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A detailed computational exploration is presented of the catalytic abilities of heavier group
4 (M ) Zr, Hf) mono(boratabenzene-arene) compounds for linear ethylene oligomerization
with the cationic [(η6-BC5H5)-(bridge)-C6H5)MII(C2H4)2]+ complex as active catalyst species,
employing a gradient-corrected DFT method. The influence of the boron substitution on the
cyclopentadienyl moiety and the length of the boratabenzene-arene connecting bridge on
the energy profile of the oxidative coupling and the competing metallacycle growth and
decomposition steps has been elucidated. This allowed us to suggest promising modifications
of the parent Cp-based Ti analogue, which has been described by Hessen and co-workers as
a catalyst for ethylene trimerization, thereby contributing to the computer-based rational
design of improved group 4 oligomerization catalysts. The boratabenzene Zr compound
bearing a CMe2-bridge is indicated to be an efficient trimerization catalyst, which should
exhibit an activity that exceeds what is reported for the established Ti system. The
computational probing reveals for the Hf counterpart a catalytic ability that is different.
This system is suggested to possess catalytic potential for production of 1-octene besides
the prevalent 1-hexene oligomer product. Electronic modification of the substituent on boron
can act to modulate the R-olefin product composition toward an enhanced 1-octene portion,
although not as the predominant product.

Introduction

Higher (C4-C20) linear R-olefins are valuable and
versatile feedstocks and building blocks for the chemical
industry, produced in a megaton scale per year, that
have a large and diverse field of applications.1 They are
of wide interest, among other applications, as monomers
(C10 for production of poly-R-olefins) and as comonomers
(C4-C8 to generate linear low-density LLDPE2 polyeth-

ylene and as additives for high-density HDPE polyeth-
ylene production) in catalytic olefin polymerization,1,3

as well as in the manufacturing of surfactants (C10-
C18).1c,e Nowadays, oligomerization of the less expensive
ethylene is the predominant route to R-olefins,1c,e,4 with
the Shell higher olefin process (SHOP)5 as the principal
industrial process.

Among the variety of known catalysts for ethylene
oligomerization,6,7 most of them afford a broad Schulz-
Flory distribution8 of R-olefins having different chain
lengths. The development of efficient catalyst systems
for the selective production of specific desirable R-olefins
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has recently triggered intensive research in both aca-
demia and industry. However, there have been only a
limited number of reports of the selective ethylene
trimerization to 1-hexene with catalysts that are based
on chromium,9 tantalum,10 and titanium.11-13

Hessen and co-workers described monocyclopentadi-
enyl titanium complexes bearing a hemilabile ancillary
arene functionality as precatalysts for ethylene trimeri-
zation.12a-c The cationic [(η5-Cp-(CMe2-bridge)-C6H5)-
TiIV-(alkyl)2]+ species with a dimethyl-substituted C1-
bridge connecting the Cp ring with the pendant phenyl

group has been observed as a particularly active and
selective trimerization precatalyst.12b This class of
catalysts has recently been the subject of computational
investigations by us14 and other groups.15 These studies
verified for the most part the catalytic cycle proposed
by Hessen and co-workers.12a,b The mechanism involves
metallacycle intermediates, similar to that originally
suggested by Briggs and Jolly for Cr-based catalysts.16,17

Furthermore, the crucial role played by the hemilabile
phenyl group in order to make the metallacycle mech-
anism operative has been clarified, and a detailed
insight into the discriminating factors that control the
highly selective 1-hexene formation has been provided.14a

In a subsequent investigation we have probed compu-
tationally the catalytic abilities of the related Zr- and
Hf-based catalysts for linear ethylene oligomerization,14b

although their potential has not yet been explored
experimentally. This study suggested the CMe2-bridged
Zr system, unlike the parent Ti catalyst, as a promising
catalyst possessing potential for production of 1-octene
besides the prevalent 1-hexene oligomer product. Scheme
1 shows the theoretically refined catalytic cycle for the
ethylene oligomerization mediated by these heavier
group 4 catalysts.14b Further explorations covered the
theoretical analysis of the influence of substitutions of
the hemilabile arene functionality on the energy profiles
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Scheme 1. Theoretically Refined Catalytic Cycle for the Linear Oligomerization of Ethylene Mediated by
the Cationic Heavier Group 4 [(η5-Cp-(bridge)-Ph)MII(ethylene)2]+ Active Catalysts (M ) Zr, Hf)a,14b

a Based on a proposal by Hessen et al. for the Ti-catalyzed process.12a,b
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of crucial elementary steps for the Zr and Hf catalysts,
thereby providing a detailed insight into how electronic
modifications of the phenyl group act to modulate the
product distribution.14c

The present investigation continues our systematic
theoretical exploration of the catalytic abilities of the
heavier group 4 mono(cyclopentadienyl-arene) Zr and
Hf compounds as catalysts for the linear ethylene
oligomerization. Herein, we report the detailed evalu-
ation of how the variation of the electronic nature of
the Cp moiety controls the composition of the oligomer
products. Unlike the common approach of introducing
electron-releasing or -withdrawing substituents on the
Cp ligand, we decided to study systems with a hetero-
atom-substituted Cp analogue. Among the variety of
such ligands,18 the boratabenzene [HBC5H5]- and phos-
pholyl [PC4H4]- anions are most common. Especially the
former has been involved in a wide field of applications
(vide infra). This prompted us to investigate the bo-
ratabenzene Zr and Hf compounds bearing a pendant
phenyl group with a CMe2 (C1) and CMe2CH2 (C2)
bridge, shown in Figure 1, which represent the coun-
terparts of the recently studied Cp-arene analogues.14b,c

