Downloaded by NAT LIB UKRAINE on July 6, 2009
Published on July 21, 2004 on http://pubs.acs.org | doi: 10.1021/0m0498100

Organometallics 2004, 23, 4077—4088

Catalytic Oligomerization of Ethylene to Higher Linear
ao-Olefins Promoted by Cationic Group 4
Cyclopentadienyl-Arene Active Catalysts: A DFT
Investigation Exploring the Influence of Electronic
Factors on the Catalytic Properties by Modification of
the Hemilabile Arene Functionality

Sven Tobisch*' and Tom Ziegler*

Institut fur Anorganische Chemie der Martin-Luther-Universitat Halle-Wittenberg,
Fachbereich Chemie, Kurt-Mothes-Strasse 2, D-06120 Halle, Germany, and Department of
Chemistry, University of Calgary, University Drive 2500, Calgary, Alberta, Canada T2N 1N4

Received March 15, 2004

Hessen and co-workers described Ti-based precatalysts of the title class bearing a
hemilabile ancillary arene functionality for ethylene trimerization. The analogues with the
heavier group 4 metals Zr and Hf as the active center have been recently explored
computationally. This study suggested the Zr-based system as a promising catalyst for
production of an oligomer mixture containing 1-octene besides the prevalent 1-hexene. Herein,
we have presented a detailed computational analysis of the influence of modifications of the
hemilabile arene functionality on the catalytic abilities of cationic group 4 [(#°-Cp-(CMezR'-
bridge)-CesHyR)M!"(C2H4).] T active species (M = Zr, Hf) for linear ethylene oligomerization,
employing a gradient-corrected DFT method. This comprised the arene substitution with
prototypical electron-releasing (R = Me) and electron-withdrawing (R = F, CF3) groups in
various combinations and also the enlargement of the Cp-arene connecting bridge by an
additional methylene group (R' = CH,;). The overall barrier connected with metallacycle
growth has been analyzed as being decisively determined by the strength of the M'V—arene
interaction in the metallacycle precursor, with the first arene displacement by incoming
ethylene as the major contribution to the relative kinetics. For catalysts bearing an extended
C,-bridge or a donor-substituted arene functionality this interaction becomes increased,
thereby acting to reduce the tendency for ethylene w-adduct formation and also increasing
the insertion barrier. The opposite influence has been found for substituents that are electron-
withdrawing. The barrier for metallacycle decomposition is essentially controlled by the
ability of the arene group to stabilize the transition state coordinatively. The donor and
acceptor abilities of the substituent have been described as the crucial electronic factor that
acts to accelerate and retard, respectively, this process. Among the two crucial elementary
processes, the ethylene insertion has been found as being distinctly affected to a larger extent
by the probed modifications of the hemilabile arene functionality. The influence of these
modifications, in modulating the oligomer product composition and the catalytic activity,
has been elucidated.
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Introduction

Higher (C4—Cy) linear a-olefins have become increas-
ingly important for polymer manufacturing®? as mono-
mers (Cyo for production of poly-o-olefins) and as
comonomers (C4—Cg for generation of linear low-density
LLDPES polyethylene) and also as additives for high-

* To whom correspondence should be addressed. E-mail: tobisch@
chemie.uni-halle.de.

T Martin-Luther-Universitat Halle-Wittenberg.

* University of Calgary.

(1) (@) Weissermal, K.; Arpe, H.-J. In Industrial Organic Chemistry.
Important Raw Materials and Intermediates; Verlag Chemie: Wein-
heim, 1978. (b) Parshall, G. W.; Ittel, S. D. In Homogeneous Catalysis,
The Applications and Chemistry of Catalysis by Soluble Transition
Metal Complexes; John Wiley & Sons: New York, 1992; p 56. (c) Al-
Jarallah, A. H.; Anabtawi, J. A,; Siddiqui, M. A. B.; Aitani, A. M.; Al-
Sadoun, A. W. Catal. Today 1992, 14, 1. (d) Bhaduri, S.; Mukesh, D.

10.1021/0m0498100 CCC: $27.50

density HDPE polyethylene production. Apart from
their application as polyolefin building blocks, higher
linear a-olefins are used for production of surfactants
(C10—Cyg)'candfor plasticizer (C¢—C10) manufacturing.1ce
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Among the many processes known for production of
a-olefins, nowadays oligomerization of the less expen-
sive ethylene is the predominant route,'¢&4 with the
Shell higher olefin process (SHOP)® as the predominant
industrial process.

The oligomerization of ethylene, which is promoted
by a variety of catalysts,67 typically gives a broad
Schulz—Flory distribution® of a-olefins having different
chain lengths, which have to be separated via fractional
distillation. Recently, intensive research in both aca-
demia and industry has targeted the development of
catalyst systems for selective ethylene oligomerization
for specific desirable a-olefins. There have been several
recent reports of the selective ethylene trimerization to
1-hexene with catalysts that are based on chromium,®
tantalum,® and titanium.1.12

In a recent work, Hessen and co-workers described
mono(cyclopentadienylarene)titanium systems bearing
a hemilabile ancillary arene ligand as generators for a
class of active catalysts for ethylene trimerization.12ab
Within this class, the cationic [(°>-Cp-(CMe;-bridge)-
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CsHs)Ti'V-(alkyl),]* species with a dimethyl-substituted
Ci-bridge connecting the Cp ring with the pendant
arene functionality has been observed as one of the most
active precatalysts that affords 1-hexene with high
selectivity.1?® We have recently reported comprehensive
theoretical mechanistic studies on the ethylene oligo-
merization with this Ti precatalyst as well as for the
related Zr and Hf systems.13 This allowed us to support
a mechanism involving metallacycle intermediates, first
proposed!*15 and recently conclusively corroborated® for
Cr catalysts as being favorable over a Cossee/Arlman-
type mechanism,® and to provide a detailed insight into
the important factors that are responsible for the
observed high selectivity of the Ti catalyst for ethylene
trimerization.

