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The successful [RRN(Pr)PPh]Cr-catalyzed trimerization and tetramerization of ethylene to 1-hexene
and 1-octene requires the presence of a cocatalyst, of which methylaluminoxane (MAO) is particularly
relevant. Density functional theory (DFT) calculations are reported on the interaction of various MAO
models with chromacycloheptane intermediates. Chromacycloheptanes are well established to be important
intermediates during the selective chromium-catalyzed trimerization and tetramerization of ethylene,
effectively resembling appropriate models for a study of MAO interaction with chromium complexes
during active catalysis. A systematic study is presented evaluating different (AlQdge structure
models for MAO, as both “classic” MAO cages and cages activated by interaction with trimethylaluminium
(TMA), comparing methylation aptitudes of TMA versus MAO models and evaluating the interaction of
MAO models with chromacycloheptane intermediates. From the results the importance of the use of
realistic ligand and large MAO models is shown to be a prerequisite for obtaining accurate catalyst
activation data. In particular, use of a “stripped-down” ligand jR(Me)PMe] on chromacyclohep-
tane in combination with a relatively small MAO cage [(AIOM€RIMe3)] results in the optimization
of formally coordinated chromacycloheptar®dAO complexes, even with increased steric congestion
on chromium upon coordination of an additional ethylene moiety. In contrast, use of the “full” ligand
[PhPN(Pr)PPhH] and larger MAO cages [(AIOMg)(AlMe3)] shows that while the formation of formally
coordinated chromacycloheptarlAO complexes are successfully optimized in the absence of additional
ethylene, only dissociated ion-pair complexes are present when an additional ethylene molecule is
introduced. From these results important insight is gained on the role of MAO during catalysis, as well
as the model requirements for both MAO and chromium complexes to conduct fundamental theoretical
studies in selective chromium-catalyzed ethylene oligomerization.

Introduction

Among other routes, transition metal-catalyzed oligomeriza-
tion of ethylene is traditionally used to synthesiz®lefins2

to 70% selectivity®” In contrast to the Cosse@rlman mech-

anism, the high selectivities in ethylene trimerization and

tetramerization processes were shown by experitn€nand

DFT calculation¥14 to be a consequence of metallacycle

Although a lot of success has been obtained in developing ,achanisms.
catalysts that are both stereoselective and highly active, the linear  1,4nsition metal-based oligomerization catalysts generally do

a-olefin products of these technologies usually obey either a

Shulz-Flory or Poisson distributiof.These distributions of

products are due to similar chain propagation and termination

not operate alone and must be activated by suitable cocatalysts
such as perfluoroaryl boranes, fluoroarylalanes, trityl and

rates in the polymerization mechanism proposed by Cossee and (6) Bollmann, A.; Blann, K.; Dixon, J. T.; Hess, F. M.; Killian, E.;

Arlman? Consequently, a lot of interest is focused on the

development of catalysts capable of selectively producing

a-olefins of specific chain lengths. In particular, the selective
trimerization of ethylene to 1-hexene is a well-known technol-
ogy? In addition, it was recently demonstrated that the Cr-

catalyzed tetramerization of ethylene can be afforded with up |,

tallics 1997 16, 1511.
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ammonium borate and aluminate salts, aluminum alkyls, and Me
methylaluminoxane (MAO}.1t is generally accepted that the Me AL o’AI
cocatalyst, among other functions, facilitates alkyl abstraction | Me
from the catalyst precursor to yield an anionic cocatalyst Me"’/\'* -0 O/A'-o\ v
fragment [RX] and a cationic metal fragment jM*], which O%A'\ \ , o)Al/ ©
in combination represents the active catalytic system as an ion- Me / A—07|
pair denoted by [L,M*][RX ~].15 The construction of models 1: (AIOMe) 4 M7 O—|—A—-Me
for oligomerization catalysts should thus include the cocatalyst; A'\ Me._ //o
this is evident from the relatively large number of theoretical Me 0 AT
studies that directly incorporate cocatalysts to represent active A—oO Me A *0\
catalyst systems for polymerization. In particular, perfluoroaryl °q ‘ A o< Me Al
borane cocatalysts provide well-characterized ion-pair models MeTA"—C{/I\/I/ -Me Al—o Me
for theoretical investigatio#, 18 while ion-pairs involving MAO A ’ N5 md
models as cocatalyst are less prevalent in theoretical sttfdés. Me \O—AI/
In order to obtain accurate theoretical data for the involvement \Me 3: (AIOMe)q
of MAO in catalysis, an accurate theoretical model for MAO 2: (AIOMe)g
is required. However, the structural elucidation of MAO remains _. o
a challenge not yet fully resolved. Different structures proposed Z'ggrg:d gxamples of the cage structures for (AlOMejith n =

for the composition of MAO include linear chains, rings, two-
dimensional structures, and three-dimensional clusters, all of From theoretical studies by Zurek and Ziegtef it was

which represent a possible combination of methylaluminoxane concluded that MAO models consisting of three-coordinate
(—Al(Me)—0—), units. The direct elucidation of the structure  oxygen and four-coordinate aluminum in three-dimensional cage
of MAO is plagued by the fact that multiple equilibria are structures are significantly more stable than linear, ring, or fused
present in MAO solutions, as well as the participation of residual ring structures, which is in agreement with the experimental

trimethylaluminium (TMA) in the interconversion of various

findings of Barror?® These (AIOMe) cages were found to be

MAO oligomers. Despite these uncertainties, important clues the most stable when only squas} &nd hexagonalh) faces

toward the structure of MAO are evident from a number of

are present, while minimum sterically strained squaydéaces

experimental studies. In particular, the structural determination are obtained when no octagona) faces are present in the cage.

of alkylaluminoxanes by Barron et &l suggests that MAO of
composition (AIOMe) has a three-dimensional cage structure
in which four-coordinate Al atoms are bridged by three-

It was further pointed out that cages containing squargiare
(s9 edges, i.e., edges where two squssquare 9 faces meet,
are energetically disfavored, resulting in relatively low abun-

coordinate oxygen atoms. These results were later confirmeddancy. In accordance with this, it was found that (AIOMé$

by 27Al NMR data, which showed that in (AIOMe), ranges
between 9 and 14 at high temperatufe&xamples of these
MAO cage structures are summarized in Figure 1.
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the most abundant MAO cage, explained by the absence of any
unfavorable squaresquare ¢9 edges in its structure. Compre-
hensive theoretical studies focusing on similar and alternative
MAO cage structures of various sizes were also reported by
Zakharov et af’?8and Ystenes et &P.30

“Classic” MAO structures, (AIOMeg) contain only four-
coordinate aluminum centers, which cannot be regarded as being
significantly Lewis acidic (Figure 1). It is well known that
residual trimethylaluminum (TMA) in MAO is often necessary
for MAO to be catalytically activél32 suggesting that the
Al:O:Me ratio in MAO is not exactly 1:1:1. This complicates
the structural elucidation of MAO, because residual TMA in
MAO solutions is suggested to participate in equilibria that inter-
convert various MAO oligomer®-34Nevertheless, from NMR
studies by Imhoff et a¥® it was shown that the Al, O, and Me
composition in MAO corresponds to (Al3-o0.79Me1.4-1.5)n,
effectively suggesting that TMA is incorporated in the structure
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Figure 2. Examples for the transformation of “classic” MAO cages after interaction with TMA.

of “classic’” MAO. This led Zhakharov and Zakhafdvto
construct models for what the authors referred to as “true” MAO
in their DFT studies by incorporating TMA into “classic” MAO
(AlIOMe), according to the following general reaction:

(AlOMe), + /3 TMA — (AIOg ;Me; Jnins (1)

Figure 2 illustrates the mechanism for incorporation of TMA
in the MAO cage: it involves the cleavage of s&Al —O bond
in the “classic” MAO cage with concerted cleavage of an
Al—Me in TMA followed by concurrent formation of new
Al—Me and G-Al(CH3), bonds in MAO. It is significant to
note that the ratio of acidic three-coordinate Al atoms to four-
coordinate Al atoms is significantly higher in experimentally
investigated MAO structures compared to “classic” model MAO
cages, in agreement witAl NMR characterization of MAO,
which showed that while four-coordinate Al sites predominate
in MAO solutions?® three-coordinate sites are also presést.

