition states. The calculated activation barriers
(energy difference between the m-complex and corre-
sponding transition state structures) are found to be
19.5 and 14.5 kcal/mol, respectively. This ~5 kcal/mol
difference in the activation barriers is a result of the
larger stability of the transition state for 2 compared
to that for 1. In accord with the weak agostic bonds in
the products, the exothermicity of these two reactions
is relatively small, about 20 kcal/mol. The g-agostic
product is only slightly more stable than the corre-
sponding y-agostic product.

The m-complex for 3 has an ethylene binding energy
of 21.7 kcal/mol. This is the most stable z-complex
among all the systems under study. The high stability
of the --complex can be partially explained by the large
bite angle of the formate ligands, which distort little
upon coordination of ethylene. The transition state is
significantly lower in energy than the reactant. How-
ever, the effects of a more stable 7-complex and more
stable transition state nearly cancel each other out, and
the insertion barrier stays around 15.3 kcal/mol. The
product of the reaction 2 for 3 is also more stable than
those for all other catalysts studied here; the exother-
micity of the reaction 2 for 3 is calculated to be 28.4
kcal/mol.

Although catalyst 4 is formally similar to 3, it exhibits
some quantitative differences. Most importantly, the
ethylene binding energy of 8.1 kcal/mol, as well as the
exothermicity of the reaction at 22.5 kcal/mol, is sig-
nificantly less for 4 than for 3. The reduced stability of
the ethylene z-complex is in accord with the longer Zr—
Cethylene honds and shorter C—C bonds discussed above.
The transition state for 4 is also less stable than that
for 3 and lies 8.6 kcal/mol higher than reactants.
However, the calculated insertion barrier, 16.7 kcal/mol,
is very close to that for 3.

For 5-N, the z-complex is approximately as stable as
that for 4, and the transition state lies just 3.2 kcal/
mol above the reactants, leading to an insertion barrier
of 11.2 kcal/mol. The relative stability of the agostic
products for this catalyst is between the corresponding
values for 3 and 4. The energetics for the O-side attack,
5-O, is substantially different. The most important
difference is that the z-complex is about twice as stable
as for N-side attack. This is in accord with the Zr—
Cethylene hond length, but apparently also contributed to
by a smaller ligand distortion manifested by the change
of the O—Zr—0O bite angle from 118.7° to 130.4°. This
transition state lies 2 kcal/mol higher than that for the
N-side attack. Therefore, the insertion barrier is calcu-
lated to be 20.9 kcal/mol. The product of the reaction,
L>ZrPrt, is also slightly more stable for N-side attack
than for the O-side one. The comparison of these two
pathways (N-side vs O-side) for catalyst 5 indicates that,
while the N-side attack is kinetically more favorable, it
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Figure 5. Optimized geometries (in A) of reactant, z-complexes, transition state, and agostic products of the chain
propagation step (back-side attack), reaction 3, for catalysts 3 (upper numbers) and 4 (lower numbers).

is thermodynamically not accessible because of a larger
L>Zr(CH3)t—C,H,4 complexation energy on the O-side
pathway. Therefore, the ethylene insertion into the Zr—
Me bond of catalyst 5 is expected to be thermodynami-
cally controlled. However, explicitly including solvent
molecules and the zero-point energy and entropy cor-
rections into calculations may change this situation (see
our discussion below on catalyst 'Bu-5-O).

The -complex for 6 occupies an intermediate position
between the 5-N- and 5-O-side, but is closer to the latter.
The insertion barrier is calculated to be 17.6 kcal/mol
for 6. The overall exothermicity of the initiation step
is, however, slightly larger for 6 than for both the 5-N-
and 5-O-side. For 7, which possesses four-membered
rings, the ethylene complexation energy, insertion bar-
rier, and overall exothermicity of reaction 2 are calcu-
lated to be 8.9, 15.9, and 23.3 kcal/mol, respectively.

Thus, the energetics of reaction 2 is substantially
dependent upon the nature of the ancillary ligands L.
In general, the ethylene insertion barriers are relatively
high, 11—-20 kcal/mol. In other words, if ethylene
insertion into the Zr—Me bond is the rate-determining
step of the ethylene polymerization process catalyzed
by the studied model catalysts, one should expect a
relatively slow polymerization. However, an exception
can be the process proceeding via the N-side attack of
the catalyst 5, which shows the lowest insertion barrier
(11.2 kcal/mol) of all studied systems.

