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[(ESi0)TavClL,Me,]: A Well-Defined Silica-Supported Tantalum(V)
Surface Complex as Catalyst Precursor for the Selective Cocatalyst-

Free Trimerization of Ethylene**

Yin Chen, Emmanuel Callens, Edy Abou-Hamad, Nicolas Merle, Andrew J. P. White,
Mostafa Taoufik, Christophe Copéret, Erwan Le Roux,* and Jean-Marie Basset*

Over the last 50 years, the production of linear a-olefins by
ethylene oligomerization has gained increasing interest in
industrial and academic research."¥ Currently, numerous
studies in this field have been reported and developed into
industrial processes: titanium-based catalysts for the dimeri-
zation of ethylene (Alpha-butol, IFP);®! chromium-based
catalysts for the trimerization of ethylene (Phillips Petro-
leum),! and more recently chromium-bearing PNP ligand for
ethylene tetramerization (SASOL).P! Along with these now-
classical systems, which require co-catalysts such as MAO,
Sen also reported the use of tantalum pentachloride in
combination with an alkylating agent, such as SnMe,, ZnMe,,
AlMe;, or MeLi. In this case, the catalysts is assumed to be
Ta™ species formed in situ by the reduction of TaMe,Cl, in the
presence of ethylene.! In this context, Mashima and co-
workers have shown that Ta™ active species can be alter-
natively formed by reduction of Ta"Cls by 3,6-bis(trimethyl-
silyl)-1,4-cyclohexadiene derivatives.”! However the catalytic
performances of these systems require the addition of co-
catalysts. In several instances, site isolation on the oxide
surface has been highly beneficial to the design of efficient
catalysts, compared to inactive or rapidly deactivating molec-
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ular analogues, which is in particular due to the absence of
bimolecular reactions between supported metal complexes.!
When considering the reaction intermediates, and in the view
of developing well-defined silica supported species, we
targeted the immobilization of Me;TaCL"! onto an inorganic
carrier, silica, by surface organometallic chemistry (SOMC)
as a catalyst precursor.

Herein, we report the synthesis and the surface character-
ization of the grafted organometallic species (=SiO)-
TaVCL,Me, 2 in view of its application in ethylene oligome-
rization. Furthermore, mechanistic studies on this selective
catalytic process have been successfully achieved thanks to
the dynamic reactor used. They indicate three different
pathways for the initiation process.

SBA-15 was selected because of its ordered mesoporous
network with large surface area (Supporting Information,
Figures S1, S2).""! This porous silica was subjected to partial
dehydroxylation under vacuum at 700°C to afford SBA-
15700y, which features mostly isolated silanols, as indicated on
the IR spectrum by the characteristic sharp peak at 3747 cm™'
(Supporting Information, Figure S3). SBA-15,, was reacted
with TaCl,Me; 1 (Supporting Information, Figure S4), and the
resulting powder was characterized to determine the organ-
ometallic species on the surface prior to its catalytic
application.'!l Elemental analysis gave 14.8% Ta, 1.65% C,
and 0.39% H, with a ratio of Ta/C/Cl=1:1.97:1.88 (theoret-
ical: Ta/C/Cl=1:2:2).

"H-MAS NMR spectrum of 2 unexpectedly displays two
major signals at 1.27 ppm and 0.85 ppm with a broad peak at
1.90 ppm and a very weak signal at —0.03 ppm, which is
probably due to methane or a trace amount of =SiMe (see
below for further comments, and the Supporting Information,
Figure S5). The NMR signal at 1.9 ppm most likely corre-
sponds to the small amount of unreacted silanols, in agree-
ment with IR spectroscopy results. Two peaks appear at 1.27
and 0.85 ppm that would be consistent with two inequivalent
methyl groups coming from one species or indicating the
presence of two distinct species.