However, calculations performed by Zurek and Ziejler
indicated that incorporation of TMA into “classic” MAO to yield
a Me:Al ratio of 1.5 is energetically unfavorable, effectively
suggesting that less TMA should be present. In addition, it was
shown that for all “classic” MAO cage structures, except for
(AlOMe)y (vide infra), the incorporation of TMA leads to
cleavage of the most reactive squasguare $¢9 Al—O bond,
as illustrated in Figure 2. The relief of the squasguare ring
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strain was thus proposed to account for the fact that TMA does
indeed incorporate into the “classic” MAO cages.

It is the purpose of the current study to gain fundamental
understanding of the role of MAO as cocatalyst for Cr-catalyzed
trimerization and tetramerization of ethylene via application of
DFT calculations. Whereas a number of theoretical studies have
been reported that focus on cocatalyst interaction with transition
metal catalysts, and the influence this has on the ethylene
polymerization mechanism, no such studies are, to the best of
our knowledge, available for Cr catalysts in general and ethylene
trimerization/tetramerization systems in particular. A systematic
study of the interaction of different MAO models to suitable
chromacycloheptane complexes, believed to be active intermedi-
ates in a metallacycle mechanistic sequence, is presented.

Computational Details

All geometry optimizations were performed with the DNlol
density functional theory (DFT) coéfeas implemented in the
MaterialsStudio (Version 3.2) program available from Accelrys Inc.
Two nonlocal generalized gradient approximation (GGA) exchange
correlation functionals were employed in the current study,, viz
the PW91 functional of Perdew and Wé&hgnd the revised PBE
functional of Hammer, Hanson, and Ngrskbytermed RPBE).
These functionals were employed for different applications as
explicitly noted in the text. DMdl utilizes a basis set of numeric
atomic functions, which are exact solutions to the Kefham
equations for the atonfd. These basis sets are generally more
complete than a comparable set of linearly independent Gaussian
functions and have been demonstrated to have small basis set

(39) (a) Delley, BJ. Chem. Physl992 92, 508. (b) Delley, BJ. Phys.
Chem.1996 100, 6107. (c) Delley, BJ. Chem. Phys200Q 113 7756.

(40) Perdew, J. P.; Wang, Phys. Re. B 1992 45, 13244,
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7413.

(42) Delley, B In Modern Density Functional Theory: A Tool for
Chemistry Seminario, J. M., Politzer, P., Eds.; Theoretical and Computa-
tional Chemistry, Vol. 2; Elsevier: Amsterdam, The Netherlands, 1995.
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superposition error&.In the present study an all-electron polarized
split valence basis set, termed double numeric polarized (DNP),
has been used. All geometry optimizations employed highly efficient

Organometallics, Vol. 26, No. 4, 20003

Table 1. Comparative Calculated and Experimental
TMA Dimerization Energies (kcal/mol) and Dimer Al —Al
Distance (in A)

delocalized internal coordinatésThe use of delocalized coordi- method basis AE AH AG TAS R(AI-Al)

nates significantly reduces the number of geometry optimization b esent work

iterations needed to optimize larger molecules compared to the use  pMmol3/PW91 DNP -18.4 —159 —-3.2 —-128 2.624

of traditional Cartesian coordinates. The tolerance for convergence DMol*RPBE DNP ~ -114 -86 53 —138 2643

of the SCF density was set to T0Ohartrees, while the tolerance Preé’g’;; Work 7P 04

for energy convergence was set t0x210-6 hartrees. Additional _ DPWO B DZP 120 -95 75 —170 2642

convergence criteria include the tolerance for converged gradient g ypc 6-31G* -61 -24 87 —10.1 2.638

(4 x 104 hartrees/A) and the tolerance for converged atom MP2 Pol. SBK —21.8 —18.1 —7.0 —11.1 2.587

displacement (5 104 A). For all calculations involving chromium Mp2 6-31G* -24.6 -209 —98 —111 2595

the SCF convergence was improved by allowing for fractional MP2 6-31G™ —20.0 —17.4 260
’ DMol/LDA/VWN ¢ DN —-19.8

electron occupation numbers of near-vacuum energy levels by  pyvo/NLDA/PWBE DN -79

calculating a finite-temperature Fermi function. A thermal smearing Experiment

of 5 x 1073 hartrees was used throughout. In selected cases —-204 -7.6 —-128 2619

optimized geometries were subjected to full numerical vibrational g-ggg’

analyses at the same level of theory to characterize the nature of

equilibrium structures. All calculations were performed without the
incorporation of solvent effects, motivated by the fact that
Cr-PNP-catalyzed ethylene trimerization/tetramerization is com-
monly performed in nonpolar solvents such as toluene and
cyclohexane. Population analysis (Hirshfeld chartfesps per-
formed for selected GGA/RPBE/DNP-optimized structures at the
same level of theory.

aRef 25.PRef 29.°Ref 48.9Ref 49.°Ref 22 fRef 47.9 Gas-phase
electron diffraction,T = 333 K, ref 50."X-ray diffraction, T = 103 K, ref
60. Neutron diffraction,T = 4.5 K, ref 61.

Results

The presentation of results is divided into four main focus
areas, i.e., the conversion of “classic’” MAO models to TMA-

A comprehensive spin state validation and analysis was per- expanded MAO models, the methylation aptitude of MAO
formed to establish the ground spin states of Cr(lll) complexes. versus TMA, analysis of chromacycloheptane models in the
The details of this validation study are included in the Supporting gpsence of MAO, and the interaction of MAO models with

Information. It was found that the RPBE exchangerrelation
functional provides particularly accurate relative energies for
different spin states of Cr(lll) complexes. Quart&f)(spin states
were calculated to be consistently lower in energy compared to
the corresponding doubletS) spin states for all the Cr(lll)
complexes considered, effectively favoring a quarf} ¢round
state. This is in agreement with other theoretical studies that also
showed that high-spin ground states are favored for chromium
complexes with oxidation states-2.1245 In addition, magnetic
susceptibility studies showed that a quarg} §pin state represents
the ground state for Cr(lll) complexés.
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chromacycloheptane models.

“Classic” MAO versus TMA-Expanded MAO. TMA exists
as a dimer [A}(CHa)s, 6],5961which requires the dissociation
of a monomeric TMA unit from the dimer before interaction
with MAO can proceed. The calculated dimerization enthalpy
(AHaz9g 15 of TMA (PW91) is —15.9 kcal/mol, in fair agree-
ment with the experimentally determined dimerization enthalpy
of —20.4 kcal/mol at 298.15 K’ The DMoF/PW91-calculated
dimerization enthalpy, entropy, and Gibbs free energy are
summarized in Table 1 for comparison with DM&PBE data,
previously published calculated data, and experimental data.
Table 1 shows that the DM#PW91 calculations represent the
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(61) McGrady, G. S.; Turner, J. F. C.; lbberson, R. M.; Prager, M.
Organometallics200Q 19, 4398.