2. Chain Propagation Reaction. As discussed
above, the polymer chain propagation reactions (eqs
3-5) start from the product of the polymer chain
initiation reaction, p-agostic alkyl complex. Below, we
will discuss only reactions 3 and 4. Reactions 3 and 4
proceed via a mechanism similar to polymer chain
initiation reaction 2 and lead to linear polymer. How-

ever, there are some important differences between
reaction 2 and reactions 3 and 4. First, the reactant for
the propagation reactions is a 5-agostic complex, whereas
the initiation step starts from a nonagostic Zr—methyl
complex. Since some additional energy is required to
destroy or weaken the agostic bond, the formed z-com-
plex is expected to be less stable than that for the
initiation step. Furthermore, while during the initiation
reaction the coordination of C,H, to the metal center
from different positions is indistinguishable, during the
chain propagation, a substrate can coordinate to the
metal from two different sides; the two sides are the
side of the agostic bond (front-side attack, reaction 4)
and from the opposite side (back-side attack, reaction
3). This leads to two different processes. Indeed, the
front-side attack implies a complete break of the agostic
bond, because there is no room for both the agostic bond
and the olefin ligand, and may lead either to polymer
chain propagation via formation of a y-agostic product
or to chain transfer processes (see introduction to the
paper). The back-side attack does not necessarily de-
stroy the agostic bond completely, but usually it is
weakened due to the trans effect of the olefin ligand.
The back-side attack leads to polymer chain propagation
via formation of a 6-agostic complex, which can further
transform into y- and f-agostic products. Taking into
account the similarity in chain initiation and chain
propagation steps, we studied reactions 3 and 4 only
for catalysts 3 and 4. The calculated geometries of
reactants, intermediates, transition states, and products
of back-side attack (eq 3) for 3 and 4 are presented in
Figure 5, and those for front-side attack (eq 4) in Figure
6. The energetics are shown in Figure 7.

2.A. Catalyst 3. Back-side attack of the ethylene
molecule to the catalyst 3 leads to formation of both the
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Figure 6. Optimized geometries (in A) of reactant, sz-complexes, transition state, and agostic products of the chain
propagation step (front-side attack), reaction 4, for catalysts 3 (upper numbers) and 4 (lower numbers).

parallel and perpendicular z-complexes. However, the
perpendicular m-complex, not shown in Figure 5, is
calculated to be 5.2 kcal/mol less stable than the parallel
one and will not be discussed in detail. As seen in Figure
5, the parallel w-complex retains the g-agostic bond,
which is, however, elongated by 0.16 A due to the trans
effect of the C,H, ligand. Compared to the initiation
step, one of the Zr—C,H, bonds is significantly longer,
but the other is slightly shorter. In the parallel 7z-com-
plex, the formate ligands are not twisted, with the
O—0O—0-0 dihedral angle being —0.1°. The energetics,
shown in Figure 7, indicate that the ethylene complex-
ation energy of the parallel 7-complex is 17.0 kcal/mol,
which is 4 kcal/mol smaller than that for the initiation
reaction in Figure 4.

The transition state for the propagation step shares
the features of that for the chain initiation step, with
the most important being the drastic twisting of the
ligand. The agostic bond is preserved here and is even
slightly shorter than in the p-agostic reactant. This
agostic bond is reminiscent of a quite short d-agostic
bond, which is being formed. The transition state lies
5.5 kcal/mol below the -agostic reactant. This value is
quite close to the 6.4 kcal/mol for the initiation step.
However, the destabilization of the 7-complex (by about
4 kcal/mol) results in a decrease of the insertion barrier
to 11.5 kcal/mol from 15.3 kcal/mol for the initiation
step.

The primary product of reaction 3 is the d-agostic
complex, which lies 23.9 kcal/mol lower than reactants
for 3. However, it can easily transform to a more stable
(by 1 kcal/mol) y-agostic product. Surprisingly, its
p-agostic product lies 1.4 kcal/mol higher in energy than
the y-agostic product. The overall exothermicity of the
propagation reaction 3 is only 24.9 kcal/mol, which is
3.5 kcal/mol smaller than the corresponding value for
the initiation step. This difference should be attributed
to the agostic bond in the reactant of reaction 3.