A tentative catalytic cycle for the Ti-mediated ethyl-
ene oligomerization, involving metallacycle intermedi-
ates of various ring sizes, suggested by Hessen and co-
workers?ab in great similarity to the original mechanistic
proposal of Briggs and Jolly for Cr-based catalysts,'#1°
has been verified recently in essential aspects by
computational studies.’3217 The suggested refined cata-
lytic cycle for oligomerization supported by the Zr and
Hf analogues?® is displayed in Scheme 1. The bis-
(ethylene)—M!'" complex represents the active catalyst
species that is generated via a smooth initial process of
precatalyst activation. The first step consists of the
oxidative coupling of two ethylenes, giving rise to the
metalla(lV)cyclopentane. Repeated ethylene uptake and
consecutive insertion into the M'V—C bond of the met-
allacycle increases their ring size. The various a-olefins
are generated through decomposition of the respective
metallacycle intermediate, following two distinct mech-
anisms. The conformationally flexible cycles starting
with the metalla(lV)cycloheptane preferably decompose
through the concerted transition-metal-assisted j-H
transfer, while a stepwise mechanism comprised of g-H
abstraction and subsequent reductive CH elimination
with an intervening alkenyl-hydride—M'V species is
operative for the conformationally rigid metalla(lV)-
cyclopentane. Due to the unfavorable kinetics connected
with the stepwise decomposition, for the five-membered
cycle the further growth by ethylene insertion is the
more likely process, thereby precluding formation of
1-butene (cf. Scheme 1). For the next two larger seven-
and nine-membered metallacycles, however, the com-
peting growth and decomposition steps have similar
barriers, which indicates that the two processes should
occur with comparable probabilities. The concerted 5-H
transfer becomes significantly retarded kinetically rela-
tive to the insertion step for metallacycles bigger than
the nine-membered ring, which are therefore indicated
as having a distinctly higher ability for further growth,
while the decomposition into the corresponding a-olefins
is almost entirely suppressed. Accordingly, the Zr- and
Hf-based systems are indicated to not promote the
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Scheme 1. Theoretically Refined Catalytic Cycle for the Linear Oligomerization of Ethylene Mediated by
the Cationic Heavier Group 4 [(°>-Cp-(bridge)-Ar)M'!(ethylene),]™ Active Catalysts (M = Zr, Hf, Ar = Ph)a13b

1-tetradecene <) M"-cyclopentadecane

1-dodecene <) M"-cyclotridecane

1-decene <){ M"Y-cycloundecane

1-octene —=— M'V-cyclononane

F3C
parent s
17°-Cp-(bridge)-Ar n°-Cp-(bridge)-Ar
Ar = CgHj Ar = CgHyF;

7°-Cp-(bridge)-Ar
Ar= C6H3(CF3)2

+t

n°-Cp-(bridge)-Ar
Ar= CGH2Me3

7°-Cp-(bridge)-Ar
Ar= CGH3M62

Figure 1. Explored substitution pattern of the hemilabile arene functionality of the [(5°-CsH-(CMe;R'-bridge)-CsHxRy)-
M'l(ethylene),]* (M = Zr, Hf) active catalyst complex, exemplified for CMe,-bridged systems.

ethylene oligomerization to a specific a-olefin, as the
parent Ti trimerization catalyst does. The product
mixture of the Zr-mediated process consists of 1-hexene
as the prevalent oligomer together with 1-octene.
1-Butene and a-olefins of chain lengths C;0—Cig, how-
ever, should occur in only negligible portions. A similar
composition of a-olefins having Cs—Cig chain lengths
(albeit as a minor fraction) is generated by the Hf
catalyts, but in contrast to the Zr system, here long
chain oligomers/polymers are likely to be the prevalent
fraction.130

The present investigation continues our systematic
theoretical exploration of the catalytic potential of group
4 mono(cyclopentadienylarene) compounds as catalysts
for the oligomerization of ethylene. Herein, we report
the detailed evaluation of the influence of electronic
factors on the catalytic abilities of the heavier group 4
[(17°-CsH4-(CMe;R'-bridge)-CsHyR,)M'" (ethylene),] ™ (M =
Zr, Hf) active catalyst complexes for ethylene oligomer-
ization. This comprises the substitution of the phenyl
ring with prototypical electron-releasing (R = Me) and
electron-withdrawing (R = F, CF3) groups in various
patterns and the enlargement of the C;-bridge by an
additional methylene group (R’ = CH,). Catalysts bear-
ing the pendant phenyl group of substitution pattern
shown in Figure 1 were explored for both CMe,- and
CMe,CHp,-bridged systems. The effect of the solvent and

the counterion was neglected in the present study; the
rationale behind them can be found elsewhere.13b

For the parent Ti-based systems, introduction of a
larger CMe,CH, C,-bridge and a dimethyl-substituted
phenyl ring still results in selective trimerization cata-
lysts, but causes a remarkable decrease in the catalytic
activity when compared to the above-mentioned most
efficient Ti system.12® The related Zr and Hf catalysts
are, however, hypothetical, as experimental studies on
their catalytic properties have not been reported so far.

The present investigation will contribute to a deeper
understanding of the catalytic structure—reactivity
relationships for ethylene oligomerization promoted by
the title class of group 4 catalysts. On the basis of these
enhanced insights, it is our goal to suggest directions
for promising modifications of Zr- and Hf-based cata-
lysts aimed at modulating the oligomer product distri-
bution to either the almost exclusive formation of
1-hexene or to maximize the 1-octene portion. The
influence of temperature on the relative portions of the
various oligomers has already been analyzed in our
previous study.13b

Computational Details

All reported DFT calculations were performed by using the
TURBOMOLE program package developed by Haser and
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Ahlrichs.®® The local exchange—correlation potential by
Slater'®ab and Vosko et al.'® was augmented with gradient-
corrected functionals for electron exchange according to Becke'%
and correlation according to Perdew'® in a self-consistent
fashion. This gradient-corrected density functional is usually
termed BP86 in the literature. In recent benchmark compu-
tational studies it was shown that the BP86 functional gives
results in excellent agreement with the best wave function-
based methods available today, for the class of reactions
investigated here.?° The suitability of the DFT(BP86) method
for the reliable description of the kinetic balance between the
metallacycle growth and decomposition steps of the group 4
metal-assisted ethylene oligomerization has been previously
demonstrated.'3®

Basis sets of valence triple-¢ quality for all elements2®
together with a quasirelativistic ECP for group 4 elements??
were employed in the geometry optimization and transition
state localization. The frequency calculations were conducted
by using the same basis set for group 4 elements,?? but split-
valence basis sets?!2 for the main group elements for structures
localized at this level. Further details of the computational
procedure were reported elsewhere.'®® The stationary points
were identified exactly by the curvature of the potential energy
surface at these points corresponding to the eigenvalues of the
Hessian. All reported transition states possess exactly one
negative Hessian eigenvalue, while all other stationary points
exhibit exclusively positive eigenvalues. For the oligomeriza-
tion to occur in liquid phase,? the solvation entropy for olefin
association and dissociation was approximated as being 2/3
of its gas-phase value. This is considered as a reliable estimate
of the entropy contribution in condensed phase; further details
were reported elsewhere.3?

To keep the notation consistent with previous studies,32?
the key species of the oligomerization process were labeled
with the following specific notation: viz., the metalla(lV)-
cycloalkanes XC; the respective ethylene z-adducts XC-E;
the a-olefin—M'" complex XC-O. The notation X = 7, 9 was
used to indicate whether seven- or nine-membered metalla-
cycle intermediates, i.e., metalla(l1V)cycloheptane or -nonane,
respectively, were involved.