1004 Organometallics, Vol. 26, No. 4, 2007

Table 2. Calculated (DMoPF/PW91/DNP) Zero-Point
Energies (AE), Gibbs Free Energies AG), Enthalpies (AE),
and Entropies (TAS) in kcal/mol for 1/2(TMA) , + (AIOMe),,

N Al—-0O AE AG AH TAS

Present Work

6 ss(7) —-15.7 -7.8 -156 7.8

9 sh(8) —13.0 -7.8  -101 -23

9 ss(9) -7.1 -05 -50 —46
Previous Work

6 ss(7) -131 ~-3.0

9 sh(8) -9.8 ~3.5

9 ss(9) —4.3

aThe vibrational analyses for (AIOMg)species showed spurious
imaginary vibrational modes due to Me rotations that could not successfully
be eliminated despite several efforts. Therefore, the calculbA&s] and
consequentlyAG energies, for the (AIOMg)species should be regarded
only as estimates at the current level of theory. The thermodynamic
quantities affected are indicated by italiéRef 25.
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or 11 in Figure 5) as model chromium complex according to
the following general sequence:

LCrCl;— LCrCl,Me — LCrCIMe, — LCrMe;  (2)

For the purpose of this study, the term “stripped-down” ligand
refers to MegPN(Me)PMe (10; also referred to as PNRMe),
while the term “full” ligand signifies PFPN(Pr)PPh (11; also
referred to as PNPPh) (Figure 5). Wheread0 is to be
considered a model dfl, ligand11 was recently demonstrated
to yield, in combination with Cr(acag)and MAO, a highly
active ethylene trimerization/tetramerization catafyEhe most
appropriate bidentate PNFCr intermediates present during
methylation were determined to be neutral Cr(lll) complexes
exhibiting quartet ground spin stat&s.

The sequential methylation energies of Gr€bmplexes
containing the two ligand40 and 11 with each of the six

most accurate DFT results thus far reported, and good agreemen’t‘nethylat'ng agents illustrated in Figure 4 are summarized in

is also obtained with reported MP2 results. This validates the

DFT approach employed in the current study, similar to the
validation strategy that was followed by Tos#lI.

Two “classic” MAO structures, viz., (AlOMg) (2) and

(AIOMe)q (3), were selected as representative cage structures

for the theoretical investigation of the conversion of “classic”
MAO to TMA-expanded MAO upon interaction with TMA
dimer at the current DM&PW91/DNP level of theory. Cleav-
age of a squaresquare §¢9 Al—O bond in (AIOMe} (2) by
incorporation of one TMA unit to yield (AIOMg}-TMA (7)

is found to proceed witlAE = —15.7 kcal/mol (Table 2),
in fair agreement with the ADF/BP8AE value of —13.1
kcal/mol reported by Zurek and Ziegl&r.For (AIOMe)y
cleavage of both a squaréexagonal gh) (AE = —13.0
kcal/mol), to yield8, and a squaresquare ¢9 (AE = —7.1
kcal/mol), to yield9, AI—0O bond is considered, as illustrated
in Figure 3.

From the zero-point reaction energiesH) summarized in
Table 2 it follows that cleavage of ash Al—0O bond in3 is
favored toss Al—O bond cleavage by 5.9 kcal/mahAE), in
favorable agreement with AAE of 5.5 kcal/mol that was
calculated by Zurek and Zieglét.In their study it was found
that for all (AIOMe), cages considered the (AIOMeg)age is
the only cage in which assAl—0 bond is not calculated to be
the most acidic. The higher acidity of ttsh Al—O bond in
(AlOMe)q (3) is indirectly related to the relatively higher steric
congestion i compared t8.

TMA versus MAO as Methylating Agents. The methylation
of catalyst precursors, e.g., §&4vCl,, prior to ethylene oligo-
merization catalysis is widely accept&cb? to be an important
first stage for catalyst activation when MAO is used as

Table 3. For each methylation step both the zero-point energy
(AEzpp) and Gibbs free energy\Gzos.19 are listed for direct
comparison. In addition, the total reaction energy for direct
methylation of Cr(J to CrMe; is also included as the sum of
the individual methylation reaction energies.

The energies calculated for the first methylation step for both
“stripped-down” PNP-Me (10) and “full” PNP—Ph (1) ligand
systems are found to be significantly exergonic WitlA dimer
(6) as methylating agentin contrast, the second and third
methylation steps are calculated to be endothermic to such an
extent that for PNPMe (10) AEzpe equals 6.9 kcal/mol for
the complete methylation sequence. The comparative Gibbs free
energy changeAGyqs.19 for complete methylation of (PNP
Me)CrCk with the TMA dimer @) is lowered to 1.5 kcal/mol,
albeit still endergonic. In contrast with this, it is found that
expansion of the model to the more realistic (PNFh)CrCh
complex vyields an exergonic reactiom\Gaog15 = —4.9
kcal/mol) for complete methylation (Cr&t CrMes) with TMA
dimer ©). From these results it may thus be concluded that
although the second and third methylation steps are slightly
endergonic AGygs15 = 1.0 and 2.0 kcal/mol, respectively),
complete methylation is expected when excess TMA dimer is
used as methylating agent.

For both the “classic”Z and 3) and TMA-expanded7—9)
MAO modelghe methylation energies for all methylation steps
are found to be significantly unfavorable compared to TMA
dimer as methylating agent (Table 3). The increasing endergonic
pattern for the second and third methylation steps is also retained
for the MAO methylating agents. These results suggest that the
methylating activity during catalyst activation should necessarily
be due to TMA rather than MAO.

Chromacycloheptanes in the Absence of MAO.The

cocatalyst. Understanding the nature of the methylating agentselective oligomerization of ethylene to exclusively yield

is important in order to assess its role(s) prior and during
catalysis. In order to determine the possibility of MAO acting

1-hexene (trimerization) or mixtures of 1-hexene and 1-octene
(tetramerization) is generally agreed to involve metallacycle

as a methylating agent, the methylation aptitudes of various intermediate§:1112 This was elegantly demonstrated by the

MAO derivatives, including “classic” (AIOMg)(2) and (AIOMe})

(3) and TMA-expanded MAO derivatives—9 (Figure 4), were
compared to the methylating aptitude of the TMA dimey. (
The Me group in the methylating agent considered for methy-
lation was determined by careful comparison of relative isomer
energies for single Cl-substituted TMA and MAO structures.

selective formation of 1l-hexene after exposure of isolated
chromacycloheptane complexes to ethygherecent deuterium
labeling studies Bercaw et #l.confirmed the importance of
chromacycloheptane intermediates during P¥PEPMeCr(111)-
catalyzed [PNP-PHMe = (0-MeO—CgH4).PN(Me)PHo-MeO—
CsHa)2] ethylene trimerization. Overett et &l.showed from

Figure 4 illustrates these six methylating agents together with similar deuterium labeling studies that chromacycloheptane

the most likely Me group to be employed for methylation (noted
by an asterisk in each case).

intermediates are also operating during (PNAP)Cr-catalyzed
ethylene trimerization, while metallacycle growth to vyield

The methylation aptitudes were correlated to the calculated chromacyclononane intermediates accounts for the tetrameriza-

reaction energies for sequential methylation of LGCI= 10

tion of ethylene to 1-octene. In addition, all theoretical papers
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Figure 3. Interaction of TMA with both squaresquare $9 and square hexagonal §h) Al—O bonds in “classic” (AIOMe) (3).
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Figure 4. TMA and MAO methylating agents considered for comparison of relative methylating aptitude. (The asterisk indicates the most
likely Me group utilized during methylation.)

