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Introduction

A cooperative model for metallocene catalyst
activation by methylaluminoxanet

Scott Collins* and Mikko Linnolahti @ *

Activation of rac-MeZSi(nS-Ind)ZZrMez (SBIZrMe,) and sheet models for MAO, (MeAlO)g(MesAl)4 (6,4),
(MeAlO)7(MezAl)s (7,5), and (MeAlO),s(MesAl)g (26,9) was studied via DFT. These activators can reversibly
form an outer-sphere ion-pair (OSIP) [SBIZrMe,AlMe;] [(MeAlO),(MezAl),,Me] 3 (In.m]~ = [7,4]"and
[26,8]7) or a contact ion-pair (CIP) SBIZrMe-p-Me-6,4 (2b) from SBIZrMe,. Dissociation of MezAl from 3
to form CIP SBlZrMe-p-Me-nm (2) is generally unfavourable but reversible in toluene continuum.
Propene insertion involving CIP 2 features uniformly high barriers of 90-100 kJ mol™, which are much
higher than those experimentally observed for MAO-activated catalysts, though the calculated barriers do
track with the coordinating ability of the MAO-based anion, as also suggested by the position of the
MezAl-binding equilibria. The binding of the neutral sheet 6,4 to anion [7,4]” leads to a hybrid anion
[13,8]". The barrier to propene insertion involving CIP SBIZrMe-p-Me-13,8 (2e) is lower than 60 kJ mol™.
Formation of [SBIZrMe,AlMe,][13,8] (3e) from SBIZrMe,, 7,5 and 6,4 is favorable, though dissociation into
2e and %AleeG is not. Simulations of catalyst speciation vs. [Al] at constant [Zr] indicate that the formation
of species such as 2e or 3e from two components of MAO explains the high activity observed for MAO-
activated metallocene complexes at sufficiently high Al:Zr ratios. Dedicated to Walter Kaminsky

(1941-2024).

solvent has been studied.” This technique, which selectively
detects the cations and anions corresponding to OSIP 3, comp-

Methylaluminoxane (MAO)" is the most widely used activator
for zirconocene-catalyzed olefin polymerization. Its basic
mechanism of action is depicted in Scheme 1, illustrated
using a particularly well-studied ansa-metallocene complex
rac-Me,Si(n*>-CoHg),ZrMe, (SBIZrMe,). In addition to propene
polymerization studies® involving both MAO and other activa-
tors,®> NMR spectroscopic techniques have been used to study
the activation process," as well as UV-Vis spectroscopy in this
specific case.” The latter technique shows that at least two
contact ion-pairs (CIP) 1 and 2 are formed in varying amounts
as a function of the Al:Zr ratio used for catalyst activation.
One of these is more prone to form the hetero-dinuclear,
outer-sphere ion-pair (OSIP 3), which is the dominant species
present at high Al: Zr ratios.” It is known that OSIP 3 and its
polymeric analogues are resting states in hexene polymeriz-
ation using this catalyst.°

More recently, the activation of metallocene complexes
L,ZrX, {L, = Cp,, n-BuCp,, rac-(CH,),Ind, (rac-EBI), X = CI or
Me} by MAO using the technique of ESI-MS in fluorobenzene
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lements earlier spectroscopic studies in that the activation of
ansa-metallocene complexes by MAO is uncomplicated by the
formation of homodinuclear [(L,ZrMe),--X]" (X = Me, Cl) com-
plexes.® Unfortunately, ESI-MS does not provide information
about CIP, as the [L,ZrMe]" cation is only indirectly detected
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Scheme 1 Activation of SBIZrMe, by MAO. K, varies from 2.4 to 6.5
M~% between Al: Zr = 100: 1 to 1000 : 1.5
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through the gas-phase, collision-induced dissociation of the
[L,ZrMe,AlMe,]" cation.’

