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Abstract:

The reactions of tetrakis-neopentyl titanium, TiNpa4 (1), with the surface of three solid
oxides, silica, silica-alumina, and alumina, all partially dehydroxylated at 500 °C under vacuum
were achieved. The resulting supported organometallic species react with dihydrogen to form
the corresponding supported hydrides. The preparation of supported titanium hydrides on
alumina is described here in detail, and the species obtained were extensively characterized by
FTIR, solid state NMR and EPR spectroscopy and mass-balance analysis. The supported
titanium hydride species were tested in three important reactions for petrochemistry:
epoxidation of 1-octene, depolymerization of Fischer-Tropsch waxes and polymerization of
ethylene. The activities of titanium hydrides supported on alumina were compared to their silica

and silica-alumina supported analogues.



Introduction.

Typical heterogeneous catalysts are solid phases or consist of active species (inorganic
clusters or metal-organic complexes) immobilized on solid supports such as silica,* alumina,?
clay,?® zeolite,* etc. Commercial heterogeneous catalysts suffer from the presence of different
and ill-defined active sites, due to the heterogeneity of the surface and lack of controlled
preparation procedure at the molecular level. Fundamental understandings of the active sites
and their coordination spheres are essential in order to develop next generation catalysts with
enhanced activities and selectivities. An alternative approach to prepare molecularly well-
defined species on a support has been proposed: Surface Organometallic Chemistry.> Generally,
this methodology offers access to well-defined active sites on a solid surface. Moreover, the
interactions between the support and the active center, as well as the mechanism of the catalytic
reaction, can be elucidated by standard spectroscopic methods very similarly to the case of
homogeneous catalysis.® As a consequence, an opportunity to tune the catalytic site reactivity
(coordination sphere: supports, ligands) toward a given reaction arises. Several essential
catalytic systems for processes such as alkene metathesis,’ imine metathesis,'® controlled
depolymerization of waxes,'*'? methane coupling,'*** alkane dehydrogenation,'>*® alkane
aromatization,!”'® 2-butene dimerization,'® alkene expoxidation?® have been demonstrated
using this strategy. Importantly, catalysts prepared by this approach have also led to the
discovery of new reactions, unknown in homogeneous catalysis, such as alkane metathesis,?
direct conversion of ethylene to propylene,? and metathetic oxidation.?® The work of Basset, a
pioneer of surface organometallic chemistry, has exhaustively reviewed the preparation and
characterization of the highly reactive early -transition -metal hydride species, supported on

various oxides.>?

Among all investigated transition -metal systems, supported Ti species with adequately
tuned coordination spheres were shown to play an important role in epoxidation,?2®
hydroamination,?” catalytic imido transfer,?® polymerization,?® and depolymerization
processes.'>*2 Nevertheless, a detailed description of the surface Ti species remains still
difficult to access. Previously, it has been suggested that a proper choice of the dehydroxylation
temperature of the support allows control of the distribution of surface hydroxyl groups and
tuning their chemical reactivity.> As a result, when they react with organometallic compounds,
such as tetrakis-neopentyl titanium, mono or bis coordinated Ti alkyl species can be selectively
obtained, as a function of the surface silanol density.3®3? A supported Ti hydride is a very

important intermediate among the reactions mentioned. Precisely, in alkene epoxidation, it can



undergo protonolysis of the alkyl hydroperoxide, in polymerization, it could readily insert
olefins, and in depolymerization, it can readily activate the long-chain hydrocarbon by c-bond
metathesis and cut C-C bonds by B-alkyl transfer.!112 Hence, this work comprises an extensive
study of Ti hydrides prepared on conventional supports. Previously, Ti hydrides supported on
silica and silica-alumina have been reported.>'? The major Ti hydride species is tris-coordinated
to the surface, as revealed by IR, solid state NMR, mass balance analysis, EPR, stoichiometric
reactivity analysis and XAS. The synthesis of the titanium hydride supported on alumina is
presented here for the first time. These supported Ti hydride materials have been investigated
for 1-octene epoxidation, ethylene polymerization and depolymerization of a Fischer-Tropsch

wax (FT-wax).

Experimental section.

General Procedures. For the organometallic synthesis, experiments were carried out using
standard Schlenk and glovebox techniques. Solvents were purified and dried according to
standard procedures and stored over 3 A molecular sieves. Ti(OEt)s (99%, Aldrich), *CO;
(99% 13C, Cambridge Isotopes), tBuMgCl (1.7 M in diethyl ether, Aldrich), LiAIH4 (95%,
Aldrich), MgSOs (Laurylab), NaHCO3 (Prolabo), and Vilsmeier reagent (95%, Aldrich, stored
under argon) were used as received. tBuCH.Li was prepared from tBuCH-CI (98%, Lancaster)
and Li wires (Aldrich). [Ti(CHztBu)4] was prepared according to the literature procedure.® 3C