Alternatively, the reaction can proceed via front-side
attack, which is characterized by a completely broken
fB-agostic bond in the z-complex. As shown in Figure 6,
in this case, only a parallel #-complex was located. It
differs markedly from that for the initiation step. The
Zr—C5 bond is much longer, most likely due to repulsion
between the ethylene ligand and the ethyl group of the
propyl ligand. This repulsion also accounts for a much
more open C3—Zr—C5 angle. The elongation (and
weakening) of the Zr—C5 bond is partly compensated
by a shorter Zr—C4 bond. Finally, both Zr—Cethylene
separations become almost equal. Overall, the front-side
attack sw-complex is only 0.7 kcal/mol less stable than
that for back-side attack.

The transition state for front-side attack differs even
more significantly from that for the back-side attack.
Most importantly, both Zr—Cethylene phonds are much
longer than in all the transition states described above.
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to the reactants: L,Zr(CHs)* + C,Hj.

Interestingly, the Zr—C5 bond is even longer than in
the m-complex. This means that the transition state is
a rather early one. Accordingly, the C5—C6 bond is quite
short and almost equal to that in the z-complex.
Another peculiarity is a very large Zr—C1—C4 angle,
which implies a substantial distortion of the propyl
ligand. Similarly to the case of the front-side attack
m-complex, all these geometrical features are easily
explained by the repulsion between the propyl and
ethylene ligands. Despite the fact that these structural
features may be viewed as destabilizing, the energy of
the front-side attack transition state is 0.6 kcal/mol
lower than that of the back-side attack. The insertion
barrier is 10.2 kcal/mol, i.e., the front-side attack is more
preferable. However, the difference with the back-side
attack is so small that it does not allow one to discrimi-
nate between the mechanisms. A very small difference
was also reported for zirconocene catalysts, with the
back-side attack being more favorable by about 0.3 kcal/
mol®. Hence, both front- and back-side attack are
predicted to take place. The front-side attack avoids the
0-agostic product and affords directly the y-agostic
product.

2.B. Catalyst 4. As shown in Figure 5 for the back-
side attack in 4, only a nontwisted parallel z-complex
was found. Its geometry is very similar to that of the
chain initiation step, with Zr—Cethylene honds being only
insignificantly longer than for the chain initiation step
m-complex. The similarity is compounded by the absence
of an agostic bond. Therefore, a relatively long and weak
agostic bond in the p-agostic reactant vanishes com-
pletely in the z-complex due to the trans effect of the
C,H4 ligand. The ethylene binding energy (6.4 kcal/mol),
as shown in Figure 7, is somewhat smaller than that
for the initiation step. This should be mainly attributed
to the above-mentioned break of the S-agostic bond.

The transition state is again twisted with an N—N—
N—N dihedral angle of 75.3°. The C3—C4 and Zr—C5
separations are smaller than the corresponding dis-
tances in the initiation step, while the C4—C5 bond is
slightly longer. All these results indicate that this is a
later transition state compared to the initiation step.
An important feature of this transition state, which is
shared also by 3, is that a new short agostic bond is
being formed corresponding to the d-agostic bond in
the product to be formed. The transition state is 10
kcal/mol above the fg-agostic reactant, which corres-
ponds to an activation energy of 16.4 kcal/mol. This is
almost identical to the respective value for the initiation
step.

The next participant of this reaction pathway is the
d-agostic complex. Its agostic bond is 0.18 A longer than
in the analogous o-agostic complex for 3. It is in
accordance with the relatively weak - and y-agostic
bonds. Similar to 3, the agostic bonds in the - and
y-agostic product are somewhat shorter than those for
the initiation step. For 4, the p-agostic product is the
most stable one and is, therefore, the final product of
the chain propagation reaction. The total exothermicity
of the propagation step is 23.2 kcal/mol.

For the front-side attack of the substrate we have
located a parallel 7-complex as shown in Figure 6, which
has slightly shorter Zr—Cethylene distances than that for
the back-side attack, but much larger C3—Zr—C5 and
Zr—C3—C4 angles. The front-side attack transition state
differs drastically from that for 3. The C1—C4 bond is
only 2.290 A. Though this value is markedly longer than
for the back-side attack and for the initiation step, it is
much shorter than in 3. The Cethylene_Cethylene hond js
also close to that for the initiation step. The energy of
this transition state is 1.4 kcal/mol lower than that of
the back-side attack transition state. The activation
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Figure 8. Optimized geometries (in A) of reactant, z-complexes, transition state, and agostic products of the polymer
chain isomerization step, reaction 5, for catalysts 3 (upper nhumbers) and 4 (lower numbers).

energy is 14.9 kcal/mol, which is 2.4 kcal/mol smaller
than that for the back-side attack.