Boratabenzenes are six π-electron aromatic anions,
which can serve as versatile ligands19 toward a variety
of metals.20,21 Although the boratabenzene anion and
the parent cyclopentadienyl anion are isoelectronic, they
exhibit distinctly different electronic characteristics.22

The comparison of the frontier orbitals23 reveals the
boratabenzene anion to be the poorer π-donor,20 which
causes the metal center to be more electrophilic than
in the parent M-Cp systems. On the other hand,
boratabenzenes are characterized by a low-lying σ-ac-

ceptor orbital.23,24 Among the several catalytic applica-
tions, boratabenzene analogues of group 4 metal-
locenes,25 ansa-metallocenes,26 and “constrained
geometry”27 complexes are well-known, like the parent
group 4 systems, to be active catalysts for olefin oligo-
merization and polymerization. Furthermore, borataben-
zene compounds with group 3 and 6 metals as the active
center have also been shown to promote these pro-
cesses.28 Noticeably, as demonstrated for group 4 bis-
(boratabenzene) complexes, the substituent on boron
seems to be an efficient handle by which to tune the
rate of â-H elimination, thereby controlling whether
oligomers or polymers are the predominant products.25

The computational exploration of the catalytic abili-
ties of heteroatom-substituted Cp-analogue systems
presented here will enhance the understanding of the
catalytic structure-reactivity relationships for ethylene
oligomerization supported by the title class of group 4
catalysts. It is our goal to contribute to the rational
computer-based design of Zr- and Hf-based catalysts for
ethylene trimerization that might display catalytic
activities beyond what is already reached for the
reported Ti system.12a,b

Computational Details

Method. All calculations have been performed with the
program package TURBOMOLE29 using density functional
theory (DFT). The local exchange-correlation potential by
Slater30a,b and Vosko et al.30c was augmented with gradient-
corrected functionals for electron exchange according to Becke30d

and correlation according to Perdew30e 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.31 The appropriateness 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,14b thus validating the applied meth-
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Figure 1. Explored cationic group 4 mono(boratabenzene-
arene) [(η6-BC5H5-(R-bridge)-C6H5)MII-(ethylene)2]+ (M )
Zr, Hf; R ) CMe2, CMe2CH2) active catalyst complexes.
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odology (DFT(BP86) + valence triple-ú basis sets) to allow us
to draw mechanistic conclusions having substantial predictive
value.

Basis sets of valence triple-ú quality for all elements32b

together with a quasi-relativistic ECP for group 4 elements33

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,33 but split-
valence basis sets32a for the main group elements for structures
localized at this level. Further details of the computational
procedure were reported elsewhere.14b

Stationary Points. The geometry optimization and the
saddle-point search were carried out by utilizing analytical/
numerical gradients/Hessians according to standard algo-
rithms. No symmetry constraints were imposed in any case.
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.
The reaction and activation free energies (∆G, ∆Gq at 298 K
and 1 atm) were evaluated according to standard textbook
procedures34 using computed harmonic frequencies. The effect
of the solvent and the counterion was neglected in the present
study; the rationale behind them can be found elsewhere.14a,b

For the oligomerization to occur in liquid phase,12d the solva-
tion entropy for olefin association and dissociation was ap-
proximated as being 2/3 of its gas-phase value. The authors
consider this a reliable estimate of the entropy contribution
in the condensed phase; further details were reported else-
where.14b

To keep the notation consistent with previous studies,14 the
key species of the oligomerization process were labeled with
the following notation (cf. Scheme 1): viz., the (ethylene)2-
MII active catalyst complex 2, the metalla(IV)cycloalkanes XC;
the respective ethylene π-adducts XC-E; the R-olefin-MII

complex XC-O. The notation X ) 5, 7, 9 was used to indicate
whether five-, seven-, or nine-membered metallacycle inter-
mediates, i.e., metalla(IV)cyclopentane, -heptane, or -nonane,
respectively, were involved. The key species encountered along
the stepwise degradation of the metalla(IV)cyclopentane 5C
were labeled as follows: the transition state for â-H abstraction
T5C-HA and reductive CH elimination T5C-HRE, and the
alkenyl-hydride-MIV intermediate 5C-H. The localized key
species for the corresponding Zr and Hf systems exhibit a very

similar structural characteristic. We, therefore, decided to
restrict the presentation of key structures for the individual
elementary steps to those for the Zr catalyst as a representa-
tive example.