labeled [Ti("CH2tBu)4] was prepared as already reported elsewhere. 1232

A TBHP (tBuOOH) anhydrous solution in pentane was prepared according to the procedures
reported by Sharpless et al.>* from a commercial solution of 70% TBHP in water and stored
under argon over 3 A molecular sieves prior to use. 1-Octene and dodecane were provided from
Aldrich and stored over molecular sieves (3 A) under argon after purification on a neutral
alumina and elimination of solved gases by the freeze-pump-thaw technique. tBuOH, 1,2-
epoxyoctane, and 1,2-octanediol were used as received for the gas chromatographic peak
identification and calibration. Isopropanol, acetic acid, sodium iodide, and sodium thiosulfate
were used as is for the iodometric titration of the anhydrous solution of TBHP in pentane.3
Analyses of organics (tBuOH, pentane, tBuOOH, 1-octene, 1,2-epoxyoctane and dodecane)
were performed on a HP 6890 gas chromatograph, equipped with a flame ionization detector
(FID) and a HP-1 column (30 m x 0.32 mm) with the following temperature program: 3 min at
70 °C, 20 °C mint up to 200 °C and 5 min at 200 °C.



Gas-phase quantitative analyses of light alkanes (grafting, hydrogenolysis) were performed on
a Hewlett-Packard 5890 Series 11 gas chromatograph equipped with a flame ionization detector
and an Al2O3/KCl on fused silica column (50 m x 0.32 mm). The amount of dihydrogen evolved
(protonolysis with tBuOH) was determined with a Hewlett-Packard 6890 gas chromatograph

equipped with a TCD detector and a molecular sieve column (15 m x 0.32 mm).

Infrared spectra were recorded on a Nicolet FT-IR Magna 550 spectrometer equipped with a
cell designed for in situ preparations under a controlled atmosphere. Solid-state NMR studies
were carried out on Bruker DSX 300 MHz and Avance 500 MHz spectrometers. For all
experiments, the rotation frequency was set to 10 kHz. Chemical shifts are given with respect
to TMS as an external standard, with a precision of 0.2-0.3 and 1 ppm for *H and **C NMR,
respectively. Parameters used: (i) 'H MAS NMR spectra, pulse delay, 2 s, 8 - 32 scans per
spectrum; (i) 3C CP/MAS NMR spectra, 90° pulse on the protons (pulse length 3.8 ps), then
a cross-polarization step with a contact time typically set to 5 ms and finally recording of the
13C signal under high-power proton decoupling; pulse delay, 2 s, 20 000 - 100 000 scans per
spectrum, an apodization function (exponential) corresponding to a line-broadening of 50 Hz
applied to the spectrum. Air-sensitive samples were transferred within a glovebox into a tightly
closed zirconia rotor. ESR X-band spectra were recorded on a Bruker X-band spectrometer
Elexsys E500 (T=110 K, power 4-16 mW, modulation amplitude 1G), frequency ca. 9.42
GHz). For the correction of magnetic field values, a DPPH standard was used. EasySpin
software (Matlab) was used to simulate the EPR spectra.>® For a quantitative evaluation, an
integration of the absorbance spectrum was performed and compared to the integration of the
spectrum of a vanadyl(IV) sulfate standard. Elemental analyses were performed at the Catalysis
Research Institute (IRC, Villeurbanne, France), the Central Analysis Service of the CNRS
(Solaize, France) and at LSEO Dijon. Three oxide supports were used, AEROSIL silica from
Evonik, silica alumina (25 % alumina, Akzo Nobel), and AEROXIDE ALUC alumina from
Evonik were calcined for 24 h at 500 °C under a continuous flow of oxygen and then thermally
treated under vacuum (107 mbar) at 500 °C for a minimum of 15 h for a partial dehydroxylation,
leading to SiO2.s500, SiO2-Al203.500 and Al203-500, respectively. It was controlled by ESR that the
silica, silica-alumina and alumina supports do not show any important paramagnetic impurities
such as Fe(lIl). The BET surface of Al,Oss00 is 105 m?/g and the OH density 0.65 mmol/g,
corresponding to ca. 3.7 OH/nm?,

Reaction of [Ti(CHztBu)4] (TiNps) with Different Supports. The impregnation technique
consists typically in stirring at 25 °C for 4 h a mixture of the desired support (SiO2-500, SiO2-



AlO3500, Al203.500, 0.5 - 2.5 g) and a solution of the molecular complex (in excess in
comparison to the number of hydroxyl groups of the support) in pentane within a double-
Schlenk glass vessel, equipped with a glass frit between its two compartments. After filtration,
the solid was kept in the first compartment and washed three times with pentane distilled from
the second compartment. All volatile compounds were collected into a large 6 L glass vessel in
order to quantify the neopentane evolved during the grafting reaction. The powder was finally
dried under vacuum (10° mmHg) for 4 h, at room temperature, and stored in a glovebox. This
protocol allows elimination of the excess of molecular complex, even traces of physisorbed
TiNps from the surface and recovery of the gas emitted during the reaction. The Ti contents of
the three materials thus obtained, [TiINpx]@SiO2s00, [TINpx]@SiO2-Al203500 and
[TiNpx]@AIl203.500 Were respectively 1.23, 2.25, and 0.79 wt %.