3. Chain Branching Reaction. The polymer chain
branching reaction 5 can be divided into two steps. The
first of them is polymer chain isomerization and starts
with a -agostic alkyl complex, proceeds via C—H bond
activation and formation of a hydrido-olefin complex,
L,M(H)(CH,=CHCHj3)", followed by an internal rotation
of the olefin ligand and its reinsertion into the M—H
bond to form L,M(CH(CH3)2)". The second step is a
polymer chain propagation process that starts with the
substrate coordination to the L,M(CH(CHj3),)* complex
and yields branched polyethylene. Here, we study only
the polymer chain isomerization process for the cata-
lysts 3 and 4, as shown in Figures7 and 8.

The geometries of the reactants, intermediates, tran-
sition states, and products of the polymer chain isomer-
ization process for 3 and 4 are shown in Figure 8, and
their relative energies in Figure 7. The hydrido-olefin
complex, A, formed from the initial g-agostic propyl
complex, is distinguished by a very asymmetric propene
coordination, with two Zr—C distances differing by
almost 0.6—0.5 A. The Zr—H bond length of 1.8 A is
typical of zirconium hydride complexes. Energetically,
this hydrido-olefin complex is 20.7 and 24.5 kcal/mol
higher than the initial s-agostic complex for 3 and 4,
respectively. The transition state TS1 connecting this
species with the corresponding reactant is rather late,
with the Zr—H bond already formed, and is calculated
to be 3.5 and 4.3 kcal/mol higher than the hydrido-
propene complex, for 3 and 4, respectively. The C—H
bond activation energy is calculated to be 24.2 and 28.8
kcal/mol for 3 and 4, respectively. Later, the hydrido-
propene complex A transforms presumably easily to its
isomer B, which lies only 0.3 kcal/mol lower for 3, but
0.4 kcal/mol higher for 4. This transformation might be

described as an internal rotation about the Zr—C3 bond,
which remains nearly unchanged.

Further isomerization of the hydrido-propene com-
plex, B, to yield the isopropyl 5-agostic complex proceeds
via TS2. Geometrically, TS2 is similar to TS1 but is
earlier in accord with the energetics. Energetically, TS2
is 5.4 and 4.3 kcal/mol less stable than TS1, for catalyst
3 and 4, respectively. The activation energy for this step
is found to be 9.2 and 8.2 kcal/mol, and the isopropyl
pB-agostic product lies only 0.5 kcal/mol lower and 1.2
kcal/mol higher than the reactants, for 3 and 4.

Thus, polymer chain isomerization process that starts
from the S-agostic propyl complex is an energetically
unfavorable process because of higher agostic C—H bond
activation barrier and low stability of the hydrido-olefin
complex, A. It cannot compete with the polymer chain
propagation, which has a much smaller, 11.5(10.2) and
16.4(14.0) kcal/mol, migratory insertion barrier (num-
bers in and without parentheses are for the back-side
and front-side processes for 3 and 4, respectively) and
leads to linear polyethylene.

4. Effects of Bulky Substituents on the Reactiv-
ity and Reaction Mechanism. As seen from the above
presented results for the polymer chain initiation reac-
tion under study, (i) it occurs with a significant, 11.2—
20.9 kcal/mol, insertion barrier, with the smallest
barrier for catalyst 5-N, and the largest for 5-O; (ii) the
ethylene coordination to the transition metal center
gives only a parallel w-complex; (iii) the agostic product
and z-complex have either eclipsed or only insignifi-
cantly twisted ligands L, whereas in the migratory
insertions transition state (for every catalyst studied)
the planes of the two ligands L are twisted with respect
to each other in such a way that they form a quasi-
octahedral environment for the Zr atom. In other words,
the calculated transition state is additionally destabi-
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Figure 9. IMOMM structures of the tert-butyl-substituted catalysts 'Bu-4 and 'Bu-5. For clarity, the atoms in the ‘Bu-

groups will not be shown in Figure 10.