N4 Ph_Ph reported magnetic susceptibility studies in which it was shown
/P /P that Cr(lll) complexes favor quartet spin statesffectively
—N }N\ making NMR analysis impractical. Consequently, it is important
/P\ PN to explicitly account for the most favored Cr spin states in a
PR Ph computational stud$2 Formal Cr(1Il) oxidation states {g?) are
10: PNP-Me 11: PNP-Ph

present in the chromacycloheptane species considered in the
current study, effectively making both doubl&) and quartet
(S) spin states for Cr possible. A validation study was
performed in which a series of GGA exchang®rrelation DFT
on ethylene trimerizatidd—14 consider metallacycle intermedi- functionals were compared for accuracy i_n determini_ng di_fferent
ates to rationalize the mechanism. Consequently, P\o- spin state energiéd.From these pomparatlve calculanops it was
macycloheptane complexes were chosen in the current studyfund that the pure DFT functionals tend to overestimate the
as representative intermediates present during ethylene trimerStability of low spin forms, in agreement with results reported
ization/tetramerization to investigate the possible interaction of Py Harvey®* Nevertheless, it was established that the RPBE
MAO with an active chromium catalyst. The interaction of MAQ ~ €xchange-correlation functional provides results of adequate
with chromacycloheptanes, in both the absence and presencéccuracy for spin state evaluations in the current applic&tion.
of coordinated ethylene, is considered. Two chromacycloheptaneFor all RPBE calculations performed on Cr(lll) structures it is
models were used, i.e., containing either “stripped-down” shown that doubletg) spin state structures are significantly
PNP-Me (10in Figure 5) or PNP-Ph (11 in Figure 5). higher in energy than the comparative quargj étructures?
Complexes of chromium are known to contain unpaired despite the anticipated overestimation of the doubl) (
electrons in the valence shell. This is evident from recently stabilities®® Therefore, the results discussed in the remainder

Figure 5. Structures for the “stripped-down” MeN(Me)PMeg
(10) and “full” Ph,PN({Pr)PPh (11) ligands used in the current
study.
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Table 3. Sequential and Total Calculated Zero-Point
(AEzpe) and Gibbs Free AGy,95.19 Energies for Methylation
of Stripped-Down (PNP—Me)CrCl; and Full
(PNP—Ph)CrCl; Complexes with TMA Dimer (6) and MAO
Derivatives 2, 3, 79

(PNP-Me)CrCk (PNP-Ph)CrCg
methylation AEzpe AGaog.15 AEzpe AGoog.15
agent step (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
6 first -5.6 -7.1 -8.1 -7.9
second 4.1 1.4 2.9 1.0
third 8.5 7.2 4.1 2.0
total 6.9 15 -1.1 —-4.9
2 first 2.9 3.0 0.4 2.2
second 12.6 115 11.4 11.1
third 17.0 17.3 12.6 12.1
total 32.4 31.8 24.5 25.4
3 first 15 0.12 -0.9 —-0.72
second 11.2 8.6 10.1 8.2
third 15.7 14.5 11.3 9.2
total 28.4 23.1 20.5 16.8
7 first 0.6 1.7 -1.9 0.9
second 10.3 10.2 9.1 9.8
third 14.7 16.1 10.3 10.8
total 25.5 28.0 175 21.6
8 first 0.6 1.& -1.8 1.12
second 10.3 10.3 9.2 10.0
third 14.7 16.2 10.4 11.0
total 25.7 28.4 17.7 22.0
9 first 1.2 2.4 -1.3 1.6
second 9.7 10.9 9.7 10.5
third 15.3 16.7 10.9 115
total 26.2 30.0 19.4 23.6

aThe vibrational analyses for (AIOMg)species showed spurious
imaginary vibrational modes due to Me rotations that could not successfully
be eliminated despite several efforts. Therefore, the thermodynamic
quantities for the (AIOMe) species should be regarded only as estimates
at the current level of theory. The thermodynamic quantities affected are
indicated by italics.

of this paper focus only on the quart&) Cr(lll) complexes
as obtained with the RPBE functional.

The current section is devoted to the nature of chromacy-
cloheptane complexes in tabsencef MAO. This information
is required for direct comparison with complexes explicitly
containing different MAO models (vide infra). Both “unsatur-
ated” chromacycloheptanes, i.e., structures containing no co-

ordinated ethylene, and “saturated” chromacycloheptanes, i.e.,

structures containinga-coordinated ethylene in the chromium
coordination sphere, are considered in this comparison. The
relevance of these models for possible correlation to ethylene
trimerization/tetramerization selectivities is motivated by (i) the

necessary coordination of free ethylene to chromacycloheptane

intermediates for eventual metallacycle growth and (ii) the need
to investigate possible competition between ethylene and MAO
fragments for coordination to chromium.

In Figure 6 the optimized geometries foationic “stripped-
down” (i.e., structures containing ligarid) chromacyclohep-

Jansmn Rensburg et al.

effectively positioning the twax-carbons of the metallacycle
roughly parallel to the PCr—P plane. The formation df4, in
contrast, follows directly from the exchange of {1 agostic
interaction in12 with coordinated ethylene to yield an equa-
torially coordinated ethylene structure containing no—@r
agostic interactions. Weaker ethylene coordinatioth4rcom-
pared tal3is suggested by the relatively elongated-€thylene
distance found fod 4.

The interaction of MAO to chromium intermediates most
likely involves a bridging methyl group that is shared by the
chromium and the appropriate MAO calfelt is therefore
instructive to compare the relative energiesiefitralchroma-
cycloheptane complexes, in which a Me group is formally
coordinated to chromium, in the absence of MAO. Figure 7
illustrates the optimized geometries for such neutral “stripped-
down” (i.e., structures containing ligari@) chromacyclohep-
tanes. In contrast to the single “unsaturated” cationic chroma-
cycloheptand 2illustrated in Figure 6, two “unsaturated” neutral
complexes were successfully optimized, i¥5,and 16. The
geometry ofl5 closely resemble$2 (Figure 6), in which a Me
group is introduced to the open coordination site on Cr to yield
a distorted octahedral complex with theH agostic interaction
cis to the Me group. A distorted octahedral complex is also
obtained forl6, in which thej-H agostic interaction israns
to the Me group.

It is significant to note that6is calculated to be more stable
than15. This is in contrast to results obtained for the “unsatur-
ated” cationic chromacycles in Figure 6, where the correspond-
ing cationic structure fot6 could not successfully be optimized;
all attempts to locate the cationic equivalentl& resulted in
the spontaneous optimization1@ (Figure 6). It should be noted
that all attempts to optimize neutral geometries in which ethylene
is introduced into the chromium coordination sphere resulted
in the spontaneous dissociation of ethylene.

In order to expand the “stripped-down” models illustrated in
Figures 6 and 7, similar optimizations were performed with the
“full” PNP—Ph ligand (ligand11 in Figure 5). Figure 8
illustrates the optimized cationic geometries and relative energies
(AEzpg) for both “unsaturated” and “saturated” chromacyclo-
heptane intermediates for the PNPh ligand. This data should
be compared directly with the results summarized for the
“stripped-down” ligand in Figure 6. Two “unsaturated” chro-
macycles were successfully optimized,.viZ7 and18. Whereas
17 corresponds ta@2 (Figure 6), the “stripped-down” equivalent
corresponding td.8 could not successfully be optimized (vide
supra). The relative energies for these “unsaturated” chroma-
cycloheptanes favat7 over 18 by AEzpe = 2.0 kcal/mol.

Similar ethylene coordination modes were located for the
“full” complexes, as was found for the “stripped-down”
complexes (Figure 6) and is illustrated Eand 20 in Figure
8. Ethylene coordinatiotransto the-H agostic interaction in

tanes are illustrated in both the absence and presence ofl9 is favored over equatorigi-H displacement20) by 1.3
coordinated ethylene. For the “unsaturated” chromacycloheptanekcal/mol, which mirrors the results obtained for the “stripped-

12, i.e, in the absence of coordinated ethylene, optimization
yields a distorted square-pyramidal geometry in which one of
the metallacyclea-carbons occupies the apical position. A
prominentS-H agostic interaction (1.947 A) occupies one of
the equatorial positions. No other isomeric geometrieslfor
were successfully optimized; all alternative optimizations
resulted in spontaneous optimization towa

The coordination of ethylene to the cationic quartss) (
chromacycloheptank? yields the distorted octahedral geometry
13 and the distorted square-pyramidal geometd In 13
ethylene is coordinatedrans to a -H agostic interaction,

down” structures (Figure 6).

Neutral chromacycloheptane structures, containing a formally
coordinated methyl group, were also successfully optimized for
the “full” PNP—Ph ligand as illustrated in Figure 9. The two
complexe1 and22 are geometrically similar to the respective
“stripped-down” complexe$5 and16 (Figure 7). However, the
change introduced by the more realistic ligand is reflected in
the relative energies, albeit that the relative trends observed for
the “stripped-down” ligand structures are retained. Stru@@re
is calculated to be lower in energy th@i by AEzpg = 10.0
kcal/mol compared to AEzpe of 5.5 kcal/mol for the corre-
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2368 2.431

12 0.0 kcal/mol 13 -6.2 kcal/mol 14 -3.1 kcal/mol
Figure 6. Optimized geometries for “stripped-down” (ligad@) cationic chromacycloheptane structures in both the absence and presence
of coordinated ethylene. (Bond lengths in A anfzpe energies in kcal/mol relative th2 are balanced with the energy of free ethylene
where necessary.)