Monitoring the Synthesis of [Ti(CH2tBu)x]@Al20s-500 and [Ti-H]@AI203-s500 by In situ
FTIR. The oxide (25 mg) was pressed into a self-supporting disk, adjusted in the sample holder,
and introduced into a cell equipped with CaF, windows. The supports were calcined overnight
under air at 500 °C and dehydroxylated under vacuum (10 mbar) at 500 °C. The complex
(TiNps) was then sublimed under vacuum at 50 °C onto the oxide disk. The solid was then
heated at 50 °C for 2 h, and the excess 1 was removed by reverse sublimation at 60 °C and
condensed into a tube cooled by liquid nitrogen, which was then sealed off using a blowtorch.
An amount of of Hz corresponding to 70 kPa was then introduced into the reactor and the sample
heated at 150 °C at a rate of 1 °C/min, maintained at this temperature for 4 h, and then cooled

to room temperature. An IR spectrum was recorded at each step.

Hydrogenolysis of Supported Titanium Complex. Typically, the titanium surface
organometallic complexes grafted onto dehydroxylated (SiO2-500, SiO2-Al203.500 and Al203-500)
were heated to 150 °C for 2 h in a Schlenk tube under H2 (550 Torr) first purified on a
deoxo/zeolite catalyst. The resulting solids, [Ti-H]@SiO2-500, [Ti-H]@SiO2Al203-500 and [Ti-
H]@AI203500 were stored in the glovebox. The methane and ethane evolved were further
quantified by GC.

Protonolysis of Supported Titanium Hydrides. Protonolysis consisted in the treatment of
[Ti-H]@SiO2-500, [Ti-H]@SiO2Al203.500 and [Ti-H]@AIl203(s00) Samples with tert-butyl alcohol
(40 mbar) for 1 h at 30 °C, followed by the measure of the amount of evolved gases (Hz, alkanes)
by GC. During this treatment, titanium hydrides disappeared while surface TiOtBu species
appeared and no modification of the amount of Ti(lll) was observed (ESR spectrum recorded

less than 24 h after the protonolysis).



Epoxidation of 1-Octene.

In a typical run, the catalyst (ca. 10 pmol of titanium, between 20 and 60 mg of supported
catalyst) was transferred in a glovebox under an inert atmosphere into a 40 mL Schlenk
equipped with a septum for sample removals. 1-Octene (3000 equiv/ mol of Ti) and dodecane
(ca. 100 mg, the same amount was used for the gas chromatographic standardization) were
added via syringe under argon into the Schlenk containing the catalyst, which was then fitted
with a condenser under argon, a magnetic stirrer and a thermometer. The mixture was stirred
and was warmed to 80 °C over 1 h. An anhydrous TBHP solution in pentane (1.5 to 2.0 mmol,
150 - 200 equiv/ mol of Ti) was added dropwise over 2 min via a precision syringe. Aliquots

were removed at various time intervals and analyzed by gas chromatography.

Hydrogenolysis of a FT Wax. General Procedure.

Mechanical mixtures of supported titanium hydrides (75 umol of Ti) and wax (400 mg; Aldrich,
ASTM D87; mp 70 °C) were charged using a glovebox into a stainless steel cylinder reactor.
After connection to the gas lines and purge of the tubes, a flow of hydrogen (20 mL/min),
controlled by a mass flow controller (Brooks) under 1 bar of pressure, was sent upward into the
catalyst bed, which was heated to 180 °C. Hydrocarbon products were stripped from the liquid
medium by the hydrogen flow. Light hydrocarbons were analyzed online by GC (HP 6890
chromatograph equipped with an Al2Os/KCI 50 m x 0.32 mm capillary column and a FID
detector for hydrocarbons). Liquid products were condensed at 0 °C and analyzed off-line by
GC (HP 5890 chromatograph equipped with an HP5 30 m x 0.32 mm capillary column and a
FID detector).

Polymerization Reaction.

The polymerization reactions were performed in a 100 mL glass-lined stainless steel autoclave,
equipped with a magnetic stirrer. The reactor was charged with 50 mg of the supported catalyst
(0.79, 1.23, 2.25 wt % Ti on Al203-500, SiO2-500, and Al203-SiO2-500, respectively) and 20 mL of
dry toluene in the glovebox. The autoclave was connected to a gas line which was flushed with
dry ethylene. The reactor was heated to 40 °C and filled with 10 bar of ethylene. The pressure
was kept constant for 30 min. The gas and liquid phases were then analyzed in order to check
for the presence or absence of oligomers. The reaction was quenched by removing the unreacted
ethylene. The polymer was recovered and dried at 50 °C overnight under reduced pressure
before the final mass was weighed. High-temperature size exclusion chromatography (HT-
SEC) analyses were performed in 1,2,4-trichlorobenzene (TCB) using a Viscotek system
(Malvern Instruments) equipped with three columns (PLgel Olexis 300 mm x 7 mm from



Agilent Technologies) and a refractive index (RI) detector. DSC measurements were

performed on a Mettler Toledo DSC 1 apparatus.

Results and Discussion.

