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ABSTRACT: Ethylene oligomerization to linear low-molec-
ular-mass a-olefins is an open industrial challenge. Ta-based
catalysts are promising systems, but the unclear understanding
of their behavior prevents systematic advances in the field. We
demonstrate here that a well-defined (=SiO);Ta™ species is
able to promote ethylene oligo-/polymerization without any
cocatalyst, confirming that the active species in Ta systems
corresponds to a Ta'™ species. DFT calculations on a series of
Ta systems ranging from ethylene trimerization to ethylene
polymerization catalysts highlight the key factors controlling
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their experimental behavior. Comparison of these Ta systems allows one to set general rules for the rational development of new

ethylene Ta oligomerization catalysts.
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D uring recent decades, scientists have been able to trigger
consecutive addition of thousands of ethylene and
propylene molecules to a transition metal—carbon bond,
leading to high-molecular-mass polymers (principally poly-
ethylene (PE) and polypropylene (PP))." This achievement has
also been possible because of the great understanding of the
various factors controlling the kinetic competition between the
chain growth reaction and the most challenging chain release/
transfer reactions, typically f-H transfer to either the monomer
or the metal, or chain transfer to the cocatalyst.” This has
enhanced the development of the catalysts and the field of
selective ethylene oligomerization. Yet, the selective production
of low-molecular-weight, C8—C20 linear a-olefins (LAOs)
remains a challenge.’ To date, mainly Ti and Cr catalyst
systems are playing a leading role in industry,’ and only
recently have Ta catalysts emerged as a promising alternative.>®

Focusing on the Ta-based catalysts for ethylene oligomeriza-
tion, Sen et al. showed that using an alkylating agent, TaCls
produces highly branched polyethylene as a result of the
copolymerization of ethylene and the in situ generated
oligomers.>* In addition, they found that TaCly could selectively
trimerize ethylene to 1-hexene with moderate activity by
changing the alkylating reagent.”® They postulated that a Ta!
species reduced from Ta"Me,Cl; under ethylene atmosphere is
the active species. The DFT calculations by Houk and Yu using
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TaCl;, 1, as a model of the active species also supported this
hypothesis and demonstrated the viability of tantalacycloal-
kanes as intermediates in the trimerization process.” In this
context, Mashima et al. alternatively generated a Ta'
species formed by reduction of TaClg with 3,6-bis-
(trimethylsilyl)-1,4-cyclohexadiene derivatives.*” Using NMR
spectroscopy, they have shown a Ta-metallacycle as the
reaction medium.

Recently, we reported that (=SiO)Ta"Me,Cl,, 2, formed by
grafting TaMe;Cl, on a partially dehydroxylated SBA-1S, is an
effective ethylene trimerization catalyst that, surprisingly and

active

unlike the previous tantalum systems, needs no cocatalyst.®
Monitoring the activation period with this well-defined
(=Si0)Ta"Cl,Me, system enabled us to demonstrate that
ethylene initially converts the Ta' catalyst precursor into a

putative reduced Ta'!

species, which can then generate the key
metallacycle intermediates. Consequently, by comparison with
the previously mentioned systems, the good performance of
this catalyst indicated that replacing a chloride ligand by a
surface bulky siloxy and also by immobilization on a rigid

support did not diminish trimerization efficiency, which we
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recall as an extremely delicate balance between chain growth
and chain release/transfer kinetics.

In all the above Ta" catalysts, the real active species is a
putative Ta" intermediate with only indirect experimental
support, due to the well-known high instability of Ta™ species.”
To unequivocally demonstrate this hypothesis, we decided to
evaluate the performance of a solid surface stable Ta™ species,
namely, (=SiO);Ta, 3. This compound was previously
obtained by thermal treatment of the alkane metathesis catalyst
(=Si0),TaH under hydrogen and characterized by
EXAFS.'"" Reaction with pent-2-yne also confirmed the
formation of tantalum(III) species (see the Supprting
Information (SI)).” We anticipated from the previous reasoning
that 3 would catalyze ethylene oligomerization (preferably
trimerization). Unexpectedly, experiments indicated that 3 is
efficient for ethylene polymerization.