Results and Discussion

We shall focus here on the 2 f 5C oxidative coupling
to afford the first metalla(IV)cyclopentane and the
subsequent growth and decomposition steps for various
metallacycle intermediates up to the nine-membered
ring. The kinetically determined propensity of the
metalla(IV)cycloheptane, 7C, and -nonane, 9C, inter-
mediates to either grow or decompose has been analyzed
to control the distribution of oligomer products in the
valuable range of C6-C18 chain lengths.14b The sequence
of steps passing through along the favorable route for
precatalyst activation has been examined previously in
great detail.14b First, crucial structural and energetic
aspects of critical elementary steps will be discussed for
the boratabenzene systems and compared to parent Cp
analogues. This might bring us in a position to suggest
promising catalyst modifications aimed at improving
their catalytic abilities. The free-energy profile for the
first formation of 5C and its subsequent enlargement
into 7C and 9C is collected in Table 1, while the
energetics for the metallacycle decomposition is sum-
marized in Table 2.

As a general feature, the boratabenzene ligand pref-
erably adopts an almost planar conformation, maintain-
ing an η6 hapticity of the boratabenzene-M coordination
in the most stable isomer for each of the investigated
key species. No remarkable distortion or ring slippage
of the boron cycle has been found in any of the located
key species.35

I. Examination of Critical Elementary Steps. A.
Formation of the First Metalla(IV)cyclopentane.
Commencing from the active catalyst complex 2, forma-
tion of the first metalla(IV)cyclopentane 5C takes place
through oxidative coupling of the two ethylene moieties
(cf. Scheme 1). The corresponding transition state TS-
[2-5C] emerges at a distance of ∼2.0 Å for the newly
formed C-C bond between two coplanar ethylenes,(32) (a) Schäfer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1992,

97, 2571. (b) Schäfer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994,
100, 5829. (c) Eichkorn, K.; Treutler, O.; Öhm, H.; Häser, 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.

(33) (a) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. J. Chem. Phys.
1987, 86, 866. (b) Andrae, D.; Häussermann, M.; Dolg, M.; Stoll, H.;
Preuss, H. Theor. Chim. Acta 1990, 77, 123.

(34) McQuarrie, D. A. Statistical Thermodynamics; Harper & Row:
New York, 1973.

(35) (a) Although ring slippage is a well-known, facile process in
various Cp-based and analogues complexes, isomers that are charac-
terized by a diminished hapticity of the boratabenzene-M interaction
(M ) Zr, Hf) were generally found to be energetically less favorable.
Therefore, only species with a η6-boratabenzene-M fragment will be
discussed in the present work. (b) For facile ring slippage processes,
see for instance: O’Connor, J. M.; Casey, C. P. Chem. Rev. 1987, 87,
307.

Table 1. Calculated Gibbs Free-Energy Profile (∆G, ∆Gq in kcal mol-1) for Formation and Growth of Group
4 Metallacycle Intermediates during the Linear Oligomerization of Ethylene Mediated by the Cationic

[(η6-BC5H5-(R-bridge)-C6H5)MII(C2H4)2]+ (M ) Zr, Hf) Active Catalyst Complexa

cycle growth R-bridge
∆GXC-E,b
M ) Zr/Hf

∆Gq,
M ) Zr/Hf

∆G,
M ) Zr/Hf

MII-(C2H4)2 f MIV-C4H8 CMe2-bridge 10.7/9.2 -5.7/-5.5
2 f 5C CMe2CH2-bridge 10.7/9.4 -8.0/-7.7
MIV-C4H8 f MIV-C6H12 CMe2-bridge 9.0/9.4 14.5/15.8 -9.8/-7.2
5C + C2H4 f 5C-E f 7C CMe2CH2-bridge 10.6/12.0 18.0/19.6 -7.9/-6.4
MIV-C6H12 f MIV-C8H16 CMe2-bridge 9.5/7.3 15.8/15.4 -7.4/-7.6
7C + C2H4 f 7C-E f 9C CMe2CH2-bridge 9.0/8.8 17.4/18.6 -7.4/-6.2
MIV-C8H16 f MIV-C10H20 CMe2-bridge 15.7/14.7 20.1/18.4 -9.3/-10.4
9C + C2H4 f 9C-E f 11C CMe2CH2-bridge 14.3/13.4 20.7/19.8 -10.3/-11.4

a The activation and reaction free energies for individual processes are given for Zr-/Hf-based catalysts, respectively, relative to
{corresponding metallacycle precursor XC + C2H4}. b Stabilization of the ethylene π-adduct XC-E (with X ) 5, 7, 9, respectively).
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which decays into 5C. As evident from the key species
shown in Figure 2, the ancillary phenyl group does not
undergo any significant change of its coordination mode
along the 2 f 5C transformation, for both the C1- and
C2-bridged systems. This is different from what we
found for the parent Cp-based systems,14b where the
decay of the transition state into the metalla(IV)-
cyclopentane goes along with reduction of the hapticity
of the phenyl-M coordination, thus adopting an η1-mode
in 5C. The stronger η6 phenyl-M coordination in 5C
when compared to the parent CpMIV-C4H8 species can
be attributed to the higher electrophilicity of the metal
in 5C (cf. the introductory part), which causes an
amplified arene-M interaction.

The oxidative coupling is found to be kinetically the
most easy step overall of all crucial elementary pro-
cesses. This process requires to overcome a free-energy
barrier of 9.2-10.7 kcal mol-1 and is driven by a
thermodynamic force of -(5.5-8.0) kcal mol-1 (cf. Table
1). This indicates the 2 f 5C step as a highly facile,
essentially irreversible process. Accordingly, 2 can be
assumed, after its generation during the initial precata-
lyst activation period, to become readily and almost
quantitatively transformed into 5C.

