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ABSTRACT: Methylalumoxane (MAO) plays a critical role in catalytic 4. I I3
polymerization of olefins, both as activator of the precatalyst and scavenger S &4‘\ e ‘w‘.‘; N
of impurities. The latter involves oxidation of MAO, which is not well o e s T I\! - °
understood at a molecular level. On the basis of our previous computational f
explorations of the structure of MAO and electrospray ionization mass

spectrometry (ESI-MS) studies of its oxidation, we report here a systematic Me;Al Me,AIOAIMe, * MesAl

theoretical study to shed light on the oxidation process. We identify the

o—«{ o 3 . 4 °
Me,AlOMe

structural features of the MAO that are essential for oxidation by screening s A
the thermodynamics of the oxidation reactions as a function of shape and J'\’ #P ‘\ ) 7
size of the previously justified model MAOs. In correlation with previously J 9o /‘ ,,»‘t,' -
reported ESI-MS studies of the corresponding anions (Chem. Eur. ]. 2018, o o S
24, 5506—5512, DOI: 10.1002/chem.201705458), the calculations indicate  jncreased MW oligomers Oxidized oligomers
that Al sites of high Lewis acidity could be of major relevance in the
oxidation process. Such sites are abundant in the size domain observed relevant for the corresponding anions.
B INTRODUCTION activator. The reported calculations'® find a minimum in Gibbs

energy at x = 16, y = 6, in short 16,6, which following methide
abstraction (or indistinguishably Me,Al" cleavage from 16,7,
which the calculations find higher in energy) corresponds to
the probable composition of the major anion [(MeAl-
0),4(Me;Al)Me]~ found recently by electrospray ionization
mass spectrometry (ESI-MS) with molecular weight of 1375
Da. ™

Oxidation of MAO plays an important role in the catalytic
process. Besides activating the precatalyst, MAO also scavenges
impurities like water and oxygen,'” which are reactive toward
the transition metal—carbon bond and hence poison the
catalyst. The poisons are present at low levels in the solvent or
monomer even after purification in the industrial process.
MAO readily reacts with water to further oligomerize to larger
clusters and is oxidized by oxygen, eventually leading to aging
of MAO. Thus, the concentration of the impurities is lowered

Polyolefins have gained an irreplaceable status within our daily
lives, thanks to complex and highly efficient catalysts systems.
One of the growing techniques for preparation of polyolefins is
the group IV metallocene/methylalumoxane (MAO) catalyst
system, where MAO alkylates and ionizes the metallocene
precursors, resulting in a highly active catalyst.' However, even
though MAO has been used as catalyst activator for decades,
its complete structure as well as the exact mechanism of
activation remain 1ncompletely deﬁned Molecular weight
depends on the measurements,” ' typically ranging from 1000
to 2000 Da, w1th an average composition of
(Me1'4_1,5A100<75_0_8) ! Various spectroscopic investigations
and quantum mechanical calculations indicate that the general
molecular formula is best written as (MeAlO),(Me;Al),, where
x is the degree of oligomerization the MAO cluster achieves
during its synthesis via hydrolysis of trimethylaluminum

(TMA), and y is the number of TMA monomers which are to such a degree that the activity of the catalyst remains intact.
) . . . . .

incorporated into the clusters, either as Me,AlO, groups (n = Little is @OWH about  the .ox1dat10n mecha@sm of MAO.

1,2) or as datively bound MeAL 12—14 However, since MAO contains free TMA, it is reasonable to

Recent calculations suggest that the clusters change their assume that the first step is the direct oxidation of TMA into

shape as a function of x from chains (x = 1-2) to rings (x = Me,AlOMe. V\{Eﬂe its Ga analogue forms a stable peroxide
3—4), sheets (x = 5—12), and cages (x = 13—18), and the Me,GaOOMe, ° the detailed mechanism of oxidation of TMA

is not known, though it has been suggested that the dimer of

clusters incorporate up to six monomers of TMA (y < 6). 15,16 ) ; o .
TMA is directly oxidized to form two equivalents of

