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Two isomeric contact ion-pairs rac-Me,Si(n>-CoHg),ZrMe-p-Me-
(MeAlO),6(MezAl)g (1a and 1b), differing only in the detailed structure
of the sheet counter-anion, are the active species in zirconocene-
catalyzed olefin polymerization, mediated by methylaluminoxane
(MAO), the most industrially important activator. Theoretical studies
of novel, sheet models for the most abundant anion [(MeAlO);s-
(MezAl)gMe] ™ detected in mixtures of MAO and metallocene com-
plexes show that the propene insertion barriers for 1a and 1b have
large differences with the more reactive species 1la having insertion
barriers in good agreement with experiments. The reactivity of these
isomeric ion-pairs would vary by more than two-orders of magnitude
and has important implications for polymerization catalysis.

Ever since its discovery as an effective co-catalyst for metallo-
cene-catalyzed olefin polymerization, methylaluminoxane
(MAO)" has attracted widespread industrial and scientific inter-
est as to its structure and mechanism of action.? This catalyst
system enables production of the polyolefin plastics found in
everyday items, representing a market share approaching $10
billion annually.

A large excess of MAO reacts with metallocene complexes,
e.g. rac-Me,Si(n°-CoHg),ZrMe, (SBIZrMe,), to furnish at least
two ion-pairs 1 and 2,® and these are the active and dormant
species,’ respectively, involved in olefin polymerization
(Scheme 1). Though the structure of the cationic portion in
ion-pairs 1 and 2 has never been in doubt,’ the structure of the
activators® and the counter-anion(s)” have defied experiment
for decades and hinder further improvements to this important
activator.

Recent experimental progress towards this goal has relied on
ESI-MS detection of the anions and cations formed from
metallocenes and MAO in fluorobenzene,®® where the most
abundant anion has the composition [(MeAlO);¢(Me;zAl)sMe]|™
([16,6]7), as deduced from MS-MS experiments."° More
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Olefin insertion using ansa-zirconocenes and
methylaluminoxane (MAO) involves Janus-like,
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recently, a minor, but reactive component isolated from a
mixture of MAO and octamethyltrisiloxane (OMTS), viz
(MeAlO),6(Me3Al)y (26,9) has been structurally characterized and
adopts a sheet structure (Fig. 1)."* Furthermore, a subsequent X-ray
scattering study revealed that bulk MAO likely consists of sheets,
which can aggregate.'” Most recently, the structure of bulk vs. active
Al sites in MAO and Cp,ZrMe, contact ion-pairs (CIPs), analogous
to 1, at low Al:Zr ratios was clarified using ultra-high field, solid
state >’Al NMR spectroscopy."?

Although accumulating theoretical work has indicated that
sheets are stable components of MAO," the lowest energy sheet
model located for the [16,6]" anion'® when partnered with the
[SBIZrMe]" cation to form CIP 1 exhibited propene insertion
barriers'® that were far too high in comparison to experiments.'”'®

Also, recent work on the reaction of aluminoxane sheet
models of different size with OMTS' revealed that the
stable 16,6 model®® was the least reactive precursor towards
the formation of [Me,Al(OMTS)][n,m] outer-sphere ion-pairs
(OSIP) in fluorobenzene, in disagreement with experimental
results."’

In this communication, we present a new, more stable sheet
model for the [16,6]” anion (Fig. 1), located using topological
analysis of infinite MAO sheets.>® We show that this anion is
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Scheme 1 Activation of rac-Me,Si(n°-CgoHg)ZrMe, by MAO.
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Fig. 1 Neutral sheet 16,7 compared to the isolated 26,9 sheet and the
corresponding isomeric anions [16,6] (right) formed by [Me,All* abstrac-
tion. Al atoms in pink, O in red, and C in gray with H-atoms omitted for
clarity.

