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The well-defined Al-alkyl borate (AAB) salt {[iBua(PhNMe,)All(n-H)} [B(CgFs)4]l~ (ALHAL) has been recently
identified as a promising “complete” cocatalyst for olefin polymerization. Herein, we explore structural
variations of AlHAL obtained by replacing the PhNMe, (DMA) donor with a variety of anilines, amines, and
N-heterocycles. Of the 18 investigated N-donors, twelve provided stable AAB salts; these were tested as
cocatalysts in ethylene/1-hexene copolymerization with an archetypical metallocene catalyst. In the other
six cases, the side reactions were thoroughly analyzed by NMR spectroscopy. For instance, addition of an
0-Me substituent on the DMA ligand triggers C—H activation leading to five-membered cyclometalated
species; increasing the steric bulk directly at the N-donor atom leads to tricoordinate mononuclear Al-
alkyl cations, which could be isolated, fully characterized and tested in polymerization when using PhNEt,
(DEA). The cocatalytic performance of aniline- and amine-based systems varies only marginally with
respect to the benchmark AIHAL_DMA. N-heterocyclic AAB salts perform worse; only the two least elec-
tron donating donors, namely difluoropyridine (Py-3,5-F) and quinoline (QUI), provide noticeable pro-
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Introduction

Molecular olefin polymerization catalysis has tremendously
progressed over the last few decades. Initially considered of
mere academic interest, nowadays it is of great industrial rele-
vance for the production of several, added-value polyolefin
grades.! The key to success has been the identification of suit-
able precatalyst/cocatalyst combinations providing highly pro-
ductive, selective and thermally stable catalytic systems.”®
Despite the comparable importance of a precatalyst and coca-
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talyst, these two components have evolved at very different
paces. The design of ancillary ligand frameworks has been pro-
lific and continues to provide novel high-performing group
4 metallocene and “post-metallocene” catalysts.*® In contrast,
diversification among cocatalysts is far more limited; the cur-
rently most widely used systems are still based on methyl-
aluminoxane (MAO), discovered in the late 1970s,%” or binary
systems comprising of an aluminum trialkyl (e.g. tri-iso-butyla-
luminum, TIBAL) and a borate salt of organic Lewis or
Bronsted acids (e.g. [PhsC]" [B(CeFs)s]”, trityl borate, TTB;
[PhMe,NH]" [B(CeFs)s]”, anilinium borate, AB), discovered in
the 1990s.%°

This discrepancy is due to the complexity of innovating
cocatalysts to overcome their main drawbacks.'®™° In the case
of MAO, some of the most widely explored optimization strat-
egies include replacing methyl with larger alkyl groups to
improve stability and solubility,>**** and/or using additives
like phenols,*>* AlMe,F***” or Lewis bases** ™ to modulate
reactivity. However, despite the
complex and poorly understood structure of this alumoxane
hampered rational design and limited optimization, for
instance, with respect to minimizing the high Al/M ratios

recent advancement,*"
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necessary for optimal performance (typically on the order of
10°-10* M = group 4 metal).”'®> The well-defined structure of
borate salts allows fine tuning of both cation and anion
properties,>® ' but, also in this case, some main limitations
remain like their ability to serve only as alkyl abstractors. This
is the reason why an alkylating and scavenging agent like
TIBAL is required with these borate activators, while MAO
functions as a stand-alone and “complete” cocatalyst.

Recently, our group identified a borate salt containing an
unusual homodinuclear Al-alkyl cation stabilized by N,N-di-
methylaniline (DMA) ligands and a bridging hydride, namely
{[iBuy(PhNMe,)Al],(-H)} [B(CoF5)s]~ (AIHAL, Fig. 1a).** The coor-
dinately saturated nature of the metal centers makes this Al-alkyl
cation relatively easy to synthesize and stable at room temperature
under an inert atmosphere, even though it still manifests a
marked “latent”** Lewis acidity. In fact, propene polymerization
experiments revealed that this species is a competent cocatalyst
for typical group 4 metal based metallocenes and “post-metallo-
cenes”, exhibiting performance comparable to that of established
cocatalysts like MAO and borate salts/TIBAL.****

The cocatalytic properties of this novel system are intri-
guing in several respects. First, like MAO, AIHAI is a “com-
plete” cocatalyst, effectively activating both dimethyl and
dichloride precatalysts and serving as an impurity scavenger.
Notably, productivities comparable to those obtained with
established cocatalysts, at the same catalyst concentration, can
be achieved at Al/M ratios of a few tens, which is orders of
magnitude lower than those typically needed with organic
borate salts/TIBAL (10-10°) or MAO (103-10%).

Another important feature of AIHAI is its well-defined mole-
cular structure. Recently, we reported a first proof-of-concept
regarding the possibility to tune the properties of AIHAL: intro-

[B(CeFs)al

AIHAI s-AlHAI

Previous work

SO

[B(CeFs)al

AIHAI_L
This work

Fig. 1 Structure of AlHAL-type cocatalysts: (a) prototype,®® (b) hydro-
carbon soluble analogue,® and (c) structural variations explored herein
(L = neutral N-donor, see Fig. 2).
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duction of long alkyl chains on the DMA ligands allows over-
coming one of the main limitations of ionic cocatalysts, that is
their very low solubility in the saturated hydrocarbon diluents
typically used in industrial solution processes.>* This modi-
fied, soluble cocatalyst (s-AIHAI in Fig. 1b) could be employed
successfully in combination with a representative zirconocene
in ethylene/1-hexene copolymerization at 100 °C in an alkane
diluent, providing a catalytic performance comparable to those
of established cocatalysts adapted for the same purpose.