1. Grafting of TiNp4 on Al203-500.

A Large number of works have been dedicated to elucidate the surface structure of alumina and
its interaction with organometallic complexes.***#? Alumina is an ionic oxide where the
hydroxyl groups are bonded to several different aluminum atoms. Different theoretical models
of the surface of alumina have been proposed.*%44> According to the model reported by Sautet
et al. five kinds of hydroxyl groups are present on the surface of alumina.** The reactivity of
the different aluminum hydroxyl groups depends on the organometallic complex. For instance
for isoelectronic complexes of group 3B, Al(iBu)s reacts with all kinds of hydroxyl groups,*
while Ga(iBu)s consumes only part of the available hydroxyl groups.*® W(=C(tBu))(CH:tBu)s
reacts only with tetrahedrally coordinated hydroxyl groups.*” On the other hand, Zr(CHatBu)a
can readily react with different hydroxyl groups.*® Theoretical investigations have revealed that
a protonolysis of a neopentyl ligand in Zr(CH2:tBu)4 is highly favorable (-201 kJ/mol).
Furthermore, the monopodal Zr intermediate species can still undergo a second reaction (having
even an activation barrier even lower than that of the first step) with a proximate hydroxyl group
to form the bipodal species (-154 kJ/mol). The latter reaction is unfavorable for
W(=C(tBu))(CHtBu)s supported on alumina (100 kJ/mol). Interestingly, for the bipodal Zr
species, it has been observed that a neopentyl ligand transfer may occur (practically barrierless,
according to DFT calculations) toward a Lewis Al-site and generate a cationic surface species
[(AlsO)2Zr(CH2tBu)]™ [(Als(CH2tBU)]. The reactivity of Hf(CH2tBu)s on alumina also gives
mainly the cationic surface species [(AlsO)Hf(CH2tBU)]* “[(Als(CH2tBu)].***? In addition,
neutral monopodal [(AlsO)Hf(CH2'Bu)s] and bipodal [(AlsO).Hf(CH.tBu).] species have also
been observed. The difference in reactivity is associated with the steric occupancy of the
complex and the size of the transition metal center. Thus, the reactivity of Ti(CH2tBu)s with

alumina is expected to be different from the former cases and is further investigated in detail.

1.1. In situ FTIR The reaction of TiNps, 1, with the surface of alumina Al2O3s00 partially
dehydroxylated and the evolution of the supported titanium complexes under hydrogen is
followed by FT-IR (Figure 1). The solid changes color from white for the pure alumina to



become yellow after the grafting reaction. The FTIR data show that the peak at 3777 cm™
characteristic of tetrahedral aluminum hydroxyls (HO-ui-Alwv) completely disappears (d in
Figure 1). Moreover, the absorption bands around 3726 to 3680 cm™ appear less modified but
slightly red shifted to 3672 cm™, probably due to interactions of hydroxyls with C-H bonds of
neopentyl ligands. New bands appear between 2800 and 3000 cm, characteristic of CH3 and
CH> v(c-ny vibrations and from 1229 to 1464 cm™, §chx) bending vibration bands. They are
attributed to Ti neopentyl ligands of grafted surface species (2a and 2b shown in Scheme 1).
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Figure 1. In situ FTIR spectra of a) Al2O3-s00, activated at 500 °C under vacuum overnight; b)
after grafting of TiNps on Al.Oz.500; C) after treatment of the resulted supported species by
hydrogen for 12 h at 150 °C; d) Enlargement showing the evolution of the vaio-H) area; €)
Enlargement of the v(ai-H) and v(ri-+) area, obtained after subtraction of a) to c).

Upon treatment under hydrogen at 150 °C of the resulting compounds, the intensities of v(c-H)
and &(c-H) Vibration bands, attributed to neopentyl groups, strongly decrease but the signals are
still present, due to remaining [Als-Np]~ fragments (see species 2b and C in Scheme 1) as
observed in the case of ZrNpx@Al20s.500 and HFNpx@Al203-500 supported analogs.***8 In fact,
it was observed that a thermal treatment under H» at a temperature over 250 °C is needed to
decompose such Al-alkyl fragments.*® In addition a band centered at 1906 cm * is observed (c

and e in Figure 1). It is attributed to Al-H stretching vibrations. This component is originated



from a hydride transfer from Ti to Al (2a to A and B in Scheme 1), not from the hydrogenolysis
of a transferred neopentyl ligand. Moreover, a broad signal is observed between 1700 and 1500
cm (e in Figure 1), apparently composed of three bands at 1676, 1603, 1543 cm™™ attributed to

stretching vibrations of Ti-H groups, differently coordinated to the surface of alumina. These

assignments are further confirmed by H-D exchange experiments and are in agreement with the

reactions presented in Scheme 1 that will be described into more details further in the text.
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Scheme 1. Grafting reaction of TiNp4, 1, onto Al>Os.500 leading to neutral, 2a, and cationic, 2b,
surface species and preparation of alumina supported titanium hydrides, [Ti-H]@AIl203-500,
leading to neutral Ti(IV) hydride, A, Ti(lll), B, and Ti(IV) cationic hydride, C.