The very narrow range predicted for the activation
and reaction free energies for all investigated catalysts
shows that both the metal as well as the length of the
bridge influence the energetics of the oxidative coupling
to only a minor extent. Interestingly, as revealed from
the comparison with the parent Cp analogues,36a the
electronic modification of the Cp ligand by boron sub-
stitution does not affect the energy profile significantly
either, which is in contrast to the findings for the
subsequent metallacycle growth and decomposition
steps (vide infra).

(36) This is exemplified for the [(η5-C5H4-(CMe2-bridge)-C6H5)MII-
(C2H4)2]+ (M ) Zr, Hf) active catalysts explored in previous studies
(refs 14b,c). (a) The free-energy barrier for 2 f 5C oxidative coupling
amounts to 11.1/9.4 kcal mol-1, while that for ethylene insertion into
the MIV-C bond of various metalla(IV)cycloalkanes is 11.5/11.8 (into
5C), 14.5/15.7 (into 7C), and 17.3/17.4 (into 9C) kcal mol-1 for Zr/Hf
systems, respectively. (b) For the stepwise decomposition of 5C free-
energy barriers of 21.1/23.5 kcal mol-1 (â-H abstraction) and 21.4/25.7
kcal mol-1 (reductive CH elimination) have to be overcome for Zr/Hf
systems, respectively, with the intervening alkenyl-hydride-MIV in-
termediate at 19.9/22.4 kcal mol-1. All energetics are relative to 5C.
(c) The decomposition via the concerted â-H transfer is connected with
free-energy barriers of 13.1/17.4 (7C) and 16.1/20.1 (9C) kcal mol-1

for Zr/Hf systems, respectively. This occurs in an exergonic process
that is driven by a thermodynamic force of -9.0/-3.7 (7C) and -15.3/-
10.1 (9C) kcal mol-1, respectively.

Table 2. Calculated Gibbs Free-Energy Profile (∆G, ∆Gq in kcal mol-1) for Decomposition of Group 4
Metallacycle Intermediates Affording r-Olefins during the Linear Oligomerization of Ethylene Mediated

by the Cationic [(η6-BC5H5-(R-bridge)-C6H5)MII(C2H4)2]+ (M ) Zr, Hf) Active Catalyst Complexa

cycle decomposition R-bridge
∆Gq,

M ) Zr/Hf
∆G,

M ) Zr/Hf
∆∆Gq

d-g,40

M ) Zr/Hf

MIV-C4H8 f 1-butene-MII CMe2-bridge 26.2/27.5b 2.8/11.8 11.7/11.7
5C f 5C-O CMe2CH2-bridge 28.6/29.7b 2.5/10.4 10.6/10.1
MIV-C6H12 f 1-hexene-MII CMe2-bridge 10.0/13.4 -13.9/-9.6 -5.8/-2.0
7C f 7C-O CMe2CH2-bridge 7.4/11.5 -15.9/-11.7 -10.0/-7.1
MIV-C8H16 f 1-octene-MII CMe2-bridge 14.2/16.6 -17.7/-13.4 -5.9/-1.8
9C f 9C-O CMe2CH2-bridge 13.5/16.1 -19.9/-16.7 -7.2/-3.7

a The activation and reaction free energies for individual processes are given for Zr-/Hf-based catalysts, respectively, relative to the
corresponding metallacycle precursor XC. b Only the barrier for the kinetically more difficult first â-H abstraction of the stepwise mechanism
is given.

Figure 2. Selected geometric parameters (Å) of the optimized structures of key species for oxidative coupling of two
ethylene moieties in 2 to afford the metalla(IV)cyclopentane 5C, for CMe2-bridged (top) and CMe2CH2-bridged (bottom)
systems, exemplified for Zr catalysts. The cutoff for drawing M-C bonds was arbitrarily set at 2.8 Å.
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B. Growth of Metallacycle Intermediates. The
increase of the metallacycle’s ring size occurs via the
repeated ethylene uptake and subsequent insertion into
the MIV-C bond of the metalla(IV)cycloalkane interme-
diate. The overall highest barrier of this process is
connected with the insertion, while the uptake requires
surmounting a significantly lower barrier.14a The key
species for the 7C + C2H4 f 9C process are displayed
in Figure 3, exemplified for CMe2- and CMe2CH2-
bridged Zr catalysts. The transition state encountered
along the most feasible pathway comprises a quasi-
planar four-membered cis arrangement of the metalla-
cycle’s MIV-C bond, the coplanar-oriented ethylene
monomer, and the metal, which leads to a new C2-
extended metallacycle in the final stage of the process.

As revealed from Figure 3, the process to enlarge the
metallacycle size is accompanied by the displacement
of the ancillary arene functionality by the incoming
ethylene. Commencing from the metalla(IV)cycloalkane
precursor XC, where for both C1- and C2-bridged
systems the phenyl-MIV coordination is slightly unsym-
metrical, but still centrosymmetric, the first ethylene
uptake gives rise to a weakly bound ethylene π-encoun-
ter complex XC-E. The ancillary arene functionality
maintains only a loose contact to the metal in the species
XC-E. The phenyl group still resides outside of the
direct metal’s coordination sphere during the insertion
process until it approaches the transition state, before
becoming reattached after completion of the process
with the decay of the TS into the next larger metalla-
(IV)cycloalkane.