Herein, we report a broader study on the structural modifi-
cation of AIHAI, aiming at expanding this family of well-
defined Al-alkyl borate (AAB) salt cocatalysts. In particular, we
explored the possibility of replacing the DMA ligands with a
variety of other N-donors (AIHAIL_L, Fig. 1c) and evaluated the
effect of structural modifications on the properties of these
systems by spectroscopic, polymerization and computational
studies.

Results and discussion
Synthesis and characterization

The 18 N-donors (L; Fig. 2) studied were selected from com-
mercially available compounds to explore steric and electronic
properties over three classes of molecules, namely anilines,
amines, and N-heterocycles. Initially, the synthetic approach
previously optimized for AIHAl DMA was utilized
(Scheme 1).***> The reaction of equimolar amounts of TIBAL,
N-donor and the borate salt of the protonated N-donor pro-
vides the mononuclear intermediate Al_L; iso-butane is the
only (gaseous) byproduct. Al_L is subsequently converted into
dinuclear AIHAL L by addition of 1 eq. of di-iso-butylalumi-
num hydride (DIBAL-H; Scheme 1a); the mono- and dinuclear
species are in dynamic equilibrium,** as further discussed in
the following sections. Alternatively, the same Al_L intermedi-
ate can be obtained by reaction of TIBAL with two equivalents
of N-donor and one equivalent of TTB (Scheme 1b). Although
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~ N ~
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MA DMA-C,; DMA-Ph  DMA-CI DMA- CF3 DMA-2-Me DMA-2,4,6-Me
Amines PN )\ J\
\N O ~N /\$¥\ SN
/ ‘ 13 K
DMCA DMHA TEA DIPA
N-heterocycles
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N X N X Z Z
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Fig. 2 N-donor ligands studied (L).
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Scheme 1 Synthetic procedures explored for AIHAL_L, inspired by those previously optimized for AIHAL_DMA.3? DIBAL-H is shown as a monomer

for simplicity.

this approach is less atom-efficient, producing two byproducts,
iso-butene and triphenylmethane, it can be employed for
N-donors where the borate salt is not commercially available
or easily synthesizable. Pure Al_L is then obtained by removing
iso-butene in vacuo and triphenylmethane by washing with
pentane. Both these approaches were employed depending on
the specific properties of each N-donor.

Anilines and amines: successful attempts. Along with pre-
viously reported DMA®? and DMA-Cj,*® the synthetic protocols
depicted in Scheme 1 were successfully applied to DMA-Ph,
DMA-Cl, DMCA and DMHA. Since the anilinium/ammonium
salts of these latter species are not commercially available, the
synthetic protocol using TTB (Scheme 1b) was used in most
cases. Only for DMHA, synthesizing the ammonium salt*® and
following the route of Scheme 1a is indicated; the long hexade-
cyl chain of this amine renders Al DMHA highly soluble in
pentane, precluding efficient removal of the Ph;CH byproduct
(route b).

Characterization of reaction products by NMR spectroscopy
indicates that the structural properties of AIHAL L are only
marginally affected by donor variation (see the ESI for
detailst). The NMR spectra of the representative
AIHAI_DMA-Ph are very similar to those reported previously
for AIHAI_DMA,*?* the main difference being the additional
signals due to the p-phenyl substituents (Fig. S371).

Quantitative '"H NMR analysis of equilibrium constants
(Keq) and corresponding Gibbs free energies (AG) for the
reaction:

ALL + [AliBu,H]; 2 AIHALL + [AliBu,H], (1)
also indicates only a small effect of N-donor variation on the
relative stability of the mono and dinuclear species at 298 K
for L = anilines (entries 1-5, Table 1). As previously reported
for the prototypical DMA system,** the dinuclear species is
more stable, and solutions containing up to 90 mol% AIHAI_L
can be prepared by properly dosing DIBAL-H (see the ESIT).
For L = amines, a similar K. is observed with DMHA (entry 7,
Table 1), even though the reaction between Al_DMHA and
DIBAL-H is not instantaneous and requires approximately 12 h
to equilibrate even in the presence of excess DIBAL-H
(Fig. S127); at these long reaction times, some decomposition
products become detectable in the NMR spectra. In the case of
DMCA, no reagents could be detected by NMR spectroscopy,

7874 | Inorg. Chem. Front, 2024, 1, 7872-7885

Table 1 Equilibrium constants (Keq) and corresponding Gibbs free
energy differences (AG) for the reaction reported in egn (1) ®

Entry L Solvent  Keq AG (kcal mol™)  Ref.
1 DMA C,Dy 12 -1.5 32
2 DMA CsDsCl 12 -1.5 d

3 DMA-Cy¢ C,Dg 23 -1.9 35
4 DMA-Ph C,Dg 11 -1.4 d

5 DMA-CI CeDsCl 11 -1.4 d

6 DMCA CeDsCl  >23°  <—1.9 d

7 DMHA” C,Dyg 13 -1.5 d

8 N-Heterocycles ~ C,Dg <1 >0 d

“ By quantitative 'H NMR spectroscopy at 298 K.  Limited stability (see
main text). “No accurate absolute values could be determined as the
concentration of some relevant species is below detection limits of
NMR. C,Djg = toluene-dg, C¢DsCl = chlorobenzene-ds. 4 This work.

suggesting nearly quantitative conversion to the dinuclear
product (i.e. Koq > 23; entry 6, Table 1).