15 0.0 kcal/mol 16  -5.5 kcal/mol
Figure 7. Optimized geometries for “stripped-down” (ligarid)
neutral chromacycloheptane structures. (Bond lengths in A and 0.0 kcal/mol -10.0 kcal/mol
AEzpe energies in kcal/mol relative tb5.) 21 22

Figure 9. Optimized geometries for “full” (ligandLl) neutral
chromacycloheptane structures. (Bond lengths in A Afitipe
energies in kcal/mol relative t@81; hydrogens on the ligand are
omitted to ensure clarity.)

tion is envisaged for “activated” MAO with a methylated
catalyst precursor or intermediate. In particular, Zurek and
Ziegler reportetP a relevant theoretical study in which the
2.0 keal/mol explicit incorporation of a model for TMA-expanded MAO, i.e.,
(AlIOMe)g activated by 1 TMA unit, was used. In another report
by Rappeet al>* the (AIOMe) cluster was considered an
appropriate model for such theoretical studies.

In order to assess the similar possibility of interaction of
TMA-expanded MAO with an active chromium intermediate,
the coordination of (AIOMe}-TMA (7) to “stripped-down”
(PNP-Me ligand) chromacycloheptane intermediates was in-
vestigated. The interaction atutral (AIOMe)s—TMA (7) with
neutral chromacycloheptanes was modeled by coordination of
the unsaturated three-coordinate Al atonvViwith the methyl

-5.1 keal/mol -3.8 keal/mol group of the neutral chromacycloheptanes. This interaction mode
19 20 and the notation used are illustrated for a representative complex
Figure 8. Optimized geometries for “full” (ligandLO) cationic in Figure 10 (this structure corresponds28 in Figure 11).
chromacycloheptane structures in both the absence and presenc®he use of these smaller models facilitated relatively expedient
of coordinated ethylene. (Bond lengths in A ahBpe energies in initial calculations, which were used in turn for expansion to

kcal/mol relative tdl 7 are balanced with the energy of free ethylene  ,ore realistic models discussed later.

whe_re necessary; hydrogens on the ligand are omitted to ensure Figure 11 illustrates geometrical and relative enery§es)
clarity.) _ . "
data for optimized chromacycloheptane geometries bridged by

sponding “stripped-down” complexes (Figure 7). Once again, a methyl group to (AIOMe)}TMA (7). The metallacycle
no neutral complexes were successfully located with ethylene conformation in23 contains g3-H agostic interaction roughly
formally incorporated into the chromium coordination sphere. in the P-Cr—P plane and is similar to the metallacycle

“Stripped-Down” Chromacycloheptanes in the Presence conformation depicted fot5 in Figure 7. In24 a 5-H agostic
of (AIOMe)s—TMA (7). The cocatalysts in, for example, interaction istrans to the bridging Me group with both
metallocene-catalyzed polymerizations are widely accepted to metallacycleo-carbons roughly in the PCr—P plane, similar
facilitate the generation of ion-pair complexes in which a to the metallacycle conformation illustrated o in Figure 7.
cationic transition metal complex is paired with an anionic A third metallacycle complex25), which contains ngs-H
cocatalyst fragmerit.In this regard, a number of theoretical agostic interactions and both metallacydlecarbons in the
studies aimed at probing the fundamental role of boron-basedP—Cr—P plane, was also located. The conformation of the
cocatalysts, e.g., B@Es)s, with metallocenes have been re- chromacycle in25 represents a boat structure similar to the
ported!®18 From these studies it is argued that the interaction expected conformation of cyclohexane. This boat conformation
of the cocatalyst with the metal occurs via a bridging methyl is retained upon coordination of ethylene 26 to yield a
group. This interaction generates a catalyst/cocatalyst “dissoci- distorted octahedral complex. These schematic representations
ated” ion-pair complex after abstraction of a methyl group from for the specific chromacycle conformations are consistently used
an appropriate methylated catalyst precursor. A similar interac- in the remainder of this paper.
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Figure 10. Example of an optimized geometry for (AIOMe)TMA
ligand) chromacycloheptane.
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Figure 11. Optimized geometries of “stripped-down” (ligadd) chromacycloheptane complexes bridged via a methyl group to (Al@Me)

TMA (7), in both the absence and presence of coordinated ethyl

Formal coordination of the (AIOMeg)>TMA (7) fragment
in 23is evident from the relatively short calculated-vle and
Me—Al distances of 2.599 and 2.106 A, respectively. However,
the interaction of the Me group with Al is evident from the
elongation of the CrMe distance from 2.187 A, when
(AIOMe)s—TMA (7) is not presentX5, Figure 7), to 2.599 A
in 23. A similar trend is found for24: the -H agostic
interactiontrans to the bridging Me group is shortened from
2.145 A in 16 (Figure 7) to 1.960 A in24. This may
conveniently be explained by the partial positive charge on Cr
upon elongation of the GrMe distance from 2.098 A il6
(Figure 7) to 2.322 A ir24. The Cr-Me distance ir25is shorter
compared t®3 and24 and is presumably caused by a relatively
higher partial positive charge on Cr Bb due to the lack of
additional-H agostic interactions. A comparison of the relative
Cr—Me and Me-Al distances in23, 24, and25 clearly shows
that Cr and Al compete for interaction with the bridging Me
functionality, evident from the inverse dependence of Me
and Me-Al distances. The relativAEzpe values for23, 24,
and25indicate that botl23 and24, containing additiongB-H
agostic stabilization, are favored above the coordinatively
unsaturated chromacyclohepta2ie

The successful optimization of thethylene-coordinated
structure 26 is significant, because a similar structure in the
absence of (AIOMg)-TMA (7) was not successfully located
(vide supra). Partial abstraction of the Me grou@éileads to
enhanced partial positive charge on €ffectiely facilitating
the z-coordination of ethyleneThis is highlighted by the
elongation of the C+Me distance in26 compared with the
precursor complex25. The relatively elongated ethylene
chromium distances 126 (2.730 and 2.690 A), as well as
unfavorable ethylene coordination energyEzpe = 6.1 kcal/
mol relative to23 and free ethylene), suggest a relatively weak
ethylene interaction.

ene. (Bond lengths in¥Eancenergies in kcal/mol relative t83))

“Full” Chromacycloheptanes in the Presence of (AIOMey—
TMA Models. In this section an expansion of the models, with
regard to both the chromacycloheptanes and MAO models, is
presented to ensure a more comprehensive and realistic account
of the interaction between MAO and an active ethylene
trimerization/tetramerization chromium intermediate. For this
purpose the “stripped-down” PNfMe ligand (ligand10 in
Figure 5) used in the previous section is replaced by the “full”
PNP-Ph ligand (ligand1l in Figure 5), a bidentate ligand
known for its tetramerization activity in combination with
chromium and MAC The “stripped-down” MAO model,
(AIOMe)s—TMA (7), is replaced with the more appropriate
(AlIOMe)y cage structure, activated by a single TMA unit. As
indicated above in Figure 3, the TMA-induced cleavage of
square-hexagonal §h) and squaresquare 9 Al—O bonds
in the (AIOMe) cage [to yield (AIOMey—TMA-sh (8) and
(AIOMe)o—TMA-ss (9), respectively] leads to two TMA-
expanded MAO models for incorporation in the current study.
In Table 2 it was shown that the formation®from (AIOMe)y
is favored over the formation 0f. However, due to the
underlying uncertainty and complexity of active MAO structures
during catalysis, it was decided to study the-G4AO interac-
tion with both 8 and 9, effectively covering a more compre-
hensive range of structures and representing a more inclusive
account of actual catalyst/MAO interactions. In the discussion
to follow, the DFT (RPBE) results obtained for the interaction
of the neutral (AIOMeyg—TMA models 8 and 9 with neutral
methylated PNP-Ph-chromacycloheptanes (as summarized in
Figure 9) focus on (AIOMe}-TMA interacting with (i)
“unsaturated”, .e., in the absence of ethylene, chromacyclo-
heptanes for the most relevant quartg) €hromium spin states
and (i) “saturated”, .k, in the presence of coordinated ethylene,
chromacycloheptanes. Figure 12 illustrates an example of the
optimized geometry of one of these TMA-expanded MAO
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Figure 12. Example of an optimized geometry for (AIOMe)TMA-sh(8) interaction with the “full” PNP-Ph-chromacycloheptar? to
yield 27 (Figure 13).
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Figure 13. DMol3/RPBE-optimized geometries for interaction of (AIOMe)MA-sh (8) and (AIOMe)—TMA-ss(9) with “unsaturated”
PNP-Ph chromacycloheptane complexes. ComparaiiEg-c energies (kcal/mol) are presented relative to the lowest energy str@ature
All data pertaining to (AIOMej—TMA-ss(9) are denoted in square brackets to distinguish it from the data for (AIGM&)IA-sh (8).