The first phenyl group displacement by incoming
ethylene during the encounter complex generation has
been analyzed in previous studies14 to contribute mostly
to the relative overall barrier, while the intrinsic

insertion barrier, i.e., for the formal XC-E f TS[XC-
(X+2)C] process, is a smaller part that was found to be
influenced to only a minor extent by electronic modifica-
tions of the arene functionality.14c Accordingly, the
kinetics of the metallacycle growth is decisively deter-
mined by the strength of the arene-MIV interaction in
XC. As a further aspect, the ligand reorganization
associated with the growth step is found to be affected
by the metallacycle size. Modest reorganizations can be
observed for ethylene complexation to the two smallest
5C and 7C, while for 9C a larger rearrangement of the
ligand sphere is required. As a result, ethylene coordi-
nates most strongly to 5C and 7C (although this is still
unfavorable at the free-energy surface, Table 1), which
moreover leads to a kinetically more easy insertion,
when compared to the process commencing from 9C.
These observations parallel the findings for the parent
Zr and Hf Cp-based systems, but contrast that for the
Cp-Ti catalyst.14b Thus, this behavior can be traced back
to the larger ionic radius of the heavier group 4 metals,
as already analyzed in great detail previously.14b

The kinetics of the insertion process displays the
following trends (cf. Table 1). (1) Very similar energetics
is predicted for the corresponding Zr and Hf catalysts,
thereby indicating that this step is influenced to only a
minor extent by whether Zr or Hf is the active center.
(2) The increase of the five- and seven-membered cycles
is most facile, needing to overcome a similar activation
barrier that amounts to 14.5-15.8 kcal mol-1 (∆Gq) for
C1-bridged and 17.4-19.6 kcal mol-1 (∆Gq) for C2-
bridged systems. The growth of the next larger inter-
mediate, 9C, is predicted to be distinctly more difficult
(∆Gq ) 18.4-20.1 kcal mol-1) for catalysts with a C1-
bridge, which is due to the larger reorganization of the
ligand sphere required in this case (vide supra). This

Figure 3. Selected geometric parameters (Å) of the optimized structures of key species for ethylene insertion into the
MIV-C bond of the metalla(IV)cycloheptane 7C giving rise to the metalla(IV)cyclononane intermediate 9C, for CMe2-
bridged (top) and CMe2CH2-bridged (bottom) systems, exemplified for Zr catalysts. The cutoff for drawing M-C bonds
was arbitrarily set at 2.8 Å.
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kinetic gap, however, diminishes for C2-bridged com-
pounds, as here sterics come into play (vide infra). (3)
The larger insertion barrier for catalysts bearing an
extended C2-bridge, when compared to the correspond-
ing C1 systems, can be attributed to two factors. First,
this bridge amplifies the MIV-arene coordination in the
precursor XC, as it acts to increase the flexibility of the
phenyl group to adopt the most favorable position. This
renders the necessary arene displacement more expen-
sive energetically. Second, the incoming ethylene inter-
acts more strongly with the C2-bridged phenyl group,
which is indicated by the larger distance of the nearest
phenyl-M contact found for both the encounter complex
and the transition state (cf. Figure 3). Both factors
contribute to the increase of the barrier for ethylene
insertion into 5C and 7C by ∼3 kcal mol-1 (∆∆Gq), when
compared to the C1-bridged counterparts. In contrast,
unfavorable steric interactions between the extended C2-
bridge and the nine-membered metallacycle act to
destabilize 9C, thus giving rise to a comparable activa-
tion energy for both C1- and C2-bridged systems in this
case. (4) The comparison with the Cp-based analogues
revealed that for boratabenzene catalysts the growth
step is, in general, more complicated kinetically,36a

provided that unfavorable steric interactions between
the metallacycle fragment and the ligand sphere are not
effective. Here, the higher electrophilicity of the metal
center caused by the boron-substituted Cp moiety is the
major factor that rationalizes these findings.

Variation of the active metal center is seen to have a
rather small influence on the thermodynamics of the
growth process, as the thermodynamic driving force is
predicted to be similar for the Zr and Hf systems of the
respective catalysts (cf. Table 1). Overall, growth of the
five-, seven-, and nine-membered zircona(IV)- and hafnia-
(IV)cycles is an exergonic and essentially irreversible
process, such that thermodynamics are not likely to
prevent metallacycle growth, and thereby not acting to
regulate the R-olefin product distribution.

C. Decomposition of Metallacycle Intermediates
to Afford r-Olefins. Depending on the size of the
metallacycle, the decomposition of group 4 metalla(IV)-
cycloalkanes follows two distinct mechanisms, which
parallels the findings for the parent Cp-based systems.14

The stepwise mechanism comprised of â-H abstraction
and subsequent reductive CH elimination with an
intervening alkenyl-hydride-MIV species involved is
favorable for the smallest, thus rigid, intermediate 5C.
By contrast, for the conformationally flexible cycles
starting with 7C the concerted â-H transfer, taking
place in close proximity to the metal, is operative.