Despite considerable efforts, no single crystals suitable for
X-ray diffraction could be obtained for AIHAI_L as they precipi-
tate as oils in all cases. The crystal structure could be instead
analyzed for mononuclear Al_L with L = DMA and DMA-CI
(Fig. 3a and b). Both species exhibit the expected pseudo-tetra-
hedral geometry for tetracoordinated Al-complexes, with
similar Al-C and Al-N bond lengths (entries 1 and 2, Table 2).
The N-AI-N bond angles of ~106° for Al DMA and ~104° for
Al_DMA-CI are close to the 109° angle of ideal tetrahedral geo-
metry, while C-Al-C angles are appreciably higher (>120° in
both cases; entries 1 and 2, Table 2) likely due to the steric
constrain imparted by the bulky iso-butyl groups. Consistently,
the C-Al-C angle reported for the methyl analogue of Al DMA,
i.e. [AIMe,(PhNMe,)]'[B(C¢Fs)4]™, is appreciably smaller and is
approximately 115°.%7

Anilines and amines: side reactions. Side reactions ham-
pered isolation or even detection of Al_L and AIHAI_L with the
other anilines and amines. For instance, the para-substituted
aniline DMA_CF; undergoes C-F bond activation (Scheme 2a),
which is known to potentially occur in the presence of Al-
based Lewis acids.***°

Conversely, with the o-Me substituted aniline, Al_DMA-2-
Me could be obtained and characterized, even though it is
unstable at 298 K and converted quantitatively within a few
hours into the neutral cyclometalated species Al _Cyclol and
the DMA-2-Me anilinium borate salt (Scheme 2b). The identity

This journal is © the Partner Organisations 2024
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Fig. 3 Ortep drawings of (a) ALLDMA, (b) Al_DMC-CI, (c) Al_tri_DEA, (d) Al_Py-3,5-Me and (e) Al_QUI crystal structures obtained by single crystal
X-ray diffraction. Ellipsoids are drawn at 50% probability level. Hydrogen atoms, [B(CeFs)4]™ anion and solvent molecules are omitted for clarity. For
further details, including relevant distances (A) and angles (°), see Table 2 and the ESI.+

Table 2 Relevant distances (A) and angles (°) for the crystal structure of Al_L salts reported in Fig. 3

Entry ALL Al-C1 Al-C5 Al-N1 Al-N2 N-AI-N C-Al-C

1 Al_DMA 1.9760(16) 1.9733(16) 2.0660(13) 2.0877(14) 106.22(5) 124.39(7)
2 Al_DMA-CI 1.974(3) 1.982(4) 2.075(2) 2.080(3) 104.31(11) 122.39(15)
3 Al_tri_DEA 1.9393(16) 1.9421(16) 1.9766(14) — — 131.21(8)
4 Al_Py-3,5-Me 1.962(2) 1.968(2) 1.9758(19) 1.9703(19) 96.42(8) 121.91(11)
5 AL_QUI 1.958(3) 1.966(3) 2.001(3) 2.000(3) 99.53(11) 126.24(15)

of Al_Cyclol was further confirmed by its independent syn-
thesis via the sequential reaction of DMA-2-Me with BuLi and
di-iso-butylaluminum chloride (DIBAL-CI; Fig. $271).%>*' The
decomposition of Al_DMA-2-Me is likely triggered by the steric
hindrance imparted by the o-Me groups of the two aniline
ligands. The reaction is reminiscent of directing group
enabled C-H activation*” with the hydrogen being transferred
to the released base. It is worth noting that, even though Al-
alkyl bonds are generally more reactive than Al-aniline ones,
C-H activation leading to the cyclometalated species involves
only the latter (Scheme 2b); somewhat related observations
have been reported for (BHT),AlMe (BHT = 2,6-di-tert-butyl-4-
methylphenolate), in which the first Al-O bond is hydrolyzed
more easily than the Al-Me one, likely due to the steric strain
imparted by the bulky phenolate ligands.*?

The reactivity of isolated Al Cyclol was preliminarily
explored by reaction with TTB in the absence and presence of
1 equiv. of DMA-2-Me. In the former case, ionization and rapid
(CeFs)-group abstraction from the borate anion are observed
(Scheme S17). In the latter, the reaction provides stable ionic
Al_Cyclol_DMA-2-Me (Scheme 2c), in which the Al center
binds two aniline-type fragments and two alkyl groups analo-
gously to Al_DMA-2-Me. Addition of DIBAL-H resulted in a
complex and dynamic mixture of unknown products; evidence
for complete conversion of o-Me groups into formally anionic
methylene moieties was obtained after >24 h (Fig. S307). Given

This journal is © the Partner Organisations 2024

the complexity of this reactivity and the rather low isolated
yields, we decided not to further investigate these species.

With the even bulkier DMA-2,4,6-Me, having two o-Me and
one p-Me groups, Al_DMA-2,4,6-Me could not be detected by
NMR spectroscopy. Decomposition to the cyclometalated
Al_Cyclo2, the borate salt of the donor, and a tricoordinate Al-
alkyl cation having a single aniline coordinated to aluminum
(AL_tri_DMA-2,4,6-Me, Scheme 2d) was observed. The latter
species decomposes slowly to the cyclometalated complex, ani-
linium borate and a variety of other unknown products.