indeed weakly coordinating and when paired with a prototypi-
cal metallocenium ion (i.e. 1) forms an active polymerization
catalyst in agreement with experiments. Surprisingly, almost
identical isomers of this new sheet anion (Fig. 1) differ in
catalytic reactivity by more than 1000-fold—one is an active
catalyst while the other is essentially dormant. Such dramatic
differences from subtle structural changes are very unusual and
unexpected, further highlighting the mysterious nature of this
industrially important cocatalyst.>

The new reactive precursor was located by systematic cuts of
an infinite MAO sheet, with an optimal up vs. down arrange-
ment of methyl groups, analogous to the alternating hydrogen
pattern in graphane, the hydrogenated form of graphene.>* Full
details will be reported elsewhere,>® but the most stable acti-
vator (MeAlO);4(Me;Al); (16,7) features the ovalene-like frame-
work while the edges feature reactive sites identified in other
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aluminoxane sheets (including our original model for the 16,6
precursor) and the larger, structurally characterized 26,9 sheet.
In fact, the neutral 16,7 sheet mimics one reactive portion of
this larger sheet as shown in Fig. 1 (highlighted in blue).

A stable [16,6-03]" anion, close to 40 k] mol™ ' lower in E
than our original [16,6] sheet anion, results from [Me,Al]"
abstraction from this precursor at the site indicated. This anion
can adopt several configurations differing in the number of
tetra- vs. tri-coordinate O atoms present along the sheet edges
(e.g. Fig. 1). Calculations at the MO06-2X,>* RI-MP2>* and
DLPNO-CCSD(T)?® levels (Table S-1) reveal that the most stable
anion (O3) adopts the structure where all but one of the oxygen
atoms are three-coordinate, though the other isomer is within
10 k] mol ™! of this one, and with very low barriers to inter-
conversion (AE = 8.3 k] mol ' at 298 K at M06-2X level). As
discussed elsewhere,'® DFT predicts the relative energy of these
isomers incorrectly, as this theory anomalously favours 4- over
3-coordinate O, with [16,6-O4] being lower in E than [16,6-
03] but only by 7.7 k] mol " at the M06-2X level of theory.

CIP 1a-b involving the [SBIZrMe]" cation were located by
docking this species to each of the O3 and O4 anions at the
most electron rich AlMe, groups as described earlier.”” We used
the MO6L**/SV(P)*® theory as implemented within ORCA 6.0* to
locate/rank these structures from amongst several isomers based
on E. syn-n-CzHg-complexes 3a-b, insertion transition structures
4a-b, y-agostic insertion products 5a-b and homologated CIP 6a-b
were then located using the same approach with final optimiza-
tions in the toluene continuum?® using both the M06-2X/TZVP**
and MN15°?/def2-TZVP*® methods as implemented in Gaussian
16.** Analogous gas phase calculations on SBIZrMe-j1-Me-B(C¢Fs);
(1¢),'® SBIZrMe(u-F-C¢F4B(CeF5);) (1d),'® and SBIZrMe-j-Me-26,8
(1e),”” CIP 1a-b and the corresponding transition structures 4a-b
involved in insertion were supplemented by RI-MP2 and DLPNO-
CCSD(T) calculations on these very large structures. This work
showed that M06-2X correctly predicted the large difference
between electronic insertion barriers for 1a and 1b at the
CCSD(T) level while providing reasonable free energy barriers
for the other ion-pairs, compared to experiments (SI, Table S-2).

Surprisingly, with the new [16,6]  sheet models, the inser-
tion barrier was a strong function of the O3 vs. O4 configuration
of both the precursors, the intermediates, and the transition

Table 1 Insertion energetics for SBIZr ion-pairs and new sheet models for the [16,6] anion?