Nearly independent of shape and size, the clusters share a

preference for four-coordinate Al, three-coordinate O and Me,AlOMe. "
terminal as well as pentavalent methyl groups bridging between
adjacent Al atoms. The bridge sites, which are discussed in Received: August 16, 2018
more detail below, are likely the active sites of the MAO Published: October 26, 2018
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Recent ESI-MS studies investigated the 0x1dat10n ) process of
MAO and proposed a mechanism (Scheme 1), in which

Scheme 1. Proposed Oxidation Mechanism of MAO>’
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TMA is substituted by Me,AlOMe, the direct oxidation
product of TMA. Here we extend these studies by a systematic
computational study as a function of size and sites of MAO.
Finally, we study a possible route for the rearrangement
reaction accompanying the substitution.

B RESULTS AND DISCUSSION

We base our investigations on the most stable MAO structures
located for each degree of oh¥omenzat10n up to x = 18 in
previous works (Figure 1).'>'>'® However, the set is modified
to replace 3,3, 7,4, and 9,5 by 3,4, 7,5, and 9,6, respectively,
which we have newly found to be more stable oligomers at the
employed level of theory when the Gibbs energies are
corrected for solvation entropy. The relative stabilities of the
MAO:s are given in Table 1. As has been discussed before, the
stabilities peak at 16,6, which is in quahtatlve agreement with
ESI-MS studies of the corresponding anions.'"°

While the MAOs differ in the base structure, varying from
chains to rings, sheets, and cages as a function of degree of
oligomerization, they possess similar structural features due to
incorporation of TMA into the (MeAlO), core. These are the
sites of interest for consideration of the reactions the MAOs
may undergo, and are likely responsible for the cocatalytic
activity of MAO. The five frequently occurring sites are
illustrated in Figure 2 alongside with the number of total
occurrences in the data set shown in Figure 1. Site E is Lew1s
acidic, while sites A and B possess latent Lewis acidity”'
through opening of the bridging bond during methide
abstraction by the MAO from the precatalyst. However, sites
C and D can ionize through Me,Al" abstraction from the
MAO, which is an alternative route for precatalyst activation.
Sites E differ from sites A or B: The latter occur by definition
only between germinal Al atoms bonded to the same oxygen
atom, while the former occurs between spatially close, but
chemically more remote Al atoms. As such, sites E may display
variable reactivity including the weakest, almost negligible,
bridging interactions with a distance of 2.7—3 A between the
methyl and the Me,Al groups, and hence represent three-
coordinate Lewis acidic Al sites under realistic circumstances.
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Figure 1. Most stable MAOs located for each degree of
oligomerization. Hydrogens omitted for clarity; carbon in gray,
aluminum in pink, and oxygen in red.

Table 1. Relative Stabilities of the Studied MAOs

x y A(AG/x)" A(AG)® mole fraction®
1 3 11.1 11.1 1.1 X 1072

2 4 10.1 202 29 x 107"

3 4 12.0 36.0 49 x 1077

4 4 7.5 30.0 5.4 % 107°

5 4 42 21.0 2.1 x107*

6 4 4.0 24.0 62 % 107°

7 5 6.3 44.1 19 x 1078

8 5 4.4 352 6.8 x 1077

9 6 4.1 36.9 3.4 x 1077

10 6 6.2 62.0 1.4 x 1071
11 6 34 374 2.8 X 1077

12 6 2.1 252 3.8 x107°

13 6 2.1 27.3 1.6 X 107°

14 6 14 19.6 3.6 x 107*

15 5 1.3 19.5 3.8 x107*

16 6 0.0 0.0 0.98

17 6 0.7 11.9 8.1x 1073

18 6 0.9 16.2 1.4 x 1073

“A(A,G) in kJ mol™'x™! for reaction 0.5(x + y)MesAl, + xH,0 —
(MeAlO), (Me3A1) + 2xCH, at T = 298 K and p = 1 atm with
correctlon to condensed phase by multiplication of the TAS term by
2/3. Difference in free energy of reaction independent of x.
“Determined using the Boltzmann distribution.