When the supported titanium hydride species are in contact with deuterium gas (1 atm), the

intensities of the bands characteristics of a Ti-H stretching mode decreased and shifted, with

only slight changes in the shape and intensity of the Al-H band (Figure 2, spectra a to c).
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Figure 2. In situ FTIR spectra obtained after subtraction of the alumina support contribution:
a) [Ti-H]J@AI>O3500; b) [Ti-H]@AI203.500 treated under D, for 1h at 25 °C; c) b under D>
overnight; d) reaction of ¢ with H» for 1h at 150°C.
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The Ti-D vibration band expected around 1150 cm™ was not clearly observed, due to the
presence of broad and intense bands characteristic of the alumina framework vibrations.
Subsequent reaction with hydrogen reestablished the Ti-H vibrations bands (Figure 2d).

1.2. Mass balance analysis. The grafting of TiNps on Al2O3.500 was performed by an
impregnation method. 485 mg of TiNps (1.46 mmol) were reacted with 2 g of Al203-s00°c) (1.3
mmol of [AlsO-H]) in dry pentane for 2 h. Neopentane, tBuCHs, were detected in the gaseous
phase and quantified by gas chromatography (0.69 mmol). After extraction of the excess and a
drying at 25 °C under high vacuum, the amount of carbon and titanium were also measured and
gave 1.95 wt% (3.34 mmol) and 0.79 wt % (0.34 mmol) respectively (10 C/Ti on the surface).
These results suggest that for each titanium grafted, ca. 2.0 neopentane are released and 2.0
neopentyl groups are left on the material. Thus 0.68 mmol of alumina surface OH groups have
reacted (ca. 50 %) with TiNp4 and the metal surface density for TINpx@AIl203500 is ca. 1.0 Ti/
nm?, as for the grafting ZrNp4*® or HfNp4*! on Al,O3-500 supports.

After hydrogenolysis of TiNpx@AIl203500, methane and ethane were released, their
quantification gave CH4/Ti = 4.7 + 0.8 and CoHe/Ti = 1.7 + 0.3 respectively (- 8.1 C/Ti). The
presence of a substantial amount of ethane is due to the fact that Ti can only conduct p-alkyl
transfer. Note that according to the mass balance analysis, it remains ca. 2 C/Ti after
hydrogenolysis which is due to Al neopentyl fragments obtained after ligand transfer. It further
suggests that the grafting of Ti(CH2tBu)s4 on Al2O3-500 gives ca. 60% [(AlsO)2Ti(CH:tBu).] (2a
in Scheme 1) and 40% [(AlsO).Ti(CH2tBu)]*[(Als(CH2tBu)]” (2b in Scheme 1). The latter
distribution is further supported by IR, revealing that it remains ca. 22 % of the v(cH) band

intensity, characteristic of residual alkyl groups, after hydrogenolysis (c in Figure 1).

The protonolysis of [Ti-H]@SiO2500 and [Ti-H]@SiO2Al203-500 with tBuOH only led to the
emission of dihydrogen (H2/Ti = 0.85) and traces of methane, while in the case of [Ti-
H]@AIl>O3(s00), neopentane (NpH/Ti = 0.4) is also evolved with dihydrogen (H2/Ti = 1.2) and
traces of methane, resulting from the protonolysis of Ti-H, Als-Np and Als-H surface species.
This neopentane emission agrees in particular with the presence of [(Als(CH2tBu)] surface
species which have not reacted with dihydrogen in the conditions of the hydrogenolysis (2b and
C in Scheme 1). [Ti-H]@AI20z3.500 has then been characterized by NMR and ESR.
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1.3. NMR spectroscopy

The solid-state *H NMR spectrum of Ti-Npx@Al>Os.500 comprises a rather broad resonance
centered at 1 ppm which is attributed to methyl and methylene groups of the Ti-CH2C(CHz3)3
and Al-CH2C(CHa)s fragments and residual Als-OH sites (Figure S1), while the proton signals
of methyl and methylene groups are resolved in the case of Ti-Npx@SiO2-500 and Ti-Npx@SiO--
Al;03.500.12%2 The complexity of the surface of the alumina support (relative to silica) causes
structural diversity in the grafted species, resulting in broadening of the *H NMR signals.*® The
13C CPMAS solid state NMR of TiNpx@Al203-s00 is also more complex than those obtained on
silica® and silica-alumina.? In order to enhance the signal, a labeled titanium tetrakis-neopentyl
organometallic complex was used. It was prepared in five steps from labeled *CO,, as already
reported elsewhere.!?32 On Figure 3, *C NMR spectra of [Ti(CH2-'Bu)x]@AIl2Os.500, and
[Ti(*CH2tBu)x] @Al-O3 are shown. Peaks at 31 and 27 ppm are attributed to the methyl groups
of the neopentyl coordinated to titanium or aluminum respectively. The signal at 23 ppm is
attributed to the methylene groups of Al-CH2C(CHz)s fragments.*® Besides, the signals at 103
and 121 ppm (only observed for the labeled sample) are necessarily originated from methylene
groups of Ti-CH2C(CHz)s with different environments, including neutral or cationic species