Results and Discussion

We shall focus here entirely on the examination of
the competing growth and decomposition steps for
metalla(IV)cycloheptane, 7C, and -nonane, 9C, inter-
mediates. The kinetic balance between these elementary
processes has been analyzed to determine the product
distribution of oligomers in the valuable range of Cs—
C1g chain lengths (vide supra).t3 First, the influence of
the variation of the catalyst backbone on the energy
profile for the individual elementary steps will be
evaluated, which should then allow us to suggest

(18) (a) Ahlirichs, R.; Bar, M.; Haser, M.; Horn, H.; Kélmel, C. Chem.
Phys. Lett. 1989, 162, 165. (b) Treutler, O.; Ahlrichs, R. J. Chem. Phys.
1995, 102, 346. (c) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.;
Ahlrichs, R. Chem. Phys. Lett. 1995, 242, 652.
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(b) Slater, J. C. Phys. Rev. 1951, 81, 385. (c) Vosko, S. H.; Wilk, L.;
Nussiar, M. Can. J. Phys. 1980, 58, 1200. (d) Becke, A. D. Phys. Rev.
1988, A38, 3098. (e) Perdew, J. P. Phys. Rev. 1986, B33, 8822.; Phys.
Rev. B 1986, 34, 7406.
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100, 5829. (c) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs,
R. Chem. Phys. Lett. 1995, 240, 283. (d) Eichkorn, K.; Weigend, F.;
Treutler, O.; Ahlrichs, R. Theor. Chim. Acta 1997, 97, 119. (e)
TURBOMOLE basis set library.

(22) (a) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. J. Chem. Phys.
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promising catalyst modifications aimed at improving
their catalytic abilities.

I. Examination of Critical Elementary Pro-
cesses. A. Growth of Metallacycle Intermediates.
The key species for ethylene insertion into the M'V—-C
bond of the metalla(lV)cycloheptane 7C to afford the
metalla(l1V)cyclononane intermediate 9C are displayed
in Figure 2, exemplified for CMe,- and CMe,CH,-
bridged Zr catalysts with the parent arene functionality
(Ar = CgHs). Table 1 collects the energetics for the
growth of seven- and nine-membered zircona(lV)- and
hafnia(lV)cycles, 7C and 9C, for all investigated cata-
lysts. As revealed from the key species, the first ethylene
uptake affording the encounter complexes 7C-E and 9C-
E, respectively, comes at the expense of the M'V—arene
interaction. The ancillary phenyl group preferably
adopts the »'-mode for CMe,-bridged metalla(lV)cyclo-
alkanes, while it is only slightly unsymmetrical, thus
more strongly coordinated for the systems with the
larger CMe,CHo.-bridge. As a general trend, for both C;-
and C,-bridged species, the nearest M'V—arene contact
(i.e., M—C18 distance, cf. Figure 2) is found to become
shorter/longer when the phenyl group is substituted
with donor/acceptor ligands, respectively, relative to the
parent systems (Ar = CgHs). This indicates that, in the
absence of unfavorable steric interactions, electron-
releasing substituents enhance the strength of the M'V—
arene interaction in 7C and 9C, while electron-with-
drawing groups act to destabilize (vide infra). For the
incoming ethylene to become accommodated, the hemi-
labile arene functionality has to be displaced from the
immediate proximity of the metal in 7C-E and 9C-E,
both of which are characterized as weak ethylene
m-adducts (cf. Figure 2). The phenyl group still resides
outside of the direct coordination sphere of the metal
during the insertion process until it approaches the
transition state, before becoming reattached after the
TS decays into the next larger metalla(lV)cycloalkane.
The overall highest barrier of the cycle growth process,
comprised of the ethylene uptake and insertion steps,
is connected with the insertion, while the uptake
requires a significantly lower barrier.13a

As a general characteristic, the metallacycle growth
process is accompanied by the displacement of the
ancillary arene functionality by the incoming ethylene.
Accordingly, the ethylene insertion should be kinetically
more facile the weaker the M'V—arene interaction in 7C
and 9C is. On the other hand, a strongly coordinating
phenyl group, which makes it more difficult for incoming
ethylene to coordinate, should retard the insertion, or
even preclude metallacycle growth entirely. This ratio-
nale is supported by the predicted stabilities of the
ethylene encounter complexes 7C-E and 9C-E and also
by the insertion barriers for the investigated catalysts
(cf. Table 1). As for the parent systems, the extended
C,-bridge acts to adapt better to the larger ionic radius
of Zr and Hf, resulting in a stronger coordination of the
unsubstituted phenyl group in the metalla(l1V)cycloal-
kanes (cf. Figure 2). This gives rise, independent of the
metal and the cycle size, to a thermodynamically less
favorable formation of the ethylene w-adducts XC-E and
furthermore to higher insertion barriers for the CMe,-
CHy-bridged systems when compared to the counter-
parts with a CMe,-bridge. As a further general aspect,
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Ar = CeHs
Ar= CeHaMe,  M-C'= 263,
Ar= CgHa(CFa)z M-C'= 277

Ar=CgHs )
Ar = CgHaMez mci=aes 7"
Ar=CaHs(CFaly M-C'*=3.43

Ar=CgHs
Ar= CghaMez
Ar= CgHa(CFalz M-C'*=274

Ar= CgHs .
Ar=CgHaMez  M-C'*=3.20
Ar= CeHa(CFa)z M-C'*=3.85

TS[7C-9C] MIV-CgH16 9C
M = Zr) (M =Zr)

Figure 2. Selected geometric parameters (A) of the optimized structures of key species for ethylene insertion into the
M!V—C bond of the metalla(lV)cycloheptane 7C giving rise to the metalla(lV)-cyclononane intermediate 9C, for CMe,-
bridged (top) and CMe,CH,-bridged (bottom) systems,23 exemplified for the Zr catalyst with the parent (Ar = CgHs) arene
functionality. The cutoff for drawing M—C bonds was arbitrarily set at 2.8 A.

Table 1. Calculated Gibbs Free-Energy Profile (AG, AG* in kcal mol~t) for Growth of Group 4 Metallacycle
Intermediates during the Linear Oligomerization of Ethylene Mediated by the Cationic
[(1#5-CsH4-(CMezR'-bridge)-CsHxRy)M!(C,H.).]T (M = Zr, Hf) Active Catalyst Complex®2®