We next study the oxidation process taking place on sites
A—E by modeling the cleavage of TMA and subsequent
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Figure 2. Incorporation of TMA into the MAOs. The squares depict
the (MeAlO), cores, and the numbers in parentheses specify the total
number of occurrences in the MAOs shown in Figure 1. Carbon in
gray, aluminum in pink, and oxygen in red.

addition of Me,AlOMe into the whole data set of MAOs. This
is the first steg invoked in the oxidation of MAO as monitored
by ESI-MS.*” All the results are concisely summarized in
Figures 3—5, showing the Gibbs energies of the reactions as a
function of size and site, with the latter illustrated by different
colors.

Figure 3 shows the Gibbs energies for TMA cleavage, which
is endergonic in all cases because the study was carried out for
MAOs with the highest relative stability within each degree of
oligomerization.m Overall, abstraction of TMA from sites of
type D, followed by sites of type C, requires the least amount
of energy. Abstraction from both D and C sites leaves a Me,Al
end group, which can interact with the methyl group of an
adjacent Al to form a type A site. Sites of type B are most
common in the data set and are abundant in sheet structures.
They show feasible TMA abstraction in the domain of sheet
structures (x = 8—12) but not in the domain of cage structures

(x = 13—18). Abstraction of TMA from sites of type A and E
leaves an unsaturated oxygen, showing a prohibitively high
Gibbs energy with a few exceptions, where the molecule has
freedom to reorganize.

Figure 4 shows the Gibbs energies for Me,AIOMe addition
to the MAOs after TMA cleavage. Me,AlOMe addition is
exergonic in each case and for a large degree mirrors the Gibbs
energies for TMA cleavage. Addition is thus the most
exergonic for sites of type A and the least exergonic for sites
of type D. Replacing Me by bulkier alkyl groups would likely
make the reactions less exergonic due to the reduced Lewis
acidity of aluminum alkoxides, associated with steric effects.

Figure 5 shows the Gibbs energies for the complete
substitution reaction, i.e. the sum of TMA cleavage and
Me,AlOMe substitution. The total reaction is exergonic in
almost every case, indicating that the oxidation products are
more stable than the corresponding TMA educt. If one would
ignore sites A and E due to the high energy required for TMA
cleavage, then the energies are lowest for sites of type B in 8,5,
10,6, and 11,6. For cage structures in the real size domain of
MAOs with x > 12, the sites most prone to oxidation would
then be of type D. However, as we later show, sites of type E,
present in the real size cage structures, could in fact be
relevant, especially if direct oxidation of the cages is possible.

We can rationalize the above findings as follows. Since
MAOs typically prefer four-coordinate Al and three-coordinate
0,'%*” loss of TMA is by default associated with two-
coordinate oxygen at the site of cleavage, thus resulting in the
high Gibbs energies seen in many instances in Figure 3.
Consequently, sites of the type D, where TMA is only
connected via bridging methyl groups, are the main candidates
for the release of TMA. However, even though three-
coordinate oxygens are generally preferred, there are sites
generated by associated TMA where oxygen atoms attain four-
coordination. Such sites are represented by sites of type C, as
well as by specific sites of type B, which due to the variety of
environments lead to largest scattering in the Gibbs energies of
TMA cleavage and Me,AlOMe substitution (red markers in
Figures 3—5). Figure 6 illustrates a type B site of 10,6 as an
example that is low in energy for substitution by Me,AlOMe. A
Me,Al--Me moiety, highlighted in purple, is loosely bound to
the MAO through formation of a four-coordinate O and CHj,
bridging to the adjacent Al. Cleavage of TMA leaves an
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Figure 3. Gibbs energies as a function of degree of oligomerization for cleavage of TMA from MAO. The sites A—E are depicted in Figure 2.
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Figure 4. Gibbs energies as a function of degree of oligomerization for the addition of Me,AlOMe after cleavage of TMA. The sites A—E are

depicted in Figure 2.
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Figure S. Gibbs energies as a function of degree of oligomerization for Me;Al to Me,AlOMe substitution. The sites A—E are depicted in Figure 2.
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Figure 6. Reorganization after TMA cleavage to form a methyl bridge,
illustrated for site B in 10,6 as an example. The removed Al and the
bridging carbon are colored purple and blue, respectively. The
removed Me;Al is indicated by the red circle.

optimal three-coordinate O, but simultaneously lowers the
coordination number of Al from four to three. However, the
terminal CH; group (blue carbon in Figure 6) of another
adjacent Al atom can restore four-coordination to the Al atom
by bridging to this site, thus overcoming the electron
deficiency created by TMA cleavage.