However, ESI-MS does provide the m/z ratio of the counter-
anions. In the case of hydrolytic MAO from W. R. Grace (10 or
30 wt% solutions and from different batches), a simple nega-
tive ion spectrum is obtained using metallocene or other Lewis
base donors such as octamethyltrisiloxane (OMTS)."°

The dominant anion present has m/z 1375, and a likely
composition based on MS/MS'® is [(MeAlO),s(Me;Al)sMe]~
(hereinafter abbreviated [16,6]7) as is illustrated in Fig. 1.
Lewis base donors such as OMTS, bipy, pyridine and THF
react with h-MAO to provide similar negative ion spectra at
additives levels between 0.1-10 mol%.'°* At higher donor
levels the spectra are dominated by many lower m/z anions
(<1000 Da).”**°

Interestingly, in the case of metallocenes, higher m/z
anions are detected with increased intensity at higher Al:Zr
ratios.””? This observation agrees with previous studies that
indicate that ion-pairing is changing in MAO-activated
systems.”® If all these anions are formed from precursors,
present in fixed amounts in MAO, and via e.g. methide abstrac-
tion, one would expect the most Lewis acidic of these to react
preferentially with L,ZrMe, at sufficiently high Al:Zr ratios.
Conversely, when L,ZrMe, is present in excess of the total
amount of available activators, the resulting anion distribution
should consist of all species that could possibly form. The
exact opposite behavior is seen by ESI-MS,”*” though MAO is a
fluxional material, implying a dynamic equilibrium between
components of this complex mixture.

Very recently, an active component of MAO [(MeAlO),¢
(Me3Al)o] (hereinafter 26,9) has been isolated and structurally
characterized.'’ The structure is analogous to sheet struc-
tures'> we have studied as activators by DFT for the past
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Fig.1 Negative ion ESI-MS spectra of 30 wt% hydrolytic MAO
(W. R. Grace Me: Al 1.60:1) and 2.0 mol% OMTS in fluorobenzene with
assignments [n,m]~ based on MS-MS. The inset shows the same spec-
trum with [16,6] as the base peak.
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several years’“”'*'* and which can form anions [n,m]
through the process of either methide or [Me,Al]" abstrac-
tion."* However, the [26,8]" anion that could form from this
sheet'! is a minor component™ of the mixture of anions that
is formed from commercial MAO and 2.0 mol% OMTS (Fig. 1),
the same additive used to form a concentrated, liquid clathrate
phase'® from which neutral sheet 26,9 crystallized. The activity
of the isolated 26,9 sheet for metallocene-catalyzed olefin
polymerization was somewhat more effective than bulk MAO
itself at the same Al : Zr ratio.""

We recently examined the activation of SBIZrMe, using DFT
methods and sheet 16,6."” We found that the free energy
difference (AG-gh-tr: corrected using a quasi-harmonic
method for low energy vibrations,'® and for the reduced
entropy in the condensed phase'®) between CIP SBIZrMe-p-Me-
16,6 (three isomers) and OSIP [SBIZrMe,AlMe,][16,6] (3 three
isomers) was in reasonable agreement with experiment® at
MN152°/def2-TZVP*! level of theory in toluene continuum.??
This suggested CIP SBIZrMe-p-Me-16,6 could correspond to
CIP 2 in Scheme 1. However, the quasi-harmonic approxi-
mation, which involves raising all lower energy vibrations to a
threshold of 100 cm™' leads to a significant and variable
decrease in the calculated TS-gh-tr and thus we cannot accu-
rately calculate G.>*

However, we found that propene insertion into the Zr-Me
bond of CIP SBIZrMe-p-Me-16,6 2a had a high electronic and
free energy barrier at M06-2X>*/TZVP* in toluene continuum
or using a smaller 10,5 model for 16,6, at DLPNO-CCSD(T)>*°
level in the gas phase. Since M06-2X/TZVP and DLPNO-CCSD
(T) results for SBIZrMe-p-MeB(C4Fs);, and [SBIZrMe][B(CgFs)4]
were in reasonable agreement with the experiment,” while
those for CIP 2a were not, we were forced to conclude that 2a
corresponded to the less reactive ion-pair 1 in Scheme 1,
begging the question as to what was the more reactive species.

In this paper, we examine the insertion reactivity of sheet-
based ion-pairs as a function of their size, including that
derived from the recently isolated 26,9 neutral and propose a
different mechanism for catalyst activation that accounts for
the behavior of bulk MAO, especially at higher Al:Zr ratios
typical of experiments in solution.

Results and discussion
Propene insertion involving aluminoxane sheets

In this paper, we consider CIP 2 and OSIP 3 formed from
small sheets (MeAlO),(Me;Al),, (n = 6-7, m = 4-5)*7 vs. larger
sheets 16,6 and 26,9. Sheet 6,4 has a reactive OAlMe, group
and thus is analogous to 16,6 in forming ion-pair 2 by methide
abstraction (Scheme 2). Both ion-pairs feature a chelated
counter-anion (see ESI, Table S1.xyzt for structures).