AchfEb AG* AG
cycle growth arene functionality M = Zr/Hf M = Zr/Hf M = Zr/Hf
MV—Cg — MV—CgH3 CeHs 7.1/7.0 14.5/15.7 —5.3/-5.2
7C + Cy;Hs — 7C-E—9C CeHzF3 4.9/4.7 12.7/13.9 —5.1/-4.9
CMe,-bridge CeH3(CFa):2 2.211.8 11.2/12.0 —4.0/-4.0
CgHsMe; 9.7/9.4 17.8/19.0 —6.4/-4.9
CeH,Mes 10.3/10.2 18.4/19.7 —6.5/-5.0
CMe,CHy-bridge CeHs 11.7/10.9 18.3/19.8 -8.1/-6.2
CeHzF3 6.3/5.8 13.0/13.8 —8.0/-6.5
CeH3(CF3) 2.3/2.1 10.0/11.1 —7.5/-5.6
CsHsMe; 15.8/16.6 23.3/25.4 —7.3/-5.2
CsHoMes 17.1/17.8 24.8/27.0 —6.6/—5.1
MWV—Cg — MV—CyoHyo CeHs 12.6/12.4 17.3/17.4 -11.0/-10.4
9C + CHs — 9C-E — 11C CsH2F3 9.4/8.7 14.7/14.9 —11.0/-10.7
CMe,-bridge CeH3(CF3)2 4.7/3.2 10.5/10.7 —12.0/—11.3
CgHsMe; 15.7/14.0 20.6/19.2 —9.5/-10.4
CgH,Mes 16.2/14.5 21.1/19.8 —10.0/-10.5
CMe,CH»-bridge CeHs 17.5/16.4 23.1/21.2 —9.8/-10.7
CeHzF3 13.1/11.5 17.5/16.1 -9.7/-10.4
CgH3(CF3), 6.5/5.5 12.5/11.3 —10.2/-10.8
CgHsMe; 20.4/21.0 26.8/25.7 —9.9/-10.8
CeH,Mes 22.0/21.0 27.3/26.7 —10.2/-10.6

aThe activation and reaction free energies for individual processes are given for Zr-/Hf-based catalysts, respectively, relative to
{corresponding metallacycle precursor XC + CyHg}. P Stabilization of the ethylene z-adduct XC-E (with X = 7, 9, respectively).

electron-donating substituents stabilize the M'V—arene
interaction in the metalla(IV)cycloalkane precursors
(vide infra). They are therefore acting to reduce the
ability to generate the encounter complex XC-E (i.e.,
their thermodynamically determined abundance) and
will also make the insertion more difficult kinetically.
The opposite behavior is predicted for substituents that
are electron-withdrawing (cf. Table 1).

To get a more detailed insight into the substituent’s
influence, the overall insertion process has been divided
into the monomer uptake and insertion steps and is
analyzed by making use of a simple isodesmic relation,

expressed in eq 1 for metalla(lV)cycloalkanes XC, as an
example.?*

XC(Ar = CgH;) + toluene-R — XC(Ar = CH,R,) +
toluene (1)

Therein, R designates the substitution (R = Me, F, CF3,

(23) MV—CgH1, and MV—CgHj6 denotes the metalla(lV)cycloheptane
7C and -nonane 9C intermediates, respectively.

(24) A compilation of all data related to this analysis can be found
in Tables S1 and S2, included in the Supporting Information, for the
metallacycle growth and decomposition processes, respectively.
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in different pattern, cf. Figure 1) of the parent arene
functionality (Ar = CgHs) and of toluene, respectively.
As clearly revealed from Table S2 (cf. Supporting
Information package), electron-withdrawing/-donating
substituents cause, in the absence of unfavorable steric
interactions, a lower/higher stability of the metalla(1V)-
cycloalkanes. This is seen to correlate well with the
substituent’s acceptor strength and the number of donor
substituents.?> The electronic stabilization of the group
4 metal—arene interaction by donor groups is well-
known and is manifested by the several reported X-ray
structures, with the strongly basic CsMes-substituted
arene group as a prime example of low-valent and high-
valent complexes.?® The relative thermodynamic abun-
dance of the encounter complexes XC-E with a donor/
acceptor-functionalized phenyl group is also predicted
to follow a regular trend. Furthermore, the first phenyl
group displacement during the ethylene uptake is seen
to contribute to a major extent in the variation of the
overall rate of ring extension. On the other hand, the
intrinsic insertion barrier (i.e., AGjn*, relative to the
corresponding ethylene w-adduct XC-E) is less affected
by electronic factors, falling within a very narrow range
of only ~1 kcal mol~! for the individual catalysts (cf.
Table S1 in the Supporting Information).

According to this analysis, the Kinetics of the metal-
lacycle growth is decisively determined by the strength
of the M'V—arene interaction in the metalla(lV)cycloal-
kane precursor XC. As the general trends elucidated,
first, the extension of the C;-bridge by an additional
methylene group amplifies this interaction, thereby
increasing the insertion barriers for the parent group 4
catalysts (Ar = Cg¢Hs, M = Zr, Hf) by approximately 4
and 5 kcal mol~! (AAG?, cf. Table 1), for the process with
7C and 9C as precursors, respectively. Notably, this gap
becomes larger for donor-substituted catalysts, while
electron-withdrawing groups reduce the gap. Second, a
donor-functionalized hemilabile arene group acts to
retard the insertion, while substituents that are electron-
withdrawing cause the metallacycle growth kinetically
more easily. Both trends are found to correlate well with
the number as well as the donor—acceptor characteristic
of the substituents (cf. Table 1). The manipulation of
the electronic nature of the phenyl ring is seen to affect

(25) For the catalysts investigated in this study (cf. Figure 1) the
various substituents on the hemilabile phenyl group are likely to affect
the individual elementary steps primarily by their electronic properties,
while sterics are found to play a minor role. Steric pressure on the
phenyl group, which, for instance, are due to unfavorable steric
interactions of the terminal M—C bonds of the metallacycle fragment
and/or of the incoming ethylene with ortho-phenyl substituents, have
a pronounced influence on the energy profile. As exemplified for the
insertion process, for catalysts with a pentamethyl-functionalized
phenyl group (Ar = CgMes), formation of the encounter complex and
also ethylene insertion become disfavored relative to the counterparts
bearing the 75-Cp-(bridge)-CsH,Me; ligand. This causes the insertion
barrier, in general, to increase by another ~7—8 kcal mol~1, which is
essentially due to enhanced steric interactions. The influence of steric
factors on the oligomerization reaction course, however, will be the
subject of a forthcoming investigation.

(26) (a) Green, M. L. H. J. Chem. Soc., Chem. Commun. 1973, 866.
(b) Green, M. L. H. J. Chem. Soc., Chem. Commun. 1978, 431. (c) Cloke,
F. G. N.; Green, M. L. H. J. Chem. Soc., Dalton Trans. 1981, 1938. (d)
Cloke, G. J. Chem. Soc., Chem. Commun. 1987, 1667. (e) Cotton, F.
A.; Kibala, P. A.; Wojtczak, W. A. J. Am. Chem. Soc. 1991, 113, 1462.
(f) Gillis, D. J.; Tudoret, M. J.; Baird, M. C. J. Am. Chem. Soc. 1993,
115, 2543. (g) Pellecchia, C.; Grassi, A.; Immirzi, A. 3. Am. Chem. Soc.
1993, 115, 1160. (h) Bochmann, M.; Lancaster, S. J.; Hursthouse, M.
B.; Malik, K. M. A. Organometallics 1994, 13, 2235. (i) Lancaster, S.
J.; Robinson, O. B.; Bochmann, M.; Coles, S. J.; Hursthouse, M. B.
Organometallics 1995, 14, 2456.
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the Kinetics of the insertion process for C,-bridged
catalysts to an exceptional extent (AAG* = ~15 kcal
mol~1, for 7C with #°>-Cp-(bridge)-C¢H3(CF3)2 and #°-Cp-
(bridge)-CsH2Mejs ligated catalysts, as an example), and
to a lesser, but still remarkable (AAG* = ~7.5 kcal
mol~1), extent for C;-bridged systems (cf. Table 1). The
stronger M'V—arene interaction in XC for the first
systems has been rationalized as being the origin.