Starting with the decomposition of 5C, this multistep
process exhibits a double-valley energy profile. The first
â-H abstraction is seen to come at the expense to the
arene-M interaction.37 The ancillary phenyl group
preferably adopts the η1-mode in T5C-HA for both
CMe2- and CMe2CH2-bridged catalysts. Following the
reaction path the η2,η1-alkenyl-hydride-MIV intermedi-
ate 5C-H is encountered next, which is stabilized by the
reattached η6-arene functionality. The decomposition is
completed after passing through T5C-HRE, which is

reached at a distance of ∼1.9 Å of the emerging CH
bond, giving rise to the [(η6-BC5H5-(bridge)-η6-C6H5)-
MII]+ complex under liberation of 1-butene. The struc-
tures of the key species involved in the 5C decomposi-
tion are shown in Figure S1 of the Supporting Informa-
tion.

The computed energetics resembles the structural
aspects discussed thus far (cf. Table 2). The first step
is connected with a prohibitively large barrier of 26.2/
27.5 and 28.6/29.7 kcal mol-1 (∆∆Gq) for Zr/Hf systems
with a C1- and C2-bridge, respectively. This points out
that the â-H abstraction is distinctly more difficult
kinetically for boratabenzene catalysts than for the Cp-
based analogues,36b owing to the reduction of the hap-
ticity of the arene-M coordination associated with the
former systems. The 5C-H intermediate is found to be
17.5-20.9 (C1-bridge) and 15.4-19.3 (C2-bridge) kcal
mol-1 higher in free energy relative to 5C. This species
is indicated to be highly reactive, thus being not likely
to occur in appreciable concentrations, as 5C-H is
separated from T5C-HRE by only 2-3 kcal mol-1. The
reductive CH elimination is predicted to be the kineti-
cally less expensive of the two consecutive steps, having
a free-energy barrier of 18.7/22.8 (C1-bridge) and 16.6/
21.3 (C2-bridge) kcal mol-1 for Zr/Hf catalysts, respec-
tively. This contrasts with the situation for the related
Cp-based systems, where the two subsequent steps have
similar kinetics.14 The increase of the elimination bar-
rier in the Hf > Zr order can be rationalized by the
enhanced M-C bond strength upon descending group
4.38 As clearly revealed from the geometry of T5C-HRE
(cf. Figure S1), here, the hemilabile arene functionality,
in contrast to the insertion step (cf. section I.B), acts to
support the transition state coordinatively. The larger
flexibility of the C2-bridged phenyl group allows a more
efficient stabilization of T5C-HRE, without introducing
unfavorable steric interactions with the smallest five-
membered metallacycle, thus serving to accelerate the
process when compared to C1-bridged systems. As a
further aspect, the elimination rate can be controlled
also by the ability of a suitably modified Cp moiety to
support the formal MIV f MII process electronically. The
low lying boratabenzene σ-acceptor orbital23,24 plays a
pivotal role in this regard, giving rise to a free-energy
barrier that is 2.5-3.0 kcal mol-1 lower relative to the
analogous Cp catalysts.36b

The key species for the 7C decomposition into the
1-hexene-MII product 7C-O through concerted transi-
tion-metal-assisted â-H transfer are shown in Figure
4, exemplified for the CMe2- and CMe2CH2-bridged Zr
catalysts. The transition state for the transfer of a
hydrogen atom between the Câ and CR′ carbons consti-
tutes a quasi-planar arrangement of the MCâHCR′

fragment and occurs halfway between educt and prod-
uct, i.e., with similar Câ-H and CR′-H distances.
Similar to the CH elimination along the stepwise
pathway, the phenyl ligand assists the â-H transfer,
first, by stabilizing the transition state coordinatively
by the compensation for the reduction of the coordina-
tion sphere around the metal, and second, by the

(37) Of several attempts undertaken, we have not been able to
localize an isomer of T5C-HA with a strongly centrosymmetrically
coordinated phenyl group.

(38) (a) Mingos, D. M. P. Essential Trends in Inorganic Chemistry;
Oxford University Press: Oxford, U.K., 1998. (b) Elschenbroich, Ch.;
Salzer, A. Organometallics: A Concise Introduction, 2nd ed.; Wiley-
VCH: Germany, 1992.
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support of the metal’s low oxidation state in the R-ole-
fin-MII products XC-O.