We next turned our attention to a possible mechanism for
the oxidation process. In the experimental study,”’ addition of
Me,AlOMe to MAO leads first to substitution of TMA in the
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precursor to anion [16,6]”, forming anion [16,5,1]” upon
subsequent addition of octamethyltrisiloxane, OMTS.** Over a
longer time period, the precursor to the latter anion rearranges
to another material which upon addition of OMTS generates
the anion [15,5,1]". Concomitantly, aging of both unoxidized
and oxidized anion precursors occur during prolonged
reaction, through net addition of MeAlO units.

In the experimental oxidation paper,” the MS/MS spectra
of anions [16,5,1]” and [15,5,1]” were included as Figures
S1—-S4. In both cases, these anions fragment by loss of five
Me;Al molecules as the collision energy is increased before
they lose Me,AlOMe, evidently a high energy process (see
Figures S2 and S4 for breakdown graphs).”* This is quite
different from what is observed for chlorinated anions derived
from MAO; in those cases loss of Me,AlCl is competitive with
loss of Me;Al and occurs at lowest collision energies. >

These experimental results suggest that the initial sub-
stitution of TMA by Me,AlOMe during oxidation occurs in
such a manner that the OMe group is directly incorporated
into the cage versus datively bound at a type D site. The latter
sites had been implicated in a theoretical study involving
modification of 16,6 and the anion derived from it, by
Me,AICL>
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On the basis of the current theoretical results, the most likely
site for this kind of substitution in 16,6 is at Site E. Though
loss of TMA from this site is strongly endergonic, it is possible
the substitution involves displacement of the bridging Al—
Me—Al interaction by monomeric Me,AlOMe (present in
trace amounts, hence a slow reaction) and then subsequent
TMA loss (Scheme 2). Alternately, direct oxidation of the cage
might be possible at this site. The substitution step is exergonic
with a free energy change of —37.8 kJ mol™" (Table 2).

Scheme 2. Substitution of TMA at Site E in 16,6 by
Me,AlOMe

O _Me
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Table 2. Energies and Gibbs Energies (k] mol™") for the
Proposed Oxidation Mechanism (Scheme 2)

entry step AE AG?
1 16,6 + 1/2 Me,AL,(OMe), —407  —378
> 16,5,1 + 1/2 MeGAl
16,51 + MeAl, — 15,5,1 + 1/2 2,4 117 36.8
3 16,6 + 1/2 Me,AL,(OMe), + 1/2 MecAl, -290  -10
— 15,51+ 1/2 2,4
4 166 +1/224 - 17,6 + Me AL 135 —129

“T =298 K and p = 1 atm with correction to condensed phase by
multiplication of the TAS term by 2/3.

The next step involves loss of Me,AlIOAIMe, from 16,5,1
from the site identified in Figure 7. However, direct loss of 1,1
is highly unfavorable with AG = 168 kJ mol™'. Thus, we
invoked binding of TMA to 16,5,1, and loss of 1,2, forming
15,4,1, which then binds TMA to form 15,5,1. However, even
that process is unfavorable from a free energy perspective (AG
= 74.2 k] mol™"). Therefore, as a common reference point, we
assumed that the most stable form of Me,AlIOAIMe, (2,4) is
ultimately produced following initial loss of Me,AI0OAIMe,
(Table 2, entry 2). This makes the overall conversion of 16,5,1
to 15,5,1 favorable (Table 2, entry 3), but it should be borne
in mind that direct loss of 2,4 is not possible from 16,5,1.