lized because of twisting of the ligands L. Therefore, one
can expect that a similar twisting of the ligands L in
the corresponding reactant and s-complex (relative to
which the insertion barrier is calculated) would decrease
the migratory insertion barrier. One of the factors that
could operate in this way might be steric effect. Bulky
substituents at the ligands L can force the rings to be
twisted in order to avoid the steric repulsion between
the substituents. Note that a favorable influence of
bulky substituents on the insertion barrier was recently
predicted for a number of catalysts.12:31

To elucidate the role of the steric effects in the
polymer chain initiation process studied above, we
examined the chain initiation reaction for catalysts 4
and 5 with H atoms of the NH groups replaced by tert-
butyl groups. These new catalysts are denoted as ‘Bu-4
and 'Bu-5, respectively. In these studies we have used
the IMOMM method, integrating MO and MM methods
(see section 2 for more detail).

4.A. Catalyst 'Bu-4. For the chain initiation reaction
for real catalyst ‘Bu-4, the IMOMM optimized geometry
of the reactant is shown in Figure 9, and those of the
reactant, m-complexes, transition states, and products
are shown (omitting the 'Bu group for clarity) in Figure
10. The reactant shows important geometrical differ-
ences in comparison with the model catalyst 4 shown
in Figure 2; amidate ligands which are eclipsed in the
model system 4 are strongly twisted in the real catalyst
Bu-4, with the N2—N1—-N4—N3 dihedral angle of 36.5°.
The geometry of the ligands L is rather asymmetric,
with the Zr—N distances being different from each
other. Except for Zr—N4, they are all longer than the
respective bonds for the model catalyst 4.

The structural changes in the z-complex, in compar-
ing Figures 2 and 10, are more significant. First, the
m-complex is a “perpendicular” one for the real catalyst
Bu-4, with a Cmethy—7Zr—C3—C2 dihedral angle of 74.4°,
while for the unsubstituted catalyst 4 it was found to
be parallel. Furthermore, the amidate ligands in the
m-complex of 'Bu-4 are even more twisted than in the
reactant; the N2—N1—N4—N3 dihedral angle is calcu-
lated to be 52.3° in the w-complex. This increase is due

(31) (a) Margl, P.; Deng, L.; Ziegler, T. J. Am. Chem. Soc. 1998, 120,
5517. (b) Margl, P.; Deng, L.; Ziegler, T. 3. Am. Chem. Soc. 1998, 120,
5517.

to a stronger steric repulsion. The two Zr—C;H4 bonds
lengths differ more than they do in the model catalyst
4. The Zr—N bond lengths differ significantly from those
in model 4 w-complex. In other words, the wz-complex of
‘Bu-4 has a quasi-octahedral geometry.

The transition state for real catalyst '‘Bu-4 reveals
more similarity with its unsubstituted 4 homologue. The
emerging C1—C3 bond is somewhat shorter for 'Bu-4,
but Zr—C2 is almost the same. More importantly, in the
'‘Bu-4 transition state the ligands L are twisted like in
the model catalyst 4. The N1-N2—N4—N3 dihedral
angle in '‘Bu-4 is 60.7°, which manifests little additional
twisting in comparison to 55.5° in 4. Note that the
relative similarity of the real ‘Bu-4 and the model 4 at
the transition state is in agreement with our qualitative
consideration (vide supra).

As we have seen before, chain initiation generally
yields a y-agostic product that can further transform
to give a f-agostic product. However, in '‘Bu-4, all
optimization attempts led to the S-agostic product and
we were not able to locate any y-agostic product; we
conclude that it is does not exist. The $-agostic product
is essentially similar to the reactant, with amidate rings
twisted by 37.6°. The g-agostic product of the real
catalyst 'Bu-4 has a 0.17 A longer agostic bond com-
pared to the model catalyst 4. This is merely a result of
the steric repulsion between the 'Bu groups and the
agostic hydrogen atom.

Within the context of the present study, the energetic
changes caused by the 'Bu substituents are even more
important than their influence on geometry. The most
important energy results for the chain initiation reac-
tion 2 with real catalyst 'Bu-4 and model catalyst 4 are
given in Table 1. Again, the IMOMM energy is the sum
of the energy of the MO part and the energy of the MM
part.