The clean formation of a tricoordinate species is instead
observed with DEA (Scheme 2e), in which steric bulk is
increased directly on the aniline N-donor atom and no easy
routes to stable 5-membered cyclometalated species are acces-
sible. Al tri_DEA is stable in the solid form for weeks and
decomposes only very slowly in solution over several days via
(CeFs)-abstraction (Scheme S2t); it could be therefore
thoroughly characterized by NMR spectroscopy and single-
crystal X-ray diffraction, showing a nearly planar coordination
geometry (Fig. 3c). AL tri_DEA is one of the very few examples
of stable and fully characterized tricoordinate Al-alkyl
cations.**° No reaction is observed upon adding DIBAL-H to
Al_tri_DEA neither in the absence nor presence of an
additional DEA equivalent.

The bulkier donor DIPA leads to a detectable but less stable
tricoordinate complex Al_tri_DIPA (Scheme 2f), which decom-

Inorg. Chem. Front., 2024, M, 7872-7885 | 7875
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Scheme 2 Side reactions observed with some aniline and amine donors. Exploration of the reactivity of Al_Cyclo1l is reported in the dashed rec-

tangle. DIBAL-H is shown as a monomer for simplicity.

poses over a few hours to a very complex mixture of species:
the protonated DIPA borate salt is the most abundant and the
only one that could be identified. Similarly, three ethyl groups
of TEA appear to be too bulky to allow the formation of a

stable Al-alkyl cation (Scheme 2g).

7876 | Inorg. Chem. Front., 2024, M, 7872-7885

N-heterocycles. The synthetic route of Scheme 1b was found
to be not feasible for N-heterocycles since these strong Lewis
bases compete with TIBAL for the reaction with the Lewis
acidic TTB (Scheme 3a). To avoid the synthesis of each proto-

nated N-donor borate salt (Scheme 1a), a simple solution con-

This jol

urnal is © the Partner Organisations 2024
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Scheme 3 Synthetic procedures adapted for N-heterocycles. DIBAL-H is shown as a monomer for simplicity. R = Me or F.

sists in replacing TTB with a Brensted acidic ionizing agent
like AB (Scheme 3b), which is less prone to reaction with
N-heterocycles. The DMA byproduct of these reactions
(Scheme 3b) remains “free” because it is unable to compete
with N-heterocycles for coordination at Al, and it can be easily
removed by washing with pentane. This approach was success-
fully applied to the synthesis of Al L with nearly all
N-heterocycles, including Al_Py-4-NMe, that coordinates to
aluminum selectively via the more electron-rich pyridinic
nitrogen atom (Fig. S20 and 217).

Major decomposition is observed only with Py-F5, which
undergoes C-F bond activation. Hydrodefluorination of Py-F5
with Al/Ga reagents catalyzed by Lewis bases has been pre-
viously reported;**>! interestingly, herein, it is only observed
with perfluorinated pyridine and not with Py-3,5-F, containing
less activated C-F bonds. In the case of Py-2,6-Me, formation
of small amounts (1-2 mol%) of pyridinium borate byproduct
is observed, indicative of proton transfer from AB. The result-
ing N-H" bond does not react with TIBAL, likely because it is
sterically shielded by the two 0-Me groups. The pyridinium salt
fraction increases upon storing solid Al_Py-2,6-Me over several
weeks, suggesting that it is a product of its self-decomposition.
It is worth mentioning here that all the other Al_L species pre-
pared here can be stored under an inert atmosphere for at
least 1 year without major signs of decomposition.

The crystal structure could be analyzed for Al_L with L = Py-
3,5-Me and QUI (Fig. 3d and e). The two species exhibit a
similar tetrahedral structure with nearly identical Al-C bond
lengths of ~1.96 A (entries 4 and 5, Table 2). The Al-N bonds
of Al_QUI (~2.00 A) are slightly longer than those of Al_Py-3,5-
Me (~1.97 A), likely reflecting the lower electron donating
ability and higher steric bulk of QUI. With respect to the solid
state structure of the aniline-based AAB, the main difference
emerges in the N-Al-N angle, which is significantly smaller for
the N-heterocycles (entries 1 and 2 vs. 4 and 5, Table 2), follow-
ing the trend Al_Py-3,5-Me (96.42(8)°) < Al_QUI (99.53(11)°) <
Al_DMA-CI (104.31(11)°) < Al_DMA (106.22(5)°). This is likely
due to the flat nature of N-heterocycle donors, having sp’

This journal is © the Partner Organisations 2024

hybridized nitrogen, rendering them less sterically demanding
than anilines.

Notably, addition of DIBAL-H to Al_L with N-heterocycles
did not provide detectable amounts of AIHAI_L, even when an
excess of hydride up to 10 eq. is added (i.e. K.q < 1 for the
reaction in eqn (1); entry 8, Table 1; see also the ESI{).>?