Overall, and in analogy with the observation for the
Cp-based congeners,14 decomposition of larger cycles
starting with 7C becomes significantly accelerated along
the concerted pathway (cf. Table 2). The largest barriers
of 13.4 and 16.6 kcal mol-1 (∆Gq, Table 2) for the
1-hexene and 1-octene production paths, respectively,
clearly indicate that the two processes are being facile.
Following the argument concerning the stability of the
M-C bond and the flexibility of the bridge given before,
the trend in the predicted kinetics for individual cata-
lysts becomes understandable (cf. Table 2). (1) Decom-
position of 7C is the most easy kinetically among all
investigated metallacycles, while the 1-octene genera-
tion is connected with a ∼3-6 kcal mol-1 higher barrier.
This is so, because TS[7C-7C-O] adopts a highly stable
conformation,39 while for larger rings close H-H con-
tacts within the metallacycle fragment lead to a desta-
bilization of the respective transition states. (2) The
increase of the M-C bond strength upon descending
group 4 causes the barrier for Hf catalysts to be higher
than for Zr counterparts. (3) Catalysts bearing a flexible
CMe2CH2-bridge display a higher propensity for decom-
position of 7C than their C1-bridged congeners. This
preference, however, is no longer seen for 9C, where
very similar barriers are predicted for the corresponding
C1- and C2-bridged catalysts, since here unfavorable
steric interactions between the arene and metallacycle
moieties appear as a counterbalancing factor. (4) Most
remarkably, however, the boron substitution of the Cp
moiety leads, in general, to a distinct acceleration of the
metallacycle degradation. There are two factors that

govern the decrease of the activation free energy by
∼2-4 kcal mol-1 (∆∆Gq, Table 2)36c relative to the Cp-
based catalysts. The aforementioned low-lying σ-accep-
tor orbital and also the higher electrophilicity of the
metal support the reductive â-H transfer, thereby
making the metallacycle decomposition, in contrast to
the growth (cf. section I.B), kinetically easier. As a
further aspect, generation of the R-olefin-MII products
XC-O is seen to be a strongly exergonic process, driven
by a large thermodynamic force (cf. Table 2). In addition
to the kinetic preference, the decomposition is facilitated
also thermodynamically for boratabenzene catalysts,36c

owing to an enhanced σ-donating interaction in the
XC-O products.

II. Influence of the Electronic Modification of
the Cyclopentadienyl Moiety on the Catalyst’s
Ability for Linear Oligomerization of Ethylene.
Having gauged the influence of the electronic modifica-
tion of the Cp moiety on the energy profile for crucial
steps, we are now at the position to estimate the
catalytic potential of the, yet hypothetical, group 4
mono(boratabenzene-arene) catalysts for linear oligo-
merization of ethylene. The distribution of the oligomer
products has been shown previously14b to be almost
entirely regulated kinetically by the propensity of the
individual metallacycle intermediates to either decom-
pose or grow, which is indicated by the ∆∆Gq

d-g value40

reported in Table 2.
Starting with the Zr-mediated oligomerization, deg-

radation of 5C, which is readily formed via 2 f 5C
oxidative coupling (cf. section I.A), along a stepwise
pathway is entirely suppressed by an insurmountable
high barrier for the first â-H abstraction (cf. section I.C),

(39) The favorable conformation of TS[7C-7C-O] resembles formally
similarity to the chair conformation of cyclohexane (cf. Figure 4), which
makes its particular stability understandable.

(40) The ∆∆Gq
d-g value represents the difference of the free-energy

barriers for competing decomposition and growth steps for a particular
metallacycle intermediate.

Figure 4. Selected geometric parameters (Å) of the optimized structures of key species for decomposition of the metalla-
(IV)cycloheptane 7C into the 1-hexene-MII complex 7C-O through concerted transition-metal-assisted â-H transfer, for
CMe2-bridged (top) and CMe2CH2-bridged (bottom) systems, exemplified for Zr catalysts. The cutoff for drawing M-C
bonds was arbitrarily set at 2.8 Å.
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thereby forcing 5C to grow and precluding the genera-
tion of 1-butene as an oligomerization product. The next
larger zircona(IV)cycle 7C and also 9C display a dis-
tinctly higher propensity to decompose than to undergo
further ethylene insertion events. The ∆∆Gq

d-g value
for 7C of -5.8 kcal mol-1 predicted for the C1-bridged
Zr catalyst, which becomes even larger for the counter-
part bearing the extended C2-bridge (-10.0 kcal mol-1,
Table 2), can be considered as being large enough to
prevent any further increase of the metallacycle com-
pletely.41 As a consequence, (1) 7C is the largest zircona-
(IV)cycle intermediate occurring in appreciable concen-
trations during the reaction course, and (2) 1-hexene is
almost exclusively formed among the various possible
oligomers. Furthermore, the 5C + C2H4 f 7C cycle
growth is the rate-controlling step that is connected with
a free-energy barrier of 14.5 (C1-bridge) and 18.0 (C2-
bridge) kcal mol-1 (cf. Table 1), respectively. For the
experimentally reported [(η5-Cp-(CMe2-bridge)-C6H5)-
TiII-(C2H4)2]+ active trimerization catalyst12a,b this bar-
rier amounts to 15.5 kcal mol-1.14b This leads us to
conclude that (1) the two probed Zr systems should
display catalytic abilities for the selective ethylene
trimerization to 1-hexene and that (2) the C1-bridged
mono(boratabenzene-arene) Zr catalyst is likely to be
highly efficient, exhibiting an activity that is beyond
what is reported for the established Cp-based Ti
catalyst.12a,b

In analogy with the situation for Zr systems analyzed
thus far, the path for 1-butene production is entirely
suppressed for the Hf-supported reaction as well, owing
to the clear preference of 5C to grow further (∆∆Gq

d-g
) 10.1-11.7 kcal mol-1). Concerning the oligomerization
abilities, the C2-bridged Hf system bears great similarity
to the Zr catalysts. The ∆∆Gq

d-g gap for 7C, predicted
as being as large as -7.1 kcal mol-1 (cf. Table 2),41

clearly points out that this compound is likely to be a
trimerization catalyst. However, this catalyst might be
a less favorable alternative to the aforementioned C1-
bridged Zr analogue, as the ethylene insertion has been
shown in section I.B to be kinetically more expensive
upon descending group 4 and also for systems with an
extended C2-bridge. Indeed, the barrier for the rate-
determining 5C + C2H4 f 7C step amounts to 19.6 kcal
mol-1 (cf. Table 1), thereby suggesting that this Hf
system (C2-bridge) is a significantly less active trimer-
ization catalyst.