Table 2 (entry 4) contains energies for the first step in the
aging process which involves net addition of a MeAlO unit to
the 16,6 cage. In the experimental studies, the aging process
appeared faster during oxidation vs that of unoxidized material.
This led us to propose that the byproduct of oxidation and
rearrangement (Me,AlOAIMe,) was involved in the aging
process. Anions and cations derived from this material have
been detected in MAO using [Bu,N][CI]" and silicone
grease26 as additives. However, Me,AIOAIMe, is not stable in
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Figure 7. Left: 16,5,1 resulting from substitution at E by Me,AlIOMe
with a neighboring Me,AlIOAIMe, moiety circled in green. Right:
15,5,1 following loss of Me,AIOAIMe, and binding of TMA; the
newly formed type E site is indicated by the green circle.

its monomeric form, and indeed has defied structural
characterization beyond the fact that it is associated in
condensed phase.”’ The current calculations suggest the
involvement of the most stable material formed by hydrolysis
(2/4) in the aging process is favorable when an MeAlO unit is
introduced to site E in 16,6.

Indeed, the overall steps of oxidation and aging suggest that
if these processes were coupled to one another, the total free
energy change is favorable (Table 2), if only the unfavorable
step involving loss of Me,AIOAIMe, can be avoided. We
suspect this step is unfavorable under any circumstances since
it involves cleavage of Al-O bonds. We can think of several
ways in which this might be accomplished. One is the direct
reaction between two cages such that a Me,AIOAIMe, unit is
exchanged between the two: 16,6 + 16,5,1 — 17,6 + 15,5,1,
A,G = 23.8 kJ mol™

The free energy change is unfavorable (though when
coupled to oxidation of 16,6, A,G = —14.0 k] mol™") but
certainly much less unfavorable than direct loss of
Me,AlOAIMe,. We are unable to study such a process by
DFT methods, but there is certainly precedent for cage—cage
equilibration in MAO at elevated temperature."* We do note
that oxidation and aging of MAO is strongly concentration-
dependent as well in comparing the properties of 10—30 wt %
material.”’ Another alternative that we cannot exclude is the
involvement of OMTS in the (rapid) abstraction and
subsequent donation of a Me,AIOAIMe, unit from one cage
to another, via a cyclic ¥*-OMTS-x*-Me,AlIOAIMe, moiety.

B CONCLUSION

DFT calculations at the M06-2X/TZVP level of theory have
been carried out to model the oxidation of MAOs of a general
formula (MeAlO)x(MesAl)y up to x = 18, focusing on the most
stable MAOs of each degree of oligomerization located by
previous computations. To evaluate the potential sites for the
oxidation process, we classified the sites in to five types labeled
A—E. Screening of the TMA cleavage and subsequent addition
of Me,AlOMe for oxidation shows that the overall process is
generally exergonic.

With specific investigations of dominant 16,6 composition,
in correlation with the experimental ESI-MS studies on the
corresponding anions, the calculations suggest that the initial
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substitution might occur at site E. Direct loss of Me,AI0OAIMe,
or a related material is calculated as endergonic for all
possibilities considered, so the precise mechanism for
formation of 18,5,1 likely does not involve direct loss of this
moiety but rather exchange of this unit with another cage or
another material present in MAQO. Furthermore, it could be
possible that neutral 16,6 does not represent all structural
features of the major anion observed in the MS experiments,
though this is unlikely to affect the unfavorability of
Me,AlOAIMe, loss as this basic unit is quite unstable in
monomeric form and AlO bonds must be cleaved in order to
lose this fragment. Experimental and computational studies are
currently ongoing to shed light on the structural differences
between neutral MAOs and MAO-Me™ ions.

B EXPERIMENTAL SECTION

Computational Details. Calculations were carried out by
Gaussian 16,”° using the meta-hybrid density functional theory
MO06-2X method” in combination with the TZVP basis set by
Ahlrichs and co-workers.”® The method has been utilized in our
previous works on MAO,'®*" and it has been shown a cost-effective
method of choice for organoaluminum compounds involvin
dispersive interactions due to methyl groups bridging aluminums.’
Harmonic vibrational frequencies were calculated for all reported
structures to confirm them as minima in the potential energy surface
and to obtain Gibbs energies (T = 298 K, p = 1 atm). In reporting the
Gibbs energies from the gas-phase calculations, the TAS term of G =
H — TS was multiplied by 2/3 to correct for solvation entropy.'®****
The uncorrected Gibbs energies are included in the Supporting
Information.
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