chromacycloheptane structures, in which (AIOM&MA-sh(8) bridging of the three-coordinate Al ®and9 with the methyl
is bridged via a methyl group to a chromacycloheptane (this functionality on chromium (see Figure 12). In tieH agostic
structure corresponds &y in Figure 13). structures27 and 33, relatively tight coordination 08 and9,
Figure 13 illustrates the optimized geometries for interaction respectively, is evident from the relatively short-@e and
of both (AIOMep—TMA-sh (8) and (AIOMe}—TMA-ss (9) Me—Al distances, in good agreement with the structural
to “unsaturated” methylated PNHPh-chromacycloheptanes, parameters that were obtained for the “stripped-down” model
along with the relativeAEzpg energies. In order to distinguish 23 (Figure 11). The optimized structures lackifigH agostic
the geometrical and energy data for interactior8@nd9, all interactions in the metallacycle backbor28(@nd 34) yield
data pertaining to (AIOMe)}-TMA-ss (9) in Figure 13 are bridging methyls with elongated €Me distances compared
denoted by square brackets. to 27 and 33, respectively, despite the lower chromium
For all the structures illustrated in Figure 13 the interaction coordination number ir28 and 34. In the three-dimensional
of (AIOMe)y—TMA with the chromacycloheptane involves geometry of27 (Figure 12, similar for33), the agostig3-H is
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Figure 14. DMol3/RPBE-optimized geometries for interaction of (AIOMeTMA-sh (8) and (AIOMe}—TMA-ss (9) with “saturated”
PNP-Ph chromacycloheptane complexes. Comparaiitg-g energies (kcal/mol) are presented relative to the lowest energy str@iture
(Figure 13) and free ethylene. All data pertaining to (AIOMeJMA-ss(9) are denoted in square brackets to distinguish it from the data
for (AIOMe)g—TMA-sh (8).

orientatedransto the bridging methyl. In contrast, a methylene Three chromacycloheptanr®AO structures were successfully
fragment occupies the positigransto the bridging methyl in optimized for each (AIOMe)}-TMA isomer, yielding a total
both 28 and 34, causing a more pronouncens influence, of six geometries. The most important observation to be made
which presumably accounts for the elongated M distances from Figure 14 is thaho structures were successfully optimized
for the latter. It is interesting to note that the relative energies in which the bridging methyl remains formally coordinated to
of 27 and 28, and33 and 34, are essentially the same. Upon chromium that is, Ce-Me distances are 5 A in all cases. This
formation of a8-H agostic interactiogis to the bridging methyl shows that competition between ethylene and the methyl group
group, to yield29 and35, respectively, an unexpected increase to coordinate to chromium occurs. This further implies that the
in relative energy (by 3:76.2 kcal/mol), compared to the uptake of ethylene is necessary to afford formal methyl
corresponding metallacycles lackiffgH agostic interactions  abstraction by the MAO.
(28 and 34), is found. The relative increase in the -Gvie The most likely coordination mode for ethylene in the
distances irR9 and 35 seems to suggest that this energy trend presence o8 is in the plane defined by-PCr—P, as illustrated
is due to unfavorable steric congestion upon formation of the for 39. The Crethylene distances i89 of 2.613 and 2.619 A
cis -H agostic interaction. are significantly longer than the corresponding distances for
In an attempt to assess the influence of this steric congestion,ethylene coordinated perpendicular to the@—P plane ir40
structures in which neutral (AIOMg)TMA-sh (8) and (2.368 and 2.320 A). 1d0 an additiona3-H agostic interaction
(AIOMe)o—TMA-ss(9) are dissociated from the corresponding is presentransto the coordinated ethylene, which leads to an
chromacycloheptanes were optimized, yield8ty 31, 36, and elongated CrMe distance of 5.823 A and increasing its energy
37. The neutral dissociated structures are found to be higher inrelative to39 by 0.7 kcal/mol. The stabilization effect of the
energy compared to the low-energy counterpa2® 28, 33, pB-H agostic interaction i0 is estimated from the 5.0 kcal/
and 34) by 6.1-8.2 kcal/mol, effectively suggesting that mol higher energy of comple®l, in which noj-H agostic
saturation of Al in the MAO fragment favorably overcomes the interactions are present.
steric congestion experienced by a tightly coordinated (Al@Me) Similar ethylene coordination complexes in the presence of
TMA fragment for these chromacycloheptanes in the absence9 were successfully optimized. However, a reversal in the
of ethylene. relative energies for the axially48) and equatorially 42)
Formal abstraction of the methyl group from chromium leads coordinated ethylene complexes (compare83@nd40) was
to the optimization of the “dissociated” ion-paié2 and 38, found, the former calculated to be favored by 2.2 kcal/mol. The
exhibiting Cr-Me distances of ca5 A. The unexpected  chromacycloheptane structure containingdabl agostic inter-
formation of doublgs-H agostic interactions in the metallacycle actions €4) is found to be significantly higher in energy than
backbones was found to be necessary for retention of the43 by 9.1 kcal/mol. Structurd3is calculated to be less stable
dissociated state of the anionic MAO fragment; efforts to than39 by 1.6 kcal/mol, retaining the general trend of lower
optimize structures in which one of tifeH agostic interactions  relative energies for the chromacycloheptane complexes con-
is broken or optimization initiated from a singleH agostic taining (AIOMe)y—TMA-sh (8).
precursor resulted in formal recoordination of MAO via the
methyl bridge. Formation &2 and38is, however, energetically
unfavorable, which may be attributed to either unfavorable
methyl abstraction and/or unfavorable formation of the double  Two (AIOMe), cage sizes witln = 6 and 9 were chosen as
f-H agostic interaction in the metallacycle backbone. In addition, representative models for the structure of “classic” MAO (see
it should be noted that the gas-phase calculations reported her@ and3 in Figure 1). The selection of (AIOMg)s in agreement
would necessarily be biased toward structures in which chargewith the model used in theoretical studies on the interaction of
separation does not occur. MAO as cocatalyst in zirconocene-catalyzed olefin polymeri-
Figure 14 illustrates the optimized geometries, and relative zation!® It was also found that the (AlOMg)age represents
AEzpe energies, for interaction of both (AIOMg) TMA-sh(8) the smallest cage structure containing both hexagonal and square
and (AIOMe)—TMA-ss(9) with “saturated” chromacyclohep-  faces, but it is not particularly abundant compared to the larger
tane intermediates, i.e., in the presence of coordinated ethylenecage structures. Consequently, in the current study the “smaller”

Discussion
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(AlIOMe)g cage is considered a “stripped-down” version of the
more “realistic” (AIOMe) cage models. Expansion of the model
from (AIOMe)s to (AIOMe)y is motivated by the predicted
distribution of cage structurésin which it was found that the

Organometallics, Vol. 26, No. 4, 20071

composition of MAO or added, is responsible for the methy-
lation of Cr precursors during initiation, effectively eliminating

competing methylation by MAO in the presence of free TMA.
Additionally, the complete methylation to (PNP)Crpeom-

(AlOMe)o cage is among the most abundant cage structuresplexes is expected in the presence of excess TMA. Note that

containing strained squarsquare $9 bonds necessary for
activation by reaction with TMA. To the best of our knowledge,
the incorporation of (AIOMe)cage structures to theoretically
investigate interactions with transition metal complexes is
restricted to short references by Ragpal. in a review paper’

this conclusion should be differentiated from the relative
aptitudes of TMA and MAO to afford “dissociated” ion-pair
complexes, i.e., by formally abstracting a methyl group.