A different product composition is suggested for the
C1-bridged Hf catalyst. In this case, comparable barriers
are predicted for ethylene insertion and concerted â-H
transfer for 7C and 9C, with the two hafnia(IV)cycles
exhibiting a moderately higher propensity for decom-
position (∆∆Gq

d-g ) -2.0 and -1.8 kcal mol-1, respec-
tively; cf. Table 2). Although 7C is slightly more likely
to decompose, there is also a probability for formation
of 9C, such that 1-hexene would be the major product,
together with some amount of 1-octene. This parallels
our findings for the Cp-based Zr analogue (C1-bridge),
which has been suggested as a promising catalyst
possessing abilities for generation of 1-octene besides
the prevalent 1-hexene oligomer product.14b As already

mentioned in the Introduction, the substituent on boron
might be an efficient handle for tuning the ∆∆Gq

d-g gap
for boratabenzene catalysts. According to our experience
with the Cp analogue systems, this is likely to influence
the gap congruously for both 7C and 9C. Thus, a
suitably modified boratabenzene ligand can act to
modulate the oligomer product composition toward an
enhanced 1-octene portion, which leads in the best of
cases to comparable amounts of 1-hexene and 1-octene.
Although the relative R-olefin proportions can be tuned
to some degree, this, unfortunately, does not offer a
strategy for the making 1-octene the entire or even the
predominant product of the ethylene oligomerization
process.

Concluding Remarks

We have presented a detailed computational explora-
tion of the catalytic abilities of group 4 mono(borataben-
zene-arene) Zr and Hf compounds for linear ethylene
oligomerization, employing a gradient-corrected DFT
method. This study was aimed at probing computation-
ally the potential of an electronically modified, viz.,
boron-substituted, Cp moiety in the parent group 4 [(η5-
Cp-(bridge)-Ph)MII(C2H4)2]+ active catalyst species, where
the C1-bridged Ti compound was recently described as
an effective trimerization catalyst,12a,b to act to increase
the catalytic activity and/or to modulate the R-olefin
distribution. This allowed us to contribute to the com-
puter-based rational design of improved group 4 oligo-
merization catalysts by suggesting Zr and Hf borataben-
zene compounds with a hemilabile arene functionality
that (1) are a more efficient alternative to the reported
Cp-based Ti trimerization catalyst12a,b or (2) have the
promising ability for generation of both 1-hexene and
1-octene.

The influence of the boron substitution of the cyclo-
pentadienyl moiety on the energy profile of important
elementary steps can be summarized as follows: (1) The
highly facile 2 f 5C oxidative coupling is the step that
is least affected overall by this modification. Almost
identical energetics is predicted for the boratabenzene
and the corresponding Cp-based systems. (2) The eth-
ylene uptake and insertion into the MIV-C bond is
accompanied by the displacement of the hemilabile
phenyl ligand by the incoming ethylene. Therefore, the
strength of the MIV-arene interaction in the metalla-
cycle precursors XC is the crucial factor that mainly
determines the kinetics of the metallacycle growth. The
higher electrophilicity of the metal center in the bo-
ratabenzene compounds causes a strong η6 MIV-phenyl
coordination in XC, which makes the increase of the
metallacycle more complicated kinetically, provided that
unfavorable sterics are not effective. (3) The concerted
â-H transfer is supported by both the reduced donor
ability and the low lying σ-acceptor orbital of the
boratabenzene ligand. This leads, in contrast to the
growth step, to a pronounced acceleration of the met-
allacycle decomposition.

With regard to the catalytic potential of the probed
Zr and Hf boratabenzene systems, the C1-bridged Zr
compound is likely to be a highly efficient catalyst for
ethylene trimerization, which should exhibit an activity
that exceeds what is reported for the established Cp-
based Ti catalyst.12a,b A different product distribution

(41) For the purpose of comparison only, the ∆∆Gq
d-g gap has been

predicted to amount to -6.1 kcal mol-1 (ref 14b) for the experimentally
established [(η5-Cp-(CMe2-bridge)-C6H5)TiII-(C2H4)2]+ active trimeriza-
tion catalyst reported by Hessen and co-workers (refs 12a,b).
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is predicted for the Hf counterpart. This system is
suggested as possessing catalytic potential for produc-
tion of 1-octene besides the prevalent 1-hexene oligomer
product. Electronic modification of the substituent on
boron can act to modulate the R-olefin product composi-
tion toward an enhanced 1-octene portion, although not
as the predominant product.
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