In contrast, 7,5 and 26,9 react via [Me,Al]" abstraction and
furnish OSIP 3b and 3d; these would be in equilibrium with
CIP 2b and 2d through reversible dissociation of Me;Al
(Scheme 2). In these two cases, many structures are possible
for CIP 2. We located these by examining electrostatic potential

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Catalyst activation and insertion involving SBIZrMe, and
sheet models for MAO. The structures depicted correspond to 2b-5b
with H-atoms omitted for clarity (Zr cyan, Si yellow, Al pink, O red, and C

gray).

maps (ESI, Fig. S1 to S3t) of the corresponding sheet anion
(usually one face is more electron-rich than the other) and
focusing on those O,AlMe, groups with the highest excess elec-
tron density. In practice, the [SBIZrMe]" cation was then
placed above the most electron-rich face within van der Waals
contact with one or more these groups. The resulting station-
ary point might not be the lowest E isomer, but this would not
change the conclusions, just serve to increase the height of the
insertion barrier. The equilibria between 2 and 3 and neutral
starting materials are important with respect to catalyst specia-
tion prior to polymerization. We will discuss the energetics

This journal is © The Royal Society of Chemistry 2025
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later in connection with the modeling of the catalyst activation
behavior.

An important question is which of these ion-pairs 2 are the
most reactive towards olefin insertion. This can be studied at
the M06-2X/TZVP level of theory, as in our previous study'’
and other studies of olefin insertion.® Ton-pairs 2 will be in
pre-equilibrium with the corresponding n complexes 4, which
can form via the approach of the monomer syn or anti to the
counter-anion. In earlier work involving 2a, we showed that
the syn isomer was more stable than the anti and featured a
low uptake barrier'” and so focused on that isomer here when
it comes to the location of complexes 4.

Similarly, the insertion transition state 5 was located via
rotation of the coordinated propene into the equatorial plane
followed by linear transit calculations constraining the Zr-
Me---CH(Me)—=CH, distance; frequency calculations were used
to confirm the nature of the resulting stationary point, while
the imaginary vibration invariably corresponded to the for-
mation of the new C-C bond.

An issue that arises in connection with 4 and 5 is that both
are OSIP with different possible orientations of the cation with
respect to the anion. We investigated isomers at HF/3-21G*
level of theory,? fixing the Zr-Me---CH(Me)=CH, distance in
the case of transition structures 5. Generally, the cation prefers
to align along one face of the sheet anion, while the orien-
tation of the cation with respect to this face is usually less
important (AE < 10 k] mol ™).

In this work, we deal with the lowest E conformer of those
examined, even though one expects several lower E conformers
to contribute to the free energy of various processes. In the
future, we plan to see if any of these large systems can be
investigated by molecular dynamics;*® the smallest system
investigated here SBIZrMe-u-Me-6,4 still has over 300 valence
electrons and no MM force field for the aluminoxanes exists,
precluding QM/MM approaches.>® For the largest structures
featuring the [26,8]" sheet anion, geometry optimizations at
MO06-2X/TZVP level required typically 1-3 weeks of computing
time on 40 processors, even if starting from an optimized
MO06-2X/SV(P)** geometry while a frequency calculation at
MO06-2X/TZVP level also required about a week of CPU time.

The insertion energetic data are summarized in Table 1
including that previously reported for 16,6."” The insertion
barrier AG*-gh-tr = 100.3 k] mol™ is relative to the separated
CIP 2a and C;H,. CIP 2b is slightly less reactive (AG*-qh-tr =
105.8 kJ mol™") while CIP 2¢ and 2d are more reactive with
AG*-qh-tr = 93.7 and 91.0 k] mol™, respectively. All these
species are significantly less reactive than either [SBIZrMe]
[B(C6Fs)4] or even SBIZrMe-u-MeB(C¢Fs); for which the calcu-
lated insertion barriers are 58.7 and 77.9 k] mol ™", respectively
for the first insertion.’” In contrast, the experimental barriers
are comparable; 69-72 vs. 76-79 k] mol™" for the 1°* insertion
step for borate vs. MAO (at 2400:1 Al:Zr)*” and borate =
51-57, borane = 59-67, and MAO = 60-66 k] mol™" for the sub-
sequent insertions.??*

It is tempting to blame the discrepancy between theory and
experiment on the calculation of TAS, especially for the alumi-