The thermodynamics of the insertion process, how-
ever, is seen to be less influenced by modifications of
the hemilabile arene functionality, as the thermody-
namic driving force is predicted to fall into a rather
narrow range (cf. Table 1). Overall, growth of the seven-
and nine-membered zircona(lV)- and hafnia(lV)cycles
is an exergonic process, such that thermodynamic
grounds are not likely to prevent metallacycle growth.

B. Decomposition of Metallacycle Intermediates
Affording a-Olefins. Decomposition of 7C and 9C into
the 1-hexene—M', 7C-O, and 1-octene—M!, 9C-O,
products proceeds through the concerted -H transfer
occurring in close proximity to the metal. The key
species involved along this process are shown in Figure
3, exemplified for CMe,- and CMe,CH,-bridged Zr
catalysts with the parent phenyl group (Ar = CgHbs).
Table 2 summarizes the energy profile for all investi-
gated catalysts. The transition state encountered con-
stitutes a quasi-planar arrangement of the MCfHC
fragment, where the shifted hydrogen atom is at roughly
equal distances from Cf and C% (cf. Figure 3). In
contrast to the insertion step, here the pendant phenyl
ligand assists the decomposition in two directions: first,
to act to compensate for the reduction of the coordina-
tion sphere around the metal, thereby stabilizing the
transition state coordinatively; second, to support the
metal’s low oxidation state in the a-olefin—M" products
XC-O (cf. Figure 3). Accordingly, the concerted -H
transfer should become accelerated for a hemilabile
arene functionality that amplifies the M—arene interac-
tion in the transition state effectively.

Again, we employed a simple isodesmic relation (cf.
eq 1)2* for the involved key species in order to obtain a
more detailed insight into how electronic factors influ-
ence the kinetics of this elementary step. As already
analyzed in the previous section, for the zircona(1V)- and
the hafnia(l1V)cycle precursors 7C and 9C the M'V—
arene interaction becomes amplified for systems with
an enlarged Cy-bridge and also by a donor-functionalized
phenyl group. Electron-withdrawing substituents, how-
ever, diminish the same interaction. Similar general
trends are also found for the transition states for 5-H
transfer. As revealed from Table S2 (cf. Supporting
Information package), donor substituents stabilize the
transition state for both C;- and Cy-bridged Zr- and Hf-
based species to an extent that is similar to that found
for the respective precursor XC. This results in energy
profiles that are nearly congruous to the parent systems
(Ar = CgHs), with relative barriers that vary by only
~1-2 kcal mol~! (AAG¥, cf. Table 2). For C,-bridged
catalysts with Ar = CgH,Mejs, unfavorable steric inter-
actions between the para-methyl substituent and the
metallacycle fragment cause a destabilization of the
transition state that leads to slightly larger barriers for
these cases. In contrast, the transition state is seen to
be less stabilized relative to the precursor XC for
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MIV—_CgH)2 7C (M = Zr)

TS[7C-7C-0] (M =Zr)

1-hexene-MI 7C-Q (M = Zr)

Figure 3. Selected geometric parameters (A) of the optimized structures of key species for decomposition of the metalla-
(IV)cycloheptane 7C into the 1-hexene—M!" complex 7C-O through concerted transition-metal-assisted 3-H transfer, for
CMe,-bridged (top) and CMe,CH,-bridged (bottom) systems.?3 See Figure 2.

Table 2. Calculated Gibbs Free-Energy Profile
(AG, AG* in kcal mol~t) for Decomposition of
Group 4 Metallacycle Intermediates Affording
o-Olefins during the Linear Oligomerization of
Ethylene Mediated by the Cationic
[(7°-CsH,-(CMezR'-bridge)-CsHxR, )M (C2H4),]" (M =
Zr, Hf) Active Catalyst Complex223

cycle arene AG* AG
decomposition functionality M = Zr/Hf M = Zr/Hf
MIV*Csle - CsHs 13.1/17.4 —9.0/—-3.7
1-hexene—M"
7C —7C-O CsH2F3 16.1/20.5 —5.1/0.0
CMe,-bridge CsH3(CF3)2 16.9/21.5 —8.3/-3.2
CsHsMe; 12.2/16.4 —9.9/-5.0
CsH2Mes 13.0/17.3 —7.8/-2.9
CMe,CH,-bridge CeHs 9.8/14.8 —11.2/-6.2
CeH2F3 10.6/15.1 —-10.1/-5.5
CeH3(CF3)2 10.5/15.3 —17.8/—13.8
CeHszMe, 11.3/16.9 —10.4/-4.8
CeHz2Mes 13.0/18.6 —8.3/-2.7
MIV—CsHls - C5H5 16.1/20.1 —15.3/-10.1
1-octene—M!"
9C — 9C-O CeH2F3 19.7/23.0 —11.3/-6.6
CsH3(CF3)2 19.6/23.3 —15.7/-11.1
CsHsMe;, 16.9/19.4 —15.6/—12.2
CsH2Mes 17.9/20.4 —13.4/-10.0
CMeZCHg-bridge CsHs 16.3/18.9 —14.9/-12.3
CsH2F3 17.6/20.0 —14.0/-11.4
CsH3(CF3)2 16.7/19.1 —22.0/-20.5
CeHszMe;, 17.1/19.9 —14.8/-11.8
CeH2Me3 17.8/21.2 —13.2/-9.5

aThe activation and reaction free energies for individual
processes are given for Zr-/Hf-based catalysts, respectively, relative
to the corresponding metallacycle precursor XC.

catalysts with an acceptor-substituted arene group. This
is most pronounced for Zr and Hf catalysts with a C;-
bridge, giving rise to a kinetically more difficult g-H
transfer having barriers that are ~3—4 kcal mol~!
(AAGH, cf. Table 2) higher than for the parent catalysts
(Ar = CgHs), but less effective for the corresponding C»,-

bridged systems having predicted barriers that are very
similar to the parent catalyst.