Polymerization experiments

The performance of the twelve successfully synthesized AAB
salts was explored in ethylene/1-hexene copolymerization at
60 °C with a representative ansa-zirconocene catalyst (Cat-Zr,
Fig. 4; see the Experimental part for details).>>™” For the
donors allowing isolation of both mono- and dinuclear species
(i.e. anilines and amines), AIHAI_L was tested since Al_L
cannot function as stand-alone cocatalyst.>” Conversely, for
N-heterocycles and DEA that only form mononuclear species,
an equimolar mixture of Al L and DIBAL-H was used, since
the Al-hydride is an integral part of the cocatalyst.

Based on preliminary experiments with the prototypical
AIHAI_DMA (Table S77), a rather low catalyst concentration of
2.5 x 1077 M and a [B]/[Zr] ratio of 100 were selected as screen-
ing conditions for all cocatalysts. Even lower [B]/[Zr] ratios
would suffice to obtain comparable productivity (Table S77)
but, to assure comparability also with less efficient AIHAI L

ST

N N
—Si_ zrcy,

(’)
Cat-Zr

Fig. 4 C,-Symmetric ansa-zirconocene precatalyst used for cocatalyst
screening.
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Table 3 Summary of ethene/1-hexene copolymerization results?

Entry L R,  RelativeR,“ (%) M, (kDa) PDI
1 DMA 462 100 80 2.3
2 DMA-C,¢ 401 87 75 2.5
3 DMA-Ph 367 79 82 2.3
4 DMA-Cl1 466 101 86 2.5
5 DEA 422 91 75 2.4
6 DMCA 533 116 75 2.5
7 DMHA 267 58 82 2.4
8 Py-2,6-Me 3 1 n.a. n.a.
9 Py-3,5-Me 12 3 82 2.3
10 Py-3,5-F 224 48 83 2.3
11 Py-4-NMe2 ~0 ~0 n.a. n.a.
12 QUI 95 21 77 2.4

“Experimental conditions: ethylene/1-hexene copolymerization in
toluene (6 mL), T = 60 °C, pc, = 4.5 bar (65 psi), t = 10 min, [H]geea =
1.8 v/v%, [Hlincorporated & 7 MOI1%, Ncaczr = 1.5 NMOl, napga = 150 nmol
; — b TP —11.-1 ¢ .
(i.e. [B)/[Zr] = 100). ” Productivity in kgpr mmolc,, ~ h™". “Relative pro-
ductivity with respect to AIHAI_DMA. ? Determined by GPC (~20%
experimental uncertainty). n.a. = not available. Results are averages of
at least triplicate experiments.

variations, we used higher cocatalyst loadings. Results are
summarized in Table 3.

The vast majority of AABs yield good productivities in olefin
polymerization, showing that AIHAl_DMA is not a unique case
of a well-defined AAB cocatalyst. Polymer properties in terms
of average molecular weight and comonomer incorporation
(~7 mol% for all samples, as determined by >C NMR spec-
troscopy) are not affected by the choice of AAB within experi-
mental uncertainty. This suggests that the same active species
is obtained in all cases, albeit with varying efficiency.

Fig. 5 shows a comparison of relative productivities for all
AAB with respect to the benchmark AIHAI DMA. Within the
15% experimental uncertainty estimated for these tests, all the
para-substituted N,N-dimethylanilines based cocatalyst pro-
vided similarly active systems. Interestingly, Al tri_ DEA/
DIBAL-H behaves similar to the other aniline cocatalysts,
suggesting that the presence of two aniline ligands around the
Al and, more generally, isolation of AIHAI L are not strictly
necessary for effective cocatalytic performance.

Concerning amine-based systems, the productivity obtained
with AIHAl DMCA is comparable to that with AIHAI_DMA,
while AIHAI_ DMHA is appreciably worse. In contrast, the
N-heterocycle based AABs produce acceptable activator systems
only with the least electron donating donors, i.e. Py-3,5-F and
QUI. Increasing the [B]/[Zr] ratio to ~170 provides similar
trends (Fig. S387).

To put results in perspective, we also tested a representative
established cocatalyst, namely AB/TIBAL, under the same reac-
tion conditions (Table S77). At the same catalyst concentration
used for AIHAL L, no detectable activity is observed with the
benchmark cocatalyst, signifying the effectiveness of AIHAI L
as both an activator and scavenger. Increasing [Zr] with AB/
TIBAL by a factor of ~7 eventually leads to a productivity com-
parable to that observed with Py-3,5-F and QUI, indicating that
even these AAB salts are moderately good cocatalysts.
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Fig. 5 Relative productivities with respect to that with AIHALDMA
obtained with Cat-Zr at B/Zr = 100 in combination with various AAB coca-
talysts (see Table 3). 15% experimental uncertainty is assumed on Ry,

Structure-property correlations

By analyzing the results discussed in the previous sections,
some considerations can be made regarding structure-prop-
erty correlations. In terms of stability of Al-L, electronic effects
appear marginal within each class of N-donors: for instance,
no appreciable difference is observed comparing DMA with
other para-substituted anilines, or Py-3,5-Me with Py-3,5-F.
Steric effects are instead more relevant: for instance, going
from the N-methyl groups of DMA to the N-ethyl groups of
DEA destabilizes Al_L dramatically (Scheme 2e). The self-
decomposition observed with Py-2,6-Me, but not with its hom-
ologue Py-3,5-Me, might also be ascribed to the increased
steric hindrance around the N-atom of the former donor.