The most important difference between the model and
the real systems is in the stability of the z-complexes.
The real 'Bu-4 binds with ethylene weakly with the
coordination energy of 2.4 kcal/mol, which is smaller by
5.7 kcal/mol than that for model 4. The transition state
of the real system is destabilized only by 0.7 kcal/mol
with respect to that for the model system. As a result,
the barrier for ethylene insertion falls to 11.7 kcal/mol
in the real catalyst ‘Bu-4 from 16.7 kcal/mol for the
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Figure 10. IMOMM optimized geometries (in A) of reactant, -complexes, transition state, and agostic products of the
chain initiation step for tert-butyl-substituted catalysts 'Bu-4 and '‘Bu-5 (both for O-side attack and N-side attack). For

clarity, the atoms in the 'Bu-groups are not shown.

Table 1. Relative Energies (in kcal/mol) for the
Polymer Chain Initiation Reaction 2 for the Model
4 and Real '‘Bu-4 Systems

model real
structures MO IMOMM = MO part + MM part
reactant + ethylene 0.0 0.0 0.0 0.0
m-complex -8.1 2.4 -3.1 +0.7
transition state +8.6 +9.3 +8.0 +1.3
y-agostic n-propyl —-21.8
p-agostic n-propyl —22.5 —21.6 —21.6 0.0

model catalysts 4. The -agostic product is only slightly
destabilized (by 0.9 kcal/mol) compared to the model
system.

Even a cursory examination of the righthand column
of Table 1 shows that the MM contribution, which is
essentially the steric interaction, varies little going from
reactant though m-complex and transition state to
product. Thus, it is not the steric energy itself that
contributes crucially to the total energy and leads to the
decrease of the barrier. The obtained substantial dif-
ference between the model and the real systems is
mainly contributed by the electronic effects or the
energy change of the MO part due to the existence of
the bulky substituents. In other words, the influence of
the bulky substituents is indirect; the steric effects
dramatically distort the geometry of the z-complex of
the real system and induce large changes in the
electronic energies.

To sum up, the steric interaction imposes a more
substantial energy change on the z-complex than on the
transition state and results in the decrease of the
ethylene insertion barrier and improves the catalytic
activity of the system.

4.B. Catalyst ‘Bu-5. As was discussed above, the
incoming substrate may coordinate to the transition
metal center of the model catalyst 5 via two different
directions: from the side where two O-ligands are
positioned (5-O), and from the side where two NH
ligands are positioned (5-N). The 5-O path proceeds
through a relatively large, 20.9 kcal/mol, rate-determin-
ing barrier, while the second path, 5-N, proceeds only
through a 11.2 kcal/mol insertion barrier, which is found
to be the lowest ethylene insertion barrier of all the
studied model catalysts. Therefore, the examination of
the polymer chain initiation reaction for the catalyst
'‘Bu-5 is of particular interest. The calculated geometries
of the reactant, m-complexes, transition state, and
products are shown in Figures 9 and 10.

Contrary to catalyst 4, the differences between the
substituted and unsubstituted reactants are relatively
small in the case of catalyst 5. Most importantly, the
bulky alkyl groups cause no substantial amidinate
ligand twisting, the N—O—O—N dihedral angle being
only 1.3—1.7°. Obviously, the steric repulsion of two ‘Bu
groups (as opposed to four in the case of catalyst ‘Bu-4)
is not sufficient to distort the intrinsically eclipsed
conformation of the ligands L. However, the presence
of the bulky groups shortens the Zr—N bonds and
elongates the Zr—O bonds. These changes can be a
result of a significant increase in the N—Zr—N angle
(122.8° in real catalyst '‘Bu-5 compared to 91.9° in model
catalyst 5) and corresponding decrease in the O—Zr—0O
angle, which results in the decrease of the trans influ-
ence to N atoms from O atoms.

Let us start our discussions from the O-side attack.
The z-complex experienced more significant changes
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Table 2. Relative Energies (in kcal/mol) for the
Polymer Chain Initiation Reaction 2 for the Model
5-O and Real '‘Bu-5-O Systems Proceeding via
O-Side Coordination of Ethylene

Vyboishchikov et al.