(2a and 2b in Scheme 1), as reported in the case of Zr and Hf systems.*-42
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Figure 3. 3C CP-MAS solid-state NMR spectra of a. TiNpx@AIl203.500; b. *C enriched
TiNpx@AIl03.500 and c. [Ti-H]@AI2Os-s00 Obtained from the hydrogenolysis of *C enriched
TiNpx@AIl203-500.
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After hydrogenolysis, the *H NMR spectrum of the sample presents mainly a broad peak,
centered at 0.74 ppm attributed to remaining neopentyl groups bound to Al (Figure S1). The
broadening of this signal along with the slight shift is due to the presence of Ti(l1l) paramagnetic
species (vide infra) in the sample. Due to the more complex nature of sites on the alumina
surface and the paramagnetism of [Ti-H]@AI203-500, the characteristic Ti-H and Al-H signals,
which should both appear in the 3-12 ppm range, are also broadened and very difficult to detect,
while for the silica and silica-alumina counterparts, resonances are observed at 4.4 ppm for Si-
H and at 8-9 ppm for Ti-H.>'? Besides, the *C CPMAS spectrum (Figure 3c) features a broad

resonance at 23 ppm and corresponds to alkyl groups attached to aluminum,*® confirming the
occurrence of a neopentyl transfer (leading to [Np-Als]  fragments, see species 2b and C in

Scheme 1). This type of aluminum alkyl fragment has been already reported to be very stable
at 150°C under hydrogen.*®

1.4. Electron spin resonance (ESR). The nature of the supported titanium complex on

Al>03500) Was further studied by ESR technique (Figure 4).
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Figure 4: ESR patterns of paramagnetic species on the surface of Al2O3.500: @ TINpx@AI203-
s00 (black); b- [Ti-H]@AI2O3500 (red); c- after the butanolysis of [Ti-H]@AI203.500 (blue).

The ESR signal of TiNp4 on alumina shows an overall width of ca. 800 G and an average ESR

g-factor: g, = 1.95 (Figure 4). It is consistent with an unpaired electron in a metal based orbital

typical of a Ti(lll) radical.®® From the double integration of the signal, compared to the
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integration of the spectrum of a vanadyl sulfate standard, only a small fraction of Ti(lll) is
present in this sample, (ca. 1 % of the total amount of supported Ti). After hydrogenolysis, the
signal observed (Figure 4b) is much more intense and its integration indicates that ca. 30% of
the supported titanium is Ti(lll). After the protonolysis of [Ti-H]@AIl20s-500 with tBuOH, the
shape of the signal has changed and is more symmetric (c in Figure 4), probably due to a
coordination of tBuOH on the Ti(lll) sites as a L-type ligand. Moreover the intensity of the
signal is not much affected (ca. 28% of the supported Ti is Ti(lll)), showing that in these
conditions tBuOH did not react with Ti(lll).

After the hydrogenolysis of (AlsO)2TiNp2, 2a, and [(AlsO).TiNp]™ [Np-Als], 2b, the resulting

material, [Ti-H]@AI>Oz3-500, is composed of different surface species (see A, B and C in Scheme
1): Neutral tripodal hydrides, [(AlsO)sTi-H] (A, ca. 30 %), formed concomitantly with Als-H
surface fragments; Ti(l1l1) radicals, [(AlsO)sTi(I11)] (B, ca. 30 %) and bipodal cationic hydrides,
[(AlsO).Ti-H]* [Np-Als] (C, ca. 40 %). This repartition was deduced from the results of mass
balance analysis, protonolysis with tBuOH (NpH emission for C) and EPR (Ti(lll) proportion
for B). It also agrees with the IR and NMR studies. These species will lead to different catalytic
reactivities. Their proportions are summarized in Table 1. It should be noticed that the cationic
species, C, only exist for the alumina support and the Ti(lll) proportion is ca. twice more

important on alumina than on silica or silica-alumina supports.

Table 1. Proportion of the different supported species in the different Ti-H@oxide materials.

A" B c’

[Ti-H]@AI203-500 30% 30% 40%
[Ti-H]@Si02-Al203-500* 85% 15% 0
[Ti-H]@SiO,° 85% 15% 0

“Structures of species A, B and C are presented above, in Scheme 1. The relative error on each

figure is + 15 % (e. g. for C on Al203.500, the proportion is 40 + 6 %)

2. Catalytic performances.

In this part of the study, the catalytic activities of titanium hydrides supported on different
oxides (silica, silica-alumina, alumina), materials noted [Ti-H]@SiOa, [Ti-H]@SiO2-Al>03 and

[Ti-H]@AI.O3 were investigated as polyfunctional catalysts in three different reactions: the
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epoxidation of 1-octene to 1,2-epoxyoctane, the low temperature hydrogenolysis of a FT-
wax!? and the polymerization of ethylene.>? These studies provide a direct comparison of the

support effect in the chosen reactions.