Dalton Trans., 2025, 54, 2331-2339 | 2333
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Table 1 Energetics of propene insertion for SBIZrMe-p-X ion-pairs 2 in toluene continuum at 298 K®

Structure AE AH AH-gh? TAS-tr” TAS-gh-tr? AG-gh-tr®
2a + C3Hg (X = Me—16,6) 0.0 0.0 0.0 0.0 0.0 0.0
4a (1-CyHy) syn -9.4 -0.5 -2.6 -31.5 -36.5 33.8
5a TS; syn 47.5 55.8 54.3 —-41.6 —46.0 100.3
6a-i-Bu (y-CH) -21.7 -6.3 -9.4 -38.9 —43.2 33.9
2b + C;H, (X = Me-7,4) 0.0 0.0 0.0 0.0 0.0 0.0
4b (-C;H,) syn -2.3 6.8 42 -35.1 -35.3 39.5
5b TS; syn 57.7 66.2 63.3 —-34.7 —42.5 105.8
2¢ + C3Hg (X = Me—6,4) 0.0 0.0 0.0 0.0 0.0 0.0
5¢ TS; syn 49.0 56.2 52.3 —-29.2 —-41.4 93.7
2d + C3Hg (X = Me-26,8) 0.0 0.0 0.0 0.0 0.0 0.0
5d TS; syn 38.9 47.0 45.3 —49.2 —45.7 91.0
2e + C3H, (X = [7,4-p-Me-6,4]" = [13,8]") 0.0 0.0 0.0 0.0 0.0 0.0
de (1-C;Hy) syn -30.9 —28.9 -34.0 -26.2 -32.3 -17
5e TS; syn 16.4 22.3 17.6 —-29.8 —40.8 58.4
6e-i-Bu (y»CH) —-22.2 -11.3 -16.7 —-24.2 -37.0 20.3

“Energies (k] mol™?) at the M06-2X/TZVP level are with respect to CIP 2 + C;Hs. ? Enthalpy, entropy and free energy corrected using a quasi-har-
monic (gh) approximation for low energy vibrations and restricted translational (tr) entropy in the condensed phase.

noxanes, which have disproportionately more low energy
vibrations that make a large contribution to the vibrational
entropy.>* However, TAS*-gh-tr values vary by +36 = 6.0 k] mol ™
including those for the boron-based activators (Table 2). There
is a larger variation seen in the uncorrected TAS*-tr values
while the largest deviation between TAS*-qh-tr and TAS*tr is
seen for the aluminoxanes with TAAS* = 7.1 + 3.8 k] mol ™.

There is a weak correlation between TAS*-gh-tr or TAS*-tr
and size for the aluminoxanes. This suggests that TAS* either
scales with the molecular size or is being over-estimated for
the larger aluminoxanes but by <6.0 kJ mol™". Thus, our calcu-
lated barriers may be in error for the aluminoxanes but not to
the degree where these would be as reactive as borane or
borate.

As for sheet 26,9 we note that this pure compound was not
much more reactive than bulk MAO itself and at the same
Al:Zr ratio (100-200:1)."" In the case of bulk MAO, only
1-2 mol% of total Al could have been present as an activator in
these experiments, implying that whatever is responsible for
consumption of monomer is 1-2 orders of magnitude more

Table 2 Entropies of [SBIZrMe(C4Ho)IIX]
toluene continuum at 298 K?

transition structures 5 in

X] AE TAS*-tr TAS*-gh-tr  TAASY
[MeB(CqFs)s] 27.9  —46.5 -44.6 1.9

[6,4] 57.7  —34.7 -42.5 -7.8
[B(C6F5)a]™ —6.8 —41.9 —46.2 -4.3

[7,4] 49.0  -29.2 -41.4 -12.2
[16,6] 47.5  —416 -46.0 -4.4

[26,8] 389  —49.6 -45.7 3.9
Average + ¢ — —40.6 £ 7.5 —44.4£2.0 7.1 +3.8°

“Energies (k] mol™") at M06-2X/TZVP level are with respect to CIP 2 +
T + .

C;He. "TAAS' = TAS*-gh-tr — TAS™tr. “Average is for the

aluminoxanes.

2334 | Dalton Trans., 2025, 54, 2331-2339

reactive than what is formed in the presence of an excess (ca.
3-6 equiv. at 100-200 : 1) of purified 26,9.