The selective ethylene oligomerization afforded by PNP-based
Cr complexes to yield 1-hexene and 1-octene in high ytel&és

It should be noted though that alternative MAO cage structures yas established from deuterium-labeling studies to involve Cr
have also been used in theoretical StUdleS, as is evident frommeta”acyde intermediatéslt was therefore deemed appropri_

recent reportg%21

In the current study the “activation” of “classic” MAO is
represented by the reaction of a single TMA unit with (AIOie)
(2) and (AIOMe) (3) to yield (AIOMe)—TMA (7), (AIOMe)g—
TMA-sh(8), and (AIOMe}—TMA-ss(9) in Figure 4. Whereas
the formation of7 is calculated to proceed frothand free TMA
dimer by cleavage of aquare-square AlI—O bond with a
AEzpe of —15.7 kcal/mol, the cleavage ofsguare-hexagonal
Al—0 bond in3 is found to proceed with AEzpe favored by
5.9 kcal/mol compared to cleavage of the corresponding
square-squareAl —O bond (Table 2), in agreement with other
published result® Notwithstanding the anticipated higher latent
Lewis acidity of thesquare-square AI—O bond in 3, the
resulting higher steric congestion of the proddciompared to
the square-hexagonalAl —O cleaved produc8 results in the

ate to use a chromacycloheptane structure as model Cr complex
to study possible interactions with MAO models. From both
the calculate?? results and experimental evideftdt is
established that the ground state of the Cr(lll) metallacycle
structures is a quartetS{). The use of “stripped-down”
Cr—MAO models (i.e., the PNPMe ligand (0; Figure 5) and
(AIOMe)s—TMA (7; Figure 4) as MAO model] does not provide
similar results to those obtained for the “full” EMAO models
(i.e., the PNP-Ph ligand (1; Figure 5) and (AIOMey—TMA

(8 and9; Figure 4) as MAO models] when MAO interaction
via a methyl bridge with Cr is optimized. This is particularly
evident from the tight coordination of MAO to chromium upon
coordination of ethylene in the “stripped-down” compl2&
(Figure 11), compared to spontaneous methyl abstraction from
chromium upon introduction of ethylene in all the “full’

latter being designated as the best representative TMA-expanded¢omplexes illustrated in Figure 14. This highlights the impor-

MAO model for the current study.

Elucidation of the exact mechanism for metallocene activation
for polymerization in the presence of MAO is plagued by the
elusive structure of active MA®.In this context it is thus
difficult to assess whether MAO itself or the TMA present in
MAO is responsible for catalyst activation. Although it is widely

tance of choosing an appropriate MAO moégfel.

For all the “full” Cr—MAO complexes illustrated in Figure
13 it follows that tight coordination of MAO via a methyl bridge
to the chromacycloheptane complexes prevails as the lowest
energy structures in thabsence of ethylendhis is evident
from the relatively short CrMe and Me-Al distances of 2.364

accepted that the activation process of metallocene catalystsand 2.135 A and 2.390 and 2.160 A @7 and33 (Figure 13),

involves methylation followed by abstraction of a methyl gréup,
the independent catalyst/cocatalyst interactions of TMA and
MAO are not conclusive. For instance, it is well known that
CpZrCl, rapidly reacts with MAO to yield the monomethylated
complex CpZr(Me)Cl and that the addition of excess MAO
leads to the fully methylated complex §&pMe,.*° It is argued
that the first methylation step is afforded either by TMA
contained in MAO or by MAO itself, whereas the second
methylation step occurs via Cl abstraction by MAD.

In order to determine the importance of MAO for the

respectively. However, formal abstraction of the methyl group
from chromium (in theabsenceof ethylene), to yield32 and

38 (Figure 13), is calculated to proceed with surprisingly low
endothermicities of 12.3 and 10.3 kcal/mol compare&tand

33, respectively. This result is significant when it is taken into
consideration that the current DFT calculations are performed
in the gas phase, effectively representing a perfect nonpolar
medium. Although trimerization/tetramerization catalysis is
mostly performed in nonpolar solvents, it is envisaged that the
theoretical approach followed here will tend to overestimate

activation of Cr catalyst precursors, the reaction energies for effects due to the nonpolar medium, such as the energy required

the sequential methylation of the quartet (PNP)G@ré&italyst

precursor (PNP represents the bidentate phosphine ligehds
and 11 illustrated in Figure 5) were calculated (Table 1). The
methylating aptitude of the TMA dimer was compared to the
methylating aptitudes of “classic” and TMA-expanded MAO

for formal charge separation during methyl group abstraction
from chromium. In a similar sense it may thus be argued that
if abstraction of the bridging methyl group is found to pro-

ceed with relatively low energies in the current gas-phase
DFT analysis, methyl group abstraction in actual experi-

cage models, as illustrated in Figure 4. From the relative reactionments is likely to be even more favorable where a solvent is
energies it was found that the methylating aptitude of TMA formally introduced. Indeed, from the gas-phase calculations it
dimer is superior to all the MAO models considered. In all cases is found that introduction of ethylene results in the spontan-
thefirst methylation step exhibited the most favorable reaction eous elongation of CfMe distances, which represents the
energies. However, whereas it was found to be significantly lowest energy structures when ethylene is incorporated in the
exothermic for TMA dimer, most of the MAO models exhibited models (Figure 14). It is therefore conceivable that the for-
only a slight exothermic first methylation step. Téecondand mation of these “dissociated” ion-pair structures (Figure 14),
third methylation steps were endothermic for all the methylating exhibiting C—Me distances of-5 A, are likely during actual
agents considered. In contrast to the MAO models, the overall catalysis, especially for ethylene coordination processes. This
energy of methylation by TMA dimer, i.e., CrC CrMes, is supported by the relatively low endothermic reaction ener-
was calculated to be exothermic for the most realistic Cr gies of 6.6 and 4.0 kcal/mol calculated f@7 + ethylene
complex (containing ligand1 in Figure 5). These theoretical — 39 and 33 + ethylene— 43, respectively (Figures 13
results support the notion that free TMA, either present in the and 14)%’
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Table 4. Total Calculated Hirshfeld Charges @) Located are summarized in Figure 15 and may be compared directly
on the Me—MAO Fragments of Selected Optimized to the corresponding structures for-€MAO in Figures 13
Geometries
and 14.
i ’ A Dissociation of the tightly coordinated TMA fragment4d
figure structure  Me-MAO  Cr--Me (A) requires 22.1 kcal/mol to yield the “dissociated” ion-paf:
No MAO This should be contrasted to calculated energy requirements of
: > oo oo only 12.3 and 10.2 kcal/mol for similar transformations in-
(AIOMe)s—TMA ' ’ volving (AIOMe)g—TI\./IA-.sh (8 27 — 32 and (AIQMe);—
10 24 —0.579 2.322 TMA-ss(9; 33 — 38) in Figure 13. The total negative charge
(AlOMe)g—TMA-sh on the Me-TMA fragment in 44 changes from—0.463 to
g % :g-ggg g-igi —0.592 upon formation of the “dissociated” ion-pah (Table
12 29 _0.729 5677 4). This amounts to an increase in negative charge of only 0.129,
12 32 ~0.910 4.936 which is in contrast to an increase of 0.336 negative charge for
13 39 —0.826 5.147 “dissociated” ion-pair formation from the corresponding MAO
13 40 —0.839 5.823 complex @7 — 32, Table 4). Coordination of ethylene %%
(AIOMe)s—TMA-ss results in the formation 046 and47 with an increase in energy
33 —-0.618 2.390 . A
12 34 —0.660 2458 of 21.8 and 13.0 kcal/mol, re_sp_ectlvely. S|gn|_f|cantl_y lower
12 35 —0.725 2.706 energy changes are found for similar transformations with MAO;
12 38 —0.894 4.810 for example, the corresponding MAO structuré$ and 40
13 42 —0.827 4.920 (Figure 14) are formed with respective energies of 12.3 and
13 43 —0.794 5.967 .
™A 7.3 kcal/mol relative to the precurs®¥ and free ethylene. Once
15 44 —0.463 2.130 again, the total negative charges on the-M&A fragments
15 45 —0.592 4.327 of the *“dissociated” ion-pairs46 and 47, Table 4) are
15 46 —0.557 5.015 significantly lower than the charge distribution on corresponding
15 47 ~0.562 5.967 Cr—MAO complexes (e.g.41 and 40, Table 4). From these