Table 3. Relative Energies (in kcal/mol) for the
Polymer Chain Initiation Reaction 2 for the Model
5-N and Real '‘Bu-5-N Systems, Proceeding via
N-Side Coordination of Ethylene

model real model real
structures MO IMOMM = MO part + MM part structures MO IMOMM = MO part + MM part

reactant + ethylene 0.0 0.0 0.0 0.0 reactant + ethylene 0.0 0.0 0.0 0.0
m-complex —-15.7 —-12.6 —-145 +1.9 perpendicular 5.4 —5.6 +0.2
transition state +5.2 +2.3 +2.2 +0.1 sr-complex
y-agostic n-propyl —-22.1 —22.7 —22.7 0.0 parallel z-complex -8.0 —4.6 —-4.7 +0.1
p-agostic n-propyl —22.9 —24.6 —24.7 +0.1 transition state +3.2 +3.9 +3.4 +0.5

¢ L . . y-agostic n-propyl —24.5 —-23.0 —-23.7 +0.7
upon 'Bu substitution than the reactant; the twisting f-agostic n-propyl —249 -231 254 423

of the imidinate ligands is strong, which is manifested
by the N—O—O—N dihedral angle of 41.1°. However, the
ligand twisting in the transition state, 65.2°, is close to
that for the unsubstituted system, 63.8°. Both the
y-agostic and the p-agostic products are relatively
similar to their respective model system homologues and
will not be discussed in more detail. Thus, the replace-
ment of the H atoms of NH groups with the ‘Bu groups
in the catalyst 5-O introduces a small distortion in the
geometries of the reactant, product, and transition state
of the polymer chain initiation reaction, whereas the
m-complex experiences a large ligand twisting. There-
fore, one should expect some destabilization of the
m-complex of the real catalyst '‘Bu-5-O relative to
reactant and transition state compared with those for
model catalyst 5-O. The calculated relative energies are
shown in Table 2. Indeed, upon the substitution of the
H atoms by 'Bu groups, the w-complex is destabilized
by 3.1 kcal/mol. At same time, the transition state for
the real system 'Bu-5-0 is stabilized with respect to the
reactant by 2.9 kcal/mol in comparison to the model
system 5-O. The overall effect of the transition state
stabilization and the z-complex destabilization is the
decrease in the ethylene insertion barrier by 6.0 kcal/
mol, from 20.9 in the model system to 14.9 kcal/mol in
the real system. In other words, these data unambigu-
ously indicate that bulky substituents at nitrogen
facilitate the olefin insertion into the Zr—alkyl bond.
Table 2 indicates that the direct contribution from the
MM interactions to the relative energy is extremely
small, with an exception of the m-complex; the MM
energy contributes only 1.8 kcal/mol to the total de-
crease in the activation energy. In other words, the
steric interactions act mainly by means of induced
indirect electronic effects, as is the case for the catalyst
‘Bu-4.

Let us now study the most promising path, '‘Bu-5-N,
corresponding to the N-side attack of the substrate. Note
that both a parallel and a perpendicular w-complex were
located. Although the perpendicular w-complex is cal-
culated to be 0.8 kcal/mol more stable than the parallel
one, we will not discuss it here because the activation
barrier, which is of primary interest, is the energy
difference between the transition state and the parallel
m-complex from which the reaction starts. As seen in
Figure 10, the parallel z-complex is not a truly parallel
one because the C1—Zr—C3—C2 dihedral angle is 26.9°.
Some other geometrical parameters are also very dif-
ferent from its homologue for model catalyst 5-N. First,
it is extremely twisted, with an N—O—O—N dihedral
angle of 46.6°. Second, the two Zr—C,H, bonds are very
different, with the Zr—C3 distance being much shorter
than the Zr—C2 distance, opposite of the situation in

5-N. On the other hand, the Zr—N1 bond is 0.17 A
longer in 'Bu-5-N than in 5-N.

The geometries of the transition state for the real and
model systems are found to be rather similar. Similarly,
the changes in the geometries of the agostic products
of this reaction resemble those in the reactant, with the
exception of a slightly longer agostic bond in 'Bu-5-N
than in 5-N. The Zr—Hawstic distance in the y-agostic
product is larger by almost 0.4 A in the real system than
in the model system.