Therefore, applying a combined experimental and theoretical
approach, we decided to compare the experimentally
characterized systems 1—3, to unambiguously confirm that
Ta" is the active species and to explain why the reaction is
switching from selective ethylene trimerization to polymer-
ization. The model adopted for 2 is shown in Figure 1. Two
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Figure 1. Ethylene coordinated geometries of the silica-grafted Ta
catalysts studied by DFT.

geometries were considered for 3 in the calculations, 3a and 3b
of Figure 1, because different species can be envisaged for a
tripodal Ta grafted on silica; see the SI for further information.
Since all the optimized geometries of the key transition states
based on 3a and 3b present two O—Si—O angles close 90° and
the third varying in the 90°—110° range, we extended the
analysis to two hypothetical TaCl; species: one with the three
Cl-Ta—Cl angles fixed at 90°, 4a; the other, with two angles
fixed at 90°; and the third, at 110°, 4b.

Initially, we investigated the reactivity of catalyst 3 toward
ethylene (for synthesis, elemental analysis, and other character-
ization, see the SI). The reaction was conducted using 3
directly in the presence of ethylene (Table 1, entry 1). At the
end of the reaction, we isolated PE as the main product with
trace amounts of oligomers, such as 1-butene and 1-hexene. In
the presence of toluene, PE was still obtained as the main
product, with an increased amount of various C,—C,,
oligomers. Comparison of entries 2—7 in Table 1 indicates
that temperature strongly influences product distribution and
overall productivity. PE production reached a maximum at 70
°C, with a polymerization activity of 85.6 kgpg/molr,-h at 50
bar(g) of ethylene. Lower ethylene pressure leads to a decrease
in PE production (Table 1, entries 4, 8—11). We also observed
(=Si0),TaH, is not reactive for ethylene polymerization at all
(Table 1, entries 4, 12).

'H NMR and "*C NMR spectroscopies are consistent with a
linear backbone of the synthesized PEs (SI Figures S10, S11),
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Table 1. Oligo- versus Polymerization of Ethylene Catalyzed
by 3

1- 1- productivity”
butene  hexene (kgpg/
entry® P (bar (g)) T (°C) (mg) (mg) PE (g) moly,-h)
1¢ 50 70 1.51 58.5
2 50 100 trace 18 0.56 43.4
3 50 85 trace 19 0.74 57.4
4 50 70 10 27 1.10 85.6
S 50 S5 15 37 0.57 44.4
6 50 40 20 47 0.50 384
7 S50 25 15 34 0.33 24.4
8 40 70 trace 30 1.06 82.2
9 30 70 trace 26 0.95 73.7
10 20 70 trace 25 0.56 42.5
11 10 70 trace 21 0.36 27.5
129 50 70 0.05

“Reaction conditions: 25 mg (13 umol of Ta) of catalyst 3 with S mL
of toluene in a semibatch autoclave for 1 h. “Productivity of PE. “The
reaction was carried out in gas phase without toluene, and 50 mg
catalyst 3 was used. 450 mg (=Si0),TaH, was used without solvent.

whereas DSC analysis indicates peak melting temperatures
(Tpms) of 127.96—130.52 °C. The corresponding polymer
densities are ~0.944 g/cm?’. The peak melting temperature and
density values are typical of linear PEs. The formation of a
linear backbone is also attested by the successive self-nucleation
and annealing (SSA) DSC experiments (SI Figure S12, S13).
GPC analysis of the PE samples, synthesized using toluene at
different pressures, shows very high weight-average molecular
masses (M,,) of 9.43 X 10° and 1.11 X 10° g/mol, respectively,
with very broad molecular mass distributions (M,,/M,,) of 270.0
and 346.7 (Table 2), indicative of the presence of different Ta

Table 2. Molecular Masses and Molecular Mass Distribution
of the PEs Produced by 3

sample® M, M,* M, /M,
1 (entry 8, table 1)° 9.43 x 10° 3442 270.0
2 (entry 4, table 1)° 111 x 10° 3923 2922