Structure? AE AH-gh TAS-gh-tr AG-qh-tr°
SBIZrMe-pu-Me-16,6-0O3 1a + C3Hg 0.0 0.0 0.0 0.0
syn-[SBIZrMe(n-C;H,)][16,6-03] 3a —15.4 —-8.3 —-31.4 23.1
syn-[SBIZr(C,H,)][16,6-03] TS 4a 20.7 27.2 —40.3 67.5
syn-[SBIZr(C,H,)][16,6-03] y-CH 5a —40.9 —27.1 —42.4 15.3
SBIZ1(i-Bu)-j1-Me-16,6-O3 6a —99.2 —83.8 —41.2 —42.6
SBIZrMe-y1-Me-16,6-O4 1b + C3Hg 0.0 0.0 0.0 0.0
syn-[SBIZrMe(n-C;H,)][16,6-04] 3b 5.3 10.7 -35.9 46.6
syn-[SBIZr(C4H,)][16,6-0O4] TS 4b 43.4 48.4 —44.8 93.2
syn-[SBIZr(C,H,)][16,6-04] y-CH 5b -16.7 —-5.3 —44.2 38.9
SBIZ1(i-Bu)-p-Me-16,6-04 6b —105.7 —89.9 —47.3 —42.6

“ Energies (kJ mol ) at the M06-2X/TZVP level in the toluene polar continuum are given relative to ion-pair 1a or 1b + C;Hs. ? For coordinates see
SI, Table S-1.xyz. ¢ Enthalpy,*® entropy>® and free energy corrected using a quasi-harmonic approximation for low energy vibrations®” and for the

reduced translational entropy in the condensed phase.*®
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[16,6-03]

[16,6-04]"

Fig. 2 Electrostatic potentials of the [16,6]" anions show significant
differences in electron density (red vs. yellow/green). An electron rich
AlMe; group is highlighted in the more coordinating [16,6-O4]~ anion.

structures. This is shown in Table 1, which summarizes the
energetic data at the M06-2X level in the toluene continuum
(for the reaction profile, see SI). The DLPNO-CCSD(T) calcula-
tions indicate that the electronic insertion barriers determined
using MO06-2X for 1a and 1b are too high by 6.8 and
10.0 kJ mol ™', respectively. This means that our corrected
estimates for the insertion barriers are AG*-gh-tr = 83.2 k] mol *
for 1b vs. only 60.7 k] mol " for 1a. The TAS values vary between
o = +5.0 k] mol™' at 298 K for 1a and 1b (Table 1). The
differences in AG*-gh-tr are well outside the variation in TAS
values,** indicating a catalyst system whose reactivity could vary
by more than two orders of magnitude.

The dramatic difference in reactivity can be explained by
comparing electrostatic potential maps of these anions. The O3
anion (Fig. 2) shows significantly enhanced charge delocaliza-
tion compared with the O4 anion.

The O4 anion forms more stable CIP with the electron-rich
AlMe, group (circled), essentially trapping the metallocene in a
less reactive state. We suspect that this is the root cause of the
large energy differences, as the two faces of the sheet anions,
which interact with the cation in OSIP such as 3 or 4, are not as
different (SI, Fig. S-1).

It is fascinating to contemplate these results in the context
of a propagating catalyst (Fig. 3). There is a modest E difference
between the homologated ion-pairs 6 favoring 6b, which is

6a (active)

6b (dormant)

Fig. 3 A two state metallocene catalyst differing in only the detailed
structure of the counter-anion.
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offset by the higher entropy of the O3 vs. 04 configuration.”?
Thus, CIP 6a and 6b (also 1a and 1b) will be present in
comparable amounts. These isomers cannot easily interconvert
as Zr is coordinated to two different AlMe, groups. Isomer 6b
(or 1b) would be dormant compared with the other with respect
to processes competing with insertion.*>*® However, any OSIP
formed reversibly from these species—in order of decreasing
stability, complexes 2 (see SI), the © complexes 3 or a toluene
solvate®! could undergo facile isomerization as with the anions
(Fig. 1). Thus, this two-state catalyst might simply have reduced
active site concentrations'” as part of the catalyst pools in the
dormant state.

Future work will address these issues in the context of
catalyst speciation during both catalyst activation and propaga-
tion. Also, the findings here do not explain why the activity of
the MAO-based systems in solution is a sensitive function of the
Al: Zr ratio used for catalyst activation.?” However, based on the
work presented here, the major, reactive species in SBIZrMe,-
MAO-catalyzed olefin polymerization has the structure shown
in Fig. 3 for 6a.
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