Proton double (DQ)- and triple (TQ)-quantum correla-
tion spectra under 22 kHz MAS (Supporting Information,
Figure S6) confirm that these two signals correspond to
methyl groups, most likely from two different species in view
of the absence of correlation of diagonal peak.”! Autocorre-
lation peaks are observed on the diagonal of the 2D DQ
spectrum for all the protons (notably, this shows that
unreacted silanols are in close proximity to each other and
most likely located in micropores). A strong autocorrelation
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peak is observed in the TQ spectrum for both resonances
attributed to methyl groups (0.85, 1.27 in F2 and 2.55,
3.81 ppm in F1). As expected, the silanols do not show a TQ
correlation. To obtain a better assignment of the structure of
the supported Ta species, a series of NMR spectroscopy
experiments have been performed, and two batches of B3C-
enriched TaCl,(*CH;); 1* (at 19% and 97%) onto SBA-
15700 were synthetized. The *C CP/MAS NMR spectrum of 2
displays two peaks at 61 ppm and 67 ppm (Figure 1a),
quantitative ?C NMR MAS gives a ratio of these two peaks
of 1:2 (Supporting Information, Figure S8).
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Figure 1. 1D "*C PMAS spectrum (a) and contour plot (b) of the
aliphatic region of a 'H-"C HETCOR spectrum of (=SiO)Ta'Cl,Me,
recorded with a contact time of 0.5 ms. (Experimental details are given
in the Supporting Information.)

The 2D HETCOR spectrum with short contact time
(0.5 ms) shows a clear correlation between the methyl protons
and these two carbon atoms, allowing the assignment of the
carbon—proton pairs to the individual methyl groups
(Figure 1). Long-range 2D HETCOR with contact times
between 0.5 and 8 ms shows no additional correlation peaks
arising from longer-range dipolar through-space interactions
(Supporting Information, Figure S9a), confirming that these
two peaks correspond to two different species. When a very
long contact time was employed (10 ms), these peaks start to
correlate, suggesting the proximity of some of the species
(Supporting Information, Figure S9b). Moreover, grafting
a varying amount of [TaClL,(**CHj;),] 1* per surface silanol (25/
50/98 % coverage) provided further evidence for the presence
of two distinct species. At low coverage, the peak at 61 ppm
has a greater intensity than the peak at 67 ppm in the
BCNMR spectrum, while the situation is reverse at high
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coverage. This confirms the presence of two surface species,
possibly resulting from grafting on isolated silanols of differ-
ent environment and reactivity (Supporting Information,
Figure $10).1"¥ In fact, a CP/Static *C NMR spectrum reveals
that these two methyl groups have different dynamics: the
peak at 67 ppm is much broader and is associated with slower
dynamics than the other at 61 ppm (Supporting Information,
Figure S11). This indicates that the former probably interact
more strongly with adjacent siloxane bridges and can be
depicted as 2a (Scheme 1). Variable-temperature experi-
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Scheme 1. Synthesis of (=Si0)Ta"Cl,Me, 2.

ments of *C CP/MAS NMR, with a temperature increasing
from room temperature to 160°C further support this
interpretation: a new peak at —2 ppm, attributed to methane
(decomposition of 1) and =Si—Me, resulting from a methyl
transfer to the surface, appears at the expense of the decrease
of intensity of the peak at 67 ppm (Supporting Information,
Figure S12), while that at 61 ppm remains intact.

The species 2a associated with the signal at 67 ppm most
likely reacts with adjacent siloxane bridges (Supporting
Information, Scheme S1). These results are in agreement
with the presence of two species differing by the presence
(2a) or not of adjacent siloxane bridges (2b) (Scheme 1).['14

After extensive solid-state NMR studies to establish the
structure of the grafted organometallic species, the activity of
catalyst 2 for ethylene oligomerization was first investigated
in a semi-batch autoclave in the liquid phase (Table 1). Under
these conditions, this supported catalyst 2 is active for the
ethylene oligomerization without co-catalysts or additives,
with comparable productivity for 1-hexene as compared to
the homogenous system.! Increasing the temperature to
100°C gave the best productivity of 1-hexene, TON 375

Table 1: Oligomerization of ethylene catalyzed with 2.

Entry® Pressure T 1-Butene 1-Hexene Activity™
(bar) [°Cl  [wt%]™ [wt %]
1 50 60 6.0 88.3 (98.1) 160
2 50 70 5.4 82.6 (98.8) 242
3 50 80 5.9 84.3 (99.2) 322
4 50 90 7.3 83.8 (99.0) 332
5 50 100 9.6 82.7 (99.1) 375
6 50 M0 7.8 82.6 (99.3) 273
7 40 00 7.1 83.1 (97.7) 270
8 30 100 11.1 80.5 (97.6) 200
9 20 100 73 77.8 (97.1) 148

[a] Reaction conditions: 50 mg of 2, 10 mL of toluene, 30 min. [b] Only 1-
butene was detected. [c] Selectivity of 1-hexene in products. [d] Values
in parentheses are selectivity in 1-hexene from Ce. [e] Turnovers

mol (ethylene) /mol(Ta) /h.
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(58 g1.nexene/E1a 1) at an optimal pressure of 50 bar of ethylene
(Table 1, entries 1-5 and 7-10; Supporting Information, Fig-
ure S13). Performing the catalytic test at 110°C led to
a decrease of productivity (Table 1, entry 6).