“PE produced using slurry polymerization in toluene. bAverage of two
runs. “Units: g/mol.

species active in polymerization. This is also consistent with *'P
CP MAS spectroscopy displaying a broad peak, which indicates
the presence of multiple tripodal Ta species on the silica surface
(see SI Figure S7). The extreme rectangular part of the Crystaf
analysis shows the formation of nonvolatile oligomers in
samples 1 and 2 of Table 2, with temperature peaks of 87 °C
for sample 1 and 85.5 and 90.2 °C for sample 2, representative
of linear PE. In addition, the observed ultrahigh molecular mass
PE by GPC is in agreement with the absence of an alkylating
cocatalyst, which acts as a chain-transfer agent that eventually
reduces the molecular mass.

GC analysis indicates that the low-mass fraction is composed
of LAOs in the range C4—C24 with an even number of C
atoms (traces of branched isomers are detected). The absence
of alkanes indicates that oligomers are formed through typical
f-H transfer. The distribution of the oligomers is not a typical
Schulz—Flory behavior. (see SI Figure S9). In addition, in situ
analysis of the effluent gas, from catalyst 3 under a diluted
ethylene flow in a fixed bed reactor (1 bar, 20 °C, 20 mL/min,
He/C,H, = 8:1), indicated that only 1-butene and 1-hexene are
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generated. After 4 h, an increase in the pressure in the reactor
was observed as a result of the formation of PE. As expected,
analysis of the data reported in Table 1 entries 2—6 shows that
the 1-hexene amount inversely correlates to the PE yield.

Overall, the above results show that species 3 is an ethylene
oligo-/polymerization catalyst effective without cocatalysts or
additives. Furthermore, the overall activity of catalyst 3 is better
than that of 1 and 2. This raises the question concerning the
origin of such different behavior under catalytic conditions (i.e.,
a pentacoordinated Ta-metallacycle species with chloride versus
siloxy ligands saturating the other coordinating positions).

DFT calculations were performed to elucidate the question."”
The guideline of this theoretical part is the mechanism of
ethylene trimerization described by Houk,” and the similar
work of Ziegler'** and Budzelaar'® on ethylene trimerization
promoted by Ti catalysts. We first investigated three
consecutive ethylene insertions on 3a to form a Ta-cyclo-
nonane, which means a C8 skeleton. Ethylene coordination to
3a is clearly an exergonic step, with § favored by —38.2 kcal/
mol (see Figure 2) due to the high electrophilicity of the Ta™
center of 3a.
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Figure 2. Energy profile for ethylene polymerization promoted by 3a.

Using § as the starting point in the energy profile of Figure 2,
coordination of the second ethylene unit to 6 and formation of
the Ta"-cyclopentane 7, through transition state 6—7, has a free
energy barrier, AGH,,, of 15.4 kcal/mol, with an overall energy
gain of 13.9 kcal/mol (see Figure 2). Coordination and
insertion of the next ethylene molecule, to give the Ta'-
cycloheptane 9, is somewhat more difficult, with a AG%; of
20.7 kcal/mol and an energy gain of only 6.3 kcal/mol. The
final insertion step considered, leading to the C8 skeleton of the
Ta"-cyclononane species 11, has a AG*},, of 21.3 kcal/mol,
with an energy gain of 6.7 kcal/mol. The similar barrier and
energy gain of the second and third ethylene additions, leading
to 9 and 11, respectively, suggests that convergence in the
number has been substantially achieved, and further ethylene
insertion will have a free energy barrier around 20—21 kcal/mol
and a free energy gain around 7 kcal/mol. The overall chemical
picture emerging from Figure 2 is consistent with the similar
profile reported by Houk for 1, despite the difference between
the two systems.”