The relative energies of the chain initiation reaction
for the N-side attack are summarized in Table 3. As
seen in this table, the relative stability of the parallel
sw-complex for ‘Bu-5-N is 3.4 kcal/mol smaller than that
for 5-N. The transition state is in this case only slightly
(0.7 kcal/mol) destabilized by the steric effects. As a
result, the steric effects decrease the migratory insertion
barrier by 2.7 kcal/mol, from 11.2 in the model system
to 8.5 kcal/mol for the real system. This 8.5 kcal/mol
barrier for the real catalyst ‘Bu-5-N is small, and the
polymer chain initiation reaction (and propagation as
well) for this system should occur in very mild condi-
tions, which could make catalyst ‘Bu-5-N of practical
significance. However, the problem inherent in the
model catalyst 5 remains for the real catalyst ‘Bu-5; the
path 'Bu-5-O corresponding to the ethylene O-side
attack is thermodynamically more feasible because of
the relatively large ethylene complexation energy of 12.6
kcal/mol, while it is Kinetically less favorable because
of the relatively large, 14.9 kcal/mol, migratory insertion
barrier. The ethylene N-side attack path '‘Bu-5-N is
thermodynamically less feasible because of a relatively
small ethylene complexation energy of 4.6 kcal/mol,
while it is kinetically more favorable because of a
relatively small insertion barrier of 8.5 kcal/mol. In
other words, if the reaction is thermodynamically
controlled, it should proceed via the path 'Bu-5-O and
is expected to be a slow process. On the other hand, if
reaction is controlled to proceed via thermodynamically
less favorable path 'Bu-5-N, then it is expected to be a
relatively fast process.

However, one should note that the results presented
in Tables 2 and 3 and discussed above do not include
(i) zero-point energy and entropy corrections to the
energy, which were shown to destabilize the z-complex
and transition state about 10 kcal/mol relative to the
reactants, and (ii) solvent effects, which (a) may com-
pletely block the kinetically unfavorable path 'Bu-5-O
because complexation of solvent molecule to the O-side
complexation is expected to be stronger than the N-side,
and (b) may additionally destabilize the 7-complex and
transition state relative to the unsaturated reactant.
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Both of these effects are not likely to significantly
change the energy difference between the w#-complex and
transition state.

Conclusions

From the discussions given above, several important
conclusions may be drawn.

(1) The studied model complexes L,ZrMe™ are pre-
dicted to exhibit a moderate activity in ethylene inser-
tion into the Zr—CHj3 bond, with the ethylene insertion
barrier varying from 11 to 21 kcal/mol depending on the
ligand L. The lowest barrier was found for catalyst 5 in
the case of the N-side coordination of ethylene to the
Zr-center. Ethylene insertion into Zr—CzHjy for propaga-
tion was studied only for catalysts 3 and 4 and is found
to be 5—6 kcal/mol more favorable than that into Zr—
CHjs for initiation.

(2) The polymer chain branching process that starts
from the S-agostic propyl complex is an energetically
unfavorable process because of the high g-agostic C—H
bond activation barrier (24 kcal/mol for 3 and 29 kcal/
mol for 4) and low stability of the hydrido-olefin
complex. It cannot compete with polymer chain propa-
gation starting from the same -agostic propyl complex
that occurs with a much smaller migratory insertion
barrier (10 and 14 kcal/mol for 3 and 4, respectively).
Thus, ethylene polymerization catalyzed by the present
model complexes L,Zr(CH3)*™ would produce only linear
polyethylene.

(3) The reactants, w-complexes, and agostic products
have either eclipsed or only insignificantly twisted
ancillary ligands L, depending on the size of the L—M
ring, whereas in all migratory insertion transition states
the planes of the two ligands L are twisted with respect
to each other in such a way as to form a quasi-octahedral
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environment for the Zr atom. Thus, the calculated
transition states are additionally destabilized because
of twisting of the ligands L. Therefore, one can expect
that the similar twisting of the ligands L in the
corresponding reactants and sz-complexes (relative to
which insertion barriers are calculated) would decrease
the migratory insertion barriers.

(4) Indeed, IMOMM calculations of the real catalysts
‘Bu-4 and 'Bu-5 show that the steric effects caused by
bulky substituents significantly change the geometry of
the z-complexes while retaining the structure of the
transition state. As a result, the #-complex is destabi-
lized with respect to the transition state, and the
insertion barrier is lowered by 5, 6, and 3 kcal/mol for
catalysts 4, 5-O-side attack, and 5-N-side attack, re-
spectively. Thus, the presence of bulky substituents at
the ligands L increases the catalytic activity of 4 and 5.
The effect of bulky substituents on the transition states
can be used for design of better catalysts by exploiting
steric effects.

(5) Among all the studied reactions, the process '‘Bu-
5-N corresponding to ethylene coordination from the
N-side of the real catalyst '‘Bu-5 is the most promising.
If reaction is controlled kinetically, catalyst '‘Bu-5 is
expected to follow the 'Bu-5-N pathway with high
activity.
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