Moreover, the productivity for 1-hexene is linearly
correlated to the pressure of ethylene indicating a first-
order reaction (Supporting Information, Figure S14, Scheme
S2). The major oligomer produced is 1-hexene (> 80 % ) along
with 1-butene (<10%) and polyethylene. Solid-state NMR
analysis of the residual catalyst at the end of the reaction
showed mainly polyethylene, which may be the cause of the
catalyst ageing (Supporting Information, Figure S15).

Previous results postulated Ta™ intermediates, which
leads, via oxidative coupling of ethylene, to tantalacyclopen-
tane(V), a key intermediate for the oligomerization reac-
tion.*”l However, to date, there is no direct evidence for the
formation of this intermediate. Therefore, we investigated the
conversion of Ta" precursor into the active species using
a dynamic bed reactor coupled with a GC detector in situ to
monitor this reduction step closely.

Contacting 2 with ethylene (12 bar, 0.42 mLmin™, ca.
0.18 mol of ethylene/mol-Ta-‘min) at 70°C in a flow bed
reactor gave with time a mixture of methane, propylene,
ethane, and butane resulting from a reductive elimination
step (Figure 2). Within 150 min, dimerization of ethylene

0.0030 Rl - 0.030
—— Methane
. Ethane —— 1-Butene
0.0025 +— Propylene — 0.025 ‘
—— Butane
- ,‘/’““‘\’MW.M.‘.“M
£ 0.0020 7 s 0.020 ",
€ / ]2
o -
5 0.0015 6.518 B
£ o)
=2 €
2 000104 g
0.010
e 15
< <
0.0005 <

0.005

0.0000

Figure 2. Initial products observed of the reaction of 2 with ethylene in
a dynamic reactor.

started and gave mainly 1-butene and traces of 1-hexene in
flow conditions. After 450 min the activation process was
nearly finished, and the generation of these four gases
stopped. Moreover, the catalyst produces 1-butene as the
major product during an extended period. After 5000 min,
110 mol of butene per mol Ta atom were produced (Support-
ing Information, Figure S16). All four gases observed in the
activation process are consistent with the formation of an
Ta"™ intermediate species through competitive pathways
(Scheme 2). The process probably starts with the coordination
of ethylene; it can insert into the Ta—Me bond to generate 4,
which by a 3-hydrogen elimination would produce first 5 and
then 6 via a subsequent reductive elimination of methane
(path ¢).! We also observed ethane and butane, which are
presumably formed by reductive elimination from the inter-
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Scheme 2. Proposed mechanism pathways for the formation of
butane, ethane, methane, propylene, and active Ta" surface species.

mediate 3 (path a) and 4 (path b) respectively, and which also
leads to 6.

Additionally, analysis of the quantity of the four gases
formed during activation (up to 1050 min) showed that
butane/ethane/propylene were generated in a 1/1.11/1.33
ratio by three competitive pathways, and the amount of
products (52.1 pmol of CH,, 38.6 pumol of propylene,
32.0 pmol of C,Hg, and 28.9 umol of butane, accordingly, the
methane generated from deactivation pathway and ethylene
disproportionation pathway has a ratio around 1:3) with
respect to Ta (110.9 umol) shows that about 90% of Ta¥
species have been converted into active species 6 (Supporting
Information, Figure S17 and S18). This species is converted,
in the presence of ethylene, into the key putative tantalacycle
intermediates, which finally yields 1-alkenes, that is, 1-butene
and 1-hexene in gas versus condensed-phase conditions.!

In conclusion, a supported catalyst for the ethylene
oligomerization has been designed by a molecular approach;
it operates efficiently without co-catalyst delivering 1-hexene
in good selectivity in a liquid phase and 1-butene in a gas
phase. The wuse of a well-defined catalyst precursor
(=SiO)Tav¥ClL,Me, and monitoring the initiation products
show clearly that ethylene initially converts the Ta" catalyst
precursor into the formally reduced Ta™, which can then
generate the key metallacycle intermediates, and thus the
selective production of a-olefins.
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