Next, we studied the competitive chain termination
mechanism from the Ta-cycloheptane species 9, leading to a
coordinated 1-hexene molecule that can be replaced by an
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ethylene molecule to restart the cycle. As indicated in the
literature,”*® 1-hexene formation proceeds through a direct H-
transfer from one Cg atom of 9 to the C,, atom of the other end
of the Ta-cycloheptane ring (see Figure 3). According to

Chain growth

B-H transfer
Q

Figure 3. Transition state geometry for f-H transfer and ethylene
insertion on the Ta-cycloheptane species with 1 (a and c) and 4a (b
and d); distances are in angstroms, angles are in degrees. The
geometries of the analogous transition states for 2 on one side, and 3a,
3b, and 4b on the other side, are extremely similar to those of 1 and
4a, respectively and, thus, are not displayed.

calculations, this step has a free energy barrier, AG*yr, of 25.4
kcal/mol, which is 4.1 kcal/mol higher than the AGH,, for

formation of the Ta-cyclononane species (see Table 3).

Table 3. Free Energy Barrier (kcal/mol) for 1-Hexene
Formation and Ethylene Insertion from the Ta-cycloheptane
Intermediates

system A Gilns A GiBHT A GiBHT—Ins
[TaCly] 25.4 189 —6.5
2 [(=Si0)TaCl,] 27.1 18.5 —8.6
3a (=S$i0),Ta 213 254 4.1
3b (=Si0);Ta 299 31.8 1.9
4a [TaCl,] 19.1 243 52
4b [TaCly] 21.7 22.6 0.8

Therefore, calculations in agreement with experiments indicate
that the Ta-cycloheptane 9 with catalyst 3a is meant to evolve
toward polymerization rather than 1-hexene formation. This is
a striking difference from previous experiments on catalysts 1
and 2 and theoretical results on 1 which evidenced that the Ta-
cycloheptane is more easily converted into 1-hexene rather than
a long PE chain. Indeed, calculations on 1 indicated that 1-
hexene formation is favored by 10.7 kcal/mol over Ta-
cyclononane formation.”

These unexpected results led us to investigate this point in
detail, since the simplicity of these self-activated systems offers a
way to understand the factors that allow the switch from a
trimerization to a polymerization catalyst. Catalysts 1 and 3a
differ by the replacement of the chloride ligands with siloxy
ligands and by the geometrical constraint on the O—Ta—O
angles in 3a, versus a very flexible and roughly trigonal
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bipyramid geometry in 1. Therefore, we decided to examine
system 2, with a chloride replaced by a siloxy group; system 3b,
another possible geometry corresponding to a tripodal Ta-
species grafted on SiO,; and models 4a and 4b, with frozen
Cl-Ta—Cl angles. The free energy barriers for 1-hexene
formation and ethylene insertion from the corresponding Ta-
cycloheptane species were calculated, and their difference,
AG* 311y is reported in Table 3.

According to Table 3, AG*pyr_y,, is negative for 1 and 2,
which means that, in agreement with experiments, 1-hexene
formation is favored. The rather similar numbers calculated for
1 and 2 indicate that substituting a chloride with a siloxy group
has a minor impact on the absolute free energy barriers and,
thus, also on their difference. As a remark, the siloxy moiety is
best located in the equatorial plane, which explains its reduced
impact on the energetics. In addition, the overall geometry is
very consistent with a Ta species grafted on the silica surface,
with the forming 1-hexene protruding away from the surface,
consistent with the structure of the ethylene derivative of 2
shown in Figure 1.

Furthermore, the numbers reported in Table 3 indicate that
for systems 3a and 3b, AG*yyr_y, is positive, which means that
chain growth is favored over 1-hexene formation, in agreement
with the experiments described above. Furthermore, the rather
different AG¥r_p, calculated for 3a and 3b indicates that
different tripodal Ta species can yield PEs with largely different
molecular masses, in agreement with the multimodal GPC
curves. Finally, the rather high AG*yyr_p, calculated for 3a is
consistent with the experimental formation of a fraction of
ultrahigh-molecular-mass PE. Further evidence that the differ-
ent behavior of 1—3 is mostly a consequence of the geometrical
constraint due to tripodal grafting of the catalytically active Ta
atom is given by the similarity in the AG¥ 371 calculated for
3a and 3b to that calculated for 4a and 4b, respectively.
Inspection of the transition state geometry for f-H transfer and
for chain growth from the Ta-cycloheptane species (see Figure
3) illuminates the origin of the different behavior.