As for other forms of MAO, our previous theoretical work
on larger, isomeric cages vs. sheets suggests increased stability
and reactivity for the latter.">** Moreover, the insertion barrier
for the less stable [16,6]” cage anion was even higher than that
seen for the [16,6]” sheet anion (ESI, Table S1,i AG*-qh-tr =
126.3 k] mol ™).

Propene insertion involving two different aluminoxane sheets

Since none of the CIP 2 we have investigated had low barriers
to insertion, and all were higher than that seen for 26,9, we
conclude that at least some of the individual components of
MAO cannot account for the observed high activities, especially
at higher Al : Zr ratios in solution.

Electrostatic potential maps of these anions indicate signifi-
cant charge dispersal, especially for the larger sheets (ESIT).
However, O,AlMe, or OAlMe; moieties with terminal AlMe
groups still bear an excess of negative charge and are not steri-
cally hindered when it comes to coordination to Zr to form
CIP 2. Thus, these anions are too nucleophilic and form rela-
tively stable CIP 2, and this accounts for the low insertion reac-
tivity of these species.

The reversible formation of OSIP 3 provides a mechanism
for exposing these nucleophilic anions and we wondered
whether a coordinating anion could be reversibly trapped
through a reaction with excess neutral activators such as 16,6
or 6,4 to furnish a more weakly coordinating anion, especially
at higher Al : Zr ratios.

This idea has precedent in the case of discrete activators
such as Al(C¢F5); and Me,AlF,** while the effect of charge dis-
persal is well known for trityl activators with di- vs. mono-
nuclear anions.**> However, in the specific case of MAO, the
idea has also been discounted, see the discussion in ref. 4d,
which was also accepted in a more recent, comprehensive
study of MAO.>®

This journal is © The Royal Society of Chemistry 2025
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We investigated this possibility using the [7,4]” anion and
the neutral 6,4 sheet. The 6,4 neutral has a Lewis acidic
OAlMe, site and it forms a stable donor-acceptor adduct with
the [7,4]” anion (AG-gh-tr = —14.5 k] mol™" in toluene conti-
nuum), resulting in a hybrid [13,8]” anion. Though the compo-
sition of this hybrid anion is different from that of e.g. [16,6],
it is similar to both components that have been detected in
MAO.*” Similar cooperative effects could operate between acti-
vators such as 26,9 and 16,6; calculations this size will require
a supercomputer, something we intend to pursue in the future.

In this hybrid anion, the formal anionic moiety is a sheet-
OAlMe,-p-Me-AlMeO,-sheet group, with a linear Al-p-Me-Al
geometry, which is partially shielded by each sheet from inter-
acting easily with a Zr centre. However, it is still possible for
the SBIZr'Me cation to bind to this hybrid anion through
another, more distant O,AlMe, group and CIP 2e, an isomer
favoured by electrostatics and located in the same manner as
2b and 2d, is shown in Fig. 2.

The formation of the syn 4e = complex from CIP 2e (Fig. 2)
is expected to be freely reversible with a low barrier based on
their similar AG-gh-tr values (Table 1) and studies of the
uptake barrier in the case of ion-pair 2a.'” In fact, the for-
mation of 4e features a larger electronic stabilization com-
pared with 4a (or 4b) and by more than 20 kJ mol™" (Table 1).
The cation in 4e is involved in dispersive, non-bonded inter-
actions with the 7,4 sheet (on the right-hand side of the anion,
Fig. 2) but, notice that the formal anionic moiety is quite far
removed from the metal centre in this stable intermediate. The
insertion barrier featuring this hybrid anion is much lower
than that seen for the [26,8] or [16,6]” anion, and based on
AG*-gh-tr = 58.4 k] mol™" is competitive with that seen for
[SBIZrMe][B(CgFs)4]-

After insertion, the kinetic product features the y-CH agnos-
tic structure 6e but notice how the cation has reoriented with

View Article Online
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respect to the anion with the formal anionic moiety now
behind the Me,Si bridge and unable to easily interact with the
metal centre.’” We expect that further insertion involving this
intermediate would be facile and wonder whether binding and
insertion of the monomer would be competitive with collapse
to form homologated CIP 7e-i-Bu (AG-gh-tr = —47.2 kJ mol ™)
and then ultimately, reversible anion dissociation to generate
7b-i-Bu (dormant in comparison to 7e-i-Bu) and 6,4. The invol-
vement of transient species such as 2e vs. 2b could account for
intermittent vs. continuous propagation behavior®® invoked
for some metallocene catalysts.