comparative results for TMA and MAQO it is thus evident that
the abstraction of a methyl group from Cr by TMA requires
significantly more energy than corresponding methyl abstraction
by MAO. Furthermore, this phenomenon may be correlated to
the relative capacities of TMA and MAO to accommodate a
negative charge upon formation of the “dissociated” ion-pair
complexes. From the Hirshfeld charge analyses it follows that
the negative charge is more smoothly accommodated by MAO.
The hypothesi® that “free” TMA, and not MAO, could act

as cocatalyst in a metallocen®MAO-based system is thus not
supported by the “activated” MAO and “free” TMA theoretical

. . ; results presented here for the chromacycloheptane models. In
Interaction of the “stripped-down” MAO model (AlOMey addition, unlike the activation of GgrMe, with MAO, the

TMA (7) with 16 leads to the tightly coordinated €EMAO equilibrium for TMA interaction with CeZrMe. lies far to the
complex24, which is bridged by the methyl group. The charge |e?,[lg£: |u ! on wi pzrMe |i

(g™) located on the MeMAO fragment of24 is calculated to
be —0.579, which indicates that a significant distribution of

An investigation of charge delocalization prior and after the
formation of “dissociated” ion-pair chromacycloheptaidAO
structures was carried out by calculation of the total Hirshfeld
charge ¢)** located on the MeMAO fragment of selected
structures (Table 4). In the absence of MAOQ, the relative charge
(™) located on the methyl group designated for abstraction is
—0.250 and-0.235 for the “stripped-down”1; Figure 7) and
“full” ( 22, Figure 9) chromacycloheptanes, respectively. This
shows that a significant fraction negative charge is already
located on the methyl groups of the neutral complex prior to
interaction with MAO.

negative charge from the free Mehromacycloheptane frag- Cp,ZrMe;, + MeAl == Cp,ZrMe AlMe,, ©)
ment16to MAO occurs upon coordination of MAO. A similar

negative charge delocalization t€0.574 and—0.618 is found From these experimental results and the theoretical results
for coordination of the “full” MAO models, (AIOMe)-TMA- presented here it may thus be concluded that MAO is a
sh (8) and (AIOMe)—TMA-ss (9), to the more realistic  significantly stronger Lewis acid than TMA, effectively resulting
chromacycloheptane complé? to yield 27 and 33, respec- in a counterion that is less coordinating than a counterion derived

tively. From the data summarized for the (AIOMe)IMA-sh from TMA. It is thus unlikely that “free” TMA will compete
(8)/22interaction in Table 4, it is evident that a direct correlation with MAO in facilitating the essential formation of “dissociated”
exists between the amount of negative charge located on theion-pair complexes.
Me—MAO fragment and the corresponding-@vle distances:

for the tightly coordinated compleX7 (Cr—Me: 2.364 A)qH

: . . Conclusions
equals —0.574, whereas for the “dissociated” ion-p&@
(Cr—Me: 4.936 A) g equals —0.910, resembling almost In this study a DFT investigation on the interaction of MAO
complete charge separation. Coordination of ethylene leads tomodels with chromacycloheptane complexes is presented.
slightly less negative charge distribution to the MdAO Chromacycloheptane intermediates are known to be important

fragments in39 and40, suggesting marginally weaker electro- catalytic intermediates during the selective trimerization and
static interactions between MAO and chromium. Similar trends tetramerization of ethylene to 1-hexene and 1-octene, respec-
are found for the (AIOMe)}-TMA-ss(9)/22 interaction. tively. In particular, chromacycloheptane models containing
In order to assess the significance of the charge separationsidentate “stripped-down” M@N(Me)PMe and “full” Ph,PN-
and relative energies calculated for the MAO models, four ((Pr)PPh ligands were optimized in both the absence and
geometries were optimized in which TMA interacts with presence of MAO models to gain insight into the possible roles
chromium similar to the CfrMAO interactions. Geometrical  played by MAO during selective ethylene oligomerization
parameters and relative energies for theseTMA complexes catalysis. Two “classic” MAO cage structures, (AIOM&nd
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Figure 15. DMol¥/RPBE-optimized geometries for interaction of TMA with both “unsaturated” and “saturated™PNRhromacycloheptane
complexes. ComparativeEzpe energies (kcal/mol) are presented relativd4@and balanced with the energy of free ethylene where necessary.

(AIOMe)y, and three TMA-expanded MAO cages, (AIOMe) (AIOMe)g—TMA-shand (AIOMe}—TMA-ss show that while
TMA, (AIOMe)o—TMA-sh and (AIOMe)—TMA-ss are evalu- the formation of formally coordinated chromacycloheptane
ated. MAO complexes are successfully optimized in the absence of

A computational comparison of the methylating aptitudes of additional ethylene, only dissociated ion-pair complexes are
various MAO models with the methylating aptitude of TMA  present when an additional ethylene moiety is introduced. These
dimer shows that the formation of EMe species is likely to  results serve to highlight the importance of using realistic models
be attributed to TMA rather than MAO. Furthermore, in  for computational studies on these systéfrigore importantly,
agreement with previous theoretical studies reported on the however, the favorable formation of dissociated ion-pair com-
nature of MAO it is found that the activation of a “classic” plexes, and consequent formation of more active cationic
MAO cage structure by TMA not only is energetically favorable  -promium complexes, is convincingly demonstrated to be a
but also results in the formation of three-coordinate Al centers prerequisite for catalysis to proceed.

in the TMA-expanded MAO structure exhibiting higher Lewis . . S .

acid character. This affords more favorable interaction of MAO Frof" this study |mp0rt.ant insight i gained on the ngture of
with the chromacycloheptane complexes via bridging Me MAQ itself and the possible roles played by MAO during the
groups. From the results a distinction is thus made between theS€/€ctive oligomerization of ethylene by chromium complexes
relative ability of TMA-expanded MAO models and TMA to Wlthl_n an gstak?hshed metallaf:ycle_ mechanistic sequence. '_I'h|s
interact and activate chromium complexes for catalysis, which Provides direction for the continuation of computational studies
is in turn correlated to the relative abilities of TMA and MAO  into the fundamentals of the mechanism for chromium-catalyzed
to accommodate delocalization of negative charge upon forma-ethylene tetramerization, the results of which will be reported
tion of dissociated ion-pair complexes. This suggests that thein due course.

presence of free TMA in MAO is likely to play a dual role,
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“stripped-down” ligand, Mg?N(Me)PMe, in combination with

the smaller TMA-expanded MAO cage, (AIOMe)TMA, no
spontaneous formation of ion-pair complexes is found. This
result also holds when the steric congestion on chromium is
significantly enhanced upon coordination of an additional
ethylene moiety. In contrast, calculations involving the “full”
PhPN(Pr)PPh ligand and larger TMA-expanded MAO cages, OMO060890C
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