Focusing on the transition state for #-H transfer, it assumes a
trigonal bipyramid geometry in systems 1 and 2, with the
forming C=C bond and the breaking Ta-bond in equatorial
positions. The C=C bond is almost perfectly in the equatorial
plane, and the overall geometry is rather similar to the
transition state for the f-H transfer to the monomer usually
calculated as a typical termination reaction with group 4
polymerization catalysts (see Figure 3a).'* Differently, for
systems 3a—3b and 4a—4b, the structural constraint on the O—
Ta—O and Cl-Ta—Cl angles imposes a distorted square
pyramid geometry, with one Cl or O ligand in the apical
position. This reduces the space available to the reacting atoms,
forcing the forming C=C bond out of the basal plane (see
Figure 3c), preventing the f-H transition state from assuming
its typical in-plane geometry, which results in a higher barrier
for 1-hexene formation. In short, the different geometry around
the Ta center in 1 and 2 on one side, and 3a—3b and 4a—4b on
the other side, is somewhat reminiscent of the different
situation between group 4 metallocenes, which present a
remarkably open equatorial belt that can easily accommodate
the space-demanding transition state for S-H transfer to the
monomer,"* and heterogeneous Ziegler—Natta catalysts, or
homogeneous bis-phenoxyimine and bis-phenoxyamine cata-
lysts, that present an octahedral geometry with reduced space
for the space demanding transition state for f-H transfer to the
monomer."® Not surprisingly, low molecular mass is a classical
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weakness of metallocenes, whereas for Zielger—Natta catalysts,
the polymer molecular mass is controlled by adding H, to the
reaction media.

Moving to the transition state for chain growth, the Ta center
presents an almost octahedral geometry in all systems 1—4. In 1
and 2, the forming bond is trans to a Ta—C bond (see Figure
3b), whereas in 3a—3b and 4a—4b, it is trans to a softer CI
ligand (see Figure 3d), which helps ethylene insertion. In
addition, the geometrical distortion from trigonal bipyramid to
an octahedral geometry in 1 and 2 costs energy, whereas the
structural constraint on the O—Ta—O and Cl-Ta—Cl angles in
3a—3b and 4a—4b makes these systems ready to coordinate
and insert the ethylene molecule. Indeed, the energy required
to deform the trigonal bipyramid Ta-cycloheptane of 1 to the
octahedral type geometry in 4a amounts to 8.7 kcal/mol.

In conclusion, the main results achieved by the present work
can be summarized as follows:

1) We demonstrated that a well-defined Ta™ species can
promote ethylene enchainment, producing mainly linear
PE, with reasonable amounts of 1-hexene and higher
LAOs. This finding supports previous mechanistic
studies that suggested reduction of the starting Ta"
precatalyst to a Ta™" species as an activation event.

(2) We demonstrated that the electronic impact of the
ligands to the Ta species is substantially minor, since
replacement of Cl atoms with siloxy ligands scarcely
impacts the calculated energy profiles. This indicates that
there is flexibility to try different ligand schemes to tune
the performance of Ta catalysts for 1-hexene production.

(3) We demonstrated that a trigonal bipyramid geometry at
the Ta center is fundamental to give enough space for the
space demanding f-H transfer transition state releasing
1-hexene and, at the same time, to make difficult the
geometrical deformation toward an octahedral geometry,
a step required for coordination and insertion of another
ethylene molecule. This indicates that work on new
ligands should focus on those preserving the trigonal
bipyramid geometry.

We believe that the points above rationalize well all the
available experimental data on Ta-promoted ethylene trimeriza-
tion and define clearly the strategies that should be used to
design new Ta-based catalysts for 1-hexene formation.
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