Different from the insertion process, where the
strength of the M—arene interaction in the precursor
XC is the crucial factor that determines the Kinetics,
the barrier for g-H transfer is essentially controlled by
the ability of the hemilabile arene functionality to
stabilize the transition state coordinatively. The decom-
position of 7C becomes facilitated kinetically for Zr and
Hf catalysts with an enlarged C,-bridge, as indicated
by the reduction of the barrier for the parent catalysts
(Ar = CgHs) by ~3 kcal mol~! (AAGH, relative to the C;-
bridged congeners, cf. Table 2). The similar energy
profiles predicted for C;- and C,-bridged parent catalysts
(Ar = CgHs, M = Zr, Hf) in the process commencing from
9C reveal the minor influence of the bridge length in
this case. Here, unfavorable steric interactions between
the C,-bridged phenyl group and the metalla(lV)cy-
clononane fragment come into play, which counterbal-
ance the coordinative stabilization of TS[9C-9C-O].
Overall, the modification of the electronic nature of the
hemilabile arene functionality is indicated as having
only a modest influence on the energetics of the decom-
position step. The donor ability of the substituent is the
crucial electronic factor for the stabilization of the
transition state, thereby acting to accelerate the 5-H
transfer. For the catalysts with methyl-substituted
arene functionalities probed in the present investiga-
tion, however, both the precursor XC and the transition
state are supported to an almost identical extent, in the
absence of unfavorable steric interactions, thus affecting
the kinetics and the thermodynamics in a less pro-
nounced fashion. With regard to electronic factors, the
decomposition is predicted to become kinetically more
complicated with electron-withdrawing substituents,
due to a less efficient M—arene interaction in the
transition state.
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Scheme 2. Condensed Gibbs Free-Energy Profile (kcal mol~!) of Competing Metallacycle Growth and
Decomposition Steps of the Linear Oligomerization of Ethylene by the Cationic
[(7>-Cp-(CMe,-bridge)-CsHxR,)M"(C2H.4).]T (M = Zr) Active Catalyst?

AG
(kcal mol'™")

A

20 +

15 +

-5 L

-10 4

a Exemplified for 7C and 9C as the precursors, respectively, with 7C chosen as reference. The profiles for catalysts with the
parent (Ar = CgHs), the acceptor-substituted (Ar = CgH3(CF3)2), and the donor-substituted (Ar = CsHsMe;) hemilabile arene
functionalities are marked in black, red, and blue, respectively. Bold and broken lines indicate key species along growth and

decomposition paths, respectively.

I1. Influence of Modifications of the Hemilabile
Arene Functionality on the Catalyst's Potential
for Linear Oligomerization of Ethylene. Having
elucidated the influence of modifications of the hemi-
labile arene functionality on the energetics for the
metallacycle growth and decomposition processes, the
first of which has been shown to be affected to a larger
extent, the potential of the investigated systems as
efficient catalysts for oligomerization of ethylene to
higher linear a-olefins is analyzed next. The oligomer
product distribution has been shown in our previous
study?3® to be almost entirely regulated by the relative
kinetics for the competing growth and decomposition
steps (AAG*4_g),2” where 7C and 9C are the crucial
precursors for production of a-olefins in the valuable
range of C¢—Cig. The condensed free-energy profiles for
the investigated Zr and Hf catalysts bearing CMe,- and
CMe,CH,-bridges are presented in Schemes 2—5, re-
spectively. These schemes comprise the growth and the
decomposition of 7C and 9C, exemplified for the parent
(Ar = CgHs) catalysts and for catalysts with prototypical
donor- (Ar = CgHzMe,) and acceptor-substituted (Ar =
CeH3(CF3),) arene functionalities. The composition of
the a-olefin products is estimated from a simple kinetic
model that employs the computed barriers. Tables 3 and

(27) The AAG*4_4 value represents the difference of the free-energy
barriers for competing decomposition and growth steps for a particular
metallacycle intermediate.

4 collect the estimated oligomer distribution and the
relative thermodynamic abundance of various metalla-
cycle intermediates, respectively, for all investigated
catalysts; further details are given elsewhere.!3®

The parent (Ar = CgHs) Ci-bridged Zr system has
been suggested in a recent computational study®® as a
promising catalyst possessing abilities for production of
1-octene besides the prevalent 1-hexene oligomer prod-
uct. As revealed from Scheme 2, here, both 7C and 9C
exhibit a slightly higher propensity for decomposition
than for growth. The computed AAG¥;_4 gap?’ of only
—1.4 kcal mol~* for 7C, however, indicates a certain
probability for formation of 9C, thereby giving rise to a
1-hexene/1-octene oligomer mixture, with 1-hexene as
the major product (cf. Table 3). For the related catalysts
bearing arene functionalities with electron-releasing
substituents, which act to accelerate slightly the con-
certed -H transfer and retarding insertion (cf. sections
LA, 1.B), the AAG*;_4 gap becomes significantly in-
creased for both 7C and 9C, making the -H transfer
the more favorable process. The predicted AAG¥4_4 gap
of >—5 kcal mol~! (cf. Scheme 2) is likely to be large
enough to prevent further growth of 7C, thereby switch-
ing the parent Zr system into a highly selective catalyst
for ethylene trimerization, as evident from the esti-
mated product composition (cf. Table 3). As a further
relevant aspect, the available catalytic species are
consumed almost quantitatively for production of 1-hex-
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Scheme 3. Condensed Gibbs Free-Energy Profile (kcal mol~!) of Competing Metallacycle Growth and
Decomposition Steps of the Linear Oligomerization of Ethylene by the Cationic
[(7>-Cp-(CMe,CH-bridge)-CsHxR,)M!'"(C;H4).]t (M = Zr) Active Catalyst?

AG
(kcal mol'™")

A

20
15 +

10 +

a See Scheme 2.

ene, since the thermodynamic population of 9C and
larger zircona(lV)cycles is likely to be very small (cf.
Table 4). Modification of the arene functionality with
electron-withdrawing substituents also gives rise to a
larger AAG*y_q gap of 5.7 and 9.1 kcal mol~* for 7C and
9C (Ar = CgH3(CF3)y, cf. Scheme 2), respectively, with
the zircona(lV)cycles exhibiting a distinctly greater
propensity for further growth, due to the accelerated
ethylene insertion (cf. section I.A). As a result, almost
all available catalytic species are transformed into
larger zircona(lV)cycle intermediates and only a negli-
gible amount (<1%, cf. Table 4) undergoes decomposi-
tion into 1-hexene and/or 1-octene. The ability for
decomposition has been shown to decrease for larger
metallacycles.13 Accordingly, a-olefins in the valuable
range of Cs—Cj3 are less likely to occur in the oligomer
distribution, which should predominantly consist of long
chain oligomer/polymer products. To summarize, donor-
functionalized Zr catalysts with a Ci-bridge are sug-
gested to display catalytic abilities for the selective
ethylene trimerization to 1-hexene. These systems likely
have an activity that is comparable to that of the
reported parent (Ar = CgHs) Ti catalyst,’2® due to
predicted similar barriers for the rate-determining
ethylene insertion into the metalla(lV)cyclopentane.?®
On the other hand, long chain oligomers/polymers
(having chain lengths >Cz) can be expected as the
major products for C;-bridged Zr catalysts with electron-
withdrawing substituents on the arene group.