Hybrid vs. conventional ion-pair formation from aluminoxane
sheets 6,4 and 7,5

Though the ion-pair 2e is much more reactive we wondered to
what extent hybrid ion-pair formation would occur in solution
simply by changing the Al: Zr ratio. To study this, we investi-
gated the formation of ion-pairs 2b-c vs. 2e and their Me;Al
adducts 3b-c vs. 3e at MN15/def2-TZVP level to properly treat
covalent vs. dispersive interactions in CIP 2 vs. OSIP 3.3° The
results are summarized in Table 3. The formation of ion-pair
2c¢ is more favorable than 2e (entry 1 vs. 2). The formation of
2e is favored by both AE and AH-gh but is accompanied by a
large, —TAS-qh-tr term as this two-step reaction features three
reactant molecules. However, the analogous formation of ion-
pair 3e is more favorable than the formation of 3b (entry 3 vs.
4), despite the higher —TAS-gh-tr. Dissociation of ion-pair 3
into 2 and monomeric Me;Al is unfavorable for all species,
though theory predicts that ion-pair 3b would be the most dis-
sociated in solution (entries 6-8). This along with the insertion
barriers (vide supra) suggests that of the three anions, the
[7,4] anion is most strongly coordinating.

To model catalyst speciation, we invoked the mechanism
shown in Scheme 3. We propose that the total activator con-
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Fig. 2 Reaction coordinate for syn insertion of propene into SBIZrMe-p-Me-13,8.
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Table 3 Energetics of ion-pair formation®

View Article Online

Dalton Transactions

Entry Reaction AE AH-gh AG-gh-tr Keq

1 SBIZrMe, + 6,4 < SBIZrMe-p-Me-6,4 (2¢) —83.0 -78.4 -15.4 502 M™"

2 SBIZIMe, + 6,4 + 7,5 < SBIZrMe-y1-Me-13,8 (2€) + 1 Al,Me, —89.6 —-87.1 6.2 0.082 M~

3 SBIZrMe, + 7,5 < [SBIZrMe,AlMe,][7,4] (3b) —-46.3 —-49.4 4.5 0.161 M~!

4 SBIZrMe, + 6,4 + 7,5 = [SBIZrMe,AlMe,][13,8] (3€) -132.6 -129.9 -9.5 46 M2

5 [SBIZrMe,AlMe,][7,4] + 6,4 < [SBIZrMe,AlMe,][13,8] (3€) —-82.2 -79.5 -11.5 101 M™!

6 3b & SBIZrMe-p-Me-7,4 (2b) + Me;Al 57.5 50.7 3.8 0.213 M

7 [SBIZrMe,AlMe,][6,4] (3¢c) & 2¢ + MesAl 83.2 77.7 29.8 6.2x10°°M
8 3e & SBIZrMe-p-Me-13,8 (2e) + Me;Al 92.3 87.3 38.4 1.92x107' M
9 AlL,Meg < 2 Mej;Al 99.5 89.0 45.4 1.15x107° M

? Energy differences at MN15/def2-TZVP level in toluene PCM at 298.15 K in k] mol .

k
SBIZrMe, + 7,5—> [SBIZrMe,AlMe,][7,4]

2
SBlZrMe; + 6,4 —> SBIZrMe-u—Me-6,4
[SBIZrMe,AlMe)])(7,4] + 6,4—3> [SBIZrMejAlMe)][13,8]

[SBIZrMesAlMe;][7,4] — SBIZrMe-p-Me-7,4 + Me3Al
[SBIZrMe,AlMe;][6,4] -?%‘ SBIZrMe-u-Me-6,4 + Me3Al
[SBIZrMe,AlMey][13,8] =—= SBIZrMe-p—Me-13,8 + Me3Al

AloMeg —Li‘ 2 Me3Al

Scheme 3 Activation mechanism.

centration is 1.0 mol% of MAO and in this example, the con-
centration of 6,4 = 7,5 = 0.005 x [Al], with a total Me;Al content
of 15 mol% as is found in MAO from W. R. Grace.'® We then
used COPASI*’ to numerically simulate equilibrium concen-
trations, requiring the barriers to conversion between different
species were all low such that equilibrium was rapidly
established.

Though the DFT results indicate that the activation steps
are all reversible, simulations that included reversibility based
on the AG-gh-tr for the different products, as indicated in
Table 3, resulted in the reversible formation of SBIZrMe-p-Me-
7,4 (2b) under all conditions, with minor amounts of SBIZrMe-
p-Me-6,4 (2¢) and its MezAl adduct 3¢ (Table 4, entries 1 and 2).