Regarding the relative stability of Al_L and AIHAI_L (eqn (1)
and Table 1), donors belonging to the same class behave simi-
larly, while a pronounced difference is observed across the
different classes: anilines and amines have negative AG, while
N-heterocycles have strongly positive AG. The reason for such
marked discontinuity is likely rooted in simultaneous elec-
tronic and steric changes going from the former two classes to
the latter one. The sp® hybridized nitrogen in N-heterocycles
has a much smaller steric footprint than sp*-hybridized ani-
lines and amines (vide supra); concomitantly, N-heterocycles
are stronger Lewis bases. Therefore, coordination of two
N-heterocycles to Al_L leads to a less crowded, highly stabilized
Al cation compared to anilines and amines.

Comparing the results presented in Tables 1 and 3, it
becomes evident that the relative stability of Al_L and AIHAI_L
does not correlate directly with polymerization performance.
For instance, all N-heterocycles exhibit a similar preference for
formation of Al_L, while only Py-3,5-F and QUI yield efficient
catalytic systems in combination with Cat-Zr.

Trends in R, are slightly more varied than those in AG for
eqn (1). Although the variety of the dataset does not suffice to
allow thorough statistical analysis of the quantitative struc-
ture-activity relationship (QSAR), we embarked on a compu-
tational study to analyze the AAB cocatalysts aiming to identify
at least a preliminary model.
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Al_L species were considered as they are the ones that could
be observed experimentally for all the N-donors tested in
polymerization. The hexadecyl chains of DMA-C;¢ and DMHA
were modelled with shorter propyl fragments. Given the high
flexibility of all these molecules, rotamer/conformer sampling
was done with the CREST software suite®®® and lowest energy
structures were then fully optimized at the M06-2X(PCM)/TZ//
TPSSh/DZ level (see the Computational part).

A simple quantitative relationship could be readily identi-
fied relying on two established molecular descriptors (Fig. 6
and the ESI}):

(1) The buried volume (Vg,,) imparted by the two N-donor
fragments, which is a purely steric descriptor;*°

(2) The Wiberg bond index for the weaker Al-Ciz, bond,
which is a mixed steric and electronic descriptor reflecting the
stabilization imparted by the N-donors.®">

The resulting R> of 0.88 is satisfactory, considering that
modelling productivity in olefin polymerization is problematic
due to the many subtleties in determining intrinsic activity
and fraction of active sites.>®"®® In the present case, the
problem is exacerbated by the fact that N-donors, especially
the least sterically hindered and more basic ones, are potential
poisons for the strongly electrophilic Zr-active sites.®”%®

600
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DMA o gPMACI
oo DMA-Cyg o -+ 8DEA
oot @ DMAPH
o 300 R
3 PY-35F .ot ® DMHA
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aul
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Fig. 6 Plot of experimental vs. calculated R, based on the proposed
QSAR model.
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Scheme 4 Proposed mechanism for Al_LL and AIHAI_L manifesting
their “latent” Lewis acidity by the release of an unsaturated Al-alkyl
cation. DIBAL-H is shown as a monomer for simplicity.
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The proposed model suggests that the bulkier the N-donor
and the more covalent the Al-C bond (i.e. the less the Al-alkyl
cation is stabilized by the N-donor; see the ESIT), the higher
the productivity. This trend likely reflects the “latent” Lewis
acidity of the Al-centers. The activating (i.e. ionizing) ability of
Al-cocatalysts is generally ascribed to their ability to release
unsaturated Al-alkyl cations,?*®*°””® which should correspond
to a [AliBu,(L)]" fragment in the present case (Scheme 4).% It
is reasonable to assume that the ease of formation of this
unsaturated fragment increases for less stable AAB salts,
explaining the trend in productivity.

Conclusion

This work explored the possibility of modifying the structure
and reactivity of the recently revealed AIHAI_ DMA cocatalyst
for olefin polymerization,****** focusing on variation of its
N-donor ligands. Reasonably stable AAB salts could be
obtained with twelve of the 18 donors screened, including
molecules with polar -F, —-Cl and -NMe, functionalities. Side
reactions were observed with the other six donors, including
the most sterically hindering ones and those featuring acti-
vated C-F bonds. Dinuclear AIHAI_L species are obtained with
anilines and amines, while N-heterocycles only form mono-
nuclear Al_L. Polymerization experiments revealed that aniline
and amine donors lead to cocatalysts with similar perform-
ances to the benchmark AIHAI_DMA, except for DMHA provid-
ing lower productivity. Among N-heterocycles, only the two
least electron donating donors Py-3,5-F and QUI provided a
detectable, moderate productivity. A simple two-descriptors
QSAR model suggests that the observed trends in R, are
related to the ease of formation of unsaturated Al-alkyl cations,
capable of precatalyst activation, from the formally coordina-
tively saturated AAB cocatalysts.

These results demonstrate that it is possible to obtain a
variety of effective AIHAl-type cocatalysts for olefin polymeriz-
ation. Despite the relatively limited variability observed,
especially among anilines, analysis of degradation routes and
a preliminary QSAR model provided important information
that might be exploited to design better performing systems. It
is worth emphasizing here that Al-alkyl cations are proposed
to be essential transient species for the activation of molecular
olefin polymerization catalysts:****"7® herein, we show how
these highly reactive species can be trapped in donor stabilized
forms that preserve their activation capability while being
amenable to reactivity tuning. In this respect, even toning
down activation abilities of molecular activators can be of
interest, for instance to prevent overheating and/or extend the
lifetime of superactive catalysts’* in high temperature indus-
trial processes; systematic exploration of the thermal stability
of AAB salts, so far explored preliminarily only for DMA-Cy,,*”
will provide further insights in this respect. Milder activators
could also be exploited to obtain well-defined species for struc-
tural and mechanistic studies. We are currently trying to
expand the family of well-defined AAB beyond N-containing
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Lewis bases and to explore the scope of these species in
polymerization catalysis and in the broader context of alumi-
num organometallic chemistry.