9C-0
-23.0
-29.5
-22.1

The influence of the extended bridge on the kinetics
of the two competing steps, analyzed in previous sec-
tions, leads to the following variation in the catalytic
abilities of Zr catalysts (cf. Schemes 2 and 3). As
apparent from Table 3, the ability of the parent (Ar =
CeHs) system with an Ci-bridge will switch from oligo-
merization affording a 1-hexene/l-octene mixture to
ethylene trimerization for the C,-bridged system, due
to an increased AAG*4_q gap of —8.5 kcal mol~* for 7C
(cf. Scheme 3). Moreover, the preference of the donor-
functionalized C;-bridged catalysts for the selective
generation of 1-hexene is enhanced further (AAG*4_q =
—5.6 and —12.0 kcal mol~* for 7C with C;- and C»-
bridged catalysts, respectively, with Ar = CgH3zMey). As
mentioned in section I.A, a C,-bridged donor-function-
alized arene group gives rise to a Kinetically more
difficult ethylene insertion. The corresponding catalysts
will exhibit a lower activity for trimerization than the
congeners with a C;-bridge (vide supra), as indicated
by the predicted discriminating barrier.?8 A product
mixture containing 1-hexene and long chain oligomers/
polymers is suggested for acceptor-substituted catalysts

(28) The ethylene insertion into the metalla(lV)cyclopentane is the
rate-controlling step for ethylene trimerization to 1-hexene (refs 13a,b).
This step is connected with an activation energy of 15.6 kcal mol~—*
(AG*) for the experimentally reported Ti catalyst (Ar = CgHs, ref 13b),
while it has free-energy barriers of 14.0/15.4 kcal mol~* (M = Zr/Hf,
C;-bridge, Ar = CgHzMey), 15.4/17.0 kcal mol~1 (M = Zr/Hf, C;-bridge,
Ar = CgH,Me3), 16.1/17.4 kcal mol~1 (M = Zr/Hf, C,-bridge, Ar = CgHs),
21.4/23.2 kcal mol—t (M = Zr/Hf, C,-bridge, Ar = C¢H3Me,), and 22.3/
24.0 kcal mol~ (M = Zr/Hf, C,-bridge, Ar = C¢H,Mej3) for the various
selective 1-hexene-generating Zr and Hf catalysts, respectively.
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Scheme 4. Condensed Gibbs Free-Energy Profile (kcal mol~!) of Competing Metallacycle Growth and
Decomposition Steps of the Linear Oligomerization of Ethylene by the Cationic
[(75-Cp-(CMe,-bridge)-CsHxR,)M'"(C2H.4).]™ (M = Hf) Active Catalyst?

AG
(kcal mol‘1)

A

20 +
15 +

10 +

a See Scheme 2.

(cf. Tables 3, 4). Overall, neither the electronic modifica-
tion of the hemilabile arene functionality nor an ex-
tended bridge, probed computationally for Zr-based
oligomerization catalysts, is indicated to increase the
1-octene portion or to enhance significantly the catalytic
activity for ethylene trimerization beyond what is
already reached for the reported Ti catalyst.12028

As demonstrated in our previous study,3® the con-
certed -H transfer becomes kinetically more difficult
for Hf-based catalysts, due to the increase in the M—C
bond strength upon descending group 4. On the other
hand, comparable energetics are predicted for the eth-
ylene insertion into the Zr—C and Hf—C bonds of the
metallacycle intermediates. For the parent (Ar = CgHs)
Hf catalyst with a C;-bridge, this results in a higher
aptitude of 7C (AAG¥_4 = 1.7 kcal mol~1, cf. Scheme
4) and 9C (AAG*y_g = 2.7 kcal mol™?) for subsequent
growth than for decomposition, with the AAG*y_q gap
increasing further for larger hafnia(lV)cycles.13? As
revealed from Table 3, this system exhibits a low
productivity for generation of Cs—Ci3 a-olefins, since the
majority of the catalytically active species are converted
into large hafnia(lV)cycles (of sizes >Cy, cf. Table 4),
affording long chain oligomers/polymers as the predomi-
nant products. The individual steps are affected by
electronic factors in a fashion similar to that already
discussed for the Zr counterparts. This leads to a
significantly increased AAG*4_q gap for acceptor-func-
tionalized catalysts (cf. Scheme 4), with the ethylene
insertion strongly preferred kinetically, thereby indicat-

1¢c | 9Cc-0
156 -15.3
-15.3 - [ = -15.1
-15.3 mm  -171

ing long chain oligomers/polymers as the prevalent
products (cf. Table 4).

On the other hand, donor substituents are seen to
change the abilities of the hafnia(lV)cycle precursors.
Decomposition of 7C becomes more facile than ethylene
insertion (AAG*y_q = —2.6 kcal mol~1, Ar = CsH3Mey),
while a very similar propensity for the two steps is
predicted for 9C. Similar to the findings for the Zr
catalysts, this pushes the Hf systems with a donor-
substituted arene group into the class of catalysts for
ethylene trimerization (cf. Table 3). The comparison of
the discriminating barrier for the trimerization course
for donor-functionalized Zr and Hf catalysts reveals the
Ci-bridged Hf systems, however, as the less efficient
trimerization catalysts.?8

The larger C,-bridge affects the catalytic abilities of
the Hf-based systems in a fashion very similar to that
already described for the Zr counterparts (cf. Scheme
5). It turns the parent (Ar = CgHs) catalyst as well the
systems bearing donor groups on the arene functionality
into selective, but less active, trimerization catalysts (cf.
Table 3).22 On the other hand, the modification with
electron-withdrawing substituents, will, similar to the
Ci-bridged counterparts, almost entirely give rise to long
chain oligomers/polymers as the products (cf. Table 4).

Concluding Remarks

We have presented a detailed theoretical analysis of
the influence of modifications of the hemilabile arene
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Scheme 5. Condensed Gibbs Free-Energy Profile (kcal mol~!) of Competing Metallacycle Growth and
Decomposition Steps of the Linear Oligomerization of Ethylene by the Cationic
[(75-Cp-(CMe,CH,-bridge)-CsHxRy)M'"(C,H4).]T (M = Hf) Active Catalyst?

AG
(kcal mol'™")

A

20 +
15 +

10 +

a See Scheme 2.