This is because the dissociation of Me;Al from the primary
kinetic product [SBIZrMe,AlMe,][7,4] (3b) is the least unfavor-
able of the dissociation equilibria (Table 3, entries 6-8) so that

Table 4 Summary of COPASI modeling results — catalyst speciation (%)?

the overall rate and extent of formation of 2b with kops = (k:Ky/
ki + k_4)[Zr] (with k; ~ k_;) is much greater than any other
competing sequence of steps.

Even at a ratio of Al:Zr = 1000 : 1, the formation of 2b and
other products does not proceed to completion with 6,4 and
7,5 present in equal amounts at 0.5 mol% of total Al (a 10-fold
excess of activator over added Zr). Only 42-44 mol% of
SBIZrMe, would be converted into ion-pairs (Table 4, entries 1
and 2).

Since this does not reflect actual activation behavior (i.e.
complete at ca. 100: 1 Al : Zr ratios), we decided to treat all acti-
vation steps as quasi-irreversible (k_; = 0.001 s™') but preserved
the rate differences. This resulted in nearly quantitative but
transient formation of 2c¢ and its MesAl-adduct 3c (total ca.
97%), followed by slower conversion to mainly 2b at equili-
brium (Table 4, entries 3 and 4).

Evidently, the formation of SBIZrMe-p-Me-13,8 (2e) would
not occur to a significant extent based on our DFT energetics.
In essence, the two conventional activation steps must occur at
comparable rates, with the resulting ion-pairs having similar
Me;Al dissociation constants to generate appreciable amounts
of a hybrid ion-pair.

However, given the difference in insertion barriers,
~0.66 ppm levels of 2e would be as reactive as 2¢ (5 ppb levels
of 2e with respect to 2b). These concentrations are exceeded
with [2e] ~ 1 x 107*[2¢] in Table 4 (entries 3 and 4) indicating
the polymerization kinetics would be dominated by 2e.

For the sake of completeness, we also modeled a hypotheti-
cal system in which all activation steps occurred at similar

ky ky K, ks K3 K,

Entry Al:Zr (M~ s7%) K, (M) M™s™) (107°M) MtsTY) (1077 M) (1078 M) 2e 2¢ 2b 3e 3¢ 3b SBIZrMe,
1 500 0.161°  0.213¢ 5027 6.2° 101° 1.92°¢ 1.15° 3.0x1077 2.5 37.9 6.0x107° 1.6 6.9x 10" 58.0

2 1000 0.161°  0.213° 502° 6.2° 101° 1.92°¢ 1.15° 3.1x1077 2.4 39.9 6.4x107° 1.5 7.3x107* 56.1

3 500 0.161¢  0.213° 5027 6.2° 1014 1.92¢ 1.15° 6.7x107% 7.4 87.8 1.4x107> 4.6 1.6x10™° 0.18

4 1000 0.161¢  0.213° 5024 6.2° 1014 1.92°¢ 1.15° 7.0x107* 6.1 89.9 1.4x107> 3.8 1.6x10™> 0.14

5 500 161%  1.92 x 107% 502¢ 1.92¢ 1014 1.92°¢ 1.15° 1.9 16.6 3.3 37.6 33.4 6.6 0.59

6 1000 161¢  1.92 x 107%¢ 5029 1.92°¢ 1014 1.92°¢ 1.15° 2.0 16.0 2.8 40.8 32.3 5.6 0.44

4[SBIZrMe,], = 1.75 or 3.5 x 10> M with [Al] = 0.0175 M, [7,5] = [6,4] = 8.75 x 10~° M, [Al,Meg] = 1.3125 x 10> M. Highlighted in red are major

species present at equilibrium. ” Reverse reaction with k_;=0.1s7". ¢

with k_; = 0.001 s,

2336 | Dalton Trans., 2025, 54, 2331-2339
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Fig. 3 SBIZrMe,-13,8 (2e + 3e) catalyst speciation vs. Al:Zr ratio as
simulated using COPASI.*° The percentages of 2e and 3e were deter-
mined using COPASI simulations at different [Al] concentrations using
the final rate and equilibrium constants (Table 4, entries 5 and 6). Data in
red are plotted along the right-hand axis.

rates, while the Me;Al dissociation steps involving 3¢ and 3b
were identical but more favorable than for 3e such that no one
product dominated (Table 4, entries 5 and 6).