2.1. 1-octene epoxidation. The catalytic performances for the epoxidation of 1-octene by tert-
butyl hydroperoxide (Scheme S1) of these well-defined titanium hydride grafted species were
evaluated. A blank test with bare alumina showed no significant epoxidation reaction at 80 °C
and that a slow TBHP degradation occurred:> 6 % in 1 h; 12 % in 4 h. The formation of 1,2-
epoxyoctane and the TBHP consumption with time are represented in Figure 5.
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Figure 5: Activity of supported [Ti-H] species for 1-octene epoxidation by TBHP: yield of
1,2-epoxyoctane and conversion of TBHP a) [Ti-H]@SiO2-500; b) [Ti-H]@SiO2-Al203-500;
¢) [[Ti-H]@AIl203-500.
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The initial activities, determined after less than 4 minutes and the turn over frequency (TOF)
obtained after fifteen minutes of reaction for the titanium hydrides supported on the three
supports, silica, silica-alumina and alumina are summarized in Table 2.

The conversion of TBHP versus time showed that the reaction is faster in the presence of the
catalyst supported onto silica than onto silica-alumina; indeed, after 60 min the yield of 1,2-
epoxyoctane is more than 90%, while it is about 60% for Ti-H@SiO2-Al.0z500 and it is only
5% for [Ti-H]J@AI20s-500 (Figure 5). The catalyst resulting from [Ti-H]@SiO2-s00 is then the
most active and stable.

Table 2. Initial activities and TOF after 15 min of reaction for the epoxidation of 1-octene by TBHP.
Initial activity (h') TOF (h?) after 15 min

[Ti-H]@SiO2 1050 465
[Ti-H]@SiO2-Al,03 310 210
[Ti-H]@AI03 34 28

This catalytic reaction should first involve a protonolysis of Ti-H moieties by TBHP along with
the formation of hydrogen and a Ti-OOtBu active surface species (Scheme S2). The formation

of the epoxide consists in an oxygen transfer to the olefin, as already reported in the literature.>*
S Ti(111) (species C) may also catalyze an epoxidation with TBHP,>" but the reaction

rate is reported to be rather low, even for an allylic alcohol.

The results suggest that the support plays a central role in the stability of the catalyst. In the
case of the alumina support, the limited activity seems due to a poisoning of the catalytic site,
most likely by strongly coordinated chelating ligands as B-methoxy-alcohols and diols. It is
known that the most electrophilic Lewis acid sites can catalyze the opening of an epoxide at
moderated temperatures.>®% On the alumina support, the most electrophilic cationic C type Ti
sites may play this role, thus producing pB-alkoxy alcohols chelating ligands strongly adsorbed
on Ti sites that would lead to a deactivation of the catalyst. On another hand, the presence of
water or resulting =Ti-OH groups has been proposed for the ring opening of epoxides and the
formation of diols that tend to deactivate the catalyst.®** The formation of water may come
from the reaction of tBuOH or TBHP with residual AlsOH groups of alumina to form Als-OR

or Als-OOR surface species. Besides pure alumina itself is known to also catalyze the epoxide
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opening with alcohols or water into B-alkoxy-alcohols and diols.%>% However an alcohol
dehydration on alumina would occur at higher temperatures.5”% Current findings suggest that

aluminum-free supports are preferable in this type of epoxidation reaction.

2.2. FT wax hydrogenolysis. The catalytic performances of the three supported titanium
hydrides, materials, noted [Ti-H]@SiOz2-500, [Ti-H]@SiO2-Al203.500 and [Ti-H]@AI203-500
were evaluated in the hydrogenolysis of paraffin waxes, an important reaction in
petrochemistry. The effect of the support itself, in the absence of the titanium hydrides was
studied and the conversions were found to be negligible for the three oxides. The evolution of
the gaseous phase was followed by gas chromatography, in particular for the (C1-C4) gas cut
(Figure S2). The liquids were recovered in a specific compartment and characterized. The
reaction was considered as over when no more gas was detected by GC. In fact the end of the
reaction was observed for [Ti-H]@SiO2-Al203 and [Ti-H]@AI.Oz after 14 and 10 h
respectively (no more wax in the reactor), while for [Ti-H]@SiO.-s00, the reaction was stopped,

for a wax conversion of only 30 %, after 26 h.
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Figure 6: Yields in the three fractions, gas, gasoline, and diesel during the hydrogenolysis of
a FT wax.

The products of hydrogenolysis have been divided into three fractions, gas (C1-Ca), gasoline
(Cs-Co) and diesel (C10-C22) cuts. The yields of the different fractions are highlighted in Figure

6. As shown, the titanium supported on silica is less active and the reaction was not completed
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even after 26 h, while for the two other supports it was completed. In the case of alumina,
slightly higher amounts of gas and gasoline were obtained compared to the silica-alumina
support whereas the diesel fraction was slightly more dominant in the presence of silica-alumina
than alumina. The amounts of each compound before and after the hydrogenolysis reaction are
highlighted in Figure S3.