Table 3. Estimated Composition of the a-Olefin
Products for the Linear Oligomerization of
Ethylene Mediated by the Cationic
[(7°-CsH4-(CMezR'-bridge)-CsHyRy)M!'"(CoH )2 ]+
(M = Zr, Hf) Active Catalyst Complex?

arene 1-hexene 1-octene

%(a-olefin)@  functionality M = Zr/Hf M = Zr/Hf
CMey-bridge  CgHs 91.4/5.4 7.6/1.0

CsH2F3 0.3/1.4 x 1073 2.1 x 107%/1.1 x 1074

CsH3(CF3)2 6.5 x 1079/ 2.1 x 1075/5.7 x 108

1.1 x 10°5

CsHsMe; 100.0/98.8 7.8 x 1073/0.5

CsH2Me3 100.0/98.3 1.1 x 107%/0.5
CMe,CH,- CeHs 100.0/100.0 5.8 x 1075/2.1 x 1072

bridge

CsH2F3 98.3/10.0 0.8/0.1

CsH3(CF3)2 30.1/8.3 x 1072 5.8 x 107%/1.9 x 104

CsHsMe; 100.0/100.0 1.6 x 1077/5.8 x 1075

CsH2Me3 100.0/100.0 2.2 x 1077/6.9 x 1075

a Portions of individual a-olefins in the product mixture; for
details see ref 13b.

functionality on the catalytic abilities of Zr- and Hf-
based cationic [(#°-Cp-(CMezR’-bridge)-CsHyR,)M"(C>-
Hj)2]™ active species as efficient catalysts for linear
ethylene oligomerization, employing a gradient-cor-
rected DFT method. The modifications that were probed
computationally comprised the arene substitution by
prototypic electron-releasing (R = Me) and electron-
withdrawing (R = F, CF3) groups in various patterns
(cf. Figure 1) and also the extension of the Cp-arene
connecting bridge by an additional methylene group (R’
= CHy). The Ti system with an unsubstituted (Ar =
CeHs) CMe,-bridged phenyl group has been shown

9C-0
-18.5
-26.1
-17.0

experimentally to be a highly selective catalyst for
ethylene trimerization,'22b the origin of which has been
elucidated in a previous theoretical mechanistic study.!32
The corresponding catalysts with the heavier group 4
metals Zr and Hf as the active center, which have not
been reported so far by experimental groups, have
recently been explored computationally. These studies
suggested that the Zr system (Ar = CgHs) might be a
promising catalyst capable of producing 1-octene besides
the prevalent 1-hexene.13 The present computational
study was aimed at enhancing the understanding of the
catalytic structure—reactivity relationships further by
elucidating how electronic factors (first) affect the
crucial metallacycle growth and decomposition steps
and (second) act to regulate the catalytic activity and
selectivity, thereby contributing to the computer-based
rational design of improved group 4 catalysts of the title
class for either the selective generation of 1-hexene or
the production of increased portions of 1-octene in the
oligomer product mixture. To the best of our knowledge,
this is the first comprehensive theoretical exploration
of variations in the ligand backbone for group 4 oligo-
merization catalysts, where all crucial elementary steps
of the catalytic cycle have been critically scrutinized.
The kinetics of the metallacycle growth has been
shown to be decisively determined by the strength of
the M'V—arene interaction in the metallacycle precur-
sors XC. The first phenyl group displacement by incom-
ing ethylene is seen to contribute mostly to the relative
overall barriers for this step, while the intrinsic inser-
tion barrier is less affected by electronic factors. As the
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Table 4. Estimated Abundance of Various Metallacycle Intermediates in the Reaction Course of the
Linear Oligomerization of Ethylene Mediated by the Cationic [(5-CsHs-(CMe;R'-bridge)-CsHxR,)M!"'(C,H.),]*
(M = Zr, Hf) Active Catalyst Complex23

MWV—CyHs MW—CgH1, MW—CgH1s MW—C1oHaz0
[MV—CH2n]2 arene functionality M = Zr/Hf M = Zr/Hf M = Zr/Hf M = Zr/Hf
CMe,-bridge CeHs 100/100 100/100 8.6/94.6 1.0/93.7
CeHzF3 100/100 100/100 99.7/100 99.7/100
CsH3(CF3)2 100/100 100/100 99.9/100 99.9/100
CeHszMez 100/100 100/100 7.8 x 107%/1.2 1.5 x 1075/0.7
CsH2oMes 100/100 100/100 1.1x 10°%1.7 4.9 x 107%/1.3
CMe,CH;-bridge CeHs 100/100 100/100 5.8 x 1075/2.1 x 1072 6.0 x 10719/2.2 x 1074
CeH2F3 100/100 100/100 1.7/90.0 0.9/89.9
CeH3(CF3)2 100/100 100/100 69.9/99.9 69.9/99.2
CeHszMez 100/100 100/100 1.6 x 1077/5.8 x 1075 1.2 x 10714/3.2 x 107°
CeHoMes 100/100 100/100 2.2 x 1077/6.9 x 107° 2.4 x 10714/6.4 x 107°

a Thermodynamic abundance of different sized metallacycles, with an assumed thermodynamic population of 100 for the metalla(l1V)-

cyclopentane M'V—Cy4Hg; for details see ref 13b.

general trends elucidated for Zr and Hf systems, the
extension of the C;-bridge by an additional methylene
group amplifies this interaction, thereby acting to
reduce the tendency for formation of the ethylene
encounter complex and to increase the barrier for
ethylene insertion. The electronic modification of the
arene functionality by electron-releasing/-withdrawing
substituents strengthen/weaken this interaction in XC,
giving rise to a lower/higher abundance of the ethylene
m-adducts and also to kinetically less/more facile inser-
tion steps, respectively. All these trends were found to
correlate well with the number as well as the donor—
acceptor characteristic of the substituents.

Different from the insertion step, the barrier for g-H
transfer is essentially controlled by the ability of the
arene functionality to stabilize the transition state
coordinatively. Decomposition of 7C (M = Zr, Hf) was
found to be facilitated by the larger C,-bridge, which,
however, affects the process commencing from 9C in a
less pronounced fashion, as here sterics are coming into
play. The donor ability of the substituent is the crucial
electronic factor for the coordinative stabilization of the
transition state by the phenyl group, thereby acting to
accelerate the decomposition step. The opposite influ-
ence has been elucidated for substituents that are
electron-withdrawing.

Among the two crucial elementary processes, the
ethylene insertion has been analyzed to be affected to
a distinctly larger extent by the probed modifications
of the hemilabile arene functionality.

With regard to the catalytic potential of the Zr- and
Hf-based systems, the introduction of electron-releasing
substituents into the arene functionality and also the

enlarged C,-bridge force the parent (Ar = CgHs) Cs-
bridged systems into selective catalysts for ethylene
trimerization. These Zr catalysts might have an activity
that is comparable to the reported Ti catalyst (C;-bridge,
Ar = CgHs),12° while the related Hf systems are less
active. On the other hand, Zr catalysts with an acceptor-
functionalized phenyl group are likely to lose the ability
for generation of a-olefins in the valuable range of Cg—
Cis chain lengths, and instead long chain oligomers/
polymers are produced. The already small productivity
of the parent (Ar = CgHs) Hf system for formation of
Cs—Cys a-olefins becomes reduced further by a acceptor-
modified arene functionality.

Unfortunately, neither of the probed modifications of
the hemilabile arene functionality can be suggested as
improvements for enhancing the catalytic abilities of the
title group 4 catalysts toward increasing the portion of
1l-octene or leading to a significantly higher catalytic
activity for ethylene trimerization to exceed that re-
ported for the Ti catalyst.
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