Experimental part
Materials and methods

All manipulations were performed under rigorous exclusion of
oxygen and moisture in flame-dried Schlenk-type glassware
interfaced to a high-vacuum line (<10~° Torr), or in a nitrogen-
filled MBraun glovebox (<0.5 ppm O,). Molecular sieves (4 A,
MS) were activated for 24 h at ca. 200-230 °C under dynamic
vacuum. Benzene-ds and toluene-dg were freeze-pump-thaw
degassed on a high-vacuum line, dried over Na/K alloy,
vacuum-transferred to a dry storage-tube with a PTFE valve
and stored over activated MS in the glovebox. Chlorobenzene-
ds was freeze-pump-thaw degassed on the high-vacuum line,
dried over CaH,, vacuum-transferred to a dry storage-tube with
a PTFE valve and stored over activated MS, protected from
light, in the glovebox. TTB and AB were obtained from Boulder
Scientific Company and used as received. DMA, DMA-2-Me,
DMA-2,4,6-Me, DEA, DIPA, DMCA, DMHA, TEA, Py-2,6-Me, Py-
3,5-Me, Py-3,5-F, Py-4-NMe,, QUI, 4-aminobiphenyl, potassium
carbonate, methyliodide, DIBAL-H, TIBAL, DIBAL-CI, and BuLi
(1.6 M in hexane) were purchased from Merck; DMA-Cl and
DMA-CF; were purchased from ABCR; Py-F5; was purchased
from TCI Europe. AIHAI_DMA,>> AIHAI_DMA-C;¢*° and
[DMHA-H] ‘[B(C6F5)s] > were synthesized as reported in the
literature. Cat-Zr was kindly donated by SABIC. Ethene (Linde,
99.95%) and propene (Rivoira, 99.6%) were purified by flowing
them through a column containing activated 4 A molecular
sieves and an activated Cu catalyst (BASF R0-11G). 1-Hexene
(Sigma-Aldrich, 99%) was purified by passing it through a
mixed-bed column of activated Cu catalyst and 4 A molecular
sieves. Toluene (Romil) was dried using an MBraun SPS-5
solvent purification unit. 1,2-Dichlorobenzene (Romil, >99.8%
isomeric purity) was used as received for GPC analysis or puri-
fied by passing it through a mixed-bed column of activated Cu
catalyst and 4 A molecular sieves for synthesis purposes.

Synthetic procedures

The synthetic procedures were adapted from those previously
reported for Al_DMA and AIHAL_DMA,*>** by replacing DMA
with the other N-donors. The representative synthetic pro-
cedures for A DMA and AIHAL _DMA are reported below,
while details of their characterization are reported in the ESL}
The details on the synthesis and characterization of other rele-
vant species (DMA-Ph,”” Al_Cyclo1, Al_Cyclol_DMA-2-Me,
Al_tri_TEA) are reported in the ESL T as well.

Al_L with L = aniline or amine. Representative general pro-
cedure: Solid TTB (150 mg, 0.16 mmol) was added in small ali-
quots to a preformed and stirred solution of TIBAL (45 pL,
0.18 mmol) and L donor (0.36 mmol) in toluene (1.5 mL). The
resulting mixture was vigorously stirred for 16 h at room temp-
erature. Upon stopping the stirring, a colorless oil precipitated.

7880 | Inorg. Chem. Front., 2024, 11, 7872-7885

View Article Online

Inorganic Chemistry Frontiers

Pentane (6 mL) was added to facilitate the precipitation of
ionic products. The supernatant was then removed, and the oil
further washed with pentane (2 x 6 mL). After the last
washing, the residue was dried under vacuum to obtain Al_L
as a white solid (yield: 91% for DMA; 80% for DMA-C¢; 93%
for DMA-Ph; 91 for DMA-CI; 87% for DMCA; 87% for DMHA).
For Al_DMA-CI, dissolving the solid in ortho-difluorobenzene
and reprecipitating with pentane might be necessary for
effective purification. This is because this species is poorly
soluble in toluene and therefore precipitates rapidly as a solid
in the reaction medium, trapping byproducts and/or excess
reagents in the solid fraction. See the ESI for characterization
details.t

AIHAI_L with L = aniline or amine. Representative general pro-
cedure: Al_L (0.14 mmol) was suspended in toluene (1 mL) or
dissolved in ortho-difluorobenzene (for Al_DMA-Cl), and
DIBAL-H (25 pL, 0.14 mmol) was added. After stirring the
resulting mixture for 15 min, pentane (6 mL) was added to
facilitate the precipitation of ionic products. The supernatant
was then removed, and the oil further washed with pentane (2
x 6 mL). After the last washing, the residue was dried under
vacuum to obtain AIHAIL L as a highly viscous, colorless oil
(>90% isolated yield in all cases; cf. Table 1). See the ESI for
characterization details.T