While the same amount of Ti is used, the reaction rate is lower for [Ti-H]@SiO2-500, as it can
be observed for low reaction times for C1-C4 gases production (Figure S2). The mechanism
proposed for such hydrogenolysis reactions catalyzed by group 4 metals is based on a C-H bond
activation in the paraffinic chain by the metal hydride in a d° configuration through a -bond
metathesis, with the formation of a metal-alkyl complex and liberation of dihydrogen. Then a
B-alkyl transfer step, leading to the C-C bond cleavage with the formation of a new metal-alkyl
complex and an olefin with a smaller carbon chain, would be the rate-limiting step,
thermodynamically unfavorable.®® 7° The following hydrogenation of the olefinic double bond
would provide the driving force to make the process run. The proximity of a Lewis acid centre
and a stronger electrophilicity of the metal site would then facilitate the key B-alkyl transfer
step of the proposed mechanism through the weakening of a Cg-alkyl bond by an additional
alkyl-Lewis acid interaction and the formation of a more stable Ti-olefin t-complex. This may
explain the higher activity observed for [Ti-H]@SiO2-Al203500 and [Ti-H]@AIl203-500
compared to [Ti-H]@SiO2-s00.

2.3. Ethylene polymerization. The activities of the supported hydrides toward ethylene
polymerization were also studied. The supported hydrides showed interesting activities at 40
°C under 10 bar of ethylene without any co-catalyst (Table 3). The titanium hydrides supported
onto alumina have an activity of 915 g.mmol.h"* which is more than three times higher than
for the ones supported onto silica or silica-alumina. Titanium hydrides supported onto silica are
slightly more active than the one supported onto silica-alumina (270 vs 220 g.mmol.h™%).

In our protocol, the mass of catalyst is the same but the Ti amount is different and differently
distributed among the three categories of surface sites (A, B or C, see Scheme 1 and Table 1):
13 pmol Ti for [Ti-H]@SiO2-500 (A: 11 pmol, B: 2 pmol, C: 0); 24 umol Ti for [Ti-H]@SiOo-
Al03500 (A: 20 pmol, B: 4 umol, C: 0); 8.3 pumol Ti for [Ti-H]@AI203-500 (A: 2.5 pmol, B:
2.5 pmol, C: 3.3 pmol). From these results it can be deduced that the cationic species, C, is
more active than Ti(IV) neutral species, A and that increasing fractions of B and C sites are

correlated with increasing yields.
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Table 3: Results obtained for ethylene polymerization over [Ti-H] species supported onto
different oxides: [Ti-H]@SiO2-s00, [Ti-H]@SiO2-Al203.500 and [Ti-H]@AIl203-500. 2

Catalyst (thi%) A?E%Z; o (g.?ncr%:g{l.h-l) (103%7:no|) (MPWI/DI\I/In) T’
[Ti-H]@SiO2500 | 123 | 175 270 156 198 | 134
[Ti-H]@SiOx-Al:Oss0| 2.25 | 257 220 195 192 | 135
[Ti-H@ALOss0 | 0.79 | 3.77 915 195 178 | 136

& Experimental conditions: T = 40 °C, P = 10 bar, t = 30 min, VV = 20 mL toluene, Catalyst: 50
mg; ® From GPC; ¢ From DSC.

The mechanism of polymerization involves an insertion of ethylene in the Ti-H bond, followed
by the insertion of ethylene into a Ti-alkyl bond, a propagation step, on preferably highly
electron deficient center, in particular cationic species. Importantly, cationic Ti-H type species
as C are unknown in homogeneous catalysis, due to a rapid deactivation through the formation
of inactive dimeric species. This latter deactivation scheme can be avoided with firmly anchored

supported species.

Conclusion.

Titanium hydrides supported onto three different oxides (silica, silica-alumina, and alumina)
were successfully prepared via the surface organometallic chemistry approach. [Ti-H]@AIl20s.
s00 IS reported for the first time and has been extensively characterized by IR, solid state NMR,
mass balance analysis and ESR. Their activities in three different reactions (epoxidation of 1-
octene, depolymerization of a FT-wax and polymerization of ethylene) were studied. The
material prepared with this strategy have led to heterogeneous catalysts operating under
relatively mild conditions. This work demonstrates that the activity and the selectivity of the
catalysts are in relation with the support. In the case of the epoxidation reaction of 1-octene, it
was shown that the presence of aluminum (SiO2-Al203-500 and Al203-500 SUpports) inhibited the
reaction, due to the presence of Lewis and strong Bronsted acid sites that can produce chelate
poisoning molecules such as diols. The effect of support on the hydrogenolysis of FT-waxes
was examined and [Ti-H]@AIl2Oz500 exhibited the highest activity with an important diesel
selectivity, slightly higher than the one of [Ti-H]@SiO2-Al203.500. Conversely, [Ti-H]@SiO»-

500 Was much less active, which was attributed to a lower electrophilicity of Ti active centers
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and the lack of acid sites surrounding the Ti-H active site. The three different catalysts showed
to be active in ethylene polymerization without any addition of co-catalyst. However, the
alumina supported sample offered a more significant amount of cationic Ti propagation sites
and boosted the polymerization activity. This study showed that a proper choice of the support
may strongly alter the catalytic properties for supported Ti-H species, due to the presence of

neutral and/or cationic supported Ti-H species.
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TOC:
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the Surface Organometallic Chemistry approach and characterized. They were studied for three
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