Under the assumption that only the ion-pair 2e featuring
the hybrid anion is reactive towards insertion, active site con-
centrations [Zr*] = [2e] + [3e] as a function of the Al: Zr ratio at
fixed [Zr] = 1.75 x 107> M for this scenario are shown in Fig. 3.

The overall features can be understood in terms of two com-
peting factors — an increase in the relative amount of the active
catalyst (2e + 3e) with increasing Al : Zr ratios vs. an increasing
amount of the dormant state [SBIZrMe,AlMe,][13,8] (3e) with
increasing [Al] at constant [Zr]. Note that the specific features
shown in Fig. 3 concur with the experimental data on both
propene polymerization (bell-shaped polymerization rate data
at constant [Zr])¥ and catalyst activation (i.e. saturation) behav-
ior in the case of the SBI complex.’ In this hypothetical case
the amount of the active catalyst 2e never exceeds 3 mol% of
total Zr under all conditions. This is in good agreement with
estimates of active site concentration (ca. 8 mol%) determined
from the kinetics of propene polymerization
SBIZrMe, and MAO (2400 : 1).2?

Although the agreement in this example is deliberate, our
modeling results do indicate that [Me,Al]" and [Me]~ abstrac-
tion would have to occur at competitive rates and that both
types of activators would have to be present in comparable
amounts to account for actual polymerization behavior.

involving

Conclusions

We have shown in this paper that the reactivity of aluminoxane
sheets is indeed size-dependent, though not in the expected
way. For example, a lower MW 6,4 activator is more reactive

This journal is © The Royal Society of Chemistry 2025
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towards methide abstraction than 16,6, while the converse is
true when it comes to [Me,Al]" abstraction and 7,5 vs. 26,9.
These differences are easy to understand. The former process
involves the Lewis acidity of the specific site and the stability
of the resulting CIP. In contrast, [Me,Al]" abstraction leads
directly to an OSIP and so it is the weakly coordinating nature
of the anion that is most important here.

Insertion barriers correlate with the latter aspect since the
transition structure 5 is also an OSIP, though one should bear
in mind that those barriers are relative to CIP 2 and so the
stability of the latter (relative to reactive neutrals) is also impor-
tant. We believe this feature contributes to the high energy bar-
riers in the case of CIP 2a-d. We do note that the intermediate
n complex 4 is also an OSIP and that it is often lower in E than
the corresponding CIP + monomer (Table 1). In the case of 2e,
the = complex is actually marginally lower in AG-qh-tr as noted
elsewhere in the case of [SBIZrMe(n-C3H)|[B(CoF5),]."” This is
likely a pre-requisite for highly active catalysts in that the
binding process is largely entropic in nature.*'

Finally, we have demonstrated that two components of
MAO can cooperate to form a weakly coordinating anion and
that a process of this sort can account for the exceptionally
high activities seen at high Al: Zr ratios in solution for MAO-
activated metallocene catalysts. The change in ion-pairing that
is known to occur during metallocene catalyst activation, as
evidenced by UV-Vis, NMR and ESI-MS (as well as polymeriz-
ation activity) could have many explanations and ours is a
reasonable one. In reality, it is possible that larger sheets such
as 16,6 (reactive towards [Me]™ abstraction) and 26,9 (reactive
towards [Me,Al]" abstraction) could cooperate in exactly the
same fashion as demonstrated here to produce transient
species with weakly coordinating anions. Future work should
focus on these issues and from a theoretical perspective,
understanding the dynamics of these complex molecules
would seem to be essential.

Experimental section

Geometry optimizations and electronic energy calculations
were performed using the M06-2X density functional, in con-
junction with the TZVP basis set, or using the MN15 density
functional in combination with the def2-TZVP basis set. For
Zr, a relativistic effective core potential of 28 electrons was
used for the description of the core electrons.** Polarizable
continuum model calculations were employed by the integral
equation formalism variant (IEFPCM).>* Stationary points were
confirmed as minima or transition structures by harmonic
vibrational frequency calculations using Gaussian 16.*

Quasi-harmonic corrections to the entropy'®® and enthal-
py*®? employed a cut-off frequency of 100 cm™ and the
reduced translational entropy in the solution was calculated by
the method described by Whitesides and co-workers.'® All cor-
rections were implemented using the Goodvibes script.** A
molarity of 9.40 M and a molecular volume of 138.4 A® were
used for toluene.
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