Al L with L = N-heterocycles. Representative general pro-
cedure: Solid AB (130 mg, 0.16 mmol) was added in small ali-
quots to a preformed and stirred solution of TIBAL (45 pL,
0.18 mmol) and L donor (0.36 mmol) in toluene (1.5 mL). The
resulting mixture was vigorously stirred for 16 h at room temp-
erature. Upon stopping the stirring, a colorless oil precipitated.
Pentane (6 mL) was added to facilitate the precipitation of
ionic products. The supernatant was then removed, and the oil
further washed with pentane (2 x 6 mL). After the last
washing, the residue was dried under vacuum to obtain Al_L
as a white solid (yield: 93% for Py-2,6-Me; 95% for Py-3,5-Me
and Py-3,5-F; 94% for Py-4-NMe,; 97% for QUI). See the ESI for
characterization details.f

NMR spectroscopy experiments

NMR experiments were performed using a Bruker Avance III
HD 400 instrument equipped with a smart probe (400 MHz for
'H). '"H NMR spectra were referenced to the residual protons
of the deuterated solvent used; '*C NMR spectra were refer-
enced internally to the D-coupled '*C resonances of the NMR
solvent. To describe the multiplicity of the signals, the follow-
ing abbreviations are used: s, singlet; bs, broad singlet; d,
doublet; bd, broad doublet; dd, doublet of doublets; t, triplet;
m, multiplet.

X-ray diffraction experiments

The X-ray diffraction patterns of crystals were recorded using a
Bruker D8 Venture diffractometer equipped with an Incoatec
ImuS3.0 microfocus sealed-tube MoKa (4 = 0.71073 A) source
and a CCD Photon II detector. The analysis were carried out at
a low temperature (120-150 K range) using an Oxford
Cryosystems Cryostream 800 cooler. The data collected
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through generic ¢ and w scans were integrated and reduced
using the Bruker AXS V8 Saint Software. The structures were
solved and all the thermal parameters were anisotropically
refined using the SHELXT and SHELXL packages of the Bruker
APEX3 software.

Polymerization experiments

Ethene/1-hexene polymerization experiments were performed
in a Freeslate parallel pressure reactor setup with 48 reaction
cells (PPR48), fully contained in a triple MBraun glovebox oper-
ating under nitrogen. The cells, each with a liquid working
volume of 6.0 mL, featured an 800 rpm magnetically coupled
stirring, and individual online reading/control of temperature,
pressure, monomer uptake, and monomer uptake rate.
Experiments were carried out according to established experi-
mental protocols,®*® under the following experimental con-
ditions: toluene solvent; Ty, = 60 °C; Pethene = 65 psi (monomer
fed on demand); 1-hexene 1.8 v/v%; AIHAIL_L activator (najpal =
150 or 250 nmol); Cat-Zr precatalyst (Mcagzr = 1.5 nmol); ¢ =
10 min. It is worth mentioning that although AIHAIL L are
stable in the form of isolated oils over weeks under an inert
atmosphere, freshly assembling them by reaction between
equimolar amounts of Al_L and DIBAL-H may be convenient
for polymerization experiments: Al L are solids that can be
stored under nitrogen for at least 1 year without noticeable
decomposition (unless otherwise stated) and react with
DIBAL-H instantaneously. Conversion of 1-hexene was kept
below 15% to ensure a constant comonomer concentration. All
experiments were performed at least in duplicate. Polymer
samples were characterized by gel permeation chromatography
(GPC) to determine average molecular weights and molecular
weight distributions, and by '*C NMR spectroscopy to deter-
mine comonomer incorporation. A detailed experimental pro-
cedure is reported in the the ESL.{

Computational details

The chemical space of possible conformers was preliminarily
explored using the CREST program.’®*° The (at least) three
lowest energy conformers derived from CREST analysis for
each molecule were then fully optimized with the Gaussian 16
software package,”® following the protocol described in ref. 77
and 78. All relevant structures were fully optimized in the gas
phase at the TPSSh”® level of theory employing correlation-con-
sistent polarized valence double-{ Dunning(DZ) basis sets (cc-
pVDZ quality)®*®®' from the EMSL basis set exchange library.*?
All calculations were performed using standard Gaussian 16
SCF convergence criteria. Final single-point energies were cal-
culated at the M06-2X level of theory®* employing triple-(
Dunning (TZ) basis sets (cc-pVTZ quality).®* Solvent correc-
tions were included at this stage by the polarized continuum
model (PCM; solvent = toluene).®® The density fitting approxi-
mation (resolution of identity, RI) was used at the optimization
stage, as well as for final energy calculations.®***"®® Enthalpies
and Gibbs free energies were then obtained from TZ single-
point energies and thermal corrections from the TPSSh/DZ
vibrational analyses; entropy corrections were scaled by a
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factor of 0.67 to account for decreased entropy in the con-
densed phase.’>® Steric and electronic descriptors were then
collected from the lowest energy conformer. IBO iboview®"®?
was utilized to extract relevant electronic molecular descriptors
from MN15L/SVP calculations employing the IBOviews
internal scf routine. SambVca 2.1°° was used to determine Vi,
and produce topographic steric maps. The default sphere size
was chosen (3.5 A). The aluminum atom was chosen as the
center of the sphere, the z-axis was defined using the center
between the two Al-C bonds, and the plane was defined using
one of the two